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Standard Test Method for
Determining Air Leakage Rate by Fan Pressurization
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original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope

| 1.1 This test method-deseribes covers a standardized technique for measuring air-leakage rates through a building envelo
under controlled pressurization and de-pressurization.

1.2 This test method is applicable to small temperature differentials and low-wind pressure conditions. For tests conducted il
the field, it must be recognized that field conditions may be less than ideal. Nevertheless, strong winds and large indoor-outdoc
temperature differentials should be avoided.

1.3 This test method is intended to produce a measure of air tightness of a building envelope. This test method does not meast
air leakage rates under normal conditions of weather and building operation. To measure air-change rate directly, use the tracer g
dilution method (see Test Method E 741).

1.4 This test method is intended for the measurement of the airtightness of building envelopes of single-zone buildings. For th
purpose of this test method, many multi-zone buildings can be treated as single-zone buildings by opening interior doors or b
inducing equal pressures in adjacent zones.

1.5 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory
limitations prior to useFor specific hazard statements see Section 7.

[ ] 1 This test method is under the jurisdiction of ASTM Committee E-6 E06 on Performance of Buildings and is the direct responsibility of Subcomiftesn 206.

Leakage and Ventilation.
Current edition approved-Jure—16—+999. Oct. 1, 2003. Published November 1999. 2003. Originally-ptiblished-as£ 779-81. approved in 1981. sastifwaviou
approved in 1999 as )779 — 99.
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2. Referenced Documents

2.1 ASTM Standards?
E 741 Test Method for Determining Air Change in a Single Zone by Means of a Tracer Gas Dilution.
E 1258 Test Method for Airflow Calibration of Fan Pressurization Devices

3. Terminology

3.1 Definitions of Terms Specific to This Standard:

3.1.1 air-change rate n—air-leakage rate in volume units/h divided by the building space volume with identical volume units,
normally expressed as air changes/h, ACT—.

3.1.2 air-leakage graphn—the graph that shows the relationship of measured airflow rates to the corresponding measured
pressure differences, usually plotted on a log-log scale.

3.1.3 air-leakage rate n—the volume of air movement/unit time across the building envelope.

3.1.3.1 Discussior—This movement includes flow through joints, cracks, and porous surfaces, or a combination thereof. The
driving force for such an air leakage, in service can be either mechanical pressurization and de-pressurization, natural wind
pressures, or air temperature differentials between the building interior and the outdoors, or a combination thereof.

3.1.4 building envelopen—the boundary or barrier separating the interior volume of a building from the outside environment.

3.1.4.1 Discussior—For the purpose of this test method, the interior volume is the deliberately conditioned space within a
building, generally not including attics, basements, and attached structures, for example, garages, unless such spaces are connect
to the heating and air conditioning system, such as a crawl space plenum.

3.1.5 single zonen—a space in which the pressure differences between any two places, differ by no more than 5 % of the inside
to outside pressure difference.

3.1.5.1 Discussior—A multi-room space that is interconnected within itself with door-sized openings through any partitions or
floors is likely to satisfy this criterion if the fan airflow rate is less than 3sn6 x 10® ft3/min).

3.1.6 test pressure differencea—the measured pressure difference across the building envelope, expressed in Pascals (in. of
water or pounds-forcefftor in. of mercury).

3.2 Symbols and Units-See Table 1.

4. Summary of Test Method

4.1 This test method consists of mechanical pressurization or de-pressurization of a building and measurements of the resulting
airflow rates at given indoor-outdoor static pressure differences. From the relationship between the airflow rates and pressure
differences, the air leakage characteristics of a building envelope can be evaluated.

5. Significance and Use

5.1 Air leakage accounts for a significant portion of the thermal space conditioning load. In addition, it can affect occupant
comfort and indoor air quality.

5.2 In most commercial or industrial buildings, outdoor air often is introduced by design; however, air leakage can be a
significant addition to the designed outdoor airflow. In most residential buildings, indoor-outdoor air exchange is attributable
primarily to air leakage through cracks and construction joints and can be induced by pressure differences due to temperature
differences, wind, operation of auxiliary fans, for example, kitchen and bathroom exhausts, and the operation of combustion
equipment in the building.

5.3 The fan-pressurization method is simpler than tracer gas measurements and is intended to characterize the air tightness o
the building envelope. It can be used to compare the relative air tightness of several similar buildings, to identify the leakage

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or contact ASTM Customer Service at service @astrrargaFBook of ASTM Standards
Vel-04-1%. volume information, refer to the standard’s Document Summary page on the ASTM website.

TABLE 1 Symbols and Units

Symbol Quantity Unit

E Elevation above sea level m [ft]

Q Measured airflow rate m3/s [cfm]

Q, Air leakage rate m3/s [cfm]

o Air leakage coefficient m3/(s - Pa") [cfm/Pa"]
p Air density kg/m3[lb/ t]

T Temperature ° C[°F]

n Pressure exponent C

P Pressure Pa [Ib/ft?]

dP Induced pressure difference Pa [Ib/ft?]
dp, Reference pressure difference Pa [Ib/ft?]

u Dynamic air viscosity kg/(m-s) [Ib/(ft-h)]
A Area m?[ft?]
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sources and rates of leakage from different components of the same building envelope, and to determine the air leakage reducti
for individual retrofit measures applied incrementally to an existing building, and to determine ventilation rates when combined
with weather and leak location information.

6. Apparatus

6.1 The following is a general description of the required apparatus. Any arrangement of equipment using the same principle!
and capable of performing the test procedure within the allowable tolerances is permitted.

6.2 Major Components

6.2.1 Air-Moving Equipment-A fan, blower, or blower door assembly that is capable of moving air into and out of the
conditioned space at required flow rates under a range of test pressure differences. The system shall provide constant airflow
each incremental pressure difference at fixed pressure for the period required to obtain readings of airflow rate. Where applicabl
the HVAC system of the building may be used in place of the fan or blower.

