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1. INTRODUCTION

In recent years the demand for energy con-
servation has resulted in ‘tight” buildings with
decreased air change rates, Although a reduc-
tion in air change rates can save energy utiliz-
ed for heating or cooling of dwellings, there is
an increased concern for the air quality of the
indoor environment where individuals spend
most of their lifetime (Schwab ef al., 1990).

Indoor air quality depends upon indoor conta-
minant sources, outdoor contaminant concent-
rations, and the ventilation rate of a building.
When the indoor concentration of a contamin-
ant is mainly affected by its outdoor concentra-
tion, as in the case; of ozone, the indoor con-
centration decreases as the air change rate is
reduced. However, reduction of the air change
rate may have adverse effects on indoor air
quality when there are indoor sources.

Residential air change rate is primarily affec-
ted by several physical parameters: wind vel
ocity and direction, opening of the house envel-
ope, and the indoor/outdoor temperature diff-
erence across the house envelope. Human acti-
vities also affect air change rate. Therefore,
air change rates vary among houses as well as
over time. Considering the impact of indoor air
quality on human health, the long-term avera-
ge air change rate needs to be measured over
several days to weeks.

Air change rate is difficult to predict or mo-
del but can be measured experimentally. Air
change rate measurements usually involve a

pressurization method or the tracer gas meth-
od. The responses of a building to positive or
negative pressure differences provide a meas-
ure of the air leakage rate. When the building
tightness is of primary concern, the pressuriza-
tion method is used.

The tracer gas method is the only way to
directly measure air infiltration in residences
under normal occupancy conditions., Using a tr-
acer gas, the air change rate can be measured
by either the constant injection or the decay
method. This paper mainly describes the con-
stant injection method and discusses the poten-
tial sources of error in the constant injection
method and the tracer gas decay method. In
addition, air change rates of residential houses
are reviewed,

2. PRINCIPLES

Air change rate measurements using a tracer
gas are based on the conservation of mass of
tracer gas, N different tracers are injected on-
ce into a building with N zones. A zone can
be defined as a combination of spaces having
the same ventilation rate. For example, when
several rooms in the same floor are mechani-
cally ventilated at the same rate, they can be
considered as a single zone. The definition of a
zone in ventilation is quite different from a zo-
ne defined in thermal modeling or occupant be-
havior.

The rate of change of air mass m; equals the
sum of incoming flows minus the sum of outgo-
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ing flows:
dm’. N N
d—t:;Qij(l—aij)"ZQﬁ(l_aij) (1)

where, @;=mass air flow rate from zone j to
zone i
¢;=Kronecker delta: 9;=1 if i=j,
8, =0 if i+j

This equation is based on the following three
assumptions: 1) the tracer concentration is alw-
ays homogeneous in each zone, 2) the atmosph-
eric pressure is constant, and 3) injection of
the tracer gas does not change the density of
air. In practice, homogeneity of air is difficult
to achieve. Nevertheless, the perfect mixing
assumption is valid when the nominal time con-
stant is significantly longer than the mixing ti-
me (Sherman, 1990).

When a tracer gas is continuously injected,
the equation for the mass of tracer gas k in zo-
ne 7 is the sum of the masses of injected tracer
gas and incoming tracer gas entering the zone
minus the masses of outgoing tracer gas leaving
the zone,

dm; N N
;; ' =Su+ X CQi(1-6;) —Ci 2 Q;i(1-8y)
j=0 j=0

(2)

where, Si=mass injection rate of tracer gas &
in zone ¢
Cix=mass concentration of tracer gas
k in zone 1
In this equation, the homogeneity of tracer
concentration in zone ¢ is not modified by the
incoming air flow. In other words, immediate
and perfect mixing is assumed.
In a single zone, i=1, j=0, only one tracer is
needed. Assuming a constant and homogeneous
temperature, the equation (2) becomes

dm;
T = »—Ci 10 3
7 SH(C.—CHQ (3)
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Therefore, the rate of concentration change
may be expressed by the mass balance equa-
tion,

VdS—L‘(t)ZS—FCaQ—C(t)Q (4)

where, V=volume of the zone (m?*)
C(t)=indoor concentration of tracer gas
at time t
S=generation rate of tracer gas
C,=indoor concentration of tracer gas
Q=4air flow rate crossing the zone
(m*/hour)

If the outdoor concentration of the tracer gas is
negligible (C,=0) and no tracer is generated in-
doors (5=0) or absorbed within the zone, the
equation (4) becomes

ac)_ Q.
7——1/ C() (5)

Equation (5) can be solved to the following

equation
C Q
InN—=—— . f=—F}¢
TV ©

Air change rate (F) can be determined by the
division of air flow rate by space volume.
When concentrations are measured more than
twice, there are two ways to calculate the air
change rate: 1) by plotting concentrations and
2) by calculating relative concentrations for a
certain time interval,

When the tracer gas is constantly injected,
equation (4) becomes the following equation
with the assumption of negligible outdoor conc-

entration.
dact) S @
@ v v W ™
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After deployment of a constant emission sou-
rce, the indoor tracer concentration becomes
constant and slowly changes as a function of
the exfiltration. Equation (7) is solved to the
following with the assumption of steady state
(dC(t)/dt=0).

Q=5/C (8)

By measuring the average concentration and
knowing the emission source strength, the air
flow rate can be determined.

A house or a building can be considered as a
single zone or multiple zones. Generally, rooms
on the same floor are considered as a single
zone as if interior partitions did not exist. Diff-
erent floors are considered as separate multiple
zones. Assuming that a house has two zones,
as shown in Fig. 1, the air change rate in each
zone can be determined using the following
four equations.

Zone 1
QuCr—QuCi—QulCi=-Qu (9
Q2Cr—QuCo —QriCy =0 (10)
Zone 2
lecu—szcrz—QEzCu:O (11)
QuCo —QuCr— Qo= —Qs (12)

Since tracer concentrations and sources are

known, Qu, Qi Qm, and Qg can be solved
with the four equations. The rate of infiltra-
tion for each zone is

Q11:Q121+Qm—Q21 (13)
Qr=Qrn+Qu—-Qun (14)

When the number of zones is N, a set of N?
tracer material balance equations can be wri-
tten for N? flow rates.

3. TRACER GASES

A number of gases have been used to meas-
ure air flow rate and air change rate in build-
ings. An ideal tracer gas requires the following
characteristics (Hunt ef @/., 1980 and Sherman,
1990):

1) The tracer gas should be non-toxic, non

~-flammable and non-explosive.

2) The gas must be chemically stable and
should not react chemically or physically
with any part of the system.

3) The gas should have a density compara-
ble to air, so that it does not affect the
air flow or air density

4) The gas must be detected accurately in
the lowest possible concentration. The
analytical method has negligible cross-
sensitivity for other constituents of air.

5) The gas should not be a normal constitu-

Zone 1 Zone 2
- - !
RE1 R21
Rs1 Rs
Rt — * --—— RI2
|

Fig. 1. Model for a two-zone.
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ent of air. Thus, a gas with a zero back-
ground concentration is preferred. Inject-
ion of a tracer gas must make a signifi-
cantly larger concentration than the stea-
dy or zero background.

6) The gas should be inexpensiire and read-

ily available,.

Although no tracer gas meets all of these
requirements, many gases have been success-
fully used as tracer gases.

SFs is commonly used as a tracer. Since the
analytical method for this tracer, an electron
capture detector, measures as low as a few pa-
rts per billion, this gas is feasible for ventilat-
ion measurements in a large building and over
a long period of time. Since oxygen is also an
electron capturing gas, it is a common practice
to separate SFs from oxygen chromatograph-
ically. SF: is nonflammable, relatively non-
toxic, and very stable. In addition, several ga-
ses such as hydrogen, methane, ethane, car-
bon monoxide, neon, butane, and fluorinated
hydrocarbons have been used as tracer gas
(Hunt et al., 1980).

