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ABSTRACT 

Two placernent protocols of conservative tracer gas sources 
were compared in order to measu1~e infil tra ti on rates for 
residences. Perfluorocarbon was used as the conservative tracer 
gas, and diffused et a constant rate from a small aluminum capsule 
through a silicone :cubbe:c stopper. The tracer gas was passively 
sampled by a capillary absorption tubt? containing activated 
charcoal. The tracer gas concentration was determined by gas 
chrornatogr·aphy with en electron capturt? detector. 

Ten homes in the Boston area including single family houses 
and multi-family homes, as well as single-floor homes and 
multi-floor homes were chosen as subject homes in this study 
performed in the late fall of 1984. Two different types of tracer 
gases were applied. In placement protocol 1, several sources of 
one type of the tracer gases were placed in the kitchen and tracer 
gas sources of the other type were placed in the master bedroom. 
In placement pr·otocol 2, the sources of the secondary type were 
located in various rooms of the house except for the kitchen. 
Samplers were placed in the kitchen, living. room, master bedroom 
and other bedrooms. 

Tr1e most homes could be 
bedroom zone from distribution 
Therefore air flow rates into 

divided 
of the 

and from 

in to a kitchen zone and a 
tracer gas concentrations. 

each zone were calculated 
from 2-zone mass balance equations under the assumption of complete 
mixing in each zone. When the secondary sources were located in 
various rooms in placement protocol 2, negative flow rates were 
obtained in many cases. This indicated that the complete mixing 
assumption was not met consistently or that some of the secondary 
sources might be located in the kitchen zone. We, therefore, 
propose a placement protocol of sources and samplers that sets the 
primary source in a kitchen, the secondary source in a mastel
bedroom and samplers in each of these rooms. 



1. INTRODUCTION . 

Reduction of infiltration rate or air e:.-~change rate may l::e 
required to save energy consumption for heating or cooling in 
homes. F'rorn the perspective oi maintaining indoo1 air quality, 
too much reduction of the infiltration rate may cause ad•.;erse 
heal th effects by increasing exposures to certain air polli..1 tan t=.:. 
Keeping mode;ca te temper·a t u:c t? in homes with less energy con.:::u m pti •.:•r1 
wriile concurrently achieving lower levels of indoor air pollution 
has become a social demand. There are many facto :cs taken int•:i 
account when attempting to meet this dernar1d, such as hs-at loss b:; 
conduction and by infiltration, source strength of air pollutants 
and t.heiT decay :cates indoo1·s, residence time of inhabitant.=::, a,-1d 
the dose-health effect relationship. 

Two measuring procedures for determining the infiltration rat>? 
have been devised. One is a blowel·· door· technique in which the 
house is pressurized by a calibrated fan and kept at a constant. 
p:ressu:re. The infiltr·ation rate is determined by measuring the air 
flow rate necessary to hold the p:cessure constant (1). This 
sampling method is simpler than most as the test duration is about 
one hour. The application of results, however, may be limitec 
because air flow patterns dur:ing the e:.:perirnent may differ from 
those typically observed. Also, if the use pattern of vents, 
windows, and doors differs from the usual activity, the results 
could be influenced significantly. 

The second technique is a tracer gas method. By knowing the 
amount of tTacer gas discharged in a house and the difference c..t 
tracer gas concentrations inside and outside of the house, tho: 
infiltration rate can be calculated f1-om mass balance equations. 
Validity of the calculation is depend.:-nt upon uniformity of the. 
tracer gas concentrations indoors and outdoors. Ii this is not so, 
the house is divided into so:veral ·zones such that the unifc•rmity 
requirement is satisfied in each. The it"ifiltratiun l"ate is 
obtained differentially or integrally in this technique. In the 
diffe:cential method, sornetirnes called a deca:-1 method, the t::-ace~

gas is discharged within a short period and its deca;.-· 
rate is measured. The time constant of the change in response 
gives the air exchange rate. When the tracer gas is continuously 
discharged into the house at a constant rate, an average 
infil tratian rate is calculated from the tracer gas concentrations 
and the emission rate. The air exchange rate is then obtair1ed by 
dividing the irifil tra ti on rate by the house vol u rne. The adv an tag>? 
of the tracer gas method is that the infiltration rate is measured 
under activity conditions which are typical for the occupants. A 
disadvantage is the requirement for uniformity of tracer gas 
concentration or complete mixing of the tracer gas within a defined 
"mi:<ing volume". 