6.2.2 Pressure-Measuring DevieeA manometer or pressure indicator to measure pressure difference with an accuracy of
+5 % of measured pressure.

6.2.3 Airflow Measuring SystemA device to measure airflow with an accuracy0% % of the measured flow. The airflow
measuring system shall be calibrated in accordance with Test Method E 1258

6.2.4 Temperature-Measuring Deviee-An instrument to measure temperature with an accuracy BIC (2°F).

6.2.5 Wind Speed-Measuring Device (Optiora\ device to give an accuracy withitt0.25 m/s (0.56 mph) at 2.5 m/s (5.6
mph). Perform wind speed measurements at a distance three to five building heights away from the buildings, where practical. Li:
the height above ground at which wind speed is measured.

7. Hazards

7.1 Eye Protectior— Glass should not break at the building pressure differences normally applied to the test structure: however,
for added safety, adequate precautions, such as the use of eye protection should be taken to protect the personnel.

7.2 Safety Clothing— Use safety equipment required for general field work, including safety shoes, and hard hats.

7.3 Equipment Guards- The air-moving equipment shall have a proper guard or cage to house the fan or blower and to prevent
accidental access to any moving parts of the equipment.

7.4 Noise Protection— Make hearing protection available for personnel who must be close to the noise that may be generated
by the fan.

7.5 Debris and Fumes- The blower or fan forces a large volume of air into or out of a building while in operation. Exercise
care not to damage plants, pets, occupants, or internal furnishings due to influx of cold or warm air. Exercise similar cautions
against sucking debris or exhaust gases from fireplaces and flues into the interior of the building. Active combustion devices requir
a properly trained technician to shut them off or to determine the safety of conducting the test.

8. Procedure

8.1 To create a single zone for this test procedure, all interconnecting doors, except for closets, which should be closed, in th
conditioned space should be opened such that a uniform pressure will be maintained within the conditioned spacex#b0aithin
of the measured inside/outside pressure difference. Verify this condition by differential pressure measurements at the highe:
pressure used in the test. Make these measurements at the highest and lowest level of the building and on the windward and leew
sides.

8.2 HVAC balancing dampers and registers should not be adjusted. Fireplace and other operable dampers should be clos
unless they are used to pass air to pressurize or de-pressurize the building.

8.3 Make general observations of the condition of the building. Take notes on the windows, doors, opaque walls, roof, and floor

8.4 Measure and record the indoor and outdoor temperatures at the beginning and the end of the test so that their average vall
can be estimated. If the product of the absolute value of the indoor/outdoor air temperature difference multiplied by the building
height, gives a result greater than 200 m°C (1180 ft°F), do not perform the test, because the pressure difference induced by tl
stack effect is too large to allow accurate interpretation of the results.

8.5 If the wind speed is to be part of the measurement record, use a wind-measuring device or obtain readings from a neark
weather bureau. Preferred test conditions are wind speed of 0 to 2 m/s (0 to 4 mph) and an outside temperature from 5 to 35°
(41 to 95°F).

8.6 Connect the air duct or blower door assembly to the building envelope, using a window, door, or vent opening. Seal or tape
openings to avoid leakage at these points.

8.7 If a damper is used to control airflow, it should be in a fully closed position for the zero flow pressure measurements.
8.8 Installing the Envelope Pressure Sensor$)stall the pressure measuring device across the building envelope. It is good
practice to use more than one location across the building envelope for pressure measurement, for example, one across each fac:
Fig. 1 illustrates preferred locations for exterior pressure measurement locations that avoid extremes of exterior pressures (
exterior corners). A good location avoids exterior corners and complex architectural features and should be close to the middle ¢
the exterior wall. In addition, buildings more than three stories, or 7.5 m (25.5 ft), high shall have exterior pressures measured &
more than one height on the exterior walls. The pressures from each location should be averaged, typically using a manifolc
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FIG. 1 Recommended Locations for Exterior Pressures (Plan Views of Buildings—"“X” Within Circles Mark Pressure Tap Locations)

Average the pressures over at least a 10-s time period.

8.9 Measure zero flow pressures with the fan opening blocked. These zero flow envelope pressures are measured before an
after the flow measurements. These zero flow pressures are to be subtracted from the envelope pressures measured durin
pressurization and depressurization.

Note 1—Some equipment may perform this step, or an equivalent step, automatically. Follow the manufacturer’s instructions accordingly.

8.10 The range of the induced pressure difference shall be from 10 to 60 Pa (0.04 to 0.2@)ineldending on the capacity
of the air-handling equipment. Because the capacity of the air handling equipment, the tightness of the building, and the weather
conditions affect leakage measurements, the full range of the higher values may not be achievable. In such cases, substitute a partic
range encompassing at least five data points.

Note 2—It is advisable to check that the condition of the building envelope has not changed after each pressure reading, for example, that sealed
openings have not become unsealed or that doors, windows, or dampers have not been forced open by the induced pressure.

8.11 Use increments of 5 to 10 Pa (0.02 to 0.04 igOMHfor the full range of induced pressure differences.

8.12 At each pressure difference, measure the airflow rate and the pressure differences across the envelope. After the fan anc
instrumentation have stabilized, the average over at least a 10-s interval should be used.

8.13 For each test, collect data for both pressurization and de-pressurization.

8.14 Determine the elevation of the measurement Eitgn or ft), above mean sea level within 100 m (330 ft).

9. Data Analysis and Calculations

9.1 Unless the airflow measuring system gives volumetric flows at the pressure and the temperatures of the air flowing through
the flowmeter during the test, these readings must be converted using information obtained from the manufacturer for the change
in calibration with these parameters.

