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Introduction

Reduction in air leakage rates due to weatherization of homes can be
determined by fan pressurization (1) and tracer (2) techniques, but only
the latter gives the results under normal occupany conditions. Assessment
of such rates measured before and after weatherization must consider their
dependence on wind speeds and inside-outside temperature differences (3).
In addition, the different air infiltration, exfiltration, and exchange
rates between floors of a house (4) must be determined to adequately assess
heating loads, zones in need of weatherization, and the within-house trans-
port of pollutants and theilr effect on indoor air quality (IAQ).

This paper provides the results of using a passive perfluorocarbon
tracer (PFT) technique (4,5,6) for determining multizone flow rates in 3
homes during the 1983/1984 heating season and presents correlations for
relating total air infiltration with weather parameters.

Experimental

Brookhaven Air Infiltration Measurement System (BNL/AIMS)

The method used 3-cm long permeation sources deploying one per every
40 to 50 m? of living area (2 per floor in this study) to establish a
uniform tracer concentration, and passive adsorption tube samplers (the
size of a cigarette), generally 2 per floor, to measure the 2-week averaged
tracer concentration. At steady-state, the known PFT source rate divided
by the average PFT concentration was about equal to the average alr infil-
tration rate over that period (7). By using a different PFT-type on each
floor, the air infiltration, exfiltration, and exchange rates between
floors were determined in addition to ACH, the total air changes per hour
(4,6,8) from mid-September 1983 through August 1984.

Houses Studied

Each of the three houses had an unheated basement and two floors that
were heated. The Goodrich house, built in 1952, was a New England cape cod
style that had some substantial additions to the first floor. The volumes
were for floor 2 (122 m3), floor 1 (272 m3), and basement (153 m3). The
Dietz house, built in 1972, was a colonial model, also one of a number in a
development, and had respective floor volumes of 255, 250, and 123 m3. The



unoccupled Brookhaven House, built in September 1980 for energy conserva-
tion research, was specially equipped to reduce air infiltration; the
volumes were 215, 240, and 204 m3, respectively, for floors 2,1, and base-
ment .

For each house, the basement was 1isolated from the first floor by a
door which was closed at all times; the first and second floors were con-
nected by an open staircase. O0il-fired hot water convective heating was
used in the Goodrich and Dietz houses, supplemented by an air tight wood-
stove in each first floor; forced hot air was provided to the first floor
of the Brookhaven House with vents in the ceiling to provide natural draft
to the second floor where the return air grill was located. Indoor cali-
brated thermometers were used on each floor. Hourly outside temperatures
and winds were available at 11- and 838-m heights from the Brookhaven meteo-
rological tower which was 0.5, 8 and 40 km, respectively, from the Brook-
haven, Dietz, and Goodrich houses; the 1ll-m readings agreed well with data
available at an airport within 20 km of the Goodrich house.

Results

Comparison of Three Homes

For a cold period in February 1984, the flow rates determined for the
three homes (Fig. 1) indicate that there were significant differences. For
the heating period (mid-October to mid-April) in the Dietz house, essen-
tially all the basement infiltration was transported to the first floor;
the average for 13 periods was about 50 m3/h from the basement to the first
floor and 1 m3/h returning. This high "stack effect™ together with the
negligible exfiltration rate, indicated the basement was moderately tightly
weatherized to outside and to the lst floor.

The ACH of the Brookhaven house basement was slightly higher (0.46
versus 0.37 h‘l), but a major portion was exfiltrated (2/3) and a lesser
amount (1/3) went to the first floor. The Goodrich basement had very high
in and out rates. Comparing the sums of those rates, the total basement
leakage rate ratio was 1:3.8:7.3 for the 3 houses, respectively.

Most of the infiltration and exfiltration for the heatling season in
the Dietz home occurred on the first floor (80 * 16 and 124 + 17 wm3/h,
respectively) compared to the second floor (5 * 4 and 13 t 10 wd/h, respec-
tively) as typified in Fig. 1. Weatherization to reduce infiltration need
only be done to the first floor; since windows were the same on both
floors, most of the leakage was probably associated with the 3 outside
doors. Basically this house with an overall ACH of 0.20 h~! was quite
tight.

For the Brookhaven house over the same period, most of the living zone
outside air infiltrated the first floor (64 £ 11) and exfiltrated the
second floor (96 t 28 mg/h) as typified in Fig. 1, indicating weatheriza-
tion needs on both floors. The Goodrich house had a high infiltration rate
into the first floor (196 ¥ 36) which, together with the flow from the
basement, exfiltrated mostly from the second floor (148 £ 30) but
significantly from the first floor as well (95 t 33 m3/h); thus, this older
house needs significant weatherizing on both floors and in the basement.



Fig. 1 Three-zone flow rates determined for the period indicated in the
three houses. All flow rates are in m3/h; the ACH values are the
infiltration rates divided by the zone volume.
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Note that direct air exchange between the 2nd floor and basement was
precluded in both the Dietz and Goodrich houses (Fig. 1); the modest rates
in the Brookhaven house are probably indicative of duct work leakage.

The average stack effect in the living zone for the heating season
(i.e., the 1lst floor to 2nd floor rate divided by the reverse rate) was
1.08 + 0.08, 1.72 £ 0.22, and 4.18 * 1.40, respectively, for the three
houses in Fig. 1. Tt would appear that a low stack effect (a value close
to'1.0) is indicative of a tight house. The total ACH for all three houses
are shown in Fig. 2 for the heating season. Surprisingly, the specially

Fig. 2. Total house air change rates for the three houses over the
heating season. Obtained by dividing the sum of the three zone
infiltration rates by the volume of the 3 zones.
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constructed Brookhaven house was not as tight as the Dietz house; the older
Goodrich house had, on average, a 3~fold higher air change rate. During
the summer months, with windows open in the Dietz house, the infiltration
rates were 0.8 to 1.0 h™! and 1.1 to 1.7 bl on the 2nd and lst floors,
respectively: the exfiltration rates were similar giving a stack effect of
1.03 £ 0.07. For the Goodrich house, there was a significant stack -
effect(20 £ 3) with Infiltration rates at 0 and 2.4 h-1 on the 2nd and 1lst
floors, respectively, and 4.0 and 0.9 h_l, respectively, for exfiltration
rates; the whole house ACH was 1.6 h™l compared to 0.9 h~! for the Dietz
house with open windows.

Correlation with Weather Parameters

Based on previous studies (3,6,9), seven equations were considered

ACH = aDT + bU + ¢ (1)
ACH = aDT + bul.3 + ¢ (2)
ACH = aDT + bU2 + ¢ (3)
ACH = aDT1/2 + by + ¢ (4)
ACH = aDT1/2 4+ pyl.5 + ¢ (5)
ACH = aDpT1/2 4+ bu2 + ¢ (6)
ACHZ = aDT + bUZ + ¢ (7)

where ACH is the total house air changes per hour (h'l), DT is the averagé
difference between the average inside and outside daily temperatures (°C),
and U is the daily average wind speed (m/s) at 11 m.

Dietz house data. A total of 14 measurement periods from October 15,
1983 to April 28, 1984 covered the following ranges: ACH (0.133 to 0.286
h'l), DT (8.4° to 20.1°C), U (1.6 to 3.1 m/s). Multiple linear regression
showed little difference in the overall fit of the 7 equations.

Table 1. Correlation Constants for ACH as a Function of DT and U
%SD

House Eq. ACH a(%sD) b(%SD) ct SD r2

Dietz 1) 9.7 0.0084(18) 0.0415(32) -0.010 £ 0.033 0.765
2) 9.7 0.0084(18) 0.0181(32) 0.022 £ 0.026 0.766
3) 9.7 0.0083(18) 0.0088(32) 0.038 + 0.024 0.765

Brookhaven (1) 11.8 0.0130(21) 0.0634(37) -0.090 £ 0.075 0.856
(2) 12.0 0.0130(21) 0.0281(38) -0.043 £ 0.061 0.853
3) 12.1 0.0130(21) 0.0140(40) -0.020 £ 0.054 0.849

Goodrich ) 11.4 0.0067(69) -0.0373(183) 0.647 £ 0.151 0.096
(2) 11.4 0.0067(70) -0.0175(175) 0.623 + 0.110 0.099
(3) 11.3 0.0067(70) -0.0092(169) 0.611 £ 0.092 0.101

* Percent standard deviation.

Brookhaven House Data. A total of 1l measurement periods from
September 30, 1983 to April 30, 1984 covered the following ranges: ACH

(0.130 to 0.304 h~l), DT (7.2° to 17.6°C), U (1.6 to 2.8 m3/s). Although



Fig. 3. Calculated infiltration by season in the Dietz house using Eq.
1. The contribution from wind and intercept (c¢) 1s given by the
white area and temperature, the shaded area; the bars represent
the measured ACH.
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r2 was better than for the Dietz house (Table 1), the standard deviation of
the ACH was slightly poorer; note that the temperature and wind coeffi-
clents were each about 567 higher, but the intercept (c) was less (slightly
negative).

Goodrich house data. The correlation with temperature (SD of 707) was
better than for the wind (SD of 170%) but the overall r2 was poor (~ 0.1);
note the negative wind coefficient and large positive intercept. The poor
correlation was due to non-representative sampling on the second floor and
to occupants keeping bedroom windows open except in the coldest weather;
this was evidenced by calculated negative 2nd floor infiltration rates.

Discussion and Conclusions

The approximately biweekly measurement periods gave consistent results
from one period to the next, but precluded large ranges in DT and U and
consequently limited the range of ACH; the prediction capability, within
127% for all 3, may be adequate for weatherization assessments. Twenty-
three 2-h measurement periods using a programmable sampler gave consistent
results when averaged over the 2-day period, but the time constant of the
Dietz house (about 5 h) caused the 2-h multizone calculations to be
unstable. Subsequently, 12-h and 2- to 3-day measurements periods covered
a broader range in DT and U; those results will be reported.



Eqs. 4 to 6, with ¢ values of -0.17 to -0.24 and -0.07 to -0.12 hl
for the Brookhaven and Dietz houses (equivalent to negative ACH in the
absence of temperature and wind), and Eq. 7, with a negative square root at
low DT and U, were not physically realistic. Thus, based on Eqs. 2 or 3
representing the best correlation for weather parameters, during the winter
period (mid-December to mid-March) the contributions to the ACH were 1) DT
(65%), 2) U (25 to 20%), and 3) ¢ (10 to 15%) for the Dietz house and 1) DT
(75%), 2) U (40 to 33%), and 3) c (=15 to -77%) for the Brookhaven house.
The frequency of opening doors in the Dietz house (4 people, 4 times/day
each, 1/4 of door-swept volume) gave an estimated ¢ of 0.026 h™ 1, corrobo-
rating the values in Table 1. Steps will be.taken to better apply BNL/AIMS
to improve the Goodrich house correlation dependence on weather.
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SUMMARY

R.N. Dietz, T.W. D'Ottavio, R.W. Goodrich: Seasonal Effects on Multizone
Air Infiltration in U.S.. Homes using Perfluorocarbon Tracers (PFTs). The
time-averaged air infiltration (I), exfiltration (E), and between-zone
exchange rates in three, similarly sized, 2-story homes with basements were
measured biweekly for one year with the passive PFT system. In February,
total air changes per hour (ACH) were 0.20, 0.29, and 0.60 h~l, respec-
tively, for houses D. B, and G, but total air flow in and out of the base-
ments were in the ratio of about 1:4:7, respectively. House D had an aver-
age lst floor ACHy of 0.32 and ACHg of 0.50 h™l and, for the 2nd floor,
0.02 and 0.05 h~1, respectively; this house only needed slight weatheriza-
tion on the lst floor. Floor 1 in and out rates in B were 0.27 and 0.03
h’l, and for floor 2, 0.07 and 0.45 h'l, respectively, indicating a slight
weatherization need. The house G 1st floor ‘ACHy and ACHg were 0.72 and
0.35 h~! and 2nd floor, 0.00 and 1.21 h‘l, respectively, showing a need for
significant weatherizing. Total seasonal ACH was correlated with tempera-
ture difference and wind speed within £ 12% for all 3.

SOMMAIRE

R. N. Dietz, T. W. D'Ottavio, R. W. Goodrich: Effets des Saisons sur 1'Infiltration d'Air en
Zones Multiples dans les Habitations des Etats-Unis utilisant des Traceurs Perfluorocarbures
(TPF) . L'infiltration (I) et 1l'exfiltration (E) moyennes et les taux d'@change entre zones ont
€té mesurZs tous les quinze jours pendant un an 3 1'aide du syst@me TPF passif dans trois habi-
tations de superficie semblable avec sous-sol et un &tage. En février, les totaux pour les
changements d'eir par heure (CAH) &taient respectivement 0,20, 0,29 et 0,60 h™! pour les maisons
D, B et G, mais les passages d'air totaux entrant aux sous-sols et en sortant se trouvaient
respectivement dans un rapport d'environ 1:4:7. En moyenne, la maison D avait un CAH_ de 0,32
et un CAH_ de 0,50 h™! au rez-de-chaussée, ces chiffres &tant respectivement de 0,02 &t 0,05 h™!
pour le premier &tage; cette maison n'avait besoin que d'une 1&gdre protection contre les in-
tempéries au rez-de-chauss@e. Pour la maison B, les taux d'entrée et sortie &taient respective-
ment 0,27 et 0,03 h™! au rez-de-chaussée et 0,07 et 0,45 h™! au premier &tage, une indication
d'un 1éger besoin de protection. Pour la maison G, CAH_ et CAH_ étaient respectivement 0,72 et
‘0,35 h™! au rez-de-chausse, et 0,00 et 1,21 h™! au premier &tage, ce qui montrait le besoin
d'importantes mesurés de protection. Le CAH total pour la saison &tait dans les trois cas en
corrélation avec la différence de températurée et la vélocité du vent avec une marge de 312%.

ZUS AMMENFASSUNG

R. N. Dietz, T. W. D'Ottavio, R. W. Goodrich: - Jahreszeitlich bedingte Auswirkungen auf mehr-
zonales Einstromen der Luft in Wohnhausern in U.S.A., unter Verwendung von Perfluorokohlenstoff-
Indikatoren (PFT). Das im zeitlichen Durchschnitt angegebene Einstromen (I, d.h. Infiltration)
und Ausstromen (E, d.h. Exfiltration) der Luft sowie der Austauschfluss zwischen den Zonen wurden
ein Jahr lang alle vierzehn Tage in drei zweistockigen, unterkellerten Priva;hausern_von vergleich—
barer Grosse mit dem passiven PFT-System gemessen. Im Februar betrug der gesamte Luftwechsel .
pro Stunde (ACH) 0,20, 0,29 und 0,60 pro Stunde in den Hausern D, B und G} der gesamte Luftstrom
in und aus den Kellern erfolgte jedoch im Verhdltnis von ungefahr 1:4:7. Haus D verzeichnete

im Parterre im Durchschnitt ein ACH. von 0,32 und ein ACH_ von 0,50 pro Stunde und im ersten
Stock 0,02 respektive 0,05 pro Stunﬁe; dieses Haus bedurfge lediglich geringfiigiger Abdichtung

im Parterre. In Haus B betrugen Einstromen bzw. Ausstromen 0,27 und 0,03 pro Stunde im Parterre
und 0,07 bzw. 0,45 pro Stunde im ersten Stock, was auf einen geringfiigigen Bedarf an Abdichtung
hindeutete. ACH. und A im Parterre des Hauses G beliefen sich auf 0,72 und 0,35 pro Stunde,
die im ersten Stock auf 0,00 bzw. 1,21 pro Stunde, was auf den Bedarf an erheblichen Abdichtungs-
arbeiten deutete. Die jahreszeitlich bedingten ACH insgesamt wurden auf Temperaturschwankung
und Windgeschwindigkeit bezogen, wobel die Genauigkeit bel allen drei Faktoren 12% betragt.




