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regression to a power law:

Q=CAN" 1)

On physical grounds we expect the exponent to lie between 0.5 (for ori-
fice flow) and 1.0 (for fully developed/long pipe laminar flow). It is
interesting to note.that simple power law correlations of blower door
tests occasionally yleld exponents less than the Bernoulli limit of 0.5.
In fact, it is physically possible for such low exponents to occur. For
example, flow through orifice meters in'pipes at Reynolds number greater
than 1000 have orifice coefficients which decrease with Réynolds number,

leading to a flow-pressure difference exponent less than 0.5.

Although the parameters C and n describe the fan pressurization
data, they do not have a simple physical interpretation. For this rea-
son many users prefer to use one simple physical parameter to describe
the 1leakage, even though complete generality is sacrificed. One of the
most common single leakage parameters currently in use is the effective

leakage area, which 1s often abbreviated as ELA; we use the symbol Al in

our equations. It is defined by assuming a Bernoulll equation approxi-

mation to (1)
e (2)
@ =

at a specific reference pressure cfref' The effective leakage area of a
leak or group of leaks can be thought of as the amount of open area that
would allow the same flow at the reference pressure difference. Equat-

ing (1) and (2) at the reference pressure difference gives A1 in terms
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of the leakage coefficlent and the exponent:

0 n=-.5
A, = c% [_/_yref'| (3)

Because effective leakage area 1s in more common usage than the
leakage coefficient and exponent, all of the data presented below is in
terms of effective leakage area, with four pascals as the reference

pressure difference?

Because effective leakage area is aﬁ extensive property of a build-
ing envelope, we will not be able to compare the values for different
houses unless we properly normalize the leakage area. Several schemes
for normalizing leakage area have been suggested: 1) by volume, 2) by
envelope area, and 3) by floor area. Although normalization by envelope
area 1is probably the most physically significant approach, for practi-
cality we have elected to use floor area as our normalization criterion.
(Floor area is the most commonly quoted building characteristic.) Furth-
ermore, floor area and envelope area should correlate rather well for
single-family buildings. We therefore define the specific leakage as
~the ratio between the effective leakage area, Al, and the floor area,

Af.

8Since extrapolations tend to increase the error of the quantity, a
measurement at a higher pressure such as 50 Pa would be more precise.
Unfortunately, the physical quantity of import is the flow in the natur-
al pressure range around 4 Pa. We must, therefore, sacrifice some pre-
cision for physical modeling. ’
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envelope changes over time. The most important observation is that these effects cause a
systematic variation of n and C identical in form to Equation 8, consistent with the assumption
that K is a function of crack area and crack geometry such that it remdins nearly constant for
a given structure. In this context, the relatively invariant correlation constant K, may
provide an alternative measure of envelope tightness having the virtues of being independent of
pressure difference and relatively independent of the systematic errors associated with test
repeatability. To evaluate these ideas, the variation in correlation constant, K, with
construction type will be examined.

CORRELATIONS FOR GROUPS OF "SIMILAR" HOUSES

Other groups of "similar" houses will now be examined to confirm the generality of the proposed
exponent-coefficient correlation and to further investigate the relationship between the
correlation function given in Equation 8 and structural tightness. Unfortunately, at this
time, another group of data which exhibits the same degree of similarity shown by the Oroville
group is not available and it is therefore necessary to resort to more general groups.
Construction details appear to be most influential and therefore the following categories are
examined:

1. Walls without integral vapor barriers.
. Walls with a vapor barrier.
. Walls with vapor barrier and exterior foam insulation sheathing.

. Double-wall construction.

wm & W N

. Super tight houses using blower door pressurization during construction,

These categories reflect the most significant physical details influencing leakage
characteristics. Sorting by house style provides no additional resolution within groups,
particularly if envelope area is used as the normalization parameter; however, subgroups
established on the basis of geographic location are worthwhile.

- Figure 6 and Figure 7 are plots of the "Single Stud With Air Barrier" group normalized with
floor area and envelope area respectively. The significant scatter in both curves is not
surprising because the data set includes houses from many different locations in North America,
constructed by different builders with many differences in construction details. The
functional form of Equation 8, holds for this group of data in a manner similar to the Oroville
case. A reduction of 157 in the standard deviation in flow exponent can be achieved through
the use of envelope area rather than floor area. Considering the many sources of scatter, this
reduction may not justify the extra effort involved in estimating a structures envelope area
for setting standards. However, for research purposes, envelope area does provide a better
correlation than floor area and will be used here.

Limited pressurization-depressurization data are available, but, based on those groups that
can be formed, it appears that strong similarities exist between the correlation constants for
pressurization and depressurization. Table 3 provides a compilation of the resulting groups,
showing the similarities between the depressurization and pressurization correlation constants
within each group. Judging from the exponent and leakage area ratios shown in Table 3, it
appears that similar groups of houses may tend to have different 4 [Pa] leakage areas under
pressurization and depressurization. This suggests that both tests may be required to properly
quantify the leakage characteristics of a given house.

Based on the similarities in the correlation constants observed above, pressurization and
depressurization results are combined in Figure 8 which presents the best fit eorrelations for
each of the five general construction types. Table &4 provides a breakdown of the correlations
for each of the subgroups. The correlation constant, K, can be seen to vary approximately
linearly with the average specific leakage area and therefore reflects the relative tightness
of each group. Recalling the definition of K in terms of C# from Equation 8 and noting that
the distribution of n is similar for each tightness group we must conclude that the variation
in K reflects changes in both the crack geometry function, f., and the ratio, A./Ag.
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Progressively tighter groups of houses do not exhibit the significant increase in average
flow exponent expected as the large leakage sites are sealed. For example, the average flow
exponent for the "no vapor barrier" group is 0.64 compared to 0.70 for the "double wall group".
Within a particular group however, tighter houses lie toward the extreme of n=1.00 and leakier
houses closer to n=0.5. So, although n may not reflect the absolute tightness, it may reflect
the quality with which a particular construction method has been executed. The correlation
constant, K, can be evaluated to determine the absolute tightness range that the house lies in
and the flow exponent, n, would indicate the relative quality of construction, keeping in mind
the limited accuracy in the flow exponent associated with repeatability errors.

.PREDICTION OF THE FLOW COEFFICIENT AND FLOW EXPONENT FROM A SINGLE PRESSURE TEST

One of the most compelling reasons for pursuing an empirical correlation between flow
coefficients and flow exponents is the possibility of combining such relationships with
Equation 1, allowing the simultaneous solution of both n and C from a single pressure test. To
illustrate this idea, suppose that a single 50 [Pa] pressure test was conducted on a
hypothetical Oroville unit that was constructed identically to the existing 28. The
information from this test could be inserted into Equation 1 giving,

Qsg = C(50[Pal)" (9

where Qsg is the absolute flow rate. Knowing that for similar construction type the
correlation constant in Equation 8 should be roughly K=41.8, Equation 8 may be solved with
Equation 9, yielding a solution for n and C.

Figure 9 illustrates the functions graphically by showing the correlation functions as well
as lines of constant flow rate. Note that envelope area, Ao, is constant for this set and may
be absorbed into the functions allowing the direct plotting of n against C. Selecting a known
n and C for one of the Oroville houses and following its constant flow line until it intersects
the correlation function provides us with the predicted n and C of this house, assuming that
only the Q5n was known. Instantly, a major problem is recognized, the functions intersect at
very small angles and are therefore so ill-conditioned that large prediction errors are likely.
For example, if the house having n=0.64 and C=0.029 [m3/sPal] is chosen (testers #53), a single
50 [Pa] test would have indicated Qsq=0.36 (m3/s] and the intersection of this flow rate and
the correlation function predicts a flow exponent of 0,94.

The degree of ill-conditioning is sufficiently severe that solutions are unacceptable using
a 50 [Pa] pressure test. The correlation function is fixed for the particular group, but we do
know that the lines of constant Q become more vertical as the test pressure is reduced. Note
from Equation 1 that in the extreme case of AP=1 [Pa], G=C and lines of constant Q are
vertical. If a lower test pressure is used we can expect improved conditioning of the
equations and correspondingly improved predictions., Reasonable measurement accuracy is
difficult to achieve below 1C [Pa] and for practical use this may be an unrealistically low
pressure. If a 10 [Pa] test is used, conditioning is improved and the standard deviations in
the difference between calculated and actual flow exponents range from 0.05 to 0.2 for groups
of similarly constructed houses. Clearly these deviations are too large to consider this
technique a success. In general, the equations are simply too poorly conditioned to provide
accurate results.,

Only groups of nearly identical houses contain the minimal amount of scatter necessary to
allow this single test method to provide acceptable predictions of the flow parameters. The
best predictions were found using the Croville data set, resulting in a standard deviation in n
predicted of approximately 0.05 using a single 10 [Pa] flow rate. Another problem is the fact
that the value of the correlation constant can only be determined after a number of full range
pressure tests have been conducted. Despite these problems, possible applications may still
exist. For example, if a contractor is constructing a large number of similar units and for
quality control is conducting tightness tests, he may find that the first dozen tested
correlate very well in the manner suggested here. If that were the case, it may be possible
for the remaining tests to be conducted with a single pressure test and the flcw constants
determined with the general correlation.



CONCLUSIONS

The examination of a large number of pressure test results has shown that significant empirical
relationships do exist between houses that are grouped according to wall construction type and
location. Despite the large size of the current data base, more tests are needed to allow
further sorting and still retain statistically relevant subset sizes. It is also apparent that
testing must be conducted on all types and ages of housing stock and not only new stock, which
is the current trend. Further testing of similarly constructed groups of houses will also play
an important part in advancing our understanding of these relationships and the sources of
variability. The following observations are based on the data sets presented in this report.

1. Envelope area produces only 157 less scatter than floor area in correlations when used
as the normalizing parameter. So, floor area is probably acceptable for setting
general standards.

2. Because C ~ Aen+0.5' it is not -possible to think of C and n as completely independent
variables. However, at least C and n are independent of AP and Q, unlike leakage
area.

3. Tight houses show a similar distribution of n from 0.5 to 1.0 as do loose houses, with
an average n of approximately 0.67. This suggests that the variation from laminar
cracks to orifice leaks depends on the quality of construction, not on its general
type. This, in turn, means that a house with n in the range from 0.5 to 0.65 is
likely to benefit from retrofit sealing, while houses with n from 0.75 to 1.0 are
about as tight as they can be made, a very useful guideline for retrofit strategy.

4, The correlation coefficient, K, is the one parameter that seems to be independent of
both pressure difference and test result’'variability, and provides a good measure of
house tightness. The factor K can be calculated from any C, n data pair, and may be a
more useful measure of the class of house tightness than either C, n or Aj.

5. A single house or a group of similar houses having different tightnesses under
pressurization or depressurization retain approximately the same correlation constant.

6. The correlation between C/Ae““'o-5 and n, does not allow a single SO [Pa] pressure test
to be used to determine C and n because:

a. Equations are ill-conditioned and small errors in Qgqg or in K, will lead to
unacceptably large errors in C and n.

b. The correlation constant, K, is a strong function of construction type,
which is not as yet well enough defined by descriptive phrases to allow a
user to confidently estimate K.

NOMENCLATURE

Ac = Crack area [m?] '
Ae = Envelope area [m2]

A = Floor area [m?]

A3 - Leakage area, defined at AP q¢ [cm?]

A, = Specific leakage area, defined at AP .¢ [cm?/m2]
C = Empirical flow coefficient [m3/sPaf]

Cs = Normalized flow coefficient [cm3/(m20+l gpan)]

n = Empirical flow exponent

K = Correlation constant [cm3/(m20+l gpPan)]

L = Crack length [cm]
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AP

Pressure differential [Pa]

Specific flow rate [s~1]

Q = Flow rate [m3/s]

v = House volume [m3]

P = Air density {kg/m3]

n = Dynamic viscosity (kg/sm]
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TABLE 1

Data Base Composition

U.S.A. CANADA
Sample Size Sample Size
Location Location
- AP* + AP - AP + AP
Oroville, CA 56 56 Saskatoon, SK 176 _—
Rochester, NY 50 50 Ottawa, ON 67 ———
*#Davis, CA 32 32 Winnipeg, MB 51 —
Eugene, OR 24 24 Edmonton, AB 11 11
#%*8an Fransico, CA 16 16
#¢Atlanta, GA 7 7
*#*Waterbury, VT _— 25
TOTAL 184 210 TOTAL 305 11

* - AP = Depressurization

+ AP = Pressurization

** TInsufficient information to determine accurate envelope area

Note: Oroville 28 units, tested sealed and unsealed

Eugene 12 units, tested sealed and unsealed

i Edmonton 6 units, 5 tested sealed and unsealed

1 tested sealed

=56 tests
=24 tests

=ll tests




TABLE 2

Comparison of Pressurization and Depressurization Data

Sample Size = 196 Houses

Flow Exponent 4 [Pa] Specific
Leakage Area
n A1/A¢ [cm?/m2]
Pressurization 0.66 + 0.09% 5.9 + 3.8
Depressurization 0.66 + 0.08 5.6 + 3.4
Flow Exponent Leakage Area
Ratio Ratio
+n / -n +A1 / -Al
Pressurization 1.02 + 0.150 1.05 + 0.286
Depressurization
® Sample Standard Deviation
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TABLE 3

Flow Exponent Correlations for Pressurization and Depressurization

c

Aen+0.5

Single Stud, No Vapor Barrier

!

n-1.0
0.5-n

*#* Std. Dev. nfj; = standard deviation of (n - ngj¢)

T

Location # Pressurization Depressurization +n +44y
k* Std. Dev.*™ K Std. Dev. —a /| \-4ay
nfie DLt
Oroville 28 40.93 0.019 42.45 0.017 0.89 1.11
(sealed)
Oroville 28 52.99 0.021 49.85 0,018 0.97 1.21
(unsealed)
Rochester 8 56.37 0.021 57.82 0.024 0.97 1.17
Single Stud With Vapor Barrier
. Location # Pressurization Depressurization +n +44q
K Std. Dev. K Std. Dev. —n ) [\ =44,
NEit DELE
Rochester 42 41.26 0.046 38.95 0.028 1.09 0.91
Eugene 12 16.95 0.045 18.52 0.037 1.06 0.94
(sealed) [
Eugene 12 19.50 0.033 _ 21.94 0.030 1.07 0.93
(unsealed)
cm3/sPaf
* Un1ts of K
T p2n+l




TABLE 4

Correlation Constants for Construction Groups
(Pressurization and Depressurization Data Combined)

Type*:Location # K Std.Dev.*™ A1/Ag:Average
ngje 4 [Pa] 50 (Pa]
1:0roville - 56 41.79 0.018 2.20 3.16
1:Rochester 16 57.14 0.023 3.83 5.16
1:Saskatoon 19 63.06 0.049 3.06 5.49
1:Combined 91 47,96 0.033 2.67 4,00
1:0roville 56 51.18 0.020 3.27 4,12
(unsealed)
2:Rochester 84 40,27 0.037 2.40 3.43
2:Eugene 24 17.77 " 0.042 0.86 1.56
2:Saskatoon 91 25.06 0.036 1.30 2.18
2:Edmonton 10 15.12 0.036 0.74 1.15
2:Combined 209 25.63 0.046 1.16 2.56
2:Eugene 24 20.69 0.032° 1.00 1.74
(unsealed)
3:Saskatoon 41 17.92 0.061 1.02 1.74
4:Saskatoon 22 6.79 0.050 0.37 0.64
S:Winnipeg 51 1.64 0.045 0.14 0.17

# 1: Walls without integral vapor barriers
2:.Walls with a vapor barrier
3: Walls with a vapor barrier and exterior foam insulation sheathing
4: Double stud construction
S5: Super tight construction (pressure tests and sealing during const.)

#*#* Std. Dev. nfg;jp = standard deviation of (n - ng4¢)
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Figure 4. Effect of leakage area reference pressure on flow exponent correlation with specific
leakage area; Oroville data set; normalized with envelope area; depressurization
data; sealed configuration
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