Carbon dioxide (CO.) can also be used as a
tracer. Although CO, is easy to monitor, back-
ground CO, concentration in a building is not
zero and occupants generate significant amou-
nts of CO,. When the CO: generation rate and
air infiltration rate are constant, indoor CO,
concentration reaches an equilibrium. Using
equilibrium CO, concentration (C.,), the air inf-
iltration rate is given by the following equat-
ion:

_ Number of occupant - G,
N Cea—Cou

(15)

where G, is the average CO, generation rate
per person,

G, depends on a person's age and activity
level. A typical value of G, is 5.3%x 10" m*/s.
This method may not yield results as accurate
as those achieved by the constant injection me-
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thod or the tracer gas decay method. Errors
can occur from estimating the number of occu-
pants and their respiration rates. Therefore,
this method can be used if the limitations of
the method are considered and controlied for
(Persily and Dols, 1990).

4. AIR CHANGE RATE MEASUREMENTS

Air change rate measurements using a tracer
gas can be divided into two categories based on
the purpose of the measurement: transient
method and steady-state method (Sherman,
1990). The air change rate, or nominal time
constant, can be determined by the transient
method, which provides large changes in con-
centration. Air flow rate can be determined by
the steady-state method which maintains a qu-
asi-constant concentration. Since the air flow
rate (Q) and the air change rate (F) in a sin-
gle zone are directly related by equation F=Q/
V, Q and F can be estimated using either me-
thod.

The tracer gas decay method can directly
measure air change rates in dwellings with the
least measurement time and equipment. The
determined air change rate depends upon the
experimental duration, since the air change ra-
te vary temporally due to the effect of temper-
ature differential, outdoor wind velocity, and
activities. An optimum measurement period is
required for accurate measurement, although
the measurement period is determined by time
constants of the measured space. For exam-
ple, when the concentration decay is measured
in an enclosed space for a limited time, rela-
tive error in the air change rate is related to
the ratio of measurement time constant to
nominal time constant.

Among the assumptions of the decay meth-
od, perfect mixing of air at the beginning and
throughout the measurement is not easily achi-
evable. Usually fans are used to mix the air
but they may also affect infiltration condit-
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ions. When the air is not well mixed, there is
a sampling location problem as well as inherent
error. When samplers are located in the area
where air is not well mixed, air change rate
can be underestimated. On the other hand, air
change rate can be overestimated by placing
samplers near a ventilation inlet. Hunt (1980)
illustrated some examples comparing perfect
mixing models with imperfect or non-mixing
models,

The decay method is sensitive to measure-
ment errors when the sampling interval is sh-
ort. The error in air flow rate, e, may be cal-
culated from the following equation (Hunt,
1980).

! [In Cr (14a) n } (16)

o= t Cn—l CnAI

where, a=fractional error in Cu/co1.

When there is a 5% error in C,/C,.i, the error
in the air change rate is 0.3 hr! for a 10-min
interval or 0.05 hr for a 1-hour interval. Al-
though the use of a short interval may indicate
a short-term fluctuation in the ventilation ra-
te, this fluctuation may mainly result from the
sampling error.

When tracer concentrations are measured
twice, the uncertainty from the measurement
period is calculated by the following egquation
with a negligible timing error (Sherman, 1990).

—81?5::2(?% F—% 1+exp(2FT) 17
where, OF is the uncertainty of the air change
rate
& (C) is the uncertainty of the tracer
gas concentration,
When measurement time is equal to the nom-
inal time constant, relative error is at minim-
um of 3., However, the accuracy can be impro-
ved by repeated measurements.

5. CONSTANT INJECTION METHODS

Unlike the tracer gas decay method, the con-
stant injection method provides an air flow ra-
te which can be divided by space volume to
produce the air change rate. This method also
gives a biased estimate of the average air flow
rate. This bias may not be negligible due to
the extended measurement time of the cons-
tant injection method. However, the constant
injection method is appropriate for indoor air
quality studies since it provides an unbiased es-
timate of the average tracer concentration,

In a constant injection method developed by
Brookhaven National Laboratory (BNL) (Dietz
et al., 1986), a small amount of the perfluoro-
carbon tracer gas (PFT), which is colorless,
odorless and harmless, is emitted into a space
at a constant rate from a liquid permeation so-
urce. The tracer gas is mixed using fans until
the space reaches a steady-state and then coll-
ected using adsorption passive samplers. The
air change of the zone dilutes the tracer gas
and reduces the amount of gas adsorbed by sa-
mplers. The total amount of tracer gas ads-
orbed during the measurement period is the in-
dication of the average air filtration rate betw-
een the inside and outside of a house.

5.1 Equipment for the PFT constant injec-
tion method

PFT source: PFT is released from a permea-
tion tube at a constant rate and at a known
temperature. The PFT source is an aluminum
shell (32 mm long by 6.6 mm inside diameter)
which contains exactly 0.4 mL of the appro-
priate PFT liquid. The shell is closed by an
oversized silicone rubber plug. There are four
types of PFT available: PDCH, PMCH, PM-
CP, and PDCB. They can be used to charac-
terize a building with as many as four zones.

Capillary Adsorption Tube Sampler (CATS): The
passive sampler collects tracer by diffusion
and releases it by thermal desorption. The
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CATS are passive sampling tubes made of
glass (6.4 cm long, 6.4 mm OD, 4 mm ID) which
contain 64 mg of adsorbent, named Amber-
sorb. The adsorbent is put through a condit-
toning process before being used. It is boiled in
distilled water three times and those shapes
that are not nearly perfect spheres are separat-
ed out. After being boiled again until the de-
canted fluid is clear, the adsorbent is dried
and sieved through a 30~50 mesh. The passive
sampler is filled with the conditioned adsorb-
ent and both ends of the sampler are capped
with polyurethane rubber caps, one of which
is removed during the test period.

Gas chromatographic analyzer. The CATS
sampler is thermally desorbed and analyzed by
gas chromatography using an electron capture
detector (GC/ECD). Since the analysis system
is complex, it is only briefly described here.
The passive sampler is purged with carrier gas
(5% H. in N,) to remove oxygen. The adsorbed
tracer gas is recovered by thermal desorption
at 400°C. Chlorofluorocarbon compounds and
oxygen are reduced in a catalyst bed prior to
the analysis by ECD. An integrator determines
the total quantity of PFT collected. The analy-
sis can be repeated with 10-minute cycle.

5.2 Perfluorocarbon tracer (PFT) emission
rates

The emission rate of the PFT source can be
determined by periodically weighing one PFT
source out of every 50 which are kept in a con-
stant temperature chamber. The volumetric
rate can be determined by the gravimetric rate
using the gas law constant and the molecular
weight. The emission rate can be determined
chromatographiclally when a source is placed at
a known temperature and the PFT concentra-
tion is measured.

5.3 Placement protocols
Since the PFT concentrations during measu-
rements are very low, contamination can cause
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a significant error. Contamination of passive
samplers underestimates the air change rate.
Therefore, the PFT sources must be shipped
separately from the passive samplers.

The emission rate is sensitive to temperature
(about 4% change per degree C), thus the PFT
sources should not be placed near heating or
cooling devices. Direct sunlight or a drafty lo-
cation should be avoided as well. During the
measurement, the average temperature must
be recorded. As long as the true average sour-
ce temperature is used to calculate the emiss-
ion rate, no bias in the results are shown (Die-
tz et al., 1986). To maintain a constant emiss-
ion rate, temperature controlled source holders
can be used.

It is desirable to deploy the PFT sources in
a manner which provides uniform -emission
into a zone. The sources should be located
several feet from the external envelope (out-
side walls and windows of the room).