9.2 Convert the readings of the airflow measuring system (corrected as in 9.1, if necessary) to volumetric air flows at the
temperature and barometric pressure, due to elevation changes only, of the outside air for depressurization tests or of the inside
air for pressurization tests (see Appendix X1). To convert the airflow rate to air leakage rate for depressurization, use the following
equation:

Q- 2) &
out.
where:
pin = the indoor air density, in kg/f(lb/ft?), and
Pt = the outdoor air density, in kgfr(Ib/ft3).

9.2.1 To convert the airflow rate to air leakage rate for pressurization, use the following equation:

Q, = o £24) @
n

9.3 Average the zero flow envelope pressures measured before and after the flow measurements. Subtract the average from th

measured envelope pressures at such pressure station to determine the corrected envelope pressures.
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9.4 Plot the measured air leakage against the corrected pressure differences on a log-log plot to complete the air leakage gra
for both pressurization and de-pressurization (for an example, see Fig. 2).

9.5 Use the data to determine the air leakage coeffic@rand pressure exponemt,in Eq 3 separately for pressurization and
depressurization:

Q= C(dP)" 3)

9.5.1 Use a log-linearized linear regression technique, wldsethe airflow rate, in ifs (ft *min), anddP is the differential
pressure in Pa. In determining the fit of the above equation, the confidence intervals of the derived air leakage dOefficient
pressure exponemt should be calculated” andn shall be calculated separately for pressurization and depressurization. If the
pressure exponent is less than 0.5 or greater than 1, then the test is invalid and should be repeated.

9.6 Correct the air leakage coefficieGtto standard conditions (20°C and sea lelket 0 m (68°FE = 0 ft)) with Eq 4.

2n—1 1-n
ool (2)
where:

i = the dynamic viscosity of air, kg/m-s (Ib/ft/h), and
p = the air density, kg/ri{lb/ft3).

9.6.1 The unsubscripted quantities refer to the values under the conditions of the test (indoor air for pressurization and outdoc
air for pressurization), and the subscripted quantities to the values under the standard reference conditions. Appendix X1 contail
the appropriate tables and equations for the temperature and barometric pressure (elevation) vapiatiahuof

9.6.2 The leakage are§, in m?, can be calculated from the corrected air leakage coefficient and the pressure exponent using
a reference pressuredf,) in Eq 5. Calculate the leakage areas separately for pressurization and depressurization:

A = co<p—2°)% @) ("3 )

9.6.3 The conventional reference pressure is 4 Pa, but other values may be used if the value is included in the test report.

9.6.4 To obtain a single value for flow coefficient, pressure exponent and leakage area for use in other calculations, the
pressurization and depressurization envelope flows (corrected using Eq 1 and 2) and pressure differences, with their offse
removed, may be combined together. This combined data set then is used in the same way as each individual data set to obt:
C, n, andA,_for the combined data. If the flow at a specified pressure difference, such as 50 Pa, is desired, it should be determine
from Eq 3 using the derive@ andn and the specified pressure difference.

9.7 Determine confidence limits for the derived values from the data used to determine Eq 3 using Appendix X2.

10. Report

10.1 Report the following information:

10.1.1 Building description, including, location, address (street, city;state, or province, zip or postal code, country, and elevatior
[above mean sea level in m (ft)].

10.1.2 Construction, including date built (estimate if unknown), floor areas for conditioned space, attic, basement, and craw
space, and volumes (optional) for conditioned spaces, attic, basement, and crawl space.

10.1.3 Condition of openings in building envelope including:

10.1.3.1 Doors, closed, locked or unlocked;

0.2
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10.1.3.2 Windows, closed, latched or unlatched;

10.1.3.3 Ventilation openings, dampers closed or open;

10.1.3.4 Chimneys, dampers closed or epen,; and a

10.1.3.5 Statement whether the test zone is interconnected with at least door-sized openings. If not, the results of pressure
measurements between portions of the zone.

10.1.4 HVAC system, including the location and sizes of ducts that penetrate the test zone envelope.

10.2 Procedure, including the test equipment used (manufacturer, model, serial number), and calibration records of all
measuring equipment.

10.3 Measurement data, including:

10.3.1 Fan pressurization measurements (inside-outside zero flow building pressure differences); inside and outside temperature
(at start and end of test) and the product of the absolute value of the indoor/outdoor air temperature difference multiplied by the
building height; tabular list of all air leakage measurements and calculations: time, building pressure difference, air density,
nominal airflow rate, fan airflow rate, and air leakage rate-and, deviations from standard procedure.

10.3.2 Optional data, including wind speed/direction and whether wind speed is estimated to exceed 0 to 2 m/s (0 to 4 mph).

10.4 Calculations, including:

10.4.1 The leakage coefficient and pressure exponent for both pressurization and de-pressurization in accordance with 9.6;

10.4.2 The effective leakage area. Also, report if a reference pressure other than 4 Pa is used; and,

10.4.3 An estimate of the confidence limits in accordance with 9.7.

11. Precision and Bias

11.1 The confidence limits calculated in 9.7 give an estimate of the uncertainty of the test results. The specific precision and
bias of this test method is dependent largely on the instrumentation and apparatus used and on the ambient conditions under whict
the data are takeh.

12. Keywords

12.1 air leakage; air-leakage rates; blower-door test; building envelope; depressurization; energy conservation; fan pressuriza-
tion testing; infiltration; pressurization; ventilation

3Murphy, W.E., Colliver, D.G. , and Piercy, L.R., “Repeatability and Reproducibility of Fan Pressurization Devices in Measuring Building Aiel"6aR&IRAE Trans
Vol 97, Part 2, 1990.

APPENDIXES
(Nonmandatory Information)

X1. DEPENDENCE OF AIR DENSITY AND VISCOSITY ON TEMPERATURE AND BAROMETRIC PRESSURE (ELEVATION)

X1.1 Use Eq X1.1 to calculate inside air density. Use Eq X1.2 to calculate outside air density. Use Eq X1.3 and X1.4 for
inch-pound units.

3 0.0065 E\52553 293
Pin = 1.204%1 = —>g3 T 7273 (X1.1)
B 0.0065 E\52553 293
Pout = 1.204](1 - —>93 > <T0m+ 273) (X1.2)
where:
E elevation above sea level (m),

air density (kg/nt), and
temperature (°C).

p
T

NoTe X1.1—The standard conditions used in calculations in this test method are 20 °C (68 °F) for temperature, 1.28@10K&7 lbm/ft5) for
air density, and mean sea level for elevation.

B 0.0035666 E\52553 528

pin = 0.07517 1 - ——555 T 460 (X1.3)
- 0.0035666 E\52553/ 528

pin = 0.07517 1 — ——555 T 460 (X1.4)
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where:

E = elevation above sea level (ft),
p = air density (1bm/f), and

T = temperature (°F).

X1.1.1 The dynamic viscosity |, in kg/(m-s), at temperafliren °C, can be obtained from Eq X1.5.

b(T + 273°°
H=—"5— (X1.5)
Lt ro7s
where:
b = to 1.458x 10°% in kg/(m-s-K¥®);
s = to 1104, in K.
X1.1.1.1 For IP units the dynamic viscosity W, in Ib/(fthr), at temperaiyria °F, can be obtained from Eq X1.6:
b(T + 460°°
H=—g— (X1.6)
L+ T3 780
where:
b = to 2.629x 1073 in Ib/ (ft-h - °F%9);
S = 1t0198.7, in °F.

X2. Recommended Procedure For Estimating Errors In Derived Quantities

X2.1 This test method contains several derived quantities, which often are used to summarize the air tightness of the buildint
or component tested. It is important to report an estimate of the error in such quantities. The following method is recommended
all derived quantities depend on the estimation of the air leakage coefficiantl air pressure exponembf Eq 3. To determine
C andn, make a log transformation of the variabl@sand dP for each reading.

X; = In(dP)

fori=1..N
Y= In(Q)
where:
N = the total number of test readings.
X2.1.1 Eq 3 then transforms into the following:
y=In(C)+n-x (X2.1)
X2.1.2 Compute the following quantities:
_ 1)
= Nzl X (X2.2)
_ 1l
Y =NV (X2.3)
o L S X2.4
S(_N*lizl(xi W ( )
_ 1 EN) -y X2.5
$7mi:1(yi y) (X2.5)
1 N
Sy=N=1 %~ X%~ (X2.6)
X2.1.2.1 Then the best estimate mfind In C) is given by the following:
Sy
n=—=4 X2.7
s (X2.7)
nN(C)=y—-n-x (X2.8)
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C=exg’ "X (X2.9)

X2.1.2.2 The 95 % confidence limits f@ andn can be determined in the following equation. The variance isfgiven by
the estimate:

1
1 -n-: 2
S=g3, (—SZVN - Zs‘y> (X2.10)
and the estimate of the variance of It€) is given by:
1
N .
Sho =S\ N (X2.11)
The confidence limits for In@) andn are respectively:
ln© = Sinc) T (95 %,N-2) (X2.12)
I, =S T(95%,N-2) (X2.13)

Where the values of the two-sided student distributiorf95 %, N — 2)) are given in Table X2.1.
X2.1.2.3 This means that the probability is 95 % that the pressure exporiestin the interval ¢ — I, n + 1,) and the air
leakage coefficienC lies in the interval:

| HE—exple—C—expe) (X2.14)
(C-exp'ne C.expro) (X2.14)

X2.1.2.4 The estimate of the variance around the regression line Eq X2.1 at thexvalue
1

500- 8 (S g+ - %) (x2.15)
and the confidence interval in the estimateyafsing Eq X2.1 at anx is
l,(X) =S, (X) T(95%,N — 2) (X2.16)
X2.1.2.5 The airflow rat&), predicted by Eq 3 at any pressure differenig®, therefore, lies in the interval:
| (@ rexp bt Qrexpreiy (X2.17)
(Q -exp e Q- exprinee) (X2.17)

with a probability of 95 %.

X2.1.2.6 ltis this interval that should be used to estimate the error in the leakage area or the airflow rate across the building
envelope or building envelope component at a reference pressure, for example 50 Pa. For example, the confidence interval of the
estimate of the leakage aréda using Eq 5 is as follows:

| (AT eXp e A (X2.18)
(A - exp_ly(\nmPJi AL exdy(lnldP))) (X2.18)

with a probability of 95 %.
X2.1.3 In practice, the above error analysis can be carried out using standard statistical computer programs.

X3. EXAMPLE CALCULATIONS

X3.1 Introduction

I X3.1.1 This test methed-was is performed for both pressurization and depressurization. Detailed, step-by-step calculations are
given for pressurization only, and the depressurization calculation procedure is summarized for brevity.

X3.2 Site Data
X3.2.1 Single-story house with a ceiling to floor height of 2.5 m. The house is located at 600 m above seak)evel (

TABLE X2.1 Two-Sided Confidence Limits T (95 %, N) for a
Student Distribution

N-2 3 4 5 6 7 8 9 10
T(95%, N-2)3.182 2.776 2.571 2.447 2.365 2.306 2.262 2.228
N-2 11 12 13 14 15 16 17 18

I T(95%, N-2)2.201 2.179 2160 2145 2131 2120 2.110 2.101
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X3.3 Checking Test Limits

X3.3.1 Section8.4—The product of indoor-outdoor temperature difference and building height must be less than 200 m°C. In
this case, the building is a bungalow with a floor to ceiling height of 2.5 m. The indoor-outdoor temperature difference during the
test is2 13°C. Multiplied together, these temperature differences give 2618°C = 32.5 m°C; therefore, this test passed.

X3.3.2 The average windspeed is 1 m/s, and the outdoor temperature is 8°C, thus meeting the specifications of 8.5.

X3.3.3 Ten pressure difference and flow measurements are made between 10 and 60 Pa, thus meeting the requirements of 8.

X3.4 Pressurization Data

X3.4.1 Measured Pressurization Data-See Table X3.1.

X3.4.2 Calculations

X3.4.2.1 Because this is a pressurization test, the measured air flow rates through the flowmeter are converted to flow rate
through the building envelope using Eq 2. This conversion requires the indoor and outdoor air density, calculated using Eq X1.!
and X1.2.

3 0.0065 E\ 52553 293
Pin = 1.204]( 1-—>93 > < T 273) (X3.1)
Substitutinge = 600 m andT;,= 21°C:
. . 5.2553 2
P = 1.2041( 1- 0 00553 60 ( = +9,§73) = 1.047 kg/mi (X3.2)
B 0.0065 - 60952553/ 293 \ A
Pin = 1.204](1 - —93 lj (21 . 273> = 1.119 kg/ (X3.2)
Substitutinge = 600 m andT,,, = 8°C:
0.0065 - 60952553 / 293
Pout = 1.2041(1 — 55— (8 - 273) = 1.094 kg/mi (X3.3)
0.0065 - 60952553 / 293
Pout = 1.2041(1 - Ta <8 - 273> = 1.170 kg/n (X3.3)
X3.4.2.2 Each Flow in Table X3.1 is multiplied by the ratio®f,/pi,, for example, for point number 1:
1.04
0. = 0f P24 = 0.056d o2’} _ 0.0593 (X3.4)
P/ V09
_(Pout) _ 1.170, m’
Q.= Q<p_m> = 0.0565(@5 = 0.0593¢ (X3.4)
X3.4.2.3 Each pressure difference has the pressure offset of —0.36 Pa subtracted from it, for example, for point number 1:
9.9-(—0.36 = 10.2Pa (X3.5)

X3.4.2.4 This results in the corrected data shown in Table X3.2 for pressure and flow.
X3.4.2.5 The data in Table X3.2 are plotted in Fig. 2. Following the method outlined in Appendix X2 the flow coeffitient,

TABLE X3.1 Measured Pressurization Data Points

Point Pressure Difference Measured Flow Through
Across Building Envelope, (Pa) Flowmeter, (m?/s)*
1 9.9 0.0568
2 155 0.0741
3 19.2 0.0844
4 254 0.1000
5 31.1 0.1133
6 36.5 0.1246
7 42.7 0.1371
8 45.4 0.1416
9 51.8 0.1539
10 59.9 0.1688

A This measured flow is corrected for the temperature and density of the air
flowing through the flowmeter and is the volumetric flow at the measurement
conditions.

Initial pressure offset = -0.42 Pa

Final pressure offset = -0.3 Pa

Average pressure offset (dP,q) = ¥2 (-0.43 - 0.3) = -0.36 Pa
Outdoor temperature (T,,,) = 8°C

Indoor temperature (T;,) = 21°C

Wind speed = 1 m/s
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TABLE X3.2 Corrected Pressurization Data Points

ot i —
el Envelope (ng s)
Point Pressure Difference Flow Through Building
Across Building Envelope, (Pa) Envelope, (m? s)
1 10.2 0.0593
2 15.8 0.0774
3 19.6 0.0881
4 25.8 0.1044
5 315 0.1183
6 36.8 0.1301
7 43.0 0.1431
8 45.7 0.1478
9 52.1 0.1607
10 60.2 0.1762

pressure exponem, are determined as follows:
X3.4.3 Logarithmic Transformatior—Table X3.3 shows the natural logarithms of the pressures and flows from Table X3.2.
X3.4.3.1 The variance of the log of pressure is calculated using Eq X2.4:

1 X [
Shom = =1 Z(n (@P); — In (dP)? = (X3.6)

1
To—7((2:3239— 3.4002% + (2.7616— 3.4002% + ....

+ (4.0894— 3.4002?)
= 0.32397

X3.4.3.2 The variance of the log of flow is calculated using Eq X2.5:
— 1 | Tn(O) 2 —
S0~ N=1 2@ ~nNQ)*= (X3.7)

1
To-7((—2.825% 2.1667%% + (—2.5592+ 2.1667° + ....

(—1.7359+ 2.1667%)
=0.121884

X3.4.3.3 The covariance of the log of pressure and the log of flow is calculated using Eq X2.6:

1 XN I
Shapin@ = N—,lgl(m (dP); = In (dP) )(In (Q); = In(Q)) = (X3.8)

1
m((2.3239— 3.4002(—2.8251+ 2.1667 + .... +

(4.0894— 3.4003(—1.7359+ 2.1667)
= 0.198841

X3.4.3.4 Then-thebestestimate mfind In C)-is are given by Eq X2.7 and X2.9:

o= Sneping _ 0.198841
S 032397

0.613 (X3.9)

TABLE X3.3 Logarithms of Pressure and Flow Data Points A

Point Ln (Pressure Difference Ln (Flow Through Building
Across Building Envelope, (Pa)) Envelope, (m? s))
1 2.3239 -2.8251
2 2.7616 -2.5592
3 2.9743 -2.4291
4 3.2486 -2.2595
5 3.4495 -2.1346
6 3.6062 -2.0395
7 3.7620 -1.9439
8 3.8231 -1.9116
9 3.9540 -1.8283
10 4.0984 -1.7359

A The number of observations (N ) is 10. The average of the log of pressure
using Eq X2.2 is 3.4002. The average of the log of flow using Eq X2.3 is —2.1667.

10
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1 C expt’ U exp 2166/ 0.613- 34002 0.0143 (X3.10)
_ m3
C=exp(’ ™) = exp(~2.1667~ 0.613x 3.4002 = 0.0143 - (X3.10)

X3.4.3.5 To make the corrections to standard conditions the density and viscosity at both the standard and measureme
conditions must be calculated as follows:
X3.4.3.6 The indoor density) was calculated above to be-1:047 1.119 kij/m
The reference density ) is 1.2041 kg/nt.
The viscosity is calculated by substituting these values into Eq X1.5:
For indoor temperature of 21°C:

+458% 10~ HF+2730°
M= 110.4 (X3.11)
Lt 5273
For-indoortemperature of 21°C:
 1.458x 10°°(21+ 273°° .
u= 1104 =1.817x 10 (X3.12)
Lt 515273
For the reference temperature of 20°C:
1.458x 10°% (20 + 273°% .
= 1104 =1.813% 10 (X3.12)
Lt 207273
X3.4.3.7 The air leakage coefficient is corrected to standard conditions with Eq 4.
c_c m n-1 P l—n_ o4 1.817X 1075\ @¥0613-1) /1 047 (1—0.613_ 0155 m? 313
o T\ Mo Po) T \1.813x10° 1.204 s Pl (X3.13)
X3.4.3.8 The leakage area is calculated using Eq 5, using a reference pref3uwé4 Pa:
1 1
3 1 1.204\5
A = c0<p—2°>2 (dPr)<"’ 7) - 0'013E<T>2 (4)©613-05 — 0 01226m? = 122.6cn? (X3.14)
X3.5 Depressurization Data
X3.5.1 Measured Depressurization DataSee Table X3.4.
X3.5.2 Calculations
X3.5.2.1 UsingE = 600 m andT;,, = 24°C:
B 0.0065 - 60952553 ¢ 293 \ 5
Pin = 1.204J<l - —>093 (j (24+ 273) = 1.038k g/m (X3.15)

X3.5.2.2 UsingE = 600 m andT,, = 17°C:

TABLE X3.4 Measured Depressurization Data Points

Point Pressure Difference Measured Flow Through
] Across Building Envelope, (Pa) Flowmeter, (m*/ s)*
1 9.3 0.0503
2 14.2 0.0660
3 22.7 0.0883
4 26.1 0.0958
5 32.6 0.1110
6 38.6 0.1238
7 41.5 0.1296
8 47.9 0.1429
9 53.5 0.1545
10 57.3 0.1605

A This measured flow has been corrected for the temperature and density of the
air flowing through the flowmeter and is the volumetric flow at the measurement
conditions.

Initial pressure offset = 0.38 Pa

Final pressure offset = 0.21 Pa

Average pressure offset (dP,q) = ¥2 (0.38 + 0.21) = 0.3 Pa
Outdoor temperature (T,,,) = 17°C

Indoor temperature (T;,) = 24°C

Wind speed = 1 m/s.

11
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;00085 60gs2sss/ 293 .
I 0o = 120411 = “—55a—1  [4575ms) = 1.061kg/m (X3.16)
B 0.0065 - 60952553/ 293 | .
Pou = 1.2041 1 — ——g= T7573) = 1.061 kg (X3.16)

X3.5.2.3 Each flow in Table X3.4 is multiplied by the ratio @f/p,., for example, for point number 1:

_ Pin | _ 1.03 _
Q.= Q(E) = 0.050:<m§) = 0.0492 (X3.17)
X3.5.2.4 Each pressure difference has the pressure offset of 0.3 Pa subtracted from it, for example, for point number 1:
9.3-0.3=9Pa (X3.18)

X3.5.2.5 This results in the corrected depressurization data for pressure and flow shown in Table X3.5. The data in Table X3.5
are plotted in Fig. 2. Following the method outlined in Appendix X2 and shown above for pressurization data, the flow coefficient,
I C. and pressure exponemt, are determined as follows:
X3.5.3 Logarithmic Transformatior—Table X3.6 shows the natural logarithms of the pressures and flows from Table X3.5.
X3.5.3.1 The variance of the log of pressure is calculated using Eq X2.4:

1N __

I Shim = =7 i;(ln (dP); —In(dP))? = (X3.20)
1N __

Sop = =1 2(n (@P); — In(dP) )* = (X3.19)

1
To—1((2.1978— 3.392 + (2.6294— 3.39% + .... + (4.0433— 3.39 ?) = 0.36330

X3.5.3.2 The variance of the log of flow is calculated using Eq X2.5:

1 N I

I S0 =N—1 Zl (n(Q;-In(@Q)?*= (X3.21)
1 N N

So-N-1ZMQ-In@Q)*= (X3.20)

1
19— ((— 3.0119+ 2.26752 + (— 2.27402+ 2.2675° + ..(—1.8516+ 2.26752) = 0.14374

X3.5.3.3 The convariance of the log of pressure and the log of flow is calculated using Eq X2.6:
1N _
Sh@PnQ = N=-1 izl <In (dp);, — m)(ln Qi —In(Q) = (X3.21)

1
10— (21978~ 3.39(~3.0119+ 2.2675+ ... + (4.0433— 3.39(~1.8516+ 2.2675) = 0.22848

I X3.5.3.4 Thenthe-best-estimate obind In C)-is_are given by Eq X2.7 and Eq X2.9:

TABLE X3.5 Corrected Depressurization Data Points

Point Pressure Difference Flow Through Building
Across Building Envelope, (Pa) Envelope, (m3/ s)
3 -9:6 0-64920
1 9.0 0.0492
2 139 6:06456
2 139 0.0646
3 224 06:08637
3 224 0.0864
4 258 8:09370
4 258 0.0937
5 323 6-16857
5 323 0.1086
6 383 642109
6 38.3 0.1211
# 412 02677
7 412 0.1268
8 476 043977
8 47.6 0.1398
9 532 015312
9 53.2 0.1511
16 576 845699
10 57.0 0.1570

12
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TABLE X3.6 Logarithms of Pressure and Flow Data Points A

Point Ln (Pressure Difference Ln (Flow Through Building
Across Building Envelope, (Pa)) Envelope, (m*/ s))
1 2.1978 -3.0119
2 2.6294 -2.7402
3 3.1075 -2.4491
4 3.2490 -2.3676
5 3.4743 -2.2203
6 3.6456 -2.1112
7 3.7183 -2.0654
8 3.8619 -1.9677
9 3.9734 -1.8897
10 4.0433 -1.8516

A The number of observations (N) is 10. The average of the log of pressure is
3.3900. The average of the log of flow is —2.2675.

S n@dPINQ) 0.22848
SZ ) ~ 0.36330

= 0.629 (X3.22)

C=exg’ ™ = exp(—2.265— 0.629x 3.39 = 0.0123 (X3.23)

X3.5.3.5 To make the corrections to standard conditions the density and viscosity at both the standard and measureme
conditions must be calculated. For depressurization, the measurement conditions are the outdoor air conditions, which is the &
flowing through the envelope.

X3.5.3.6 The outdoor densitp) was calculated above to be-+061 1.134 kfty/Mhe reference density,) is 1.2041 kg/m.
The viscosity is calculated by substituting these values into Eq X1.5:
(X325} —p=1-458%10—6(F+2730-51+ 1104+ 273

For outdoor temperature of 17°C:

1.458x 10 6 (17 + 273°5 .
= 1704 =1.798X 10 (X3.24)

17+ 273

1+

For the reference temperature of 20°C:
 1.458x 107°(20 + 273°°

— -5
1104 =1.813% 10 (X3.25)
120+ 273
X3.5.3.7 The air leakage coefficient is corrected to standard conditions with Eq 4.
U 2n-1 P 1-n 1.798% 1075 @x0-629-1 /1 g1\ (10629 m3
C =C || o =012 1 049y, 105 1.204 =0.117 pA (X3'28)
T'O/ L.01O 1U \ / S ra
c e M 2n—1 P 1-n oo 1.798% 10°° (2x0.629-1) 1.061) (1-0629 o 117 3 (X3 26)
o T\ Mo Po) T\ 1.813x10° 1.204 - P4 ‘

X3.5.3.8 The leakage area is calculated using Eq 5, using a reference preduwe4 Pa:
(n,}) 1.20 (0.629-0.5)
A =C ( ) (dP,) =0. 0117( (4) =0.01085 m = 108.5 cri (X3.27)

X3.6 Combined Pressurization and Depression Data

X3.6.1 Measured Data— The measured data is given in Tables X3.1 and X3.4.

X3.6.2 Calculations—Table X3.7 shows the natural logarithms of the pressures and flows for both pressurization and
depressurization.

X3.6.2.1 The variance of the log of pressure is calculated using Eq X3.7:

S =7 2 (In(dP); —In(dP))? = (X3.30)

1 R
Shm = le (In (dP); = In (dP))? = (X3.28)

1
55— ((2.3239- 339512 + (2.7616~ 3.395)” + ... + (4.0433— 3.395) %) = 0.3258

X3.6.2.2 The variance of the log of flow is calculated using Eq X2.5:

13
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TABLE X3.7 Corrected Logarithmic Data Points 4

Point Ln (Pressure Difference Ln (Flow Through Building
'] Across Building Envelope, (Pa)) Envelope, (m? s))
1 2.3239 -2.8251
2 2.7616 -2.5592
3 2.9743 -2.4291
4 3.2486 —2.2595
5 3.4495 -2.1346
6 3.6062 -2.0395
7 3.7620 -1.9439
8 3.8231 -1.9116
9 3.9540 -1.8283
10 4.0984 -1.7359
11 2.1978 -3.0119
12 2.6294 -2.7402
13 3.1075 -2.4491
14 3.2490 -2.3676
15 3.4743 -2.2203
16 3.6456 -2.1112
17 3.7183 -2.0654
18 3.8619 -1.9677
19 3.9734 -1.8897
20 4.0433 -1.8516

A The number of observations (N ) is 20. The average of the log of pressure is
3.3951. The average of the log of flow is —2.2171.

1 N

I 32"(0‘:'\'—1-;
l N
Szn(@:_N— 121

(In(Q;-In@Q)*= (X3.31)

(n(@Q; - (@Q)*= (X3.29)

1
55— ((—2.8251+ 2.2179% + (—2.5592+ 2.2179% + ....(—1.8516+ 2.2171 %) = 0.12849

X3.6.2.3 The variance of the log of pressure and the log of flow is calculated using Eq X2.6:

1 N N
Sh@p i@ = mzl(ln (dP); — In (dP)(In (Q); — In(Q)) = (X3.30)

70— 7( (2.3239— 3.395)(—2.8251+ 2.217) + ... + (4.0433— 3.395)(—1.8516+ 2.2171) = 0.20268
%3:6-2-4—Fhe-best-estimate of
X3.6.2.4 Them and In(C)-thenis are given by Eq X2.7 and X2.9:
_ Snap) in@ ~0.20268
T8 03258

—0.622 (X3.31)

C = exp¥™™ = exp(—2.2171— 0.622x 3.395) = 0.0132 (X3.32)

X3.6.2.5 To make the corrections to standard conditions the density and viscosity at both the standard and measurement
conditions must be calculated. For the combined pressurization and depressurization calculations, the measurement conditions ar
the average of the depressurization outdoor air conditions and the pressurization indoor air conditions.

X3.6.2.6 The depressurization outdoor densip) (vas calculated above to be-+061 1.134 ky/fihe pressurization indoor
density was calculated to be-+047 1.119 ky/fthe average of these densities-is+.054 1.127 kglime reference densityp()
is 1.2041 kg/m.

X3.6.2.7 The depressurization outdoor viscosity was calculated to be %.198° kg/m-s. The pressurization indoor viscosity
was 1.817x 10°° kg/m-s. The average viscosity is 1.80%510°° kg/(m-s). For the reference temperature of 20°C, the viscosity
is 1.813% 107° kg/(m-s):

X3.6.2.8 The combined pressurization/depressurization air leakage coefficient is corrected to standard conditions with Eq 4.

( H\ 2n-1 ( 0 \1—n Co1s 1.8075% 10—5\(2x0.62}1) (1.054\(170.622

I CO =C ITH o 4 040y, 45 1.204 - 0.125m3n ny (X3'33)
\I"U/ T'U/ \ L.O1LO vy \ / LI~ —a
o 2n-1 p 1-n 1.8075x 1075 (2x0.622-1) 1.127 \ (10622 me

C,=Cl —) =0013] "—————= To50A7 =0.0129— X3.33

° <%) (%) z< 1.813% 10*5> (1-2041) sPd ( )

X3.6.2.9 The leakage area is calculated using Eq 5, using a reference preiduwé4 Pa:
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1
\)2 (4)°62295 — 001151 A = 115.1 ¢} (X3.34)

1
A = cn(%’)z(dPK 3) = 00125(

1

A =C ( ) (dP)(”") =0. 0129(1 2041> (4)©622°09 = 00119 nf = 119 cnf (X3.34)

X3.7 Estimates of Confidence Limits

X3.7.1 Pressurization Confidence LimitsThe 95 % confidence limits fd€ andn are below. The variance ofis given by Eq
X2.10:

1
1 (Szn(Q) — N Sap) inQ )5

“ S N=> (X3.35)
1 /0 10969— 0.613X% 0. 17896) = 0.001245
0-29196 10—2
1 (01218 0.613x 0.1988) _
= 0374 =3 = 0.001252
X3.7.1.1 The estimate of the variance of II€) is given by Eq X2.11:
1
N 3
Sap?
=
Sho =S N (X3.36)
1
2.3239 + 2.7616 + ... + 4.0984?-\5
= 0.00124 1 0 )= 0.004286

1
2.3239 + 2.7616 + ... + 4.0984\3
=0.00125 10 = 0.00310

X3.7.1.2 The confidence limits for In@) andn require the values of the two-sided Student distributibi96 %, N — 2)) that
are given in Table X2.1. In this casd] (95 %, 8)) = 2.306.
X3.7.1.3 The 95 % confidence interval forand In C) is then given by Eq X2.13:

1 S T (QE- 04N NOI2AEC 9 A0A faWaYateYeld X3 37
= oy T(Io70,1Y L[ = U \PAVE WA Jo e uranelviv vV vrae )] .

I, =S, T(95%N — 2) = 0.001252x 2.306= 0.002887 (X3.37)
rter= Q””w T(O5% N —2)=0.004286x 2.306=0.009882 (X3.38)
Inio = Snc) T (95 %,N — 2) = 0.004310x 2.306= 0.009939 (X3.38)

X3.7.1.4 This means that the probability is 95 % that the pressure expordiestin the interval (0.610, 0.616), and the air
leakage coefficienC lies in the interval:

oy, o |y (c)) 0000229
\\, eXP SO X \u uJ.hrchkv U 003007,

0.0143ex0.009882)
= (0.0141,0.014% (X3.39)

(C-exp'm© C - expn©) = (0.0143exp —0.009939,
0.0143ex(0.009939)

3

m
= (0.0142,0.014 X3.
(0.0142,0.014% (X3.39)

X3.7.1.5 To estimate the confidence limits for leakage area requires an estimate of the variance around the regression line (E
X2.1) at the reference pressure differenadf():

N-1 — 3
Sho(in (dR)) = %(TS? @p) T (In(dR) — In (dP)) ) (X3.40)
substituting the appropriate values gives:
9 1
Sac(In (@) = 0.001245\ 750.29196+ (In (4) — 3.40022>2 = 0.002587 (X3.41)
9 1
Snc/( In (4)) = 0.001252 750.342397+ (In (4) — 3.40032>2 = 0.002610 (X3.41)

and the 95 % confidence interval in the estimate of@h sing Eq X2.1 at the reference pressuB,, is as follows:
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Iin (C)(In dPR)) =S, (©) (In (dP,))T( 95 %,N — 2) (X3.42)

I =0002EQ7«¢ 2 206 — 0 n:nt:5
\PAvivravioy; 27000 \TAvierviel

= 0.002610x 2.306= 0.06020
X3.7.1.6 The 95 % confidence interval of the estimate of the leakageAarasing then is given by the following:

I AL CA’;I HadB) ,AL exp o) (X343)
Aexp(—l, ¢ (In(dP,))) = 0.012@xH —0.006020 = 0.012517 (X3.43)

| A expl=li e ip) = 0.01226 exp=0.05965 = 0.012188 (X3.44)
Aexp (I ¢(In(dP,))) = 0.0126x0.006020 = 0.01277 (X3.44)

I A]_ pxlrf IhIM(In (dpl\h = 0.01226 px(ﬂ 05965 = 0.012334 (X3.47)
A_exp( 1, o(In (dP,))) = 0.01226 ex(0.05963 = 0.012334 (X3.45)

Therefore the 95 % confidence limits f8; (0.01266 mM or-122:6 126 crf) are{0-:012188-0:012334) (0.0125, 0.0127)an
421:9;-423-3) (125, 127) ¢m

X3.7.2 Depressurization Confidence LimitsThe depressurization confidence limits are calculated the same way as for
pressurization, with the following results:

X3.7.2.1 The 95 % confidence interval foris (0.6194, 0.6383).

X3.7.2.2 The 95 % confidence interval fEris (0.01189, 0.01:2697 frsP4).

X3.7.2.3 The 95 % confidence interval 8y is (0.01659, 0.013043) fror(165-9-1164) (109, 113) ém

X3.7.3 Combined Pressurization and Depressurization Confidence Liditee combined pressurization and depressurization
confidence limits are calculated the same way as for the individual tests, with the following results:

X3.7.3.1 The 95 % confidence interval foris (0.580, 0.6652).

X3.7.3.2 The 95 % confidence interval f6ris (0.011889, 0.01461 frsP4d).

X3.7.3.3 The 95 % confidence interval f&[ is<6-04085-0-61221) (0.0121, 0.0144§ 07108-5-122-1) (121, 144) én
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