1 



R e s i d e r1 ti a 1 a i :r i n f il t ~- a t i o n l- a t e i s d e t er rn i n e d p i- i rn a :r i 1 y b './ 
sever al physical par arneter s: wind velocity and di:c ec tic.in, a n 
openin':l of the building envelop and the indoor/outdoor tempera tu re 
difference ac:cc•ss the building .:-n velop. These f actc11: s a~- e rnadi £ ied 
by house st:c uctur e and hu rnan activities, such as closing and 
opening of windows and doors, and use of. combustion appliances and 
vents . T l"1t:• r e fore, the a i r i n f i 1 tr a ti on rate w il 1 v a r y a rn on g ho mes , 
as well as within a home, with time. The average air infiltration 
rate over a pe:riod of weeks to months is the rn.:ist rep :cesentati v e 
of long ter·m conditions 'rlhen considering energy consumption and 
impacts of indool-. air pollution. The entire space within a 
residential unit does not exchange equally nor unifcirrnly with 
outdoor air. The dete:cmination of internal air movement as well 
as whole-house air e;<change is of interest to various energy and 
pollution studies. At prt.:sent, however, there is no clear guidan~e 
on the proper use of constant emission source tracers and 
integrating collectors for the residential air exchange rate 
measurements. 

This paper p:cesents the results of a detailed study of air 
exchange and internal air mixing within 10 convs-ntional homes. 
Pe:r·fluorocarbon t:cecer gas sources <PF'Tl acid passivs- charcoal 
collectors were used in a variety of configurations ove:.- the 
several winter weeks of this study. The study concluds-s with 
practical consideration for p:cotocol ds-sign fo:c measu:ring air 
infiltration and ints-:cnal air flows using ths- PFT system. 

2. THEORETICAL MODEL 

2.1 1-Zone, 1-Tracer Gas Model 

If the air mass in the entire house is mixed completely, we 
can obtain a whole-house e:·~ternal air fl 1:::iw 3te by t..:sing 1 t~·ace ~

g as . T r1 e e :{ t er n a 1 a i r i 1 o.,,. :c ate ( F) and a i:c ex ch a n •J e r a t e ( E ) a i- e 
as follows: 

F = SIC 

E ;;: F/V 

Here c <pptl 
E (1 /hr> 
F Cm.l/hrl 
c (nl/h:cl _, 

v < m ::il 

tracer gas concentration 
air exchange rate 
air flow :rate 
s-mission rate of tracer gas 
mixing (house) volume 
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If a house U!-1it con~ : ists of two zones where complete mb:lc:g 
is assumed sepa:catel~,., but only 1 type of tracer gas is a11ailabl:
<Figure 1), four ic1depec\dec1t equations a:ce derived :£ :corn mass 
balance assumptioc1 of ah- and tracer gas . 

C,F., ... C,F"' - CI - c = 0 (3) .. __, 

F, ... F" - F., - F"' = 0 (4) 

Cf::J ... c .,F' .. - C,F"' - s., = 0 (5) 

F' ... ... F"' - F::J - F" = 0 (6) 

There are sh: unknown variables, F, through F .,, and 4 independent 
equations, so generally we cannot solve air flow rates for the 
unknown variables. However the range of the whole house external 
air flow :cate <WHA F 

1 
... F.., or F., ... F') can be obtained. 

from 
F .,_, F ::a• F"' and F.. are 
Eqs. <3> through (6) 

rewritten 
when C, is 

as a function 
not equal to 

F., = (-C .,< F I ... F,) ... ( s l ... s)} / ( c 1 - c.) 