Desirable PFT source strength can be estim-
ated in the bases of mixed volume, sampling
period and detection level, The source strength
depends on the number of sources and/or ch-
anges In source temperature. The number of
sources is determined by the sampling period,
estimated air change rate and house volume.

N:—'-‘—' (18)

where, N =the number of sources
M=gas volume of PFT collected on
CATS (pL)
S =emission rate of PFT source at a
given temperature (pL/hr)
=period of sampling (hr)
r =sampling rate of CATS (L/hr)

The number of CATS per building depends
on the number of zones and the area of these
zones. The constant injection method assumes
that concentration is uniform in a zone. In pra-
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ctice, at least two passive samplers are placed
in each zone. The number of samplers needed
increases proportionally with the size of the
test area. The CATS should not be located
within six feet of the PFT source in order to
avoid the possibility of a directional flow eff-
ect. It is also desirable to place the samplers
at least 0.5m away from walls, floor or ceil-
ing.

Sampling is initiated by removing only one
cap and the sampler is recapped at the end of
the sampling period. The sampling date and
time must be recorded. Samplers will accumu-
late tracer gas for a specified sampling durat-
ion at each sampling point. After the measure-
ments are completed, the samplers are return-
ed, along with information on the average tem-
perature, the air volume of the space and the
sampling time, to the laboratory for the analy-
sis of the tracer concentration. GC/ECD is
used to analyze the amount of the tracer gas
accumulated in the sampler,

5.4 Calculating air filtration and air change
rate

The PFT concentration is calculated as:
M

C:t-r » (19)

If the assumption of complete mixing of indoor
air is valid, the air filtration rate (F) between
the indoors and outdoors (or air change rate)
can be calculated as:

Q(m:‘/hr):N%S (20)

F(hr"):% (21)

where, N, Q, F and V are as defined previou-
sly.

5.5 Associated error

The detection limit of the air change rate is
inversely related to that of the PFT measure-
ments. In addition, exposure time, house volu-
me and source strength can affect the detec-
tion limit. The GC/ECD can measure as low as
0.35 fL/L of PDCB for a 25 L sample (Dietz et
al., 1986). The minimum concentration requir-
ed for analysis corresponds to approximately a
20-minute exposure of a passive sampler under
typical home conditions, For example, 0.35
fL/L of a 25L sample is equal to 8.75 L., With
a typical concentration of 3 pL/L in the field,
the CATS sampler can collect 5.2 pL in a we-
ek. Therefore, it takes about a 20-minute exp-
osure to collect the minimum amount. Consid-
ering the minimum amount for analysis, the
maximum detection limit of air change rate
may be high enough to measure most residen-
tial air change rates.

The maximum detection limit was also esti-
mated by the root mean square error of colloc-
ated samples whose concentrations were below
that of the lowest standard (Suh et a/., 1994).
The lowest amount of PFT that could be me-
asured was calcu-lated as three times the root
mean square error of the collocated samples.
The maximum measurable air change rate was
determined to be 3 hr! for a 12-hour sampling
period, which corresponds to 42 hr™' for a week
of sampling.

Uncertainties in emission rate of source, sam-
pling rate of the passive sampler, and calib-
ration and analysis of the GC system can cause
inherent error in the measurement method.
The uncertainty of each error source was exp-
ressed as relative standard deviation: 8% for
emission rate of source, 8% for sampling rate
of the passive sampler, 5% for sampling rate
calibration, and 3% for analysis of the GC sy-
stem (Stymne ef af., 1994). Stymne ef al. cal-
culated total uncertainty of 11.1% from the sg-
uare root of the sum of squares of the individ-
ual standard deviation,
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Contamination and mistreatment of the pass-
ive sampler can also cause error. In order to
prevent contamination, sources must be shipp-
ed separately from passive samplers. Contami-
nation of a passive sampler can cause various
systematic errors resulting in underestimated
ventilation rate.

Concentration is usually uniform in a conven-
tional room and the variation between rooms
on the same floor are within 10% (Maldonado,
1982), When a house has more than one zone
in a multiple story building, several tracer gas-
es can be used. Although a tracer is found to
be well mixed in a single zone, a fan is requir-
ed for mixing. Sandberg et a/.(1985) found
that perfect mixing in a multi-zone building is
difficult to achieve. They proposed to use one
fan in each room with an additional fan in the
largest room.

The constant injection method is based on
the assumption of perfect mixing and steady
state. Inadequate mixing was found to be a
major impediment to the interpretation of the
air change rate results and could completely
invalidate the measurement (Sherman, 1989).
When flow rate varies during the measurement
even in a well-mixed house, integrated conce-
ntration of the tracer gas can cause underesti-
mation of the ventilation rate., The underesti-
mation can be as large as 15~35% for leaky
and naturally ventilated houses on annual basis
(Stymne ef al., 1991). Sherman (1989) also
showed that the average ventilation rates dete-
rmined by passive sampling methods are cons-
istently underestimated (20 to 30 percent).
When the ventilation rate is measured during
similar weather conditions, the underestima-
tion may diminish, especially in a tight house,

With the assumption of well-mixed tracer,
the measurement of constant injection provides
an effective ventilation rate, that is, the pro-
duct of temporal ventilation efficiency and ave-
rage air change rate (Sherman, 1989). Usually,
the goal is to measure the average ventilation
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rate when the ventilation efficiency is unkno-
wn. Therefore, the difference between actual
and effective ventilation rates represents a sys-
tematic error in the measurement method. Ho-
wever, the effective ventilation rate determin-
ed by the constant injection method is appro-
priate for indoor air quality studies.

When a single zone assumption does not
work, the subject house should be considered
as multiple zones. In multiple zones, uncert-
ainty is related to spatial efficiency, which is
the ratio of the concentration of a gas in a zo-
ne to the concentration that would have occu-
rred had the entire building been a single well
mixed zone. The uncertainty associated with
interzonal airflow varies by house type (Sher-
man, 1989).

6. DATABASE

Air change rate can be affected by building
construction method, climate and surrounding
terrain, and occupant lifestyle. Air change
rates in the same house may vary enormously
from day to day (Lawrence Berkeley Laborat-
ory, 1984). Typically, the air change rates for
U.S. residences, as estimated in a report for
the Bonneville Power Administration (1983),
are within the following ranges: 0.5 to 1.5 hr™!
for single-family detached house, 0.35 to 1.0
hr for single-family attached house, 0.3 to
1.5 hr' for mobile homes, and 0.3 to 0.9 hr'
for apartments. The National Research Coun-
cil (1981) estimated the typical US residential
air infiltration rate to be 0.5 to 1.5hr™",

The Brookhaven National Laboratory (BNL)
has measured air change rates in more than
4,000 residences using PFT measurements since
1982. The results were summarized by Ken-
nedy (1993). The data file including air exch-
ange rate, measurement season, and location
is provided with the report. The summarized
air change rates are shown in Table 1. Arith-
metic and geometric mean of the air exchange
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rate data were 0.68 hr' and 0.42 hr', respec-
tively., Using the BNL database, Pandian e!
al.(1993) summarized air change rates of 1,846
residences. The residential air change rates
are shown in Table 2. Arithmetic and geomet-
ric mean of the air exchange rate data were
1.99 hr! and 0.89 hr!, respectively. In addi-
tion, several studies measured residential air
change rates using the constant injection me-
thod. In these studies, the average US resid-
ential air change rates ranged from 0.37 to 1.9
hr!, as shown in Table 3.

Unlike the constant injection method, the tr-
acer gas decay method measures air change ra-
te during a relatively short period of time in
the order of hours. Since long-term measure-
ment by the constant injection method may be
affected by physical factors and behavior of
occupants, air change rates measured by the
tracer decay method and the PFT method are
expected to be different. Kvisgaard et al.
(1990) measured air change rates of 28 dwell-
ings in Denmark by maintaining a constant con-
centration. Amount of tracer gas to maintain a
constant concentration was used to calculate
air change rate at a specific time. They con-
cluded that occupants greatly influence the air
change rate not only in naturally ventilated

Table 1. The U.S. residential air change rates (Ken-

nedy, 1993).
No. of house Arithmetic | Geometric
mean mean

All regions 3442 0.68+1.43 0.42+2,36
West 2253 1.36%2.97 0.61+3,.00
Northcentral 63 0.274+0.13 | 0.24+1.71
Northeast 722 0.65+0,47 0.52+2.06
South 404 0.58+0.42 0.46+£2, 12
Winter 1370 0.59+0.52 0.47+£1.97
Spring 1339 0.63%+1.05 0.39%x2.51
Summer 566 1.34+3,52 | 0,43+3.50
Fall 167 0.34%£0.29 0.27+1.93

Table 2. The U.S. residential air change rates (Pandian

et al., 1993).
No. of house Arithmetic | Geometric
mean mean

All regions 1846 1,99+3,28 0.89+3.44
Northwest 423 0.42+0.33 0.34+1.88
Northeast 423 0,60£2.23 | 0.40£2,07
Southwest 990 3.25+3.79 1.86+3.02
Winter 670 0.544+0.54 0.42+1,97
Spring 726 1.89+2.71 | 1.01+3.14
Summer 352 5.36+4.96 | 3.53+2.80
Fall 88 0.43+0.28 0.35+1.93

buildings but also in mechanically ventilated
buildings. The behavior of the occupants caus-
ed 63% and 65% of the total air change rate in
naturally ventilated buildings and mechanically

Table 3. Residential air change rates measured by constant injection method.

Location No. of Season W Air change raFe Reference
house (mean+sd, hr')
Boston, MA 310 winter 1.47+1.13 Yanagisawa ef al., 1990
Pacific Northwest of US 134 NA i 0.3740.18 Parker et al., 1990
Riverside, CA 178 fall 1.08+0,79 Pellizzari et al., 1991
State College, PA 47 summer 1.9+2.08 Suh et al., 1994
Sourthern California 287 winter 0.57+0.43 Wilson et al., 1986
winter 0.69+0.88 .
Toronto, Canada 40 summer L 044128 Liu ef al., 1995
1.0+1.4 (living room)
1 N /1, 1
Netherland 7 A 1.842.5 (bedroom) Bloemen et al., 1993
0.21 (median in single
family house)
150 i R . . .
Sweden 500 winter 0.44 (median in multi Stymne et al., 1994
family house)

NA: not available

J. KAPRA Vol. 11, No. E(1995)



10 Kiyoung Lee and Yukio Yanagisawa

Table 4. Residential air change rates measured by tracer gas decay method.

: No. of Air change rate
Locat :
ocation house Season (meantsd, hr) Reference
Us 54 SFs 0.42+0.3 Persily, 1986
Tennessee 0.4940,29 (fan off)
31 Freon-12 0.87+0.39 (fan on) Gammage et al., 1986
Portland, ME 1.2140.40 (first floor)
) 1 )
0 SF 1.324+0.38 (second floor) Grot, 1980
US and Canada 312 NA 0.63+0.50 Grimsrud, 1982
us 266 SF, 0.9 Grot, 1979
0.77+0.26 (summer)
Norfolk, VI 24 SFs 1.4440.60 (winter) Lagus, 1986
Japan 10 SF; 0.35+0,71 Yoshino ef al., 1990

NA: not available

ventilated buildings, respectively. The average
air change rate was 0.67 hr' while the data
ranged from 0.2 to 1,56 hr!. Air change rates
in naturally ventilated dwellings and mechani-
cally ventilated dwellings were 0.51 and 0.93
hr', respectively.

Several studies have measured residential air
change rates by the tracer gas decay method.
Average US residential air change rates ranged
from 0.42 to 1.44 hr!, as shown in Table 4.
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