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AIR INFILTRATION AND BUILDING TIGHTNESS MEASUREMENTS 
IN PASSIVE SOLAR RESIDENCES 

A. K. Persily and R. A. Grot 

National Bureau of Standards 
Washington D. C. 

ABSTRACT 

The airtightness of about fifty passive solar 
homes located throughout the United States was studied 
using low cost measurement techniques. These homes are 
part of the Solar Energy Research Institute Class B 
program to evaluate the thermal performance of passive 
solar residential buildings. These tests provide the 
first set of building tightness measurements on a large 
group of passive solar buildings. The measurements 
include pressurization tests to measure airtightness 
and tracer gas measurements to determine air 
infiltration rates. 

The pressure tests show a variation in the 
airtightness of these homes from 3 to 30 exchanges/hour 
at 50 Pascal, with a median of 9.5 exchanges/hour. The 
air infiltration measurements cover a wider range from 
0.05 to 3.0 exchanges/hour, with a median of 0.5 
exchanges/hour. In comparing the tightness of these 
homes to other U.S. homes, one finds that these passive 
solar homes are not significantly tighter than homes 
built with less of an emphasis on energy use. 

NOMENCLATURE 

A= infiltration coefficient for wind 

i • infiltration coefficient for temperature difference 

infiltration coefficient for 
difference combination 

C =flow coefficient, m3/hr-Pan 

wind-temperature 

c = tracer gas concentration, parts per billion 

I • infiltration rate, l/hr 

n = flow exponent 

Q =volumetric flow coefficient, m3/hr 

r 2= coefficient of determination 

t = time, hr 

u = wind speed, m/s 

6p= inside-outside pressure difference, Pa 

6T• inside-outside temperature difference,°C 

Subscripts 

o t=O 

INTRODUCTION 

The Solar Energy Research Institute (SERI), funded 
by the Department of Energy, bas established programs 
to evaluate the thermal performance of passive solar 
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residential buildings. The programs, Class A, B and C, 
vary in the detail and expense of the level of 
monitoring. The homes involved in the work described 
below belong to the middle level of monitoring, Class 
B. The purpose of the Class B program is to determine 
" ... the thermal performance of passive buildings of 
several different types and in different climates ••• " 
using instrumentation " .•. to calculate the monthly 
building energy balance, the solar fraction, and solar 
savings." 1 As part of the Claes B monit~r ing, each 
home is subjected to pressurization testing to measure 
the leakage of the build!ng shell and a small number of 
tracer gas decay tests to measure air infiltration 
rates. This paper discusses the inexpensive techniques 
used for both of these measurements, and reports on the 
results obtained. Such a large group of passive solar 
homes has never been subjected to airtightness 
measurements before. The air leakage rates of this 
type of home has previously been assumed to be below 
average, and these tests reveal the actual performance 
of these homes. The two methods of measurement are 
aleo compared to one another to assess their accuracy 
and coneietency for evaluating the airtightness of 
these buildings. 

THE HOMES 

The Class B homes, located throughout the United 
States, employ several different passive features 
including sunspaces, Trombe walls, and greenhouses. 
Most of the homes are owner occupied, while some serve 
as models for homebuilders. The homes are divided into 
six regional groups ( Denver area, Northeast, South, 
California, Mid-America, Arizona ) and one group of 
"manufactured, 11 or factory built, homes located 
throughout the country. So far, 56 homes have received 
at least one pressurization test or infiltration 
measurement. Additional Class B homes exist, but 
pressurization tests and infiltration measurements have 
not yet been carried out on them. 

THE MEASUREMENTS 

The Class B homes were subjected to pressurization 
tests to measure the airtightness of the building shell 
and tracer gas measurements of air infiltration rates 
under natural conditions. Both of these techniques 
have been used for several years to evaluate the air 
tightness of homes. 

Pressurization Measurements 
In whole house pressurization, a large fan mounted 

in a door or window induces a large and roughly unif~~ 
pressure difference across the building envelope. ' 
The leakier the house, the more air flow is necessary 
to induce a specific pressure difference between inside 
and outside. Typically, one eubjecte the home to 
several inside-outside pressure differences and 
measures the corresponding flow through the fan. The 
test results are then interpreted in various ways to 
yield a measurement of building tightness. 