F'::i = (C.<F, + F',) - <S ... 5)}/(C , - C) 

F"' = (C .,F., - S}l<C - C) 

F'., =C-C ,F, - 5
1
}/(C - C) 

of F 
c.,. 

and F 

(7) 

(9) 

( 10) 

In order to meet the conditions that all air flow rates (.F 
through F .,> are positive, F, and F.., must be in the hatc!"led domain O!"l 

the F 
1
-F'.., plane as shown in Figure .r.A. The dotted line ir1dica tes 

.the rel a ti ans.hip of WHA = F, .,. F ..,• The in te-rcepts of the dot te•..: 
line with F ,-axis and F .. -axis stand for WHA. Since the range o:f 
W HA is between ( S , .,. S.,) IC , and ( S , ... S .,> IC "'' the range o £ W HA is 
narrower when C, and C.., are closer each other. When C, equals C ~ 
WHA car1 be determined as CS, ... S.)/(C 

1 
or C.). If the-re are rno:ce than 

two zones in the- hc•u.se, we can ge-t the same conclusion es tho:- two 
=on.;-s' model, that is, the closer the tracer gas concentrat.i •.:>ns in 
each =one ere, tho;. narrower the range of WHA is. 

Accordingly, it is 
protocol of the tr acer 
concen tr a t!ons uniform or 

important to determine the placement 
gas sources making the tr-ace:c g3s 

close in the subject house. 
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2.3 2-Zone, 2-Tracer Gas Model 

When two different types of trace:c gas ace used in a 2-=one 
house (Figure 2), 6 independent t:-qua lions regarding mas:=: balances 
of tracer gases and air are established and air flow rates ir; to and 
from each zone can be calculated in general. 

F', = CS .,(C ,., - C,..) - S..-,<C 
11 

- C
1
,)} I D (lll 

F:s = <-C ,..-S= • C....,S,) I D (15) 

( 16> 

Where D is the determinant of the mass balance equations, that is, 
D = C ,,c.

11 
- C 

11
c.,.... The suffixes on Cij and Sij refer to i-th type 

of trace:c gas and j-th zone. Air e;-:change rates in zone-1, zone-2, 
and the entire houst? art? defined as follows: 

E, = (F ' +F "l I vi = <F.;: +F :s> I v. <17> 

E., = <F ... F :s> I v., = <F .::i +F "'} I v, <18) 

E = ( F' 1 ... F ) /(V ... V) .. 1 

= < F • + F' :J) I <V 
1 

+ V,) (19> 

If type one tracer gas sources are set only in zone one and 
type two in zone two, equations 11 through 16 can be simplified as 
follows: 

F '::: {f ,<R"' - 1)} I <R ,R, - 1} ( 11). 

F., = (-f + f fi i) I <R ,R, - l) ( 12). 
1 

F.::i = (f • R .. - f ,l I (R ,R, - 1> ( 13) • 

F., = {f )R -
1 

1)} I < R ,R • - ll ( 14)' 

F :s = -f;;, I <R ,R, - 1) ( 15>, 

F" = -f 1 I CR ,R, - 1} (16>'. 
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Here f, 
ratios 

