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INTRODUCTION 
 
The DeltaQ test is a method of estimating the air leakage from forced air duct systems.  Developed primarily for 
residential and small commercial applications it uses the changes in blower door test results due to forced air system 
operation.  Previous studies established the principles behind DeltaQ testing, but raised issues of precision of the 
test, particularly for leaky homes on windy days.   
 
Details of the measurement technique are available in an ASTM Standard (ASTM E1554-2007).  In order to ease 
adoption of the test method, this study answers questions regarding the uncertainty due to changing weather during 
the test (particularly changes in wind speed) and the applicability to low leakage systems.  The first question arises 
because the building envelope air flows and pressures used in the DeltaQ test are influenced by weather induced 
pressures.  Variability in wind induced pressures rather than temperature difference induced pressures dominates this 
effect because the wind pressures change rapidly over the time period of a test.  The second question needs to 
answered so that DeltaQ testing can be used in programs requiring or giving credit for tight ducts (e.g., California’s 
Building Energy Code (CEC 2005)).   
 
DeltaQ modeling biases have been previously investigated in laboratory studies where there was no weather induced 
changes in envelope flows and pressures.  Laboratory work by Andrews (2002) and Walker et al. (2004) found 
biases of about 0.5% of forced air system blower flow and individual test uncertainty of about 2% of forced air 
system blower flow. The laboratory tests were repeated by Walker and Dickerhoff (2006 and 2008) using a new 
ramping technique that continuously varied envelope pressures and air flows rather than taking data at pre-selected 
pressure stations (as used in ASTM E1554-2003 and other previous studies).  The biases and individual test 
uncertainties for ramping were found to be very close (less than 0.5% of air handler flow) to those found in for the 
pressure station approach.   
 
Walker and Dickerhoff also included estimates of DeltaQ test repeatability based on the results of field tests where 
two houses were tested multiple times.  The two houses were quite leaky (20-25 Air Changes per Hour at 50Pa  (0.2 
in. water) (ACH50)) and were located in the San Francisco Bay area.  One house was tested on a calm day and the 
other on a very windy day.  Results were also presented for two additional houses that were tested by other 
researchers1 in Minneapolis, MN and Madison, WI, that had very tight envelopes (1.8 and 2.5 ACH50).  These tight 
houses had internal duct systems and were tested without operating the central blower - sometimes referred to as 
control tests.  The standard deviations between the multiple tests for all four houses were found to be about 1% of 
the envelope air flow2 at 50 Pa (0.2 in. water) (Q50) that led to the suggestion of this as a rule of thumb for 
estimating DeltaQ uncertainty.  Because DeltaQ is based on measuring envelope air flows it makes sense for 
uncertainty to scale with envelope leakage.  However, these tests were on a limited data set and one of the objectives 
of the current study is to increase the number of tested houses.   
 
This study focuses on answering two questions: 
1.  What is the uncertainty associated with changes in weather (primarily wind) conditions during DeltaQ testing? 
2.  How can these uncertainties be reduced ? 
 
The first question is addressing issues of repeatability.  To study this five houses were tested as many times as 
possible over a day.  Weather data was recorded on-site - including the local windspeed.  The result from these five 
houses were combined with the two Bay Area homes from the previous studies.  The variability of the tests 
(represented by the standard deviation) is the repeatability of the test method for that house under the prevailing 
weather conditions.  Because the testing was performed over a day a wide range of wind speeds was achieved 
following typical diurnal variations of low wind in the early morning and greatest winds in the late afternoon/early 
evening.  Typically about ten tests were performed in each house. 
 
 

                                                 
1 The Energy Conservatory, Minneapolis. 
2 35 to 50 cfm (17 to 25 L/s) for the leaky houses and about 5 cfm (2.5 L/s) for the tight houses 
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To answer the second question, different data analysis techniques were investigated that looked at averaging 
techniques, elimination of outliers, limiting leak pressures, etc.  in order to minimize the influence of changing wind 
conditions during the test.  The objective was to find a reasonable compromise between test precision and robustness 
- because many of the changes to the analysis to make the test more robust limit its ability to examine wide ranges of 
pressures and leakage flows.    
 
A secondary goal of this study is to show that DeltaQ uncertainties are acceptable for testing low leakage systems. 
Therefore houses with low duct leakage were deliberately chosen to be tested.  This is important for utility and 
weatherization programs that give credits for tight ducts and for codes and standards that may refer to DeltaQ 
testing.  In particular the following organizations/standards bodies are thinking about adopting DeltaQ testing, but 
before doing so they want to see DeltaQ applied to the low leakage situations they wish to address: California’s 
Building Energy Code (CEC 2005), ASHRAE Standard 62.2 (ASHRAE 2007), RESNET (Residential Energy 
Services Network) and the US EPA EnergyStar homes Program.  This issue is always going to somewhat subjective, 
but a key criterion will be having repeatability uncertainty below the low-leakage limits being proposed.  These low 
leakage limits are typically 6% of air handler flow, or a range of about 60 cfm to 120 cfm (30 to 60 L/s) depending 
on system size. 
 

DELTAQ RAMPING   

DeltaQ Test outline 
Just like an envelope leakage test, the DeltaQ test measures the pressure difference across the building envelope 
while simultaneously measuring the airflow through the blower used to change the envelope pressure difference.  
The DeltaQ test uses the fact that changing the pressure difference across the house envelope also changes the 
pressure difference across duct leaks and therefore changes the duct leakage flows.  The magnitudes (and for some 
leaks, the direction) of airflow through the duct leaks are different when the forced air system blower is on or off.  
The ramping technique gradually increases the envelope pressure difference from zero to about 50 Pa and back 
down to zero over a period of about 90 seconds.   
This ramping procedure was applied to the four parts of the DeltaQ test: 

1. House depressurized with forced air system blower OFF 
2. House depressurized with forced air system blower ON 
3. House pressurized with forced air system blower ON 
4. House pressurized with forced air system blower OFF 

Because the orifice plates used in most blower doors can only be used over a limited range of air flows and resulting 
envelope pressure differences, it was found that two orifice plates need to be used.  The ramping procedure needs to 
be applied for each orifice.  Therefore, in each of the four parts there are actually two ramps: one for each orifice 
plate.  Figure 1 shows the envelope pressures from an example DeltaQ ramping test.  In addition to the envelope 
pressures during the test, Figure 1 also shows the baseline pressure measurements that are made at the beginning and 
end of each test.  These baseline pressure differences serve two purposes: the first is that they are averaged and 
subtracted from the other envelope pressures to remove the effect of stack and wind pressures from the envelope 
pressures because the pressures used in the analyses must be only those induced by blower door operation.  The 
second is to serve as a guide to determining if a test has too much wind speed variability resulting in excessive 
measurement errors.  This will be discussed in more detail later.  The baseline pressures were averaged for 30 
seconds before and 30 seconds after the ramping. 
 
Figure 2 illustrates the pressure-flow data pairs corresponding to the envelope pressures in Figure 1 after baseline 
subtraction3.  A slight difference between the data taken with the two orifice plates due to inaccuracies in their 
calibrations (The manufacturer’s accuracy specification is ±3% of flow.) illustrating the necessity of pairing central 
fan ON/OFF data only for a given blower door orifice, i.e., not using central blower ON data from one orifice with 
central blower OFF data from another orifice.   

                                                 
3 In most cases the baseline pressures are small and the influence on the leakage flows is negligible.  In very windy 
cases the baseline pressure changes can lead to changes in estimated duct leakage air flows up to 30 cfm (15 L/s) by 
adopting the correct baseline pressure subtraction. 
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Figure 1.  Envelope pressures during a DeltaQ test 
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Figure 2. Envelope pressures and Blower Door air flows from a DeltaQ test 
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The data in this study were taken using an automated blower door4.  The blower door was controlled by software 
from a computer that simultaneously measured the blower door air flow and envelope pressure difference while 
controlling the blower door fan motor.  Provision was made in the software to repeat any section of the test (i.e., any 
of the eight ramps in Figure 1) if deemed necessary.  Circumstances typically requiring retesting of a particular 

ction are: if a pressure tube is stepped on during the test, forgetting to change the blower door reference to be 
ind 

 

 forward.  For ramping data we do not have the 
onvenience of data at fixed pressure stations that are suitable for the difference calculation.  Instead, the ramping 

lution description of the DeltaQ function but are more susceptible to noise and larger 
b s that r less resolution of the DeltaQ function but are more robust and are better at averaging out the effects of 

 
the 

, 
nd 

se
outside for pressurization, having the incorrect blower orifice installed, and, probably most important, a gust of w
that leads to erroneous data.  In this study, retests were made only for physical problems like stepping on the
pressure tubing or improper pressure sensor connections.  Retesting was not done for wind related difficulties. 

DeltaQ data analysis 
The DeltaQ analysis requires the calculation of the change in blower door flow at a particular envelope pressure.  
Previous studies (and the previous ASTM E1554 -2003 test method) acquired data at fixed envelope pressure 
stations that made the calculation of this difference fairly straight
c
data needs to be binned over fixed envelope pressure ranges.  The size of the bins is a compromise between small 
bins that result in a higher reso

in  offe
noisy signals.  Before the data were binned, the average of the baseline pressures was subtracted from all the 
envelope pressures.  Only matched pairs of forced air system blower on and off data were used.  If either the ON or
OFF bin at a given envelope pressure difference had insufficient data then the data were not used in the fitting or 
DeltaQ function. Each bin must have at least three pressure/flow pairs above and below the center of the bin to have 
sufficient data for the bin to be included in the analysis. 
 
The blower door air flow difference between the central blow on and central blower off data (the “DeltaQ”) was 
calculated at each bin center.  The data bins only had data from a single orifice because of slight changes in 
calibration between blower door orifices.  The DeltaQ values were only calculated between ON and OFF bins that 
had data from the same orifice.  Because the air flow and envelope pressure ranges of the orifices overlap, this 
sometimes results in more than one DeltaQ data point at a given envelope pressure.  In the example in Figure 1 this 
means that the DeltaQ air flow differences are calculated between ramps 1 and 4 for large orifice depressurization
between  ramps 2 and 3 for small orifice depressurization, between ramps 5 and 8 for large orifice pressurization a
finally between ramps 6 and 7 for small orifice pressurization. 
 
The DeltaQ function was derived previously (Dickerhoff et al. 2004, Walker et al. 2004, and Walker et al. 2002), 
and is shown in Equation 1.   
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Ps is the characteristic pressure difference for supply leaks, and ∆Pr is the characteristic pressure difference for 
return leaks. ns and nr are the leak pressure exponents.  For numerical stability, ns and nr are set to the mean value of 
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those found in previous field measurements: i.e.,
 
The fitting of the DeltaQ function to the measured data follows the general outline used in the latest ASTM E1554 
(2007) standard and described in more detail in Walker and Dickerhoff (2008).  The details of the analysis have 
significant impacts on the sensitivity of the test to wind pressure fluctuations. Details ex

n down into two components.  The fi s efforts to eliminate poor data from the analysis or 
e the analysis technique to make it le ressure fluctuations.  This includes: the size of bin 

each bin, the minimum acceptable envelope pressure, minimum values to restrict the characteristic pressures, and 
time averaging/filtering.  The second component is to find indicators that can flag poor data to alert person doing t

     
 A blower door is a combination of air moving fan and air flow meter 

under test. 
4 used to pressurize or depressurize houses 
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test of potential problems.  This includes: differences between the up and down portion of ramps, mean wind speed, 
and fluctuations in the baseline pressures.  This flagging of poor data is a key feature of DeltaQ testing where if one 
or more ramp is identifie or da  only th t ramp  b ken rather than redoing the whole test.  
This ability was built-in to th  software. 

. for 
Pa 

erence between air flows at the bin center was then used in the DeltaQ analysis.   

Correcting for Leakage Flow Imbalance  
he correction factors for leakage flow imbalance developed by Walker et al. (2004) and Dickerhoff et al. (2004) 

d as having po ta a needs to e reta
e automated

Pressure and Flow Fitting 
The flow at the center of each pressure bin was calculated from a linear fit of the measured blower door data , i.e
a bin 2.5 Pa (0.01 in. water) wide centered on 12.5 Pa (0.05 in. water) the data must be between 11.25 and 13.75 
(0.045 and 0.055 in. water).  The diff
 

T
were used to account for changes in building envelope pressure difference due to supply-return leakage imbalances.  
The correction is accounted for by calculating the pressure offset, P, using Equation 2: 

    
1/ envn

r s

env

Q QP
C

⎡ ⎞−
= ⎟⎢
⎣ ⎠

        (2

here the subscript “env” refers to th

)  

e building envelope.  Cenv and nenv are determined from a least squares fit to the 
 

w
system blower off envelope flows and pressures using Equation 3 (for example, using the calculation procedures
given in ASTM E779-03). 
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The notation system of leading square brackets, “[“, and trailing rounded brackets “)” is used because the terms 
inside the brackets could be negative numbers raised to non-integer powers.  In which case, the sign of the term 
should be preserved and the absolute value of the term in the brackets is raised to the non-integer power. This is 
shown algebraically in Equation 6. 
 

[ ) ( )( )1−= nn xxx      (6) 
 
The new values for Qs and Qr were used in Equation 2 to re-estimate a new pressure offset.  This iterative technique 
was used until changes in the leakage flows were small.  For most situations the pressure offset is small compared t
the leak pressures, and this correction is minor and only takes one or two iterations.  Occasionally, there were 
numerical instabilities with the correction factors that resulted in oscillations between two solutions with very slow 
onvergence.  It was found that usin

o 

g a relaxation factor of 0.5 when applying the correction factors resulted in 

                                                

c
much more stable results. 
 
Other correction factors due to airflow resistance of the duct system (Walker et al. (2004) and Dickerhoff et al. 
(2004)) were not used in this study because the generally small air leakage flows resulting in insignificant 
corrections (less than 1 cfm). 
 
Two approaches were used to fit the DeltaQ function in Equation 1 to the measured data to determine the unknowns 
(Qs, Qr, ∆Ps, and ∆Pr).  The first is pressure scanning and the second is Non-Negative Least Squares (NNLS)5. 
 

 
5 This technique was developed by Collin Olson of The Energy Conservatory. 
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Pressure Scanning 

pply and return characteristic pressure pair, the 
sidual least squares error was calculated by comparing the estimated ∆Q to the measured ∆Q.  The supply and 

essure combination that generated the smallest error was the solution to the DeltaQ equation, together with 
responding airflows The pressure scanning technique gave up some precision because only integer values of 
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n 
s or 

id 
2% of 

 
between Qs and Qr is known better than the values of Qs and Qr, any negative value 

 

sures beyond five did not significantly change the results (by less than 2 cfm or 
for 

as 

ltaQ relationship using the 

 

Pressure Scanning applied the DeltaQ equation at fixed supply and return pressure combinations.  Combinations of 
supply and return pressures every 5 Pascals (0.02 in. water) between 5 and 100 Pascals (0.02 and 0.4 in. water) were 
used to make a coarse determination of the characteristic supply and return pressures.  Thus 400 combinations of Ps 
and Pr were applied in Equation 1, and for each pair of Ps and Pr , Qs and Qr were estimated by least squares linear 
regression together with the residual least squares error.  For each su
re
return pr
their cor
pressure combinations are used (i.e., there will not be a 10.5 Pa characteristic pressure – it would have to be 10 Pa
15 Pa) compared to more general least squared fitting methods - but obtained results in significantly less time6.  
Experience has shown that changing characteristic pressures by 0.004 in. water (1 Pa) or less results in changes i
leakage flows of 1% or less.  This pressure scanning technique is both fast and robust, typically taking 10 second
less to complete the calculations.   
 
Additional calculations were performed on some tests to examine a fine subgrid with one Pascal resolution within 
±4 Pascals (i.e., a 9×9 subgrid) about the result of the coarse data fit were used to determine the characteristic 
pressures with greater resolution (i.e., to within 1 Pa).  The changes in leakage flow in between the 0.02 in. water (5 
Pa) coarse grid and the 0.004 in. water (1 Pa) sub-grid averaged over all the tests was less than 0.2 cfm (0.1 L/s); the 
changes were also small for individual tests: a standard deviation in the differences between the coarse and fine gr
of 1.6 cfm (0.8 L/s) for supplies and 2.4 cfm (1.1 L/s) for returns (2.5% and 3% of measured flow or 0.1 to 0.
system blower flow).  The differences were concentrated in a few tests at higher leakage. This implies that the 5 Pa 
resolution is sufficient and the results reported in the rest of this study used this 5 Pa resolution.  
 
Errors in the measured data can cause over or under-prediction of leakage flows.  This means that low leakage 
systems can have negative leakage flow results.  These negative results can be corrected to more physically realistic
results.  Because the difference 
is set to zero and its absolute value added to the other duct leakage.  If both Qs and Qr are negative both are set to 0. 
This treatment was applied to all the scanning results in this study. 
 

NNLS 
This technique fixed the characteristic pressures and then uses a Non-Negative Least Squares (NNLS) method to 
determine the leakage flows: Qs and Qr.  It allowed multiple leakage pressures and flows to be calculated for both 
supply and return leaks.  Any number of characteristic pressures can be selected for the NNLS analysis.  In this 
study the characteristic pressures were spaced logarithmically between a low value and a high value.  If too few 
intermediate pressures are selected they may be far from the actual leak pressures. It was found that increasing the 
number of characteristic pres
typically 2% of leakage flow - whichever is greater) so the number of characteristic pressures was fixed at five 
all the NNLS analyses.  More details about the role of the number of characteristic pressures in the analysis can be 
found in Appendix 3.  The NNLS routine calculates a leakage air flow at each characteristic pressure so there are 
five Qs’s and five Qr’s.  All five are summed to get the total Qs and Qr.  The high value or characteristic pressure w
set to 100 Pa for all the tests because this is a typical value for a furnace plenum where duct system pressures are 
highest.   A typical low pressure of 5 Pa leads to characteristic pressures of 5, 10.6, 22.4, 47.3, and 100 Pa. 
 
Similar to the scanning technique, the NNLS applied a least squares analysis to the De
measured data.  It was often the case that leakage was concentrated at a single characteristic pressure and other 
characteristic pressures had little or no leakage.  This showed that the single pressure assumption used in the DeltaQ
relationship in Equation 1 is often a good one.  However, some cases had leakage distributed at different pressures 
throughout the selected range. 
 

                                                 
6 In previous work by the athors, general least squares routines that also incorporated the iterative leakage imbalance 
and duct air flow resistance were found to take several minutes to perform the calculations. 
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As implied by its name, the Qs and Qr values determined by NNLS could not be not allowed to be less than zero. 
However, NNLS forces a positive result.  This can lead to a positive bias in the test results.   

Low pressure fitting limits 
The low pressure limit for characteristic pressures was limited by the available data.  Two factors combine to make 
this an important issue.  The first is that all data fitting schemes can produce unrealistic results if allowed to sele

 

ct 
s.  Second is that the DeltaQ function is very sensitive to low pressure data.  In this 
mit of two times the lowest measured data was found to be a reasonable low 

        

uence of low pressure data (particularly erroneous 
da ) a low pressure limit of 20 Pa was also used in the data analysis.  This has the advantage of reducing the 

ecause low pressure 
akage is modeled at higher pressures – even in systems that truly have low pressure leakage.  For the NNLS 

ery unlikely to be low (on the order of 5 to 10 Pa).  This is because the characteristic pressure for a 
connect is close to the pressure where the disconnected duct section connects to the rest of the duct system.  For 

an octopus style system where every register or grille has its own duct – this characteristic pressure is the plenum 
pressure.  For a system with a trunk and branches the characteristic pressure is that in the trunk.  In both of these 
cases the characteristic pressures will be high – likely 50 Pa or more.  For systems with wye branches the 
characteristic pressure will be close to the pressure at the first wye the disconnected branch is attached to – working 
back from the disconnect.  This leads to the only case where might be significant low pressure leakage: if a 
disconnect is very close (within about a meter) of a connection to another duct then the pressure at this connection 
(and hence the pressure at which the leak flow would change direction) could be down in the 5 to 10 Pa range.  

Example Analysis Results 
Figure 3 shows the DeltaQ data and NNLS and Scanning results for the measured data shown in Figures 1 and 2.  
Here the measured data have been sorted into bins 2.5 Pa wide.  The Qs found by NNLS is 13 cfm (6.5 L/s) and by 
Scanning is 10 cfm (5 L/s); the Qr found by NNLS is 43 cfm (21.5 L/s) and by Scanning is 42 cfm (21 L/s).  While 
the difference in the leakage flows determined by the two analysis methods is small, the appearance look of the 
fitted line is strikingly different, particularly at a house pressure of 47.3 Pa, where the NNLS procedure determined 
significant leakage flow at this one of its five fixed pressures. 

solutions beyond the data bound
study (and in previous work) a li
pressure limit for the characteristic pressures, Ps and Pr.  Typically this led to a low pressure limit of 5 Pa when      
2.5 Pa wide bins are used.   
 
Because the DeltaQ function is particularly sensitive to low pressure data, errors in the measured data at low 
pressures can cause significant errors in Qs and Qr.  These errors characteristically occur due to wind gusts when the 
low envelope pressure data are being taken.  To reduce the infl

ta
sensitivity to low pressure measurement errors, but also limits the resolution of the DeltaQ test b
le
technique this led to fixed characteristic pressure of 20, 29.9, 44.7, 66.9, and 100 Pa. 
 
The loss of low pressure leak modeling accuracy is ameliorated by the fact that it takes very special circumstances 
for there to be significant (more than 50 cfm) leakage at low pressure leaks.  The low pressures occur only at the 
extremes of the duct system near or at the registers and grilles.  At these low pressures the holes need to be large to 
have significant air flow and are likely to be easily observable.  The most likely candidate for large low pressure 
leaks is a disconnected duct.  However, the characteristic pressure (at which the air flow in the leak changes 

) is vdirection
dis
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Figure 4 shows the results from another test at the same house but with windy conditions. Given the scatter in the 
rest of the data, the low pressure supply leakage found by NNLS (seen as a spike in the curve fit at -5 Pa) is unlikely 
to be real.  Also leakage at this pressure was not seen in the previous, low wind test. The NNLS result for supply 
leakage was almost twice the amount determined by Scanning (62 vs. 35 cfm (31 vs. 17.5 L/s)), whereas the return 
leakage result was about the same (87 and 84 cfm (43.5 and 42 L/s)).  This test shows the sensitivity of results to 
measurement errors at low pressures – particularly if we allow (or force in the case of NNLS) low characteristic 
pressures.   
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FIELD RE ATABILITY STU
f ses sed eatability g wher  ram rfo

times duri e course  da ere examples of older homes lop
systems in the San Francisco Bay area and their testing is described in more detail in Walker and D .  

ive of the houses were new and represent current good construction techniques used in Nevada an
alifornia.  In the new houses, the builders took special care to build tighter than average homes, with tight duct 

systems, and with the air handler and ducts located within the building envelope for two houses.  Characteristics of 
the test houses are summarized in Table 1. 
 
Wind speed measurements were made on-site at the five new homes.  This was measured at a height of about two 
meters at the least shielded location on the property. The wind speed data was intended to show the wind variation 
the house experienced during the day of testing.  The wind was not measured at the two existing houses but was 
very high all day at the first of these, and quite low at the second.  
 
The DeltaQ tests were performed multiple times during the course of a day.  The two older homes had fewer tests 
because pressure station DeltaQ tests were also performed at these houses.  Walker and Dickerhoff (2006 and 2008) 
showed that repeatability results were the same for both ramping and pressure station testing at these two houses. 
 
There are several aims for the field testing: 

• provide data for estimating test repeatability  
• develop in-field guidance on test uncertainty that is useful for the people performing the test 
• develop analysis techniques that reduce sensitivity to wind effects 
• develop quality control guidance that assist indecisions about retesting and determine flags when there 

is the potential for increased errors 
As well as looking at repeatability results it is instructive to compare cases of high wind and low wind so that we 
can see where improvements in data acquisition and analysis are needed. 
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Table 1.  Summary of test houses and duct systems 
 
House Location Size, 

ft2 
2

House 
characteris

Number Envelope Duct System Wind Shelter 

[m ] 
tic of DeltaQ 

tests 
Leakage 
Q50: Air 
Flow at 50 
Pa (0.2 in. 
water), cfm 
[L/s] 

Colton Oakland, CA  About 60 years 
old - poorly 
insulated 

6 3300 [1560] In crawlspace and 
basement 

Windward side fully 
exposed at top of 
hills 

Holly Berkeley, CA  About 100 years 
old- poorly 
insulated 

5 4600 [2170] In crawlspace and 
interior partitions 

Heavy shelter from
other close houses 
and trees 

 

Sparks 1 Sparks (near 
Reno), NV 

 New - Building 
America Home 

7 1500 [710] Designed to be all 
inside conditioned 
space 

No trees or plants - 
only shelter is 
neighboring 
buildings 

Sparks 2 Sparks (near 
Reno), NV 

 New -  
Building

12 1400 [660] Designed to be all No trees or plants - 
 America inside conditioned only shelter is 

Home space neighboring 
buildings 

Rocklin 1 Rocklin (near 
Sacramento), 
CA 

2168 
[202] 

New -  
Building America 
Home 

10 1100 [520] Furnace and ducts 
in ventilated attic 

No trees or plants 
only shelter is 
neighboring 
buildings 

- 

Rocklin 2  Rocklin (near 
Sacramento), 
CA 

2577 
[240] 

New -  
Building America 
Home 

10 1800 [850] Furnace and ducts 
in ventilated attic 

No trees or plants - 
only shelter is 
neighboring 
buildings 

Vacaville Vacaville, 
CA 

3714 
[345] 

New -  
Building America 
Home 

13 3100 [1460] Furnace and ducts 
in ventilated attic 

Lightly landscaped, 
primary shielding is 
neighboring 
buildings and fence 
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FIELD TESTING RESULTS  
All the field testing results for individual tests are in Appendix 1.  Because there is no reference measurement of the 
true air leakage flows, the biases for the different analysis techniques were evaluated relative to the air leakage flo
given by the test at lowest windspeed.  Generally, this was the test with the best fit to the DeltaQ function and one of
the lowest predicted air leakage flows. 

ws 
 

ind Effects 
Figures 5a, 5b, and 5c show the raw unb  data for the Sparks 2 house with little (less than 2.5 mph (1 m/s)) , 
moderate (about 5 mph (2 m/s)) and v n 6.25 mph (2.5 m/s)) wind speeds averaged over the test 
period. The trend to increasing variability in the data can be seen as wind speed increases.  At the highest wind 
speed the excursions are over 200 cfm (100 L/s) even for this tight envelope home at a given envelope pressure, or 
equivalently, more than 10 Pa (0.04 in. water) in envelope pressure for a given blower door flow.  These excursions 
were of the same magnitude as those expected for a fairly leaky duct system – even though we know this is a low-
leakage system based on observations of duct installation, the fact that all the ducts are inside the thermal envelope 
of the building (if not quite all inside the pressure envelope), and the test results at low wind speeds.   These 
excursions were due to changes in envelope pressure measured by the envelope pressure sensor as well as changes 
in the blower door flow pressure.  When depressurizing, this blower door sensor and reference were both inside and 
relatively sheltered from wind effects.  When pressurizing the blower sensor and its pressure reference were outside 
exposed to changes in wind pressure.     
 

ce has shown that these wind effects can be ameliorated by car f outdoor reference 
or l n hou as 

 gh t ).  
g an he b

ters 
y as hard as possible to carefully place outdoor pressure tubing and select sheltered locations for blower door 

W
inned

ery large (greater tha

Field experien eful placement o
sensors and selection of blower do ocation.  For example in the Colto se the outdoor pressure tubing w
terminated inside a large garbage can
This gave good pressure averagin

with the lid slightly open (just enou
d reduced the wind effects.  Also, t

o allow the pressure tubing to enter
lower door was mounted in a 

downwind doorway that was fairly well shielded by a small porch and the presence of the garage wall to one side.  
Unfortunately it is not always possible to select such a favorable location although we recommend that field tes
tr
placement.  
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Baseline pressures: 
Initial: -1.4±0.1 Pa  Final: -0.96±0.2 Pa 

Baseline pressures: 
Initial: -1.4±1.3 Pa      Final: -0.9±1.5 Pa 

Baseline pressures: 
Initial: -0.2±0.18 Pa    Final: 0.45±0.18 Pa 

Figure 5a, 5b, and 5c: House pressu f and an 1 
nd h ged o

This 
                                              

re curves with the air handler of  on for Sparks 2 at low (less th
m/s) , moderate (about 2 m/s) a
 

igh (>2.5 m/s) wind speeds avera ver the test period  

Figures 6a, 6b, and 6c show the DeltaQ data, NNLS and scanning results for the three tests in Figure 5 using a bin 
size of 2.5 Pa.  Increasing wind generally resulted in an increase in the calculated duct leakage for this house7.  
   
7 As will be shown later, this trend is not generally the case. 
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affect was more pronounced for the NNLS analysis than it was for Scanning.  The highest flow results were at 
moderate wind speeds.  This illustrates a major point when considering the effect of wind on DeltaQ test results: 
namely that it is not the variability in wind pressures but instead it is gusts of wind that systematically change wi
pressures consistently over a period of several seconds.  In these examples, the DeltaQ data are noisier at higher 
wind speeds but noise is simply averaged out in the DeltaQ function fitting process.  It was the consistent deviation
for pressurization results at moderate wind speed and low envelope pressures that had the significant influence on 
the DeltaQ results. 
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NNLS:     Qs = 44,  Qr=78 
Scanning: Qs = 22,  Qr=55 

NNLS:     Qs = 23, Qr=53 
Scanning: Qs = 13, Qr=38 

Figure 6: DeltaQ 2.5 Pa binned measured data, NNLS DeltaQ function and Scanning DeltaQ function at low 
(less than 1 m/s) , moderate (about 2 m/s) and high (>2.5 m/s) wind speeds averaged over the test period 
 
The analysis was repeated for a bin size of 5 Pa and the results are shown in Figures 7a, 7b, and 7c.  Changing the 
bin size made little difference to the results.  This shows that simply widening the bin size to average out wind 
pressure fluctuations does not change the results very much.  This is another illustration of the fact that it is not 
random variations due to wind that are significant, instead it is the wind pressure changes maintained over several 
seconds that have major impacts.   
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NNLS:     Qs = 24, Qr=60 
Scanning: Qs = 11, Qr=39 

Figure 7: DeltaQ 5 Pa binned measured data, NNLS DeltaQ function and Scanning DeltaQ function at low 
(less than 1 m/s) , moderate (about 2 m/s) and high (>2.5 m/s) wind speeds averaged over the test period 
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To further investigate these wind effects Figure 8 shows the measured envelope pressures during a time of high 
More 

he differences in wind pressure between different ramps because it is assumed that the differences 
stem blower on and off flows are due to blower operation and do not include these wind effects.  
fects of ramp-to-ramp envelope pressure changes, the data were divided into 90 second (1.5 

/s 

 shift due to wind does not occur over a full ramp because the effect of fixed 
pressure shift decreases with increasing envelope pressure8.  However, this gives a guide to the potential magnitudes 

wind.  The measured data were taken about twice per second and show large reading to reading fluctuations.  
important is t
between central sy
To examine the ef
minute) time periods because this is the time taken to obtain a single ramp of data.  The average wind pressures in 
each period are shown in the figure together with a 30 second moving average for illustrative purposes. These data 
show changes of up to a Pascal in average pressures from ramp-to-ramp.  For a leaky house (4000 cfm50 (2000 L
at 50 Pa)) a 1 Pa shift at low envelope pressures changes the DeltaQ air flow by 500 cfm (250 L/s).  Even a 
relatively tight (1000 cfm50 (500 L/s at 50 Pa)) home will have changes in DeltaQ of over 100 cfm with such a 
pressure shift.  This pressure/flow

under very wind conditions. 

Wind Induced Envelope Pressure Changes

6

8
0.34 -0.55 -0.90 -1.12 -0.93 -0.65 0.09 -1.00-0.21-0.75

-8

-6

-4

-2

0

2

4

E
nv

el
op

e 
Pr

es
su

re
 [P

a]

2 Hz Data
30 Second Average

-10

-12
4.5 6 .5 10 12 15

p m tes

0 1.5 3 7 9 .5 13.5

Ela sed Time [ inu ]
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Figure 8. M  envelope pressures with no elta testi  dur e of hi h w .  Av ages
shown amping time intervals (9 nds .5 m te))

 
8 Also a simple constant flow shift does not lead to exactly the same change in DeltaQ leakage if occurring at 
different times in the ramp.  In other words, for a fixed flow or pressure change it makes a bigger difference if this 
occurs at the beginning or end of a ramp where flows and pressures are lower and the DeltaQ function is most 
sensitive. 
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IMPROVING DATA ANALYSIS TO REDUCE WIND PRESSURE EFFECTS - IMPROVING DAT
QUALITY 

A 

ime Filtering 
f a  fluctuations ured se ti ring.  e based 

ed t tly en here the 
gusts  p ril ca ive to 
 nois er  (several nd du ) g  of d as 

gure 8 th n s th mp g  Th or e filtering t a useful 
roving the da

hanging bin size and low pressure limits
in to be considered valid in the analysis, it must 

data o
allow o
the  
ana s

incr s
re limits of twice the 

stan
sta alues 
and a  
NNL
that th

o uses.  If the focus of DeltaQ application is for testing tighter ducts and houses 
en the results in Table 2a are more appropriate where the Colton and Holly results have been removed.  

Ta

T
A common way o
filters were appli

ddressing unwanted  in meas
ts

data is to u
ifi n

me filte
ge

Several tim
seto the measured data but the tes

his is
 resul

a
 did not sign ca  chan  – ev  in ca s w

effect of wind 
high frequency
shown in Fi

 were clearly observed.  T
e – but instead are influen

rim
 long

y be
 term

use the DeltaQ results are not very sensit
 winced by

at are close to the same freque
 seco s in ration usts

cy a e ra ing si nal. eref e tim is no
for imp ta analysis.  

C
To limit sensitivity to single erroneous data points, in order for a b
have a minimum number of data points.  Through trial and error it was found that having at least three individual 

 p ints on each side of the mid-point of the bin was a reasonable compromise between too few data points that 
utliers undue influence and too many data points in which case too many bins fail to meet the criteria unless 

y are made very wide.  This selection of a minimum number of points is directly related to the bin size used in the
ly is. 

 
.It was found that bins only 1 Pa wide were too sensitive to wind pressure fluctuations producing distinct outliers 
that led to erroneous air flow estimates particularly if these outliers were at low envelope pressures. Bins greater 
tha  n 5 Pa wide were too coarse and sometimes missed important changes in the DeltaQ function and therefore 

ea ed uncertainty in the resulting air leakage flows.  Bin widths of 2.5 Pa and 5 Pa were found to be a reasonable 
compromise.  All the tests were analyzed with bins of 2.5 Pa and 5 Pa and with low pressu
lowest data bin and a fixed 20 Pa cutoff.  For each house the average leakage was calculated together with the 

dard deviation of the tests.  The standard deviation is an indicator of the wind induced variability, with lower 
ndard deviations indicating lower sensitivity to wind induced pressure changes.  Table 2 shows the leakage v
 st ndard deviations averaged over all houses for each bin and pressure limit for both pressure scanning and

.  Table 2 averages the results for all the houses, however, examining the results for individuS al houses showed 
e Colton and Holly houses had a large influence on the results – because of their leaky ducts and leaky 
pes compared to the other hoenvel

th
 

ble 2.  Leakage and Standard Deviations averaged over all houses  

 Supply Leakage Return Leakage 
Analysis Method: NNLS Scanning NNLS Scanning 

 
Lo
Ps and 

west allowed 
Pr value House Pressure Bin Size (Pa) 2.5 5 2.5 5 2.5 5 2.5 5 

Average Leakage (cfm) 85 80 64 61 94 90 74 74 Twice
min

 data 
imum  Average Std. deviation (cfm) 37 32 31 25 35 29 29 26 

Average Leakage (cfm) 71 73 58 60 84 85 70 72 20 Pa 
Average Std. deviation (cfm) 28 29 24 25 27 27 25 26 
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Table 2a.  Leakage and Standard Deviations without Colton and Holly – i.e., tight houses and tight 
ducts  

 Supply Leakage Return Leakage 
Analysis Method: NNLS Scanning NNLS Scanning 

 
Lowest allowed 
Ps and Pr value House Pressure Bin Size (Pa) 2.5 5 2.5 5 2.5 5 2.5 5 

Average Leakage (cfm) 41 40 31 29 43 38 33 31 Twice data 
minimum  Average Std. deviation (cfm) 26 26 26 26 25 22 27 24 

Average Leakage (cfm) 64 66 53 55 49 51 39 42 20 Pa 
Average Std. deviation (cfm) 22 26 23 24 21 20 23 22 

 
Several trends are evident from the results for all the houses:  

• Pressure scanning consistently produces lower leakage values compared to NNLS by about 15 to 20 cfm (7.5 
to 10 L/s) for low leakage at twice the data minimum.  Previous laboratory studies (Walker and Dickerhoff 
(2006 and 2008) have shown similar magnitude positive biases for NNLS compared to pressure scanning).  

• Pressure scanning consistently produces lower standard deviations compared to NNLS by about 5 to 10 cfm 
(2.5 to 5 L/s) for low leakage at twice the data minimum. 

These two results are primarily because NNLS does not allow for negative results at low leakage levels resulting in a 
positive bias and because NNLS is more sensitive to low envelope pressure fluctuations due to pre-selecting low 
pressures as candidates for the characteristic pressures9. 

• Using 5 Pa bins instead of 2.5 Pa bins reduces the standard deviation when the lowest characteristic pressures
are twice the data minimum by about 5 cfm (2 L/s) or about 15%.   

The 20 Pa low limit has the effect of reducing the differences between analysis methods: 
• The 20 Pa low limit reduces the differences between average leakage for pressure scanning and NNLS to 

about 10 cfm (5 L/s) and the standard deviations to about 5 cfm (2.5 L/s). 
• The 20 Pa low limit essentially removes the differences between 2.5 and 5 Pa bins for both the leakage 

(within 3 cfm (1.5 L/s)) an

 

d standard deviation of leakage values (within 1 cfm (0.5 L/s)). 
5 

he trends are similar but the differences are reduced in magnitude: 
• Pressure scanning consistently produces lower leakage values compared to NNLS by about 10 cfm (5 L/s) 

r.  

 
 Pa 

ram) there is a slight preference for a wider 5 Pa bin instead of 2.5 Pa.  For low envelope and 
 leakage testing (more typical of new construction and code/energy efficiency program compliance testing) the 

differences are not significant and we recommend using the twice data minimum low pressure criterion for the 
characteristic pressures Ps and Pr, and the use of 2.5 Pa wide bins because of the potential for increased flexibility in 
fitting to the measured data without an increase test to test variability.  

                                                

• The 20 Pa low limit leads to lower leakage flows (for 2.5 Pa bins) by about 12 cfm (6 L/s) for NNLS and 4.
cfm (2 L/s) for scanning.   

 
 

or the tighter ducts and houses tF

for both low limits for Ps and P
• Pressure scanning and NNLS standard deviations differ by only 1 to 2 cfm (0.5 to 1 L/s). 
• Using 5 Pa bins instead of 2.5 Pa bins reduces the standard deviation when the lowest characteristic pressures

are twice the data minimum by only a couple of cfm for the twice data limit minimum Ps and Pr.  The 20
low limit showed increases in standard deviation for supply leakage.  

• The differences between average leakage and standard deviations for pressure scanning and NNLS are the 
same for both low pressure limits within a couple of cfm.   

 
Selecting a preference here is complicated by the fact that the larger bin widths and higher low pressure limit both 
limit the ability of DeltaQ to resolve leak pressures and low pressure leakage.  Therefore any selection is bound to 
be a compromise.  When applying the test procedure over a wide range of houses (as might be done for a 

eatherization progw
duct

 
9 NNLS is more likely to have the DeltaQ function fit low envelope pressure excursions due to wind effects.  This 
results in high leakage flows and therefore in a positive bias.  
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The difference between average leakage reported by NNLS and Pressure Scanning is difficult to assess for these 
field tests where the true leakage is not known.  Laboratory tests by Walker and Dickerhoff (2008) where the true 
duct leakage was known have shown that pressure scanning over-predicted leakage on average (combining supply 
and return leaks) by 9 cfm (4.5 L/s) and  NNLS over-predicted by 16 cfm (8 L/s).  This trend of NNLS predicting 
higher leakage is the same as observed in the field test results in Tables 2 and 2a. For these reasons, it may be 
preferable to use Pressure Scanning although given the small differences and small datasets this is not an absolute 
requirement. 

Ignoring low pressure (less than 5 Pa) data  
The DeltaQ algorithm is more sensitive to low envelope pressure data.  Unfortunately, this is where the slope of the 
pressure-flow relationship for the envelope and ducts is its steepest, resulting in larger flow errors in DeltaQ for a 
given pressure measurement error (whether wind induced or not).  One possibility is to ignore DeltaQ data below a 
given threshold - for example 5 Pa.  This is different from limiting the lowest characteristic pressures used in the fit 
to the DeltaQ function because it actively eliminates data from the analysis completely rather than restricting fitted 
parameters.  Figure 9 is an example for Sparks 1 - where wind gusts at low envelope pressure led to extreme DeltaQ 
data for these low pressures.  Each figure shows the NNLS and scanning results.  Both two times the lowest binned 
data and 20 Pa low limits for the fitted characteristic leakage pressures are shown to illustrate the effects of imposing 
these fitted parameter limits in addition to ignoring low pressure data.  
 

s how the DeltaQ function is strongly influe  low pressure points.  Comparing to Figur
ints below 5 Pa removed, the DeltaQ function gnificantly and the resulting leakage flows 

 by about 30 % (or 30 cfm (14 L/s)) from almost  L/s) to about 70 cfm (33 L/s).  In this case 
side  addition, low 

6 cfm (8  not show these 
hows that removing ed in a better 

result - particularly for the total leakage.  For testing of low leakage systems, the difference between 100 cfm (47 
L/ nd 70 cfm (33 L/s) is worth pursuing as this would typically be the difference between a house passing or 
failing a low- leakage test limit.   
 
The 20 Pa low limit for characteristic pressures is also good at effectively ignoring the errors in the low pressure 
data.  Because the 20 Pa low limit can be imposed on the analyzed data the additional restriction of ignoring data 
below 5 Pa is not required.  In the interest of keeping as many data as possible in the analysis we do not recommend 
ignoring the low pressure data. 
 

Comparing up and down ramps 
We attempted to minimize the effects of wind pressures by comparing the up and down sections of each ramp.  
Differences between the up and down ramps are primarily due to wind effects. Other sources are valving leaks, 
changes in wind direction, changes in temperature, and hysteresis (See Appendix 2 for an extreme illustration) 
caused by ramping too quickly.  If a gust of wind affected either the up or down ramp then comparing the up and 
down ramps should reveal this effect.  Furthermore, if the difference between up and down ramps for a particular 
pressure bin exceeds some limit then we can assume that this data point has too large an error and eliminate it from 
the analysis.   Several tests were selected where it was clear that one part (either up or down) of a ramp was strongly 
affected by wind pressure fluctuations in order to determine an appropriate level of difference between ramps.  It 
was observed that the cutoff for good vs. bad ramps occurred when there was a change of about 20% between an up

p10.   

                                              

Figure 9a show
9c with the po

nced by a few
 is changed si

e 

are reduced  100 cfm (47
we expect from the house construction with the ducts in  that the duct leakage should be low.  In
wind speed test results from this house were Qs = 1  L/s) and Qr = 49 cfm (23 L/s) and did
low pressure DeltaQ excursions.  This s  the erroneous low pressure data result

s) a

 
and down ram
 

   

variation meant that too few points were eliminated and there was 
no effect of comparing the ramps.   

10 If the allowable change was lower then too many data were eliminated resulting in too few data pairs for the 
analysis, conversely, allowing greater than 20% 
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NNLS and Scanning Analysis Methods
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NNLS and Scanning Analysis Methods
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Figure 9a.  
All Data 
Characteristic Pressure Limit = 2 times lowest data 
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Figure 9c. 
No data < 5 Pa 
Characteristic Pressure Limit = 2 times lowest data 
NNLS:     Qs=0, Qr=69 cfm (33 L/s) 
Scanning: Qs=0,   Qr=67 cfm (32 L/s) 

Figure 9d. 
No data < 5 Pa 
Characteristic Pressure Limit =20 Pa 
NNLS:    Qs=0,   Qr=60 cfm (28 L/s) 
Scanning: Qs=0,  Qr=62 cfm (29 L/s) 

 
Figure 9.  DeltaQ data and fits for Sparks 1 showing the effect of removing low pressure data and imposing 
different low characteristic pressure limits 

 18  



 
Bins where the difference between up and down ramps was greater than 20% were removed from all tests, and the 
data reanalyzed to determine new leakage flows with these erroneous data removed.  All the tests had at least one 

ata point that was changed using this criterion.  Table 3 shows the average leakage flows and the average of the 
th two 

w pressure cutoffs: twice the minimum data bin and 20 Pa (0.08 in. water); and two bin sizes: 2.5 Pa and 5 Pa 
 

ficant.  Figure 10 shows an example, 
where there was greater than 20% difference between the up and down ramp in depressurization for the big orifice 
with the system blower on.  The pressurization data in this figure show very little wind induced variability and the 
single poor ramp stands out clearly.  For this example the results changed from Qs = 136 cfm (68 L/s) and Qr = 76 
cfm (38 L/s) to Qs = 64 cfm (32 L/s) and Qr = 36 cfm (18 L/s) by eliminating data from the bad ramp.  In practice, 
observing this sort of deviation during the test would indicate that this particular ramp should be redone.  From a 
basic measurement  point of view retaking a ramp to get a good ramp will be better than eliminating bad points (i.e., 
difference between up and down greater than 20%) so the qualitative observation and decision to retake data is very 
important.  This test had a mean windspeed of 3.6 mph (1.6 m/s) that is not particularly high (average for all tests in 
all houses was 1.9 m/s (4.3 mph)) but the windspeed during the test ranged from 0.25 mph (0.1 m/s) to 13.4 mph (6 
m/s) with the higher wind speeds likely responsible for the large up/down ramp difference.  
 
Table 3 . Total Leakage and Standard Deviations averaged over all houses with data points where the 
difference between up and down ramps was greater than 20% removed. 

d
standard deviations averaged over all the houses.  The analysis was performed for NNLS and scanning, wi
lo
(0.01 and 0.02 in. water).  The changes in standard deviation were only significant  (greater than about 5 cfm (2.5
L/s)) for a few situations: for 5 Pa (0.02 in. water) bins using a low pressure limit of twice the lowest bin.   Other 
times the removal of data did not significantly change the results.  Most tests had insignificant changes (<2 cfm (1 
L/s)).  Changes concentrated in a few tests where the deviations were signi

 Supply Leakage Return Leakage 
Analysis Method: NNLS Scanning NNLS Scanning 

 
 
 
Lowest allowed 
Ps and Pr value 

House Pressure 
Bin Size (Pa) 

2.5 5 2.5 5 2.5 5 2.5 5 

Average Leakage 
(cfm) 

81 76 67 64 91 90 78 79 twice data 
minimum  

Average Std (cfm) 34 24 25 17 31 27 22 21 
Average Leakage 
(cfm) 

77 73 65 63 88 88 77 78 20 Pa (0.08 in. 
water) 

Average Std (cfm) 30 27 22 17 28 26 22 21 

 
In the rest of this report the supply and return leakage values are from Pressure Scanning with 2.5Pa wide pressure 
bins using twice the data minimum as the lowest characteristic pressure. 
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Figure 10. Illustration of ramp with greater than 20% variation between ramping up and ramping down 
  

QUALITY CONTROL: DETECTING PROBLEM TESTS  
Because DeltaQ results can be changed by wind, we need to find some sort of quality control indicator for testers 
that flags potentially poor data.  The aim is to provide guidance for users for when it is t y to do testing or at 
least when wind will reduce test precision to unacceptable levels.  Then either the test (or ramp) can be redone, test 
results can be reported together with an increased uncertainty, or testing abandoned.  There are both qualitative and 
quantitative approaches.  The qualitative approach is to observe the measured data and look for characteristics 
representative of measurement errors.  This requires a combination of experience and guidance. In this study several 
examples of what to look for in measured data were developed in order to provide background information for 
guidance.  The nature of the ramping test is such that it is often the case that only a single ramp has significant wind 
induced errors and only this single ramp needs to be repeated rather than the whole test.  Because of this, the 
qualitative approach has proved to be very useful in field testing, i.e., when an operator observes a large deviation in 
a particular ramp – that particular ramp is repeated and a successful test results. The quantitative approach uses 
characteristics of the measured data to determine test validity.  This can be used as an indicator that some or all of 
the test needs to be repeated.  Combined with the qualitative approach much time can be saved by only repeating the 
ramps that need to be repeated.  
 
The quantitative indicators investigated here are: wind speed and baseline envelope pressure fluctuations. 
 
In addition to these efforts to flag poor data we have also attempted to use the measured data to estimate the test 
uncertainty.  The method evaluat ion of the repeated tests and use 

at as an error estimate that can be  was found to work well was to 
base the estimate of repeatability uncertainty on the envelope leakage.  

oo wind

ed here is to find an estimate for the standard deviat
provided for an individual house.  A method thatth
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Wind speed  
An obvious choice for an on-site quality control indicator is to use on-site measured wind speed, where we might 
expect to discover a high wind speed limit to testing, beyond which test uncertainty becomes too large.  In order to 
see if there is a bias in the results with increasing wind speed, the leakage results were regressed with wind speed for 
both NNLS and pressure scanning.  Figure 11 shows that the trends are weak for the five houses with measured on-
site wind speeds.  There was a slight increase in leakage with increasing wind speeds for some cases but not ot
and the correlation was not strong, with R

hers 
alues typically less than 0.1.  Both the NNLS and scanning showed 

milar weak trends.  Although there was considerable variability, the test with the lowest wind speed at each house 
r 

 

hat 

2 v
si
almost always gave the lowest leakage values.   These results indicate that there is no bias resulting from highe
wind speed testing.  These results also show that variability in test results does not increase systematically with 
windspeed.  This appears surprising at first, but is really just another indicator of the random nature of wind effects
and that mean windspeed is not a particularly significant as an indicator of DeltaQ test variability.  Rather, it is the 
ramp-to-ramp variability (particularly between ON and OFF data) and data outliers at low envelope pressures t
lead to errors and fluctuations in DeltaQ test results. 
 
Little, if any, field testing will be performed with an on-site weather station to measure windspeed.  The results 
illustrated here show that this lack of on-site wind measurements is not critical.  However, we must look elsewhere 
for useful in-field quality control indicators.  
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Figure 11.  Air leakage trends with wind speed 

 

 22  



Baseline Envelope Pressures 
One method of determining which tests are valid and which were done during conditions of excessive wind is to 
evaluate the initial and final “baseline” house pressure measurements. These are measurements of the house pressure 
with the air handler fan and blower door off and can be used as an indicator of variable wind conditions.  Excessive 
variation of the baseline pressure could be used a flag to warn of poor testing conditions.  Data from these times may 
not reflect the wind during the time in which the DeltaQ data points are determined, so it will be an imperfect 
indicator, but one that is readily available.   
 
The measured baseline envelope pressures that are already required as part of the test procedure.  This has the 
advantage of not requiring additional equipment, set-up and measurements.  The test acceptability is estimated from 
variability (in this case the standard deviation) of the baseline pressures taken before and after the ramping part of 
the DeltaQ test. Figure 12 shows how the test results vary with the standard deviation of the baseline pressures.  In 
general, there are no clear trends – just like with the mean wind speeds shown in Figure 11.  The exception is 
Rocklin #1, where above 0.50 Pa (0.002 in. water) the meas ed leakage values increase sharply. 
 
However, the trends do not tell the full story.  Test to test variability (or repeatability) can be characterized by the 
standard deviation of the tests for each house.  The difference in standard deviation with high baseline pressure 
variation tests eliminated indicates if applying a maximum baseline pressure variation leads to more repeatable 
results.  A reasonable cutoff pressure from the data in Figure 12 is 0.5 Pa (0.002 in. water).  This pressure is fairly 
arbitrary - but it is clear that too low a cutoff  (say 0.1 Pa (0.0004 in. water)) would eliminate almost all tests and too 
high a cutoff (say 1.0 Pa (0.004 in. water)) would not discriminate as almost all tests would meet this criterion.   
 
In some cases the variability in the DeltaQ data is concentrated in a single ramp and retaking this ramp would 
improve the test results.  Each test that had a baseline pressure standard deviation greater than 0.5 Pa (0.002 in. 
water) was examined to evaluate if redoing a ramp would improve the test.  In addition, there are some tests where 
the baseline pressure variation is small - but strong wind pressure variation was observed in the DeltaQ ramping 
data.   These represent failures of the 0.5 Pa (0.002 in. water) criterion in eliminating bad tests.  These results are all 
summarized in Table 4 for pressure scanning with 2.5 Pa bins ng two times the lowest measured pressure as the 
lowest characteristic pressure.  No ramps were redone during the testing at the house except for cases of operator 
error11.  The “retaking a ramp” data was simulated by replacing a ramp with data from another test with low wind.  
Nine of the 26 tests identified as failing the baseline standard deviation criteria were given this treatment.  Only tests 
where replacement of one ramp would “fix” the data were evaluated. 
Table 4.  Quality control using baseline pressure standard deviation for determining test validity 

ur

usi

House Total 
tests 

Tests with 
standard 
deviation of 
baseline 
pressure 
greater than 
0.5 Pa 

Number of 
high baseline 
pressure tests 
that are 
salvageable by 
retaking one 
ramp 

Standard Deviation 
of Leakage - all 
tests, cfm [L/s] 

Standard Deviation 
of Leakage - only 
tests with standard 
deviation less than 
0.5 Pa (0.002 in. 
water), cfm [L/s] 

Standard Deviation of 
Leakage – with 
replaced ramps or tests 
with standard deviation 
less than 0.5 Pa (0.002 
in. water), cfm [L/s] 

Number of 
bad tests*** 
not captured 
by baseline 
pressure 
limit 

    Qs Qr Qs Qr Qs Qr  
Sparks 2 11 7* 3 18 [8] 19 [9] 3 [1] 12 [6] 5 [2] 17 [8] 1 
Sparks 1 7 1** 1 7 [3 22 [10] 8 [4] 24 11] Same as 

all tests 
Same as 
all tests 

None 

Vacaville 13 6 2 45 [21] 34[16] 14 [7] 14[7] 23 [11] 23 [11] None 
Colton 6 6 None 23 [11] 23 [11] n/a n/a None None None 
Holly 5 None n/a 66 [31] 41 [19] 66 [31] 41 [19] Same as 

all tests 
Same as 
all tests 

1 

Rocklin 
1 

10 5 3 31 [15] 21 [10] 9 [4] 7 [3] 24 [11] 16 [8] None 

Rocklin 
2 

10 1** None 8 [4] 11 [5] 8 [4] 12 [6] Same as 
all tests 

Same as 
all tests 

None 

* - three of these 7 tests showed little wind pressure variation effects during the test and the tests were OK. 
** - These single occurrences had baseline pressure variation close to the 0.5 Pa limit and the observed DeltaQ data 
did not have significant wind pressure variation effects and probably did not need even one ramp retaking. 
*** - Bad tests in this context had al least one ramp with a significant observable deviation due to wind 
                                                 
11 For example, forgetting to use an outside reference for the blower door when pressurizing the house.  

 23 



 
For Sparks 2, Vacaville and Rocklin 1 the test repeatability was improved significantly by applying the 0.5 Pa 
maximum baseline pressure standard deviation as a criterion for an acceptable test.  Only two tests with poor results 
were not captures by this criterion.  One of these tests (Test 1 at Holly) had a single bad low pressure DeltaQ data 
point (the lowest depressurization data bin).  The other test had higher wind induced pressures during the test that 
were not measured in the baseline data.  The combination of improved repeatability together with few missed poor 
tests indicates that this is a good way of eliminating poor tests.  Many of the poor tests could be salvaged by retaking 
a test ramp so one strategy might be to warn users if the standard deviation of the baseline pressures is high and 
advise them to retake ramps that show big wind pressure induced variation.   
 
Colton had uniformly high winds and variability for all six tests, however repeatability was among the best 
(compared to its’ envelope leakage).  This further illustrates the complexity of wind: it is not just mean windspeed or 
standard deviation of thirty seconds of wind data that is enough to characterize the wind: if the wind fluctuations are 
of relatively high frequency compared to the ramping speed then it is averaged out by the binning and DeltaQ 
function fitting process – as is the case at Colton.  The presence of relative long sustained gusts (on the order of 5 to 
10 seconds or more) are also required if the DeltaQ results are to be significantly effected.  This is essentially 
impossible to predict.  Therefore there will always be some qualitative data observation required and Quality 
Control issues are reduced to flags for operators to check data. 
 
The 0.5 Pa criterion appears to be conservative because only 2 poor/bad tests (out of 64 total) were not captured but 
half of the flagged tests were found to be acceptable.  However, this criterion is simply being used to flag potentially 
poor tests that require the user to make decisions about repeating ramps(s) or possibly abandoning testing, rather 
than categorically state that a test is poor.  Therefore the 0.5 Pa criterion is still a very useful Quality Control tool.    
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Figure 12. Air Leakage Trends with pre and post baseline pressure variability. (The Qs and Qr values are 
from one test are plotted twice, once against the pre, and then against the post, baseline pressure standard 
deviation. 
 

Qualitative approach 
The following examples are illustrations of the characteristics of measured data that indicate strong wind pressure 
change influences on the measured data.  There are two primary characteristics to observe that are good indicators of 
wind induced problems and are cases where repeating a ramp will result in improved measured data. 
1. Differences between up and down parts of the same ramp are an excellent indicator of wind-induced problems. 
2. “weaving” back and forth during a ramp - in particular if the slope of the data has the wrong sign - e.g., 
ecreasing envelope pressures with increasing air flow. 

se just to show the variability that can be observed 
fo

ps.  A difference of this 

Q 

d
The illustrative figures are all taken from the Vacaville test hou

single house. r 
 

igure 10 shows the most dramatic example of large changes between up and down ramF
magnitude over such a wide pressure range can significantly change the results - in this case it led to an increase in 
predicted leakage by about 100 cfm (50 L/s) for supply and 50 cfm (25 L/s) for return leaks compared to the lowest 
windspeed test.  The mean wind speed for the test in Figure 10 was 1.6 m/s (3.6 mph)).  Figure 11 shows the Delta
calculated from the data in Figure 10, together with the DeltaQ fitted function from the pressure scanning analysis.  
In this case the wind gust excursion, although far from the other data, did not exert a strong influence on the DeltaQ 
fitted function. 
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Figure 13.  DeltaQ representation of data from Figure 10 showing large excursion in DeltaQ data due to a 
wind gust. 
 

 27 



-2500

-2000

-1500

-1000

-500

0

2000

2500

500

ir
 F

lo
w

, c

1000

-40 -30 -20 -10 0 10 20 30 40

Envelope Pressure, Pa

B
lo

w
er

 D
oo

r 
A

f

1500

m

Small, OFF
Small, ON
Big, OFF
Big, ON

large up/down ramp

 
Figure 14. Moderate differences between ramps at lower envelope pressures. 
 
Comparing Figure 10 to Figure 14 shows that it is more difficult to observe the changes in measured air flows and 
envelope pressure differences when differences between ramps are at lower pressure.  However, because the DeltaQ 
analysis tends to be more sensitive to measurement errors at lower envelope pressures it pays to make careful 
observation of low pressure measurements.  To make this clearer, Figure 15 shows the test data from Figure 14 but 
for the small orifice, low envelope pressures only.  These lower pressure smaller absolute magnitude (but large 
fractional change) differences between up and down portions of the ramp are slightly harder to observe when 
looking at all the data on a single plot as in Figure 10.  Nevertheless, during testing as the data are plotted by the 
software the trend is clearly observable and the replotting of low pressure data as in Figure 15 is not necessary.  
Figure 15 shows how the low pressure depressurization results with the central fan off have big differences (much 
greater than the 20% criterion used elsewhere to eliminate data from the analysis).  The resulting DeltaQ data are 

 27 cfm (13

difference

shown in Figure 16.  This was the lowest windspeed tests for this house and had supply leakage of
and return leakage of 31 cfm (15 L/s).   

 L/s) 
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Figure 15.  Small orifice, low envelope pressure differences in ramping data for the same test as in Figure 10. 
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Figure 16.  DeltaQ data from the test shown in Figure 14.   
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Figure 17.  Low wind speed test with consistent up and down parts for each ramp. 

Figure 1  flow 
variabili ns).   This figure does not exhibit the excursions between up and down 
ramps se 6 and no ramps needed to be redone.  The mean windspeed is actually 

central bl
17 and il  in 
Figures 1 random DeltaQ data resulted in predicted supply and return leakage flows of zero.  
 

 
7 illustrates a test with consistent windspeeds for each ramp but with some fairly random pressure and
ty (due to wind pressure fluctuatio
en in Figures 10, and 13 through 1

higher than for the data in Figure 10 at 1.7 m/s (3.8 mph).  Even the maximum windspeed recorded during the test is 
not particularly low at 4.5 m/s (10.1 mph).  What matters most is consistent windspeeds during the test and for the 

ower on and off data rather than the magnitude of the wind.  Figure 18 shows the DeltaQ data from Figure 
lustrates how the variability in DeltaQ is random and does not exhibit the obvious variability shown
3 and 16.  The 
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Figure 18.  DeltaQ using data from Figure 17 showing random variability and no strong trends, outliers or 
groups of displaced data due to sustained wind gusts. 
 

Estimating Repeatability Uncertainty Using Envelope Leakage 
Because the DeltaQ test is based on air flows through the building envelope it is reasonable to assume that the 
repeatability uncertainty will scale with envelope leakage because, for any given wind pressure fluctuation, the 
resulting envelope flows will be larger for a leaky envelope.  To examine the relationship between test variability 
and envelope leakage we examined the ratio of the standard deviation of the tests to the 50 Pa (0.2 in. water) 
envelope leakage12.  It averaged 0.77% for supply leaks and 0.97% for return leaks – with high baseline pressure 

                                                 
12 The envelope leakage used here is taken from the results of a least squares fit to the system blower off data and 
therefore includes the holes in the duct system that contribute to envelope leakage.  This corresponds to the envelope 
leakage traditionally measured in envelope air tightness testing.   It would be possible to subtract the duct 
contribution but this is not particularly useful or informative.   
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variation tests not included.  This suggests a rule of thumb estimate for leakage uncertainty
in. water) envelope leakage (Q50) that will be a conservative estimate (i.e., it slightly overe

 of 1% of the 50 Pa (0.2 
stimates the uncertainty).  

 the standard deviations clearly correlate with the envelope leakage.   

 leakage averaged 1.28% for supply leaks and 1.22% for return 

Figure 19 illustrates the standard deviation of the tests as a function of envelope leakage – expressed as 1% of Q50.  
The trend in
 
This rule of thumb is still reasonable even if the tests with high baseline fluctuations are included. The ratio of the 
standard deviation of the tests to the 50 Pa envelope
leaks – and the trend is shown in Figure 20. 
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Figure 19.  Trend of standard deviation of multiple tests with envelope leakage for tests with high baseline 
pressure not included 
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Figure 20.  Trend of standard deviation of multiple tests with envelope leakage for all tests  
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or combined envelo nd t te on dy .  G he sue s di lt to par  
ility results directly - e ted in is report, the 
ility for uct only p stima DeltaQ. 

er to rovide more co xt f hese certa es, we need m  the l un inty of DeltaQ and 
pressurization testing.  Beca sure, the air flow at 

erating nditions may ame he t d ai w.  iss  no ing sam ssure across
 leaks during the duct p rization te s du  normal op on i igg urce ncertainty t
eatability.  Several stud av en rm here aka as k n in ora  set  a 
oratory y 

ere d o
 als  that pr rization err  were l se Delt esti sing n ther 
mp g).   Francisco et al. (2003a) rted ilar differen  of tor o o in se i certainty for 

e Stat r

e 2 d of standard devia  of t
of ra

ipl ts w  en pe l age i use  in 
ud ure atio nstead ing  five ildin  

s po is infor ive to omp  thes tima  unc ainti ith t e te etho  com n 
uct izatio  For peat , the  littl nfor ion av able st re tabil  A 
(W  al. 19  by LBNL a Cali ia E gy C missi  staf here t e test ere orm n 
f n ses sh d repeatability unc intie  ±15 m (7 /s). e tester attri d th diffe es 

ffere duct press
e, rath

ure 
han leakage 

obe p eme
outs

nd p
and 

uriz
efor

on fa
id no

stall
ve t

n.  T
omp

e we
ion

eas
rying

ent
matc uct 

eren rticular, field peri e ha own o m in a stan
ope  pres  to o tside  fl atin nvelope pres s ca diff .  Th an 

be am rated som by ta ng lo erag ut th  wil  incr d un aint d rep abili
errors f
repeatab

pe a
th

 duc sting  win days iven t se is s it i fficu
 th

 com e the
y can just be used for guidance.  For the data presen
rization is about in the middle of the repeatability erepeatab

 
d ressu tes for 

In ord  p nte or t un inti  to co pare  tota certa
use pressurization testing measures an air flow at a fixed pres

op co not be the s  as t este r flo  This ue of t hav the e pre  
the ressu

ies h
st a ring erati s a b er so  of u

 a lab
han 

rep
lab

e be  perfo ed w  the true le ge w now tory ting:
 study b Walker and Dickerhoff (2008) has shown duct pressurization errors (40 to 60 cfm (20 to 30 L/s)) 

se of DeltaQ testing (20 to 30 cfm (10 to 15 L/s)).  An earlier laboratory study by Andrews that w
(2002)

ouble th
o showed essu ors  doub e tho  for aQ t ng (u  pressure statio s ra

than ra in repo  sim ces a fac f tw crea n un
                                                 
13 The results discussed here are for duct pressurization to 25 Pa (0.1 in. water).  Some pressurization test protocols 
specify 50 Pa (0.2 in. water) and these tests would have large biases of 50% compared to the 25Pa test results (and 

e DeltaQ test results).  th
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p
re

ressurization compared to es.  This study line 
e. ite sho m ese resu
ur Q ng for low l e systems. test  ed va h y

DeltaQ  cor ass or fail a 6 f sy  blow  flow ea mit.  h s ha ct l ge l han
6% of stem b r fl  DeltaQ corr  ide ed s  e tes elt lso tified one ho as 
havin cess l ge (  ins  of 6 and hou s ha  les n 6 akag hen r baseline 
reference leak as 7% and 1   Fo pre zat only of t ight ses  lea  les n 6%
were c ect tifie here , six ses e inc ctly tified as bei oo l In itio
pressu atio ified  ho ith  tha  lea b nce icat 0% leakage.
These ults indicate th eltaQ is at least as good as p uriz  at ting  lea e systems.  
 
Comb g th cer es tes i ates  for hin r t  ve ding te n 
5000 50) t cert e r measu uct lea utside u r mal ope n ndition h s 
what eeded ner ss estimates) are sm  for DeltaQ ng t uriz n.  T nc on 
appl ver th  ra of d nd e lope kage p ed b ref ced ies. wev f we

ing a tight  sp cation, then t ay b ffer  To er t s , the 
s w duct leakag  n fl r les  t bor  tes  Wa  and 20
nalyzed.  T y sh a S d ence %  fan f  for  3.6%  fan  fo

pressurization testing.  The larger  the leak pressures under 
ing ns no ng e l to a (0 . wa

n these uncertainties be reduced ? 

everal techniques for impr and analysis in hile 
 bl c tic lutio  dev
• in si sed i e an sis sh d be  Pa (0 in. r). 
• T ini  nu r of p ts per bin is t e each size of the bin center. 
• P ure g s  be tion o be ltere  t ind  blo  doo ws)
• low oor should b stall  the ed d ay
• ini  characteris ress hou  at l  twi e lo t da n an uld 

sed fixe lue  Pa 8 in. ter) ake  test  und ind
ns for ho wit ky e e

• r wi con ns, cularly for leaky hom he Pressure Scannin alysis techn is 
rabl aus s le nsit  wi ressure chan at lo nvel pres s.  

•  a dard ati f eit he p post-test baseline pressures exceed  Pa ood
f h ssib  of at es th ne o re r s ne o be ken

• M  tests can be rove eta  a single ram
A good r f th  for atab  unc ty  o  who uild r l e a  Pa 
(0.2 in. w ) pre e di nce 0). 

It terms of showing that DeltaQ u ems, the rule of thumb would 
t th  typical new es with 1% 50 0 cf 5 L  les ll gi cceptable results com ed t

aka at are typically 6% o ir han r flow  rang  ab 60 c  12 m (3  60
depending on system size). 

is study as also dev ed e ples ood  bad test illu ions t can sed ser  furt
prove q ality control

The uncer eakage 
required for effic s - therefore Del esti  rec end or th pplication.   

Delta Q in a field study of 51 hom
i  with ce, we  u

compared DeltaQ testing to a base
as id e relative apferenc

of press
  Desp rtco

 Delta
ngs
 testi

 this referen can se th
 The 

lts 
 results

a gu
allow

e to th
us to e

plicab
e abilit

ility 
 of ization and eakag luate t

 to rect p % o stem er  low l k li   Eight ouse d du eaka ess t  
 sy lowe ow. ectly ntifi even of thes ts.  D aQ a iden use 
g ex eaka 11% tead %) two ses a ving s tha % le e w thei

age w 0%. r fan ssuri ion,  two he e  hou with kage s tha  
orr
riz

ly iden
n ident

d.  T
one

fore
use w

 hou
 less

 wer
n 6%

orre
kage when the 

 iden ng t eaky.  
 ind

 add
ed 1

n, 
aseline refere    

res at D ress ation detec  low kag

inin ese un tainty tima ndic  that anyt g othe han a ry leaky buil  (grea r tha
 cfm he un ainti s fo ring the d kage to o nde nor rati g co s (w ich i
 is n  for e gy lo aller testi han for press atio his co lusi
ies o
 to foc

e wide
n meet

nge uct a
 duct

nve
cifi

 lea  encom
he resul

ass
s m

y the 
e di

eren
ent. 

 stud
answ

  Ho
his que

er, i
tion

 
want
14 test

us o
ith actual 

e
of fa

t
he lae of 6% ow o s from atory ts of lker  Dickerhoff ( 08) 

were a he owed n RM iffer of 1.9  of low  DeltaQ and  of  flow r 
 errors for the duct pressurization testing are due to

operat conditio t bei qua 25 P .1 in ter). 

RECOMMENDATIONS 
This study focuses on answering two questions: 
1.  What is the uncertainty associated with changes in weather (primarily wind) conditions during DeltaQ testing? 

.  How ca2
 
S oving the DeltaQ data acquisition order to reduce wind sensitivity w
retaining a reasona e chara teris pressure reso n have been eloped: 

The b ze u n th aly oul 2.5 .01  wate
he m mum mbe oin hre
ress tubin hould  posi ed t she d from he w  (and wer r flo . 

The b
T

er d
m

e in
t

ed in
u

 most sh
ld

elter
e

oorw . 
he m

ncrea
um ic p

 of 20
re s

 (0.0
 be
wa

ast
o m

ce th
 the

wes
 more ro

ta bi
bust

d co
er w

be 
y i

conditio
 to a d

uses 
 va t

h lea nvelop s. 
Unde ndy ditio parti es t g an ique 
prefe e bec e it i ss se ive to nd p ges w e ope sure
Having  stan  devi on o her t re- or 0.5 is a g  
lag for t e po ility poor d a and indicat at o r mo amp ed t  reta . 

any  imp d by r king p.  
• ule o umb repe ility ertain  is 1% f the le b ing ai eakag t 50

ater ssur ffere  (Q5
 

ncertainties acceptable for testing low leakage syst
sugges at  hom  of Q  of 3 m (1 /s) or s wi ve a par o 
low le ge limits th f a dle  (a e of out fm to 0 cf 0 to  L/s) 

 
Th
im

 h
u

elop
. 

xam  of g  and strat  tha  be u  by u s to her 

 
tainties for DeltaQ testing are lower than those for pressurization testing - particularly at the low l

levels ient duct system taQ t ng is omm ed f is a
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CONCLUSIONS 
ed DeltaQ errors are highly variable and are not amenable to simple correlations with wind speed or 

ven standard deviation of wind induced measured envelope pressure differences.  Instead, a rule of thumb has been 
developed for estimating repeatability uncertainty: 1% of envelope flow at 50 P a (0.2 in. water) . 
 
Variability lope pressures can uccessfully to f oor data.  These poor data 
can be repl  by r n st (typical ht ramps). 
 
T  k aracteristics that ar o g t  t se ognize poor data. 
 
DeltaQ is an acceptable test low l e levels re  for efficient duct s s  the building 
envelop very leaky (grea n abo 00 to 500 2  2500 L/s) a a . water)).   

The wind induc
e

 in baseline enve
aced with good data

 be used s
ly part of the te

lag potentially p
ly one of the eigedoing o

here are ey ch e easily bservable durin he test hat allow the u r to rec

 at the eakag quired ystem unless
e is ter tha ut 40 0 cfm ( 000 to t 50 P  (02 In
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APPENDIX 1:  ANALYSIS RE
he tables in this appendix sh e pressure info

t. 
 t s su  it w it of Ps and Pr as t e .

The s nd tab ows  resu her n m ing own p d as his tim sult
in not ough o al an a sis e te
The th  table s th st re  wh  and Pr are ced  at  20 
 
The T e col ead abbr tion : 
BST Basel tabil est ult is Yes or  fla  fo ssib rors
N2.5 NNLS with 2. bin
N5 NNLS h 5 ins 
S2.5 Scann ith Pa b
S5 Scann ith  bin
A2.5 Non N ive ste anni ith a bi

Non Negative ste anni ith  bin
Average 
Standard  

ks 1 

Leakage) at 50 Pa Speed Measurement Measurement  

SULTS FOR INDIVIDUAL HOUS
ows the envelope leakage, baselin

ES 
rmation, and average wind speed for T

each tes
The firs

  
able sht

eco
ow

le sh
 the re lts using

lts w
 all the

e no
data w

atch
h the lo er lim

 ram
wice th

.  (T
 data m

some
inimum  

 the up/d ata w removed es re ed 
 en data t low naly of th st.) 
ird show e te sults ere Ps  for to be least Pa. 

abl umn h ing evia s are
ine S ity T

5 Pa 
, res
s 

 no to gging r po le er  

 wit Pa b
ing w  2.5 ins 
ing w  5 Pa s 

 egat Adju d Sc ng w 2.5 P ns 
A5 Adju d Sc ng w 5 Pa s 
Avg. 
STD  Deviation
 
Spar

  

Envelope Leakage 
(Includes Duct 

Avg. 
Wind 

Initial Baseline House 
Pressure 

Final Baseline House 
Pressure 

Test # cfm 
Average 

STD 
Average 
Pressu  [m/s] Pressure (Pa) re (Pa) STD 

1 1525 0.7 -1.43 0.07 -0.92 0.15 
2    8 8  1562 0.9 -1.18 0.0 -0.8 0.12
3 153 1 -  0 -  00 .0 1.01 .09 0.83 .09 
4 145 1 -  0 -0  02 .1 0.59 .10 .71 .16 
5 155 1 -  0 -  01 .3 0.99 .27 0.84 .20 
6 146 1 -  0 -  03 .1 1.51 .39 0.42 .22 
8 142 2 -  0 -  04 .2 1.74 .19 0.34 .61 

Table A2-1a:   1 lop kage nd d, a sel ress ata D v wh are ces
of the Baseline Stability Test criteria of 0 a a  a b ed f
 

  

Sparks  enve e lea , wi spee nd ba ine p ure d .  ST alues ich in ex s 
.5 P re in old r ont. 

Sup Leak lo s (c Ret  (cply age F w, Q fm) urn Leakage Flow, Qr fm) 

 Test # BST N2 N5 S2. S5 A2 A5 N2 N5 S2. S5 A2 A5.5  5 .5  .5  5 .5  
1 No 22 21 16 16 16 58 56 49 49 49 49 16 
2 No 24 19 18 19 18 62 59 46 45 46 45 28 
3 No 19 18 19 19 18 60 58 59 58 59 58 18 
4 No 0 0 -8 0 0 22 22 14 14 22 22 -8 
5 No 12 0 10 -11 10 0 97 84 95 75 95 86 
6 No 20 21 18 19 18 19 59 58 54 55 54 55 
8 Yes 7 0 7 -12 7 0 63 43 64 27 64 39 

Avg.   15 12 12 6 13 10 60 54 54 46 56 51
STD   10 11 10 15 7 10 22 19 24 20 22 20

Statistics for tests which pass the BST criteria: 
Avg.  17 14 12 9 14 12 60 56 53 49 54 53 
STD  10 11 11 14 8 9 24 20 26 20 24 21 
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Table A2-1b: DeltaQ an
done with the r

alysis results using twice the lowest data as lower limits to Ps and Pr. Note: Test 7 was not 
amping method. 

 

  Supply e  Leakag Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 B N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 STest # ST 2.5 S5 A2.5 A5 
1 No 22 19 17 16 17 16 59 49 51 49 51 49 
2 No 31 30 21 22 21 22 65 65 48 50 48 50 
3 No 18 18 18 16 18 16 59 58 59 57 59 57 
4 No 0 0 -7 -8 0 0 22 22 15 14 22 22 
5 No 2 0 -8 -9 0 0 88 74 82 68 90 77 
6 No 21 22 17 19 17 19 64 62 53 56 53 56 
8 Yes 2 0 -3 -11 0 0 64 43 58  35 61 46 

Avg.   14 13 8 6 10 10 60 53 52 47 55 51
STD   12 12 13 15 10 10 20 17 20 18 20 16

Statis or tests wh s ST critertics f ich pa s the B ia: 
Avg.  16 15 10 9 12 12 60 55 51 49 54 52 
STD  12 12 13 14 10 10 21 18 22 18 22 18 
Table 1c: DeltaQ analysis where poor data, as deter  b rences in t an n sections of the A2- mined y diffe he up d dow
ramping data collection procedure have been removed.  Results using twice the lowest data as lower limits to Ps and 
Pr.  
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N N S S2.5 5 2.5 5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 No 18 1 16 16 16 16 49 50 49 49 49 49  9 
2 No 26 25 19 18 19 18 60 58 46 45 46 45 
3 No 19 1 19 18  8 19 18 59 58 59 58 59 58 
4 No 0 2 -8 -8 0 0 22 22 14 14 22 22 
5 No 0 0 -1 -3 15 0 0 71 72 60 60 73 75 
6 No 20 21 18 19 18 19 57 57 54 55 54 55 
8 Yes 0 0 -8 -12 0 50 43 42 27 50 39 0 

Avg.   12 12 6 5 10 53 51 46 44 50 4910 
STD   1 11 15 16 1 10 10 15 16 16 17 15 17

Statis r t wh  B itertics fo ests ich pass the ST cr ia: 
Avg  14 14 9 8 1 12 53 53 47 47 51 51 .  2 
STD  11 1 15 15 9 17 17 17 17 17 17   0 9 
Tabl -1d: DeltaQ anal res 20 s lo imi  Ps  Pr.e A2 ysis ults Pa a wer l ts to  and   
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Sparks 2 

  

Envelope Leaka
(Includes Duct 

age)
Wind 
S

House 
Pressure 

asur

Final B
Pressure 

ur t  

ge Avg. Initial Baseline 

Leak  at 50 Pa peed Me ement 

aseline House 

Meas emen

Test cfm   [m
A e 
P re (P

A ge 
Pr re ( STD  #  /s] 

verag
ressu a) STD 

vera
essu Pa) 

1 136 -   17 4.3 0.03 0.70 1.42 .70 
3 138 0.  0. 0.  5 2.3 25 40 78 0.18 
4 138  0 0.  8 1.4 0.70 .26 32 0.26 
5 1383 -0  0. 0.   1.9 .18 47 16 0.94 
6 132  0  8 2.5 0.21 .18 0.25 0.18 
8 13   025 1.4 0.31 0.60 0.74 .17 
9 13 0.  0.  58 1.5 06 0.58 49 0.15 

10 132 -  1 -0  16 2.1 1.36 .27 .87 .51 
11 117 -  1 -0  3 3.2 1.31 .07 .38 0.92 
12 136 -  0 -  4 0.7 1.40 .13 0.96 0.24 

Tabl -2a:   2 lop kag ind d, a sel ress ata D v wh are ces
s ility Test criteria of  a b ed f

e A2
e Ba

Sparks  enve e lea e, w
0.5 Pa are in

spee nd ba
old r

ine p
ont. 

ure d .  ST alues ich in ex s 
of th
 

eline Stab

  Su e e Fl Qs ( ) Retu eak Flow r (cfpply L akag ow, cfm rn L age , Q m) 

 Test # BST N2.5 N5 S2 S5 A A N2 N5 S2 S5 A2.5 2.5 5 .5 .5  .5 A5 
1 Yes 10 7 7 7 7 7 66 62 66 62 66 62 
3 No 9 12 8 10 8 10 29 29 28 29 28 29 
4 No 17 18 14 15 14 15 60 57 53 54 53 54 
5 Yes 63 45 35 27 35 27 87 83 84 80 84 80 
6 Yes* 23 25 13 11 13 11 53 59 38 39 38 39 
7 Yes 12 15 12 11 12 11 31 28 28 27 28 27 
8 Yes 30 24 21 20 21 20 82 78 75 73 75 73 
9 Yes 46 30 22 22 22 22 77 67 55 55 55 55 

10 Yes 63 78 70 71 70 71 50 52 60 53 60 53 
11 No 13 14 10 10 10 10 43 42 42 39 42 39 
12 No 14 13 9 8 9 8 34 32 30 29 30 29 

Avg. 11 tests 27 26 20 19 20 19 56 54 51 49 51 49
STD   21 20 18 18 18 18 21 19 19 18 19 18

Statistics for tests which pass the BST criteria: 
Avg. 4 tests 13 14 10 11 10 11 42 40 38 38 38 38 
STD  3 3 3 3 3 3 14 13 12 12 12 12 

Tests with one or more ramps replaced by “good” tests: 
5  34 34 17 18 17 18 75 71 61 61 61 61 
7  10 14 10 10 10 10 19 21 18 18 18 18 
8  2 0 -13 -25 0 0 21 13 6 -7 19 0 

Statistics for tests pass the BST criteria OR were “fixed” by replacing one or more ramps: 
Avg. 7 tests 14 15 8 7 10 10 40 38 34 32 36 33 
STD  10 10 10 14 5 6 21 20 19 23 17 21 
Table A2-2b: DeltaQ analysis results using twice the lowest data as lower limits to Ps and Pr. Note: Test 2 data file 
was corrupted;  test 6 had low baseline standard deviations, but was clearly influenced by the wind in at least two 
ramps and is grouped with the “Failed” BST tests. 
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  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # ST B N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Yes 14 8 16 8 16 8 74 69 76 69 76 69 
3 No 15 12 15 12 15 12 30 28 29 28 29 28 
4 No 16 16 14 15 14 15 59 55 54 54 54 54 
5 Yes 53 57 35 36 35 36 91 93 86 87 86 87 
6 Yes* 9 11 10 12 10 12 35 40 37 39 37 39 
7 Yes 13 13 13 13 13 13 32 35 31 35 31 35 
8 Yes 12 11 12 11 12 11 49 47 49 47 49 47 
9 Yes 19 14 19 14 19 14 51 37 51 37 51 37 

10 Yes 44 na 44 na 44 na 18 na 18 na 18 na 
11 No 13 14 10 10 10 10 43 44 41 39 41 39 
12 No 12 13 9 9 9 9 34 32 29 29 29 29 

Avg 10 . tests 20 17 18 14 18 14 47 48 46 46 46 46
STD  14 14 11 8 11 8 21 20 21 19 21 19

Statis t  wh s BST teritics for ests ich pas  the  cri a: 
Avg. 5 tests 14 14 12 12 12 12 42 40 38 38 38 38 
STD  2 2 3 3 3 3 13 12 12 12 12 12 
Table A2-2c: DeltaQ analysis wh p and down sections of the 

g d ion cedu t d  lo imits Ps an
ere poor data, as determined by differences in the u

ave been rem ed.  R lts u g twice the lowrampin
Pr.   

ata collect  pro re h ov esu sin es ata as wer l to d 

 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow  (c, Qr fm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1  Yes 12 7 7 7 7 7 68 62 66 62 66 62 
3 No 10 12 8 10 8 10 30 31 28 29 28 29 
4  No 16 18 14 15 14 15 55 56 53 54 53 54 
5 Yes 37 36 35 27 35 27 85 85 84 80 84 80 
6 No 2 1 -3 -4 0 0 33 35 30 30 33 34 
7 Yes 12 11 12 11 12 11 31 28 28 27 28 27 
8 Yes 21 20 21 20 21 20 75 73 75 73 75 73 
9 Yes 23 24 22 22 22 22 62 64 55 55 55 55 

10 Yes 49 53 49 53 49 53 46 46 46 46 46 46 
11 No 12 12 10 10 10 10 42 41 42 39 42 39 
12 No 11 10 9 8 9 8 32 32 30 29 30 29 

Avg.   19 19 17 16 17 17 51 50 49 48 49 48
STD   14 15 15 15 14 14 19 19 20 19 19 18

Statistics for tests which pass the BST criteria: 
Avg.  12 13 10 11 10 11 40 40 38 38 38 38 
STD  3 3 3 3 3 3 11 12 12 12 12 12 

Tests with one or more ramps replaced by “good” tests: 
6  23 23 17 18 17 18 73 69 61 61 61 61 
7  10 10 10 10 10 10 18 18 18 18 18 18 
8  1 0 -13 -17 0 0 14 13 6 3 19 20 

Statistics for tests pass the BST criteria OR were “fixed” by replacing one or more ramps: 
Avg.  12 12 8 8 10 10 38 37 34 33 36 36 
STD  7 7 10 11 5 6 21 20 19 20 17 17 
Table A2-2d: DeltaQ analysis results 20 Pa as lower limits to Ps and Pr.  



 
ocklin 1R  

 

ge) at 50 Pa 

e House House 

  

Envelope Leakage 
(Includes Duct 
Leaka

Avg. 
Wind 

Initial Baselin
Pressure 
Measurement 

Final Baseline 
Pressure 
Measurement  Speed 

Test # cfm   [m Pressure ( Pressure ( /s] 
Average 

Pa) STD 
Average 

Pa) STD 
1 1120 0.7 0.19 0.10 0.00 0.13 
2 1109 1.0 0.02 0.13 0.00 0.06 
3 1108 2.9 -0.50 1.42 0.86 0.38 
4 1098 3.1 0.18 0.26 0.04 0.45 
5 1096 3.0 0.98 0.39 -0.37 0.22 
6 1097 3.2 0.18 0.74 -1.20 0.52 
7 1115 3.0 0.15 0.64 0.01 0.61 
8 1109 3.0 -0.20 0.56 -0.29 0.49 
9  0.66 1148 2.4 -0.07 -0.38 1.03 

10 11 0.36 17 2.9 1.75 0.10 0.47 
Table A
excess o

2- oc  en e l w  spe ine re .  S lu hic  
f el ility Test criteria o a a d

 
  

3a:  R
the Ba

klin #1
ine Sta

velop eakage, ind
f 0.5

ed, and 
 are in 

basel
 bold

pressu
 font. 

 data TD va es w h are in
s b  P  re

S  Le  F s  Re ea Flo r (upply akage low, Q (cfm) turn L kage w, Q cfm) 

 Test B# ST N2.5 N5 S2.5 S5 A A N N S2 S5 A A2.5 5 2.5 5 .5  2.5 5 
1 No 33 28 28 27 28 27 10 7 7 5 7 5 
2 No 33 28 29 25 29 25 16 18 14 18 14 20 
3 Yes 44 41 40 39 40 39 19 21 17 20 17 20 
4 No 22 34 18 25 18 25 32 19 30 19 30 21 
5 No 50 51 33 32 33 32 39 26 26 26 26 44 
6 Yes 71 71 71 71 71 71 37 37 33 37 33 37 
7 63 58 48 49 4Yes 8 49 28 33 19 22 19 22 
8 Yes 12  10  10  82 100 9 2 2 82 89 80 79 69 79 69 
9 Yes 104 111 89 100 89 100 50 65 45 55 45 55 

10 No 11 17 10 17 10 17 21 28 16 26 16 26 
Avg. 10 tests 55 55 47 47 47 47 34 36 28 30 28 30

35 33 31 28 31 28 23 22 21 19 21 STD  19
Statistics for tests which pass the BST criteria: 

Avg. 5 tests 30 32  25 24 25 23 24 17 20 17 20 24  
STD  15 12 9 5 9 5 13 13 7 10 7 10 

T ith  ra re  b od ts:ests w  one or more mps placed y “go ” tes  
6  80 80 79 80 79 42 39 37 39 37 83 43 
7  42 47 42 46 42 46 29 21 21 21 21 20 
8  99 92 65 55 65 55 65 58 51 58 51 73 

Statistics sts  th OR were pla g on  mo ampfor te  pass e BST criteria “fixed” by re cin e or re r s: 
Avg. 8 tests 47 47 38 38 38 38 32 32 26 26 26 26 
STD  30 27 24 21 24 21 17 16 14 16 14 21 
Table A2-3b: DeltaQ analysis res s and Pr.  ults using twice the lowest data as lower limits to P
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  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 No 37 35 30 29 30 29 14 13 8 8 8 8 
2 No 36 36 33 36 33 36 21 19 19 17 19 17 
3 Yes 29 31 29 31 29 31 13 16 13 16 13 16 
4 No 16 23 15 21 15 21 22 36 21 35 21 35 
5 No 51 47 39 39 39 39 34 26 28 23 28 23 
6 Yes 74 68 70 65 70 65 36 31 31 28 31 28 
7 Yes 66 58 45 48 45 48 28 27 17 21 17 21 
8 Yes 93 82 84 76 84 76 85 76 74 70 74 70 
9 Yes 89 89 83 93 83 93 39 51 38 53 38 53 

10 No 2 8 -10 8 0 8 6 11 -3 11 0 11 
Avg. 10 tests 49 48 42 45 43 45 30 31 25 28 25 28
STD 31 26 30 26 28 26 22 20 21 20 21     20

S atistic tes  which s tht s for ts  pas e BST criteria: 
Avg. 5 tests 28 30 21 27 23 27 19 21 15 19 15 19     
STD  19 15 20 13 16 13 10 10 12 11 11 11 
Table A2-3c: DeltaQ analysis where poor data, as determined by differences in the up and down sections of the 
ramping data collection procedure have been removed.  Results using twice the lowest data as lower limits to Ps and 
Pr.  
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 No 32 28 28 27 28 27 9 7 7 5 7 5 
2 No 32 28 28 25 28 25 17 13 15 11 15 11 
3 Yes 39 41 40 39 40 39 18 21 17 20 17 20 
4 No 18 28 18 25 18 25 19 31 19 30 19 30 
5 No 48 47 33 31 33 31 34 27 26 17 26 17 
6 Yes 71 71 71 71 71 71 36 37 33 37 33 37 
7 Yes 55 58 48 49 48 49 22 29 19 22 19 22 
8 Yes 117 101 102 82 102 82 86 76 79 69 79 69 
9 Yes 97 111 89 100 89 100 48 65 45 55 45 55 

10 No 10 17 10 17 10 17 16 26 16 26 16 26 
Avg.   52 53 47 47 47 47 31 33 28 29 28 29
STD   34 32 31 28 31 28 23 22 21 20 21 20

Statistics for tests which pass the BST criteria: 
Avg.  28 30 23 25 23 25 19 21 17 18 17 18 
STD  15 11 9 5 9 5 9 10 7 10 7 10 

Tests with one or more ramps replaced by “good” tests: 
6  82 80 80 79 80 79 42 42 39 37 39 37 
7  43 47 42 46 42 46 20 25 21 21 21 21 
8  80 69 65 55 65 55 64 57 58 51 58 51 

Statistics for tests pass the BST criteria OR were “fixed” by replacing one or more ramps: 
Avg.  43 43 38 38 38 38 28 29 25 25 25 25 
STD  26 22 24 21 24 21 18 16 16 15 16 15 
Table A2-3d: DeltaQ analysis results 20 Pa as lower limits to Ps and Pr.  
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Rocklin 2
 

 

  

Envelope Leakage 
(Includes Duct 
Leakage) at 50 Pa 

Avg. 
Wind 
Speed 

Initial Baseline House 
Pressure 
Measurement 

Final Baseline House 
Pressure 
Measurement  

Test # cfm   [m/s] 
Average 
Pressure (Pa) STD 

Average 
Pressure (Pa) STD 

1 1793 0.9 0.25 0.08 -0.15 0.21 
2 1788 0.8 0.42 0.07 0.12 0.05 
3 1794 1 0.23 0.12 0.89 0.12 
4 1789 1.3 1.06 0.11 0.35 0.19 
5 1784 1.7 1.28 0.53 1.47 0.19 
6 1759 1.5 1.10 0.24 1.90 0.22 
7 1779 2 1.73 0.19 0.44 0.11 
8 1782 2.1 1.31 0.25 1.40 0.22 
9 1782 2.1 1.72 0.21 1.21 0.38 

10  0.19 1779 2.5 1.57 1.14 0.17 
Table A2-4a:  Rocklin #2 envelope leakage, wind speed, and baseline pressure data.  STD values which are in 

f sel bility Test criteria o  Pa a  red

  

excess o
 

the Ba ine Sta f 0.5  are in  bold  font. 

S  Le  F s  Re ea Flo r (upply akage low, Q (cfm) turn L kage w, Q cfm) 

 Test B# ST N2.5 N5 S2.5 A A N N5 S2 S5 A AS5 2.5 5 2.5 .5  2.5 5 
1 No 45 49 45 49 45 49 14 16 14 16 14 16 
2 No 45 46 43 45 46 47 0 0 -3 -2 0 0 
3 No 58 57 58 55 58 55 37 33 37 32 37 32 
4 No 76 79 53 52 53 52 41 40 30 28 30 28 
5 Yes 74 69 55 58 55 58 40 28 23 24 23 24 
6 No 30 33 30 33 30 33 21 21 21 21 21 21 
7 No 52 47 52 47 52 47 29 25 29 24 29 24 
8 No 54 53 49 49 49 49 27 26 22 23 22 23 
9 No 77 80 49 54 49 54 48 50 33 28 33 28 

10 No 46 46 45 47 45 47 13 13 12 14 12 14 
56 56 48 49 48 49 27 25 22 21 22 Avg. 0 tests 1 21
16 15 7 8 7 15 14 12 10 11 9STD  8 

Stati or t wh ass BS terstics f ests ich p  the T cri ia: 
Avg. 9 tests 54  47 48 47 48 26 25 22 20 22 21 54
STD   8 7 8 6 15 15 12 10 12 10 15 16

T ith  ra re  b od ts:ests w  one or more mps placed y “go ” tes  
No repla nt s w ece  ceme ramp ere n ssary

Table A2-4b: DeltaQ is s u wic o data ow its  an   analys result sing t e the l west  as l er lim  to Ps d Pr.
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  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test B N N S S5 A A5 N N S S A A# ST 2.5 5 2.5 2.5  2.5 5 2.5 5 2.5 5 
1 No 44 47 44 47 44 47 14 14 14 14 14 14 
2 No 44 44 41 41 45 46 0 0 -4 -5 0 0 
3 No 54 57 54 57 54 57 31 34 31 34 31 34 
4 No 73 79 53 51 53 39 42 28 26 28 26 51 
5 Yes 75 74 58 58 58 29 29 24 25 24 25 58 
6 No 29 32 29 32 29 19 24 19 24 19 24 32 
7 No 53 48 53 48 53 48 29 24 29 24 29 24 
8 No 60 53 55 48 55 48 31 27 27 23 27 23            
9 No 67 76 48 56 48 56 27 32 19 27 19 27           

10 No 46 46 46 46 46 46 14 9 11 10 11 10 
Avg.  55 56 48 48 49 49 23 24 20 20 20 21
STD  15 16 9 8 8 8 11 13 11 11 10 10

Statistics for tests which pass the BST criteria: 
Avg.  52 54 47 47 47 48 23 23 19 20 20 20 
STD  13 15 8 8 8 7 12 13 11 12 10 10 
Table A2-4c: DeltaQ analysis where poor data, as determined by differences in the up and down sections of the 
ramping data collection procedure have been removed.  Results using twice the lowest data as lower limits to Ps and 
Pr.  
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 No 45 49 45 49 45 49 14 16 14 16 14 16 
2 No 45 46 43 45 46 47 0 0 -3 -2 0 0 
3 No 58 57 58 55 58 55 37 33 37 32 37 32 
4 No 61 61 53 52 53 52 35 33 30 28 30 28 
5 Yes 57 58 55 58 55 58 23 23 23 24 23 24 
6 No 27 31 27 31 27 31 11 12 11 12 11 12 
7 No 52 47 52 47 52 47 29 24 29 24 29 24 
8 No 54 54 49 49 49 49 26 27 22 23 22 23 
9 No 52 56 47 54 47 54 23 29 19 28 19 28 

10 No 45 46 45 46 45 46 12 12 12 12 12 12 
Avg.  50 51 47 49 48 49 21 21 19 20 20 20
STD  10 9 9 7 9 7 12 11 12 10 11 10

Statistics for tests which pass the BST criteria: 
Avg.  49 50 47 48 47 48 21 21 19 19 19 19 
STD  10 9 9 7 9 7 12 11 12 11 11 10 

Tests with one or more ramps replaced by “good” tests: 
No replacement ramps were necessary 

Table A2-4d: DeltaQ analysis results 20 Pa as lower limits to Ps and Pr.  
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Vacaville 

  

Envelope Leakage 
(Includes Duct 
Leakage) at 50 Pa 

Avg. 
Wind 
Speed 

Initial Baseline House 
Pressure 
Measurement 

Final Baseline House 
Pressure 
Measurement  

Test # cfm   [m/s] 
Average 
Pressure (Pa) STD 

Average 
Pressure (Pa) STD 

1 3018 2.7 -2.88 0.55 -2.94 0.44 
2 3023 1.6 -2.13 0.54 -1.05 0.10 
3 3069 1.1 -1.16 0.10 -1.16 0.11 
4 3084 1.7 -0.98 0.20 -0.68 0.15 
5 3039 1.7 -1.59 0.43 -0.59 0.11 
6 3022 1.7 -1.13 0.15 -0.89 0.09 
7 3029 2.1 -0.92 0.10 -2.83 0.61 
8 3038 2.4 -0.40 0.07 2.12 1.25 
9 2956 3.2 -0.45 0.49 0.40 0.14 

10 2998 2.4 0.48 0.81 0.56 0.34 
11 3153 2.2 0.03 0.14 -0.44 0.64 
12 3125 1.8 -0.05 0.35 0.33 0.11 
13 3215 2.0 0.32 0.39 0.33 0.17 

Table A2-5a:  Vacaville envelope leakage, wind speed, and baseline pressure data.  STD values which are in excess 
of the Baseline Stability Test criteria of 0.5 Pa are in a bold red font. 
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 
 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 

1 Yes 18 24 18 24 18 24 9 11 9 11 9 11 
2 Yes 153 166 128 132 128 132 106 108 72 76 72 76 
3 No 27 29 27 28 27 28 31 19 31 19 31 19 
4 No 11 10 -34 -34 0 0 0 0 -38 -34 0 0 
5 No 30 22 27 22 27 22 18 7 18 7 18 7 
6 No 0 0 -42 -49 0 0 10 9 -29 -34 0 0 
7 Yes 103 121 83 101 83 101 65 82 49 65 49 65 
8 Yes 97 109 81 108 81 108 48 46 44 44 44 44 
9 No 48 44 -64 -47 0 0 0 0 -96 -79 0 0 

10 Yes 103 47 114 38 114 38 127 64 115 59 115 59 
11 Yes 31 36 -33 -39 0 0 0 0 -54 -60 0 0 
12 No 23 28 24 28 24 28 17 24 20 24 20 24 
13 No 45 43 27 28 27 28 33 28 28 24 28 24 

Avg. 13 tests 53 52 27 26 41 39 36 31 13 9 30 25
STD  46 49 61 60 45 45 41 35 56 48 34 27

Statistics for tests which pass the BST criteria: 
Avg. 7 tests 26 25 -5 -3 15 15 16 12 -9 -10 14 11 
STD  17 16 40 38 14 14 13 11 47 39 14 11 

Tests with one or more ramps replaced by “good” tests: 
7  69 73 68 72 68 72 75 76 71 76 71 76 
11 None 31 36 -33 -39 0 0 0 0 -54 -60 0 0 

Statistics for tests pass the BST criteria OR were “fixed” by replacing one or more ramps: 
Avg. 9 tests 32 32 0 1 19 20 20 18 -5 -6 19 17 
STD  21 21 44 44 23 24 24 24 52 49 23 25 
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Table A2-5b: DeltaQ analysis results using twice the lowest data as lower limits to Ps and Pr.  
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Yes 31 23 28 22 28 22 35 23 34 23 34 23 
2 Yes 97 99 96 100 96 100 51 54 50 53 50 53 
3 No 29 45 29 40 29 40 17 20 13 16 13 16 
4 No 10 10 -35 -38 0 0 0 0 -45 -51 0 0 
5 No 36 28 35 28 35 28 27 9 28 9 28 9 
6 No 0 0 -40 -45 0 0 8 7 -29 -32 0 0 
7 Yes 97 89 76 70 76 70 68 72 56 59 56 59 
8 Yes 90 108 79 107 79 107 45 62 43 61 43 61 
9 No 50 54 -45 -4 0 0 0 0 -101 -74 0 0 

10 Yes 23 14 21 15 25 15 3 5 -4 5 0 5 
11 Yes 24 30 14 22 31 35 0 0 -17 -13 0 0 
12 No 19 20 20 20 20 20 16 17 19 17 19 17 
13 No 43 40 36 30 36 30 37 35 32 29 32 29 

Avg. 13 tests 42 43 24 28 35 36 24 23 6 8 21 21
STD  33 35 44 45 31 36 22 25 45 41 21 23

Statistics for tests which pass the BST criteria: 
Avg. 7 tests 27 28 0 4 17 17 15 13 -12 -12 13 10 
STD  18 19 38 34 17 17 14 13 49 40 14 11 
Table A2-5c: DeltaQ analysis where poor data, as determined by differences in the up and down sections of the 
ramping data collection procedure have been removed.  Results using twice the lowest data as lower limits to Ps and 
Pr.  
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  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Yes 18 24 18 24 18 24 9 11 9 11 9 11 
2 Yes 150 159 128 132 128 132 90 98 72 76 72 76 
3 No 24 28 24 28 24 28 14 15 14 15 14 15 
4 No 11 10 -27 -25 0 0 0 0 -35 -31 0 0 
5 No 22 16 22 -25 22 0 7 0 7 -31 7 0 
6 No 0 0 -42 -49 0 0 10 9 -29 -34 0 0 
7 Yes 79 99 80 96 80 96 54 73 51 67 51 67 
8 Yes 71 75 71 75 71 75 42 35 42 35 42 35 
9 No 48 44 -14 -21 0 0 0 0 -77 -67 0 0 

10 Yes 30 29 30 29 30 29 33 36 33 36 33 36 
11 Yes 31 36 10 -16 41 0 0 0 -31 -53 0 0 
12 No 22 26 22 26 22 26 15 16 15 16 15 16 
13 No 31 26 27 28 27 28 27 16 28 24 28 24 

Avg. 13 tests 41 44 27 23 36 34 23 24 8 5 21 22
STD  39 43 45 53 37 42 26 30 41 45 23 26

Statistics for tests which pass the BST criteria: 
Avg. 7 tests 23 21 2 -5 14 12 10 8 -11 -15 9 8 
STD  15 14 29 32 13 15 9 8 37 34 11 10 

Tests with one or more ramps replaced by “good” tests: 
70 73 68 72 68 72 7  74 76 71 76 71 76 

11 
N
ram

o new 
ps 31 36 -33 -39 0 0 0 0 -54 -60 0 0 

Statistics f sts  the T criteria OR were “fi  by r acing e or am  or te pass BS xed” epl  on more r ps:
Avg. 9 tests 29 29 5 -1 18 17 16 15 -7 -10 15    15 
STD  20 21 36 40 22 24 23 24 46 46 23    25 
Table 2-5d: D  a is  20 s lowe its s and P
 

 A eltaQ nalys results  Pa a r lim to P r.  
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Colton 

  

Envelope Leakage 
(Includes Duct 
Leakage) at 50 Pa 

Avg. 
Wind 
Speed 

Initial Baseline House 
Pressure 
Measurement 

Final Baseline House 
Pressure 
Measurement  

 

Test # cfm   [m/s] 
Average 
Pressure (Pa) STD 

Average 
Pressure (Pa) STD 

1 3094 n/a 0.39 0.31 1.39 0.82 
2 3193 n/a 0.43 0.84 0.86 0.49 
3 3357 n/a 2.27 1.76 1.89 1.30 
4 3362 n/a 1.08 0.84 2.77 1.17 
5 3323 n/a 2.21 1.47 0.32 0.74 
6 3382 n/a 1.89 0.89 0.81 0.52 

Table A2-6a:  Colton envelope leakage, wind speed, and baseline pressure data.  STD values which are in excess of 
the Baseline Stability Test criteria of 0.5 Pa are in a bold red font.  Wind speed data was not taken at this house, but 
was extremely high for all tests. 
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Yes 214 217 161 184 161 184 105 104 63 90 63 90 
2 Yes 270 288 192 221 192 221 160 160 109 128 109 128 
3 Yes 262 281 210 228 210 228 133 137 108 114 108 114 
4 Yes 193 179 171 178 171 178 140 127 105 126 105 126 
5 Yes 165 170 147 161 147 161 81 103 65 93 65 93 
6 Yes 188 203 170 177 170 177 85 117 66 97 66 97 

Avg. 
 6 
tests 215 223 175 192 175 192 117 125 86 108 86 108

STD   42 51 23 27 23 27 32 22 23 17 23 17
Statistics for tests which pass the BST criteria: 

Avg. none             
STD              
Table A2-6b: DeltaQ analysis results using twice the lowest data as lower limits to Ps and Pr. Note: All tests need 
many multiple repeat ramps.  No test was judged to be fixable. 
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Yes 255 220 221 213 221 213 189 162 166 155 166 155 
2 Yes 261 252 190 207 190 207 148 160 115 132 115 132 
3 Yes 258 208 199 203 199 203 118 96 83 91 83 91 
4 Yes 177 197 169 174 169 174 96 146 92 124 92 124 
5 Yes 167 191 151 189 151 189 89 118 71 104 71 104 
6 Yes 188 201 175 180 175 180 84 108 69 81 69 81 

Avg.   218 212 184 194 184 194 121 132 99 115 99 115
STD   45 22 25 16 25 16 41 28 37 28 37 28

Statistics for tests which pass the BST criteria: 
Avg. none             
STD              

 51 



 52  

Table A2-6c: DeltaQ analysis where poor data, as determined by differences in the up and down sections of the 
ramping data collection procedure have been removed.  Results using twice the lowest data as lower limits to Ps and 
Pr.  
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Yes 212 203 161 184 161 184 105 101 63 90 63 90 
2 Yes 248 268 192 221 192 221 152 155 109 128 109 128 
3 Yes 264 281 210 228 210 228 138 137 108 114 108 114 
4 Yes 177 181 171 178 171 178 114 127 105 126 105 126 
5 Yes 162 173 147 161 147 161 80 105 65 93 65 93 
6 Yes 192 201 170 177 170 177 85 116 66 97 66 97 

Avg.  209 218 175 192 175 192 112 124 86 108 86 108
STD  40 46 23 27 23 27 29 20 23 17 23 17

Statistics for tests which pass the BST criteria: 
Avg. none             
STD              
Table A2-6d: DeltaQ analysis results 20 Pa as lower limits to Ps and Pr.  
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Holly 
 

  

Envelope Leakage 
(Includes Duct 
Leakage) at 50 Pa 

Avg. 
Wind 
Speed 

Initial Baseline House 
Pressure 
Measurement 

Final Baseline House 
Pressure 
Measurement  

Test # cfm   [m/s] 
Average 
Pressure (Pa) STD 

Average 
Pressure (Pa) STD 

1 4715 n/a 0.17 0.25 0.59 0.32 
2 4660 n/a 0.38 0.17 0.06 0.23 
3 4742 n/a 0.46 0.21 1.08 0.38 
4 4645 n/a 0.49 0.14 -0.06 0.11 
5 4418 n/a 0.86 0.28 -0.05 0.12 

Table A2-7a:  Holly envelope leakage, wind speed, and baseline pressure data.  STD values which are in excess of 
the Baseline Stability Test criteria of 0.5 Pa are in a bold red font.  Wind speed data was not taken at this house, but 
was very low for all tests. 
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Pass 314 187 234 98 234 98 449 394 305 292 305 292 
2 Pass 140 143 104 100 104 100 295 298 273 261 273 261 
3 Pass 153 155 102 111 102 111 369 370 297 309 297 309 
4 Pass 198 142 94 88 94 88 295 275 224 219 224 219 
5 Pass 67 70 65 57 65 57 227 234 215 206 215 206 

Avg. 
5 
tests 174 139 120 91 120 91 327 314 263 257 263 257

STD  91 43 66 21 66 21 85 67 41 45 41 45
Statistics for tests which pass the BST criteria: 

Avg. all             
STD              
Table A2-7b: DeltaQ analysis results using twice the lowest data as lower limits to Ps and Pr.. 
 

  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Pass 315 191 234 88 234 88 447 399 306 288 306 288 
2 Pass 137 134 104 100 104 100 290 286 272 260 272 260 
3 Pass 154 155 99 106 99 106 370 380 296 309 296 309 
4 Pass 153 161 122 115 122 115 301 295 276 255 276 255 
5 Pass 84 81 83 75 83 75 253 242 240 227 240 227 

Avg.  169 144 128 97 128 97 332 320 278 268 278 268
STD  87 41 61 16 61 16 77 67 25 32 25 32

Statistics for tests which pass the BST criteria: 
Avg. All              
STD              
Table A2-7c: DeltaQ analysis where poor data, as determined by differences in the up and down sections of the 
ramping data collection procedure have been removed.  Results using twice the lowest data as lower limits to Ps and 
Pr.  
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  Supply Leakage Flow, Qs (cfm) Return Leakage Flow, Qr (cfm) 

 Test # BST N2.5 N5 S2.5 S5 A2.5 A5 N2.5 N5 S2.5 S5 A2.5 A5 
1 Pass 156 152 112 98 112 98 361 367 293 292 293 292 
2 Pass 127 129 104 100 104 100 289 288 273 261 273 261 
3 Pass 135 129 102 111 102 111 334 332 297 309 297 309 
4 Pass 127 117 94 88 94 88 274 263 224 219 224 219 
5 Pass 36 33 36 33 36 33 206 197 206 197 206 197 

Avg.  116 112 90 86 90 86 293 289 259 256 259 256
STD  46 46 31 31 31 31 60 65 41 47 41 47

Statistics for tests which pass the BST criteria: 
Avg. all             
STD              
Table A2-7d: DeltaQ analysis results 20 Pa as lower limits to Ps and Pr.  
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Appendix 2.  Hysteresis effects 
In an effort to speed up the testing faster ramps were used to find out how fast ramping could be performed without 
any observable hysteresis.  The 90 seconds used in this study was found to be a reasonable ramping time that did not 
show any hysteresis.  If ramping times are significantly reduced from 90 seconds to 15 seconds then the hysteresis 
effects become clear.  The following data are from Sparks 1 with 15 second ramps and three ramps used in each of 
the four parts of the DeltaQ test (for a total of 45 seconds of data - about half of the data quantity taken in a 90 
second ramp. Another reason for taking the multiple fast ramps approach is to see if this avoids some of the wind 
effects by spreading out individual up or down ramps in time and spreading wind gusts out over a wider envelope 
pressure range such that they are averaged in with more data over a wider range instead of being concentrated at a 
given pressure.  Hystersis of this magnitude may lead to additional test uncertainty - although this is not clear from 
this testing in a house with little duct leakage where the fast ramping test results were Qs = 11 cfm (5.5. L/s) and Qr 
= 13 cfm (6.5 L/s).  The hysteresis effects were consistent, with the measured flow being larger (at the same 
indicated envelope pressure) with increasing blower door air flow and envelope pressures - indicating that the 
blower door flow leads the envelope pressure signal. 
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Figure A.2.1 Fast ramping data from Sparks 1 showing three fast (15 second) ramps for each stage of DeltaQ.
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Figure A2.2 Hysteresis effects on up and down portions of ramps for 15 second ramps at Sparks 1.   
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 Appendix 3. Number of leak pressures assumed in the NNLS analysis 
 
The NNLS analysis assigns leakage to pre-determined pressures.  The selected pressures are log 
normally spaced between the low and high limits.  In this study the high limit was always set to 
100 Pa.  The low limit has been either set by the ASHRAE suggested limit (no lower than twice 
the lowest data) or a fixed value of 20 Pa.  With a bin size of 2.5 Pa the lowest limit would be 5 
Pa but most tests did not have enough data to make a bin at 2.5 Pa and their first bins were then 
at 5 Pa or higher.  Thus the ASHRAE limit for most tests was 10 Pa. 
 
The number of pressures between the low and high limits can be selected in the NNLS analysis. 
If two pressures are selected then the leakage is assigned to be at these two pressures.  As it is 
unlikely that the real leakage is at these two pressures more pressures are usually allowed. In this 
study five leakage pressures were allowed for supply leakage, and another five for return 
leakage.  Five pressures were selected based on observations performed on a limited set of tests, 
many from other data sets, that the resulting leakage flows were not dependent on the number of 
leakage pressures as long as at least four or five pressures were allowed. 
 
Table A3 shows how the number of points allowed in the analysis influences the leakage results 
for a few typical, low wind, tests. 
 
 

Holly test 2 Rocklin #2, test 5 Sparks #2, test 11 
Lower Pressure 

Limit of 5 Pa 
Lower Pressure 

Limit 20 Pa 
Lower Pressure 
Limit of 10 Pa 

Lower Pressure 
Limit 20 Pa 

Lower Pressure 
Limit of 10 Pa 

Lower Pressure 
Limit of 20 Pa 

Number of 
Pressures 
used in 
Analysis Qs Qr Qs Qr Qs Qr Qs Qr Qs Qr Qs Qr 

2 188 358 155 320 66 24 57 22 13 43 14 45 
3 159 314 122 284 69 27 57 23 15 46 12 42 
4 136 296 138 299 68 25 57 24 13 43 12 43 
5 132 289 127 289 69 27 57 23 13 43 12 42 
6 140 298 131 291 69 27 57 23 14 44 11 43 
7 133 290 139 301 69 26 57 23 13 43 12 43 
8 146 303 133 294 69 27 57 23 13 43 12 43 
9 138 295 135 296 69 26 57 23 13 43 11 43 

10 147 304 138 300 69 26 58 23 14 44 12 43 
 Table A3: 
 
In the tests shown, the number of pressures used did not vary the leakage determined by more 
than a few cfm for tight duct systems as long as at least four pressures were selected.  However 
houses with leakier duct systems seem to have less stable results.   
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Appendix 4. DeltaQ and Fan Pressurization 

8 Tests< 6%
7 tests pass
1 false negative
2 false positives

8 Tests< 6%
7 tests pass
1 false negative
2 false positives

 

  

8 Tests < 6%
Only 2 passed
6 False negatives
1 false pass

8 Tests < 6%
Only 2 passed
6 False negatives
1 false pass