The pressurization tests of the Claes B homes 
employed devices called "blower doors." The blower 
doors consist of a variable speed, D.C. motor and a 
large fan, mounted in a wooden frame of adjustable 
height and width to accomodate most doorways. Several 
such devices are available at prices of about $4,000. 
The blower doors used in these tests are calibrated to 
yield the flow rate through the fan as a function of 
the fen RPM and the inside-outside pressure difference. 
In conducting e blower door test, one pressurizes and 
depressurizes the house to pressure differences of 
about 12 to 60 Pascals (Pa), in increments of about 12 
Pe, and records the fan RPM at each pressure 
difference. Some leaky or large houses can not be 
pressurized to all of these levels. 

The pressurization tests were performed by people 
from several organizations including unversitiee, 
contractors and SERI and the data were sent to the 
National Bureau of Standards (NBS) for analysis and 
interpretation. This analysis includes converting the 
fan RPM and pressure differences to air flow rates. Of 
th~ many means used to convert the pressure difference 
and flow data to a measurement of building tightness, 
we have chosen the flow rate required to maintain an 
inside-outside pressure difference of 50 Pa. To obtain 
this flow rate the flows and pressure differences from 
the test are fit to an equation of the form, 

where 

(1) 

Q = flow rate, m3/hr 
AP • pressure difference, Pascal 

C,n a empirical constants from regression 
analysis. 

Such an equation is obtained for both pressurization 
and depressurization, and the 50 Pa flow rate is 
calcu!ated for each case. The average 50 Pa flow rate 
in m /hr is then normalized by the house volume to 
yield the flow rate in house volumes or exchanges per 
hour (X/hr). Typically, U.S. homes lie in the r~n~e of 
10 to 20 X/hr, but can be tighter or looser. • A 
house with a 50 Pa flow rate of 5 X/hr or less is 
considered very tight. 

Air Infiltration Measurement 
Air infiltration rates in buildings have been 

measured fQr many years using the tracer gas 
technique. 7-H This technique involves releasing a 
quantity of tracer gas into a structure and monitoring 
of the gas concentration over time. The infiltration 
rates of the Class B homes were measured using the 
tracer gas decay or dilution method in which the gas is 
released all at once and the decay in concentration is 
monitored. In this case, the decay in gas 
concentration c is governed by 

c = c e-It 
0 • 

(2) 

where c
0 

is the concentration at time t•O and I is the 
infiltration rate in exchanges per hour. Therefore, 
the rate of change of the natural logarithm of 
concentration equals the negative of the air 
infiltration rate in X/hr. The derivation of Eqn. 2 
assumes that the tracer gas concentration is uniform 
throughout the interior of the building and therefore 
mixing of the initial injection of tracer is crucial. 

Tracer gas measurements of infiltration can be 
made continuously through the use of automated 
equipment, but this is an expensive and complex 
procedure. Using such equipment in the large number of 
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Class B homes would have been prohibitively expensive. 
Instead a low-cost system was used involving on-site 
sampling of the interior air and off-site measurement 
of the tracer gas concentration. This so-called "air 
bag" technique has been used successfully in the past 
to measure the infiltration rates of a large number of 
homes with only a single tracer gas concentration 
measuring device at a central laboratory. 6 

The air infiltration rate of a building is 
strongly influenced by the weather conditions during 
the measurement and these rates can vary over a range 
of 5 to l for a single home depending on the weather 
conditions. Therefore, a single infiltration 
measurement is only of limited use for characterizing 
building tightness. Many measurements under a variety 
of weather conditions would be ideal, but the expense 
would be large. Therefore, each home has been measured 
only once or twice. Additional measurements, if made 
in the future, will allow the tightness of these homes 
to be more completely characterized. 

In each tracer gas test, the experimenter releases 
a small amount of sulfur hexafluoride (SF6 ) into the 
interior of the house. The amount of SF6 injected is 
determined according to the house volume, the target 
concentration being 100 parts per billion (ppb). To 
increase the uniformity of the gas distribution, the 
tracer is released slowly as the experimenter walks 
through the house. In some of the homes, fans were 
used to mix the interior air more completely. A 
waiting period of about one-half hour after the tracer 
gas release further ensures a uniform distribution of 
tracer gas. At this point a sample bag is filled with 
interior air while walking through the house. A small 
hand pump. is used for filling the bags. A total of 
three or four sample bags are filled at half hour 
intervals. The more bags that are filled, the more 
reliable is the infiltration measurement. This is 
because a bag may be damaged before the concentration 
is determined or the first bag filled before the mixing 
has been completed. Each bag is labelled as to the 
time at which it was filled, and the weather conditions 
during the test must also be recorded. The bags are 
then packaged carefully to prevent puncturing and 
shipped to NBS for analysis. 

At NBS the SF6 concentration in each bag is 
determined using a gas chromatograph and an electron 
capture detector. An automated system, controlled by a 
microcomputer, is used to analyze the bags. The 
computer measures the concentration in each bag and 
determines the infiltration rate. If the natural 
logarithm of these concentrations ere plotted against 
time, a straight line is obtained as shown in Fig. 1. 
The computer does a least squares, linear regression of 
the log of concentration against time to determine the 
slope of this line. The negative of this slope is 
equal to the infiltration rate. The data in Fig. l 
lies on a very straight line. If the data does not 
yield a straight line, it is a sign of poor mixing, a 
non-constant infiltration rate or errors in the 
s~mpling technique. The coefficient of determination 
r from the regression serves as a check on the 
reliability of the measurement. 

THE RESULTS 

Fig. 2 is a frequency distribution of the 50 Pa 
flow rates in exchanges per hour. The distribution of 
50 Pa flow rates is skewed towards lower values. The 
average 50 Pa flow rate for all 35 homes is 11.l X/hr 
with a standard deviation of 5.6 X/hr. The median 50 
Pa flow rate is 9.5 X/hr. Fig. 3 is a frequency 
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distribution of the 58 measured infiltration rates in 
exchanges per hour. Th'is distribution also exhibits a 
skewness towards lower values which has been obgerved 
in other large sets of infiltration measurements. The 
largest infiltration rate, 3.20 X/hr, was measured in a 
house in which another measured infiltration rate was 
only 0.04 X/hr. Because of the extremely large 
difference between these two rates, the infiltration 
measurements on this house are neglected in all 
subsequent discussion. Future infiltration 
measurements on this house should reveal which of these 
two values is in fact characteristic of the home. 
Excluding the above house, the average infiltration 
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rate of the Class B homes is 0.50 X/hr with a standard 
deviation of 0.51 X/hr. The median infiltration rate 
is 0.35 X/hr. This average infiltration· rate is lower 
than it might have been due to the mild weather 
conditions under which most of the measurements were 
made. Tab. 1 shows the distribution of infiltration 
measurements over weather conditions. The wind speed 
and inside-outside temperature difference are divided 
into bins, and the number in each square is the number 
of infiltration measurements made under those 
conditions of wind and temperature difference. Ae can 
be seen in the table, most of the measurements have 
been made under relatively mild weather conditions. 27 
of the 56 infiltration rates were measured with 
temperature differences of S 0 c or less. If more of 
the infiltration rates were measured under colder 
weather conditions, the average rate would have been 
larger. 

Table 1 Distribution of Infiltration Measurements 
with Weather Conditions 

AT( 0 c) <O 0-5 5-15 15-25 25-35 >35 

u(m/s) 

0-1 2 7 2 4 0 0 

1-3 3 8 12 2 1 0 

3-5 0 2 0 0 1 0 

5-7 3 0 3 1 1 0 

>7 2 0 1 0 0 0 

No wind 0 0 0 3 0 0 
data 

COMPARISON TO OTHER UOMES 

This dataset of airtightness and infiltration 
measurements on passive solar homes provides a unique 
opportunity to compare the tightness of these buildings 
to other homes. Passive solar buildings, designed to 
consume relatively low levels of energy for space 
conditioning, have been expected to be more airtight 
than other homes. The data presented in this report do 
not support this expectation. Fig. 4 is a series of 
frequency distributions comparing the pressurization 
test results for the Class B homes to other homes. The 
Class B data are at the top of the figure, followed by 
six groups of U.S. homes and three groups of Swedish 
homes. The Class B homes are not significantly 
different from the other U.S. homes, except for the 
"low-income" group. The fourth and fifth U.S. groups 
are divided by the researchers who studied the homes 
into "conventional" and "energy efficient. 11 This 
differentiation is based on designs and intended level 
of energy use, not on the actual performance of the 
buildings. As is evident in the figure, the "energy 
efficient" homes are not necessarily tighter than the 
so-called "conventional" homes or other U.S. homes. 
The Swedish homes are included as examples of very 
tight homes, lees than 5 X/hr at SO Pa. The Clase B 
homes cover a wide range of leakage values, from 
moderately tight (5 to 10 X/hr) to very leaky (greater 
than 20 X/hr). Thus, the pressurization tests on these 
passive solar homes show that the buildings are 
~enerally not any tighter than typical U. S. homes. 

Comparing the air infiltration rates of the Class 
B homes to those in other residences ie more difficult 
than comparing pressurization test results because of 
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the strong dependence of infiltration on weather. The 
average infiltration rate for the "low-income" homes in 
Fig.4 is about 1.0 X/gr, averaged over 1000 
measurements on 266 homes. The average infiltration 
rate for the Class B homes is only 0.5 X/hr, which is 
lower than the "low-income" homes and slightly lower 
than rates generally found in U.S. homes. The very 
tight homes in Swe~fn have infiltration rates on the 
order of 0.1 X/hr. But, as discussed earlier, the 
average infiltration rate for the Class B homes is 
somewhat misleading because of the mild weather 
conditions during most of the infiltration 
measurements. There is no way to determine the 
infiltration rates under less mild conditions, but they 
certainly would have been larger and probably not 
significantly different from U.S. homes in general. 

INFILTRATION MEASUREMENT AND PRESSURIZATION TESTING 

The purpose of the pressurization and infiltration 
measurements on the Class B homes was to gather air 
leakage data on passive solar homes, but it also 
presents an opportunity to compare the two tightness 
evaluation techniques. The relation between 
pressurization and infiltration has been discussed 
before and the.data presen~ed here m~y cgni~~~~te to 
our understanding of this relation. ' In 
addition, the consistency of the two measurement 
techniques can be assessed by comparing the results of 
both measurements. 

At the most basic level, the relation between the 
50 Pa flow rate and measured air infiltration rates can 
be examined. Fig. 5 is a plot of infiltration I 
against the corresponding 50 Pa flow rate Q, both in 
exchanges/hour. There is indeed significant scatter in 
the data. A least squares linear regression of I 
against Q yields the following equation 
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I = -0.082 + 0.049Q ; r 2 = 0.60 (3) 

If this regression is carried out without including the 
one ~oint in the far upper right hand corner, the value 
of r drops to 0.35. The average percentage difference 
between the infiltration rates predicted from Eqn. 3 
and the measured infiltration rates is 46%. This 
simple comparison of I and Q neglects the dependence of 
infiltration on wind speed and temperature difference • 
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Fig. 5 Measured Infiltration Rates vs 50 Pa Flow Rate 

It is difficult to compare infiltration and 
pressurization measurements while including the weather 
dependence of infiltration. The sensitivity of the 
infiltration rate of any particular house to wind speed 
and temperature difference depends on the building 
dimensions, leakage distribution and exposure to the 
wind. A potential relation between infiltration, 
pressurization and weather conditions is expressed in 
the following equation 

I = AQu + BqATI + CQ~Tj. (4) 

In Eqn. 4, Q acts as a leakage coefficient for the 
house while the regression coefficients A, B and C 
characterize the weather dependence of a home's 
infiltration rate. A multiple regression of this form 
on the Class B data yields the following equation 

I = 0.026 + 0.020Qu + 0.0029QjATI - 0.0012Quji\Tl; 
r 2 = 0.81 (5) 

The average percentage difference between predicted 
infiltration rates based on Eqn. 5 an~ measured 
infiltration rates is 40%. The value of r is much 
higher than that obtained when we simply regressed I 
against Q. The remaining variation in I is due in part 
to the fact that the weather dependence of infiltration 
is different for each house, i.e. A, ii and C will vary 
from house to house. These constants characterize two 
aspects of the pressurization-infiltration rela~ ~__;,, 

the connection between the 50 Pa flow rate and 
infiltration and the weather dependence of the house's 
infiltration. The value of A will also depend on 
where, including height, the wind speed u is measured. 
The wind speed for the Class B homes was measured in a 
variety of locations relative to each house. One could 
determine the values of these constants for individual 
homes from a large number of infiltration measurements, 
but this information is not available for the Class B 
homes. 

Model Predictions 
This dataset of infiltration and pressurization 



mea1urements is also useful for checking some existing 
model• of the relation between the two measurement 
techniques. Three simple models have been applied to 
the Class B data. The first is a rule-of-thumb that 
says the infiltration rate under natural conditions is 
the 50 Pa flow rate in exchanges per hour divided by 
20. Thie rule predicts a single infiltration rate for 
each house, independey~ of weather. The second model, 
developed by Kronvall , uses the constants C and n 
from a curve fit to the pressurization data ( see 
Eqn. 1 ), In Kronvall's model, one predicts the 
infiltration rate from the equation 

(6) 

which was derived from pressurization and infiltration 
measurements on nineteen tight Swedish homes. The 
third model uses Eqn. 4 to predict infiltration rates. 
The values of the constants A, i and C are based on 
averages for several other homes. These values are of 
course different from those obtained from the 
regression of the Clase B data, but in checking the 
models we are making the predictions as if we do not 
know the actual measured infiltration rates. This is 
the way the models would be used in practice, and we do 
not want to take advantage of the fact that we know the 
measured infiltration rates. The values of A, i and C 
used to predict the Clase B infiltration rates are 
0.0075, 0.0025 and -0.0005 respectively. 

Table 2 Ra1ult1 of Predictive Models of Infiltration 

Mean Measured Infiltration Rate* = 0.43 
Standard Deviation = 0.35 

Model 

Divide by 20 

Kronvall 

ABC 

Equation 3 

Equation 5 

Mean Predicted 
Infiltration 

Rate 

0.53 

0.41 

0.29 

0.43 

0.43 

Average 
Percentage 

Error 

66% 

46% 

40% 

46% 

40% 

Standard 
Error of 
Estimate 

0.60 0.18 

0.56 0.24 

0.62 0.17 

0.60 0.22 

0.81 0.16 

* Includes only those houses 
pressurization measurements. 

which also hav~ 

The results of the predictions from the three 
models are summarized in Tab. 2. The mean measured 
infiltration rate and the standard deviation of the 
measurements are given at the top of the table. For 
each of the models, the mean predicted infiltration 
rate and the average percentage difference between the 
predictions and measurements are shown. The table 
gives the results of linear regressions of the 
measurements against the pre~ictions, including the 
coefficient of determination r and the standard error 
of the regression estimate. The table also lists the 
same data f~r predictions based on Eqn. 3 and 5. The 
values of r are similar for the ·three models, but the 
mean predicted infiltration rates are variable. 
Kronvall's mean prediction is closest to the average 
measurement, but it has the lowest value of r 2 and the 
highest average percentage error. The "divide by 20" 
predictions have a larger r2' but tend to be higher 
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than the measurements. The ABC predictions are low on 
:·verage, but have the smallest percentage error which 
is encouraging considering that the values of the 
constants A, B and C were obtained from other homes and 
that the same values of these constants were used for 
all the Clase B homes. 

CONCLUSIONS 

As part of the SERI Class B study of the thermal 
performance of passive solar buildings, pr~sanrization 

and infiltration measurements have been made on about 
50 homes. This is the largest set of en ch ~ ir leekege 
measurements on passive solar homes. Thirty-five homes 
have been pressure tested to obtain a weather 
independent measure of envelope tightness. The 
resulting 50 Pa flow rates range from 3 to 30 
exchanges/hour with an average of 11.1, and a median of 
9.5 X/hr. The infiltration rates of 51 homes have been 
measured with the tracer gas decay method employing on
site sampling with air baga nnd nnnlynin of thswa bags 
nt. e rentral location. The average infiltration rate 
is 0.50 exchanges per hour, and the median is 0.35 
X/hr, but the measurements were made under mild weather 
conditions. The measurements indicate that the passive 
solar homes are not significantly tighter than other 
U.S. homes. Although the Class B homes are designed 
and constructed for below average energy consumption, 
they are not exceptionally tight. The relation between 
pressurization and infiltration was also studied and it 
va11 found th11.L Lhe vressurization and infiltration 
measurements on the homes are correlated at a level 
similar to correlations found in other homes. There iw 
no indication that the pressurization-infiltration 
relation is any different in passive solar homes than 
in more typical construction. 
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