S"/C", 

and f .. h a v e u n i ts c1 i a i ::· f 1 o w r a t e , a n d R , 

of the tr acer g .=..s concer1 tr at ion::: ir: each 

f "' = S ~;.;;/ C ""'' R , = C , ./ C , , a n d R.;; = C ;:. ,! C ..i.,· 

3. ME:THODS AND MATERlALS 

and P. ., are the 
zone, or f 

1 

Two types of tracer g.=..s, perfluoro-mor:omethyl-cyclohexane 

<PMCH) and perfluo:.co-dimethyl-cyclohe:,:ane CPDCHl, were used in this 
study. These gases w~n.-e released in a house through permeation 

tubes whose emission rates were gravimet:cically measur-ed p1-io:.:- to 
the study as 1700 nl/hr and 1100 nl/hr at 25 C for PMCH and POCH 

res pee ti vely. T:c acer gases YI ere passively sampled by a.cti va ted 
char coal <A mbe:.- sor b 34 7) in c.apillai-y absc•r pti on tubes <CAT l wh i ·=h 
wer-e placed in various locatior1s throughout th.:- house. Aft.=..

expo.sing CATs to indoo:c air :foi~ one week, the amount of the 

adsorbed trace::~ gases were analyzed with a GC/ECD following the 
procedure reported by Dietz et al. (2). 

The homes of ten of our cc•lleagues living in the E•.:iston a::-ea 
were chosen ~s subject homes. Five out of ten houses were 1-floor 
homes and the others were 2-floor or more. Characteristics i:if tr:ese 
houses are summarized in Table 1. CA Ts were placed in a ki tcher:. 
living room, master bedroom, and other bedrooms. For t!-ds stud:;, 
we have defined t..he master bedroom as the bedroom farthest freim the 
kitchen. CATs were set apprc•:dmately 1 meter oii the floor and at 
least 2 meters from the tracer gas sources. Three more CATs were 

put in the living room as duplicates and to determine the vertical 
distribution of tracer gas concentrations. Two CATs were pla·=ed 
about 1.5 meters from the floor and one CAT was ne::..r the ceiling. 

Two ditferer1t pi-otocols for the placement of t:cacer g22 

sources were compar·ed. In pl ace men t protocol 1, 3 PMCH pel-me at io:-:· 
tubes and .several PDCH tubes were located i..-1 the kitchen and in tho::· 
master bedroom respectively. The number of PDCH tubes ranged from 
2 to 4 tubes accor-ding to the h:.:iuse volume. Ic. each lcicat.io(: they 

wer·e placed at a do•::irway nt?a~- the cente!- of t!-.e house arid at a:-1 
elevatior1 of about. l .8rn. In placement protocol ::, one PDCH sourc-:? 
was placed in the rnaste:c bedr·oom and the othe:cs wei-e disti-ibuted 

in several rooms other than the kitch.:-n . The placement of P:-!CH 

tubes did not diifer h-am that in protocol 1. 

Weekly-aver aged 
through December 1984 
performed four times 

air flo•,.. :cates were measured from Octobt::-r 

using these protocols. The measurements were 
in e.a·:::h houso:- by repeating p1-otocols 1 and :: . 

4. RES UL TS AND DISCUSSION 
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4.1 Ro::-p:coducibEity 

A p a i ::- o £ C A Ts w el- e p 1 a c e c! 1 me t e ::.- C:• f f t h e f 1 o o :c i _,., t h e 1 i '-' i ,, •;; 
room fo1- examir1atian of rep:cc1ducibility. As showf: in. Fi·;;iure :J, 
t1-acer gas c.ancentratior1s measuro:.-d by a pair of duplicated CATs 
agreed well and the correlatior. coefficients of 36 data points were 
0.986 for PMCH and 0.996 for PDCH. The standard error of estimation 
was 1. 7 (pptl with a mean of 23.3 <ppt) and 0.8 (ppt> with a mean 
of 9 .1 (ppt> for PMCH and PDCH respectively. 

4.2 Vertical Profile of Trace1- Ga.=; Concentratic•n.s 

Ir1 =sddi tior1 to the pa i !- of the d upl i·.=a ted CA Ts ir1 the living 
roorn, two more CATs wei.-e set at a few centimeters below a ceiling 
and at halfway up one wall. Vertical profiles were nearly uniform 
in most cases for PMCH and in all cases for PDCH. Vertical 
st::.-atification of PMCH concentrations wss found in some of the 
housing units which were sir1gle floor and :celatively small. Ave1-age 
PMCH concentrations increased slightly 'w'ith elevation of sampling 
height. Since PMCH tubes we"J.-·e located at the top of the doorway in 
the kitchen, it is possible that PMCH tracer gas might be di::persed 
in a plume from gas stoves with subsequent vertical s "tratifi.cation 
due to buoyancy. On the othe~- hand, the buoyancy effect on PDCH 
tracer gas, for which sources we::.-·e placed in rooms other than the 
kitcher1, would not be expected hence the uriiform pro.file. 

4 .3 Room to Room Variation. of Tracer Gas Concentrations 

A horizontal gradient 0£ tracer gas concentratior1s was 
ob.served in both placement p:cotocols (Table 2>. Average PMCH 
concentrations of all measurements were 29.2 (ppt> in the kitchen, 
23.0 <ppt) in the living room and t8.8 (ppt> in the mast.e!" ted:rc•c .. rn. 

The differences were statistically significant. The P!'!CH ave::.-a,.::.:
in the kitchen, wher·e the PMCH sources were located u::ing botJ-. 
placement protocols, was the highest and that i:-1 the be·::h-o•::irr. .,.a2 
the 1 o..., est . 0 n the cont r a i-· y , th.:-· average PD CH con c e r1 t ::.- a ti on , ..., h io:: h 
also significantly differed, was highest in the master bedroom anc 
that in the kitchen was the lowest. They wei-e 7. 5 ( ppt), 9 .'.2 (ppt) 
and 24.3 (ppU in the kitchen, livir19 room and mastei- bedro•::i'~ 

respectively. The tr·acer gas concer1trations lowered ...,ith inc:::ease 
of the distance from the sources. 

The locations of the PDCH sources differed between protocol~ 
1 and 2. PDCH sources were placed in 1:arious rooms of the house 
by prot•.::i•::ol 2 in order to achieve uniform PDCH cor1centration. 
Ho...,ever the averages of PDCH concentrations in each location were 
statistically different by both protocols, al though concen t:ratic•n 
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di f i.:-.r >?nces bet ween the three 10c a ti on s in p 1-otoc•.::il 

than those to'-' r: d i Ci p :( ·=•to co 1 1 ~ s e:.: p e ·= t e d . 

Ir: o:i.-de:i.- tci appl~· the rnult.1-::c•ne, l-t1-ace1· gas rnc•==-l di=: ·:::u::.=:e·= 

1 n s e •:: t i on :: . ::: , J-1 o :i: i :: 1.:; c: t a l v a r i a b i l i t ;/ i n t :i: :::. ·= e ~- •;; 3 s 

co!:•::er1tratic1eis was assessed by using· the ccefficient of •/aJ.·iatic:-, 

( C. V ) c• ! the t :.::- a c er g a s c o n •= e n t :c a t i on s rn e a s u :c 12 ,_:: i c t !": e \l a ~- i ::• u :::: 
s a mp 11 r1 g locations ( Ta bl e 3 l . S rn a 11 v a l u e of th i s s t :.3 ti s ti c s 

suggest urdfc·1·mity of concentratioc1s and thus good mi:dr:g. Lar·.:;e 

values suggest po·=~-- rn i :d n g . F c• ~- both pr cit c• c •:i 1 s, PM CE d : s pl 3 >' e .,: 
mod 12 s t v a 1 u 2 s , 2 E . • :: :·: a n d :: 9 • :: ;~ i •:i r p ~- o t c:i c o 1 s 1 a Cl d ~.. P DC E v 2 l u e s 

wer.:- larger and differed betwee:-1 protocols: 71.C·:~ and 41.0/. fc~- 1 

a r~ d 2 . Th i s s u g g e = t ·poi.::: :c rn i ;-~ i n ·;; o £ P DC H t :c a c e :c , e s p e c i a 11 y t..: r~ d e .c 
pro to co 1 1 . We s p e ·= u 1 a t e t J-: at t J-: e better mi :-: i n g di s ~· 1 a 1· e ·:! £ 0 !" 

PMCH, of which sources wero:- loc .ated in the kitchen only, r.iay be diJe 
to the thermal-plume mi:dng of kitchen air with the whcle-h..::•..;se 

air associated with cooking. 

relatively large openings in 
associato?d with PDCH may be 
placernerit of :::ources in rooms, 

the whole-house air. 

And it may alsc1 be 

the kitchen =one. The 
due to the converse of 

such as bedrooms which 

due ... -
1..U the 

larger CV's 

t !-! i S E f .::: e •= t : 

When the sum of PMCH and PDCH concentrations were deal-:. ;;1th 
as one type of tr·ac1:-:- gas, it.=: av2rage CV was significantl1· lowe!" 
tha!1 tJ-1at of PDCH (p<O.OCll alc:.-:e and slightly lower tha:-: that of 
PMCH alone (Table 3l. Th.:- J-:i stogr a rn of the c..:;eff i c i en ts of 
variation for the sum of PMCH a0.d POCH concentratio.'1s <CV~Dl is 
i 11 us tr ate d i n Fi g u :r e 4 . Thi :.· t y - three cases c1 u t of J E. h =. -:::: CV !"'. '.) 
less than 50% _ The CVMDs ov ·:·· ~- 50'.,~ we1· e obse:cved i:-1 one r:c:iuse < ho~r.>? 

code El wher1:- the conci:=-ntrations of PDCH with sou1·ces placed on the 
second floa:c, were less than l (ppt) in the kitchen and li·.;ir:g r.::;o~n 

located on the fir st floor·, sug •;;e.sti ng mini rnal dew n-mi:-:i ng of 
seccnd flac1r air. When CVMDs e;£ this house we;,-e e>~cluded from t~e 

calculation of the average, the average CVMD was reduced to '.20.6% 
as sh •.:i w n in Table 3 . As di s cuss e ..:! i n sec ti on :: _ 2, the r an g e of W !-! A 
is the narrowest when the sum of PMCH and PDCH are used as the one 
type o! the trace: gas. 

4.4 Air F'low Rates Measu:.:-ed by One Tracer Gas 

If the air in the house is completely 
of trace1· gas <Eq 1). 

one can calculate 
This is not the case of WHA with one type 

our i.:-:•1estiga ti on. 

discussed in sectio;: 
According to the 
2.::2, the nar:cowE:·~-

theoretical consi 1:!era tic1:-. 

.ca.nge af W!-f.A is obtained 
when the ho r i :;: on ta 1 d is t :- i but i on of the tr acer g as con c e ;: t ~- a Uc·:-; s 
is srnaller. The coefficient of va!·iati.:in of the tracei· C"'"" 

concentrations in the house is one of the rneasu1·es to evaluate h.:iw 
c .!. o s e the tracer g a s L: once n tr a ti or: s al- e . The 2rna11 est a v er "'·;; e •:if 
the co e ff i c i en t of v a~- 1 a t 1 c1 rl fol- the tr ace!" g a s w as o t. ta i n e 1:! w hen 
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the sum of PMCH and PDCH was dealt with aa one type o~ tracer gas. 
The best estimate cii Yl'Hr'1 co 1Jld therefore be· obtained by the a'.'i?rage 
CCJnce:1t:rat.1on of t!".s- su•n o±: the t .... o t~·ace1· g:::.ses. 

The best. es ti r~a tes of u·.e e:-: te::-nal air flc·"' rat:? of a w !-.c.le 
house t J-, us c al c u lated r an g e d fro m 9 tJ • 'J ( m .JI hr ) t G •1 3 l . 2 ( m "I h :· l 
with a rr: ea n o:::: 2 6 5 . 1 ( m "I hr ) and stand a!"' d de•; i a ti on G f ·s 4. • 8 ( m .J / h :- i 

CFigu1·e S>. No significant effects of the _placement p1·otocol an:::i 
number· of floors in a house we:re observed on them. The bs-st 
estimates of each house seemed to be constant over the 4 weeks of 
the measu:cements <Table 4i. 

T!-1e best estimates of the external air flow rate oi a ·,,;hcle 
house we r e co rn pa r e d w i th w h •.::i le house e :r: t er n a.!. a b- fl c w r a t es 
calculated fr om a ve.-1· age tl· acer gas concen t:ca tions ob tai oed t:y 
various averaging methods CTable 5). W:i.en tJ-1e average 
cor1°.::ent:.·ations of P11Cll alone or POCH alone. in the !<it·::hen, living 
room and bedroom were used, the whole house external air flow rates 
calculated from the averages of PMCH concentrations correlated 
better with the best estimates than did the POCH averages. Standard 
error· of the regression of the whole house e:--:te:cnal ai:c ilo" rate 
calculated f:.·om PMCH concer1trations on the best estimates was about 
E. 0 ( m :i I h :.· ) • The PM CH tr acer· gas ind i cat e d the e :-: tern a 1 a i ::-- fl o.,,, 
rate of the whole hcruse fai:cly well, even though the sources wer-=: 

lo ca t.""c in the kitchen anl 'I· 

When the tra•::er gas concentrations of the tw•=i samplin·= 
locations, kitchen and bedroom, were selected for averaging, th.:
wh0=ile bolJse e:<ternal air flaw rates calculat':?d from the average o~ 
PMCH pl us POCH concentrations in th.:-se two locations ca :< r ela te:::i 
w.:-11 with the best estimates. Th.:- standard error of the regression 
was about 25 (rn :i/hr·) and correlation coefficient e;.:•::eeded 0.95. 
The values for whole-house e;:ternal ail· flow rate and best est:i mate 
wel·e nearly identical with th':? tracei- gas sampling in the ki t.chen 
and living r·oo rn. Th is inf or ma ti on could rec!,.ice the bur d er: of ·== 

future air e;.:change study undei~ restrictions of cost :ind labor. 

4. S External Air Flo;.- :::ates Measured by T .,.,.,.::i D1ff =-~- e:-1 t T]' ;:::e::: 
of Tr a·~e~- Gases 

The e:..: te:c nal air flow rate between the inside a11d outside o~ 

the house and the in.teL·rial aii· floW' rate bet\oleen =ones we~·e 

calculated using the tracer gas concentrations in the kitchen and 
master bedroom as representatives of :one one and :one two 
cor;c.:entratio11s. Equations 11' through 16' were used unde.:- the 
assumption that the PMCH sources and POCH sources W'ere placed only 
in =or1e one and =one two respectively. One of t:i.e necessary 
conditior•s of the two ::.one model is that the concentration of 
lcacer gas A in 
must be higher 

one =one, where tracer gas sources of A are placed, 
than the gas A concentration in the oth.:-r =one. 
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!'la tberna tically this 
to o~ leE2 than l. 

i rn plies th ::. t E , a r1 d E " :i n =: e c tic• n 
Seven ca~es out of 35 cases could ne; t 

a:.:·e 2qu 3.: 
rneet tr; !.=: 

~ ecessary conditio n and 
POCH sources ~ere placed 
.::. f th ,::. "'1 rn i g !·1 t h a ·: e t e e n 
of t.he rnisclassii i caticc1 

::::;! ; : cf them u tili=ed prc•tocol ,..._, Si.ice 
l n V 2. -._- i C; U S l C• C a t i 0 f1 S b '.' p ! . r.:, t O •:: Cr l 

1;.:,,.::ated i;·: th•.? kitche:: :::one. A-=-

0£ PDCH source location, we four1d c2s.::s 
which could not. meet the necess.::.ry condition. It is practically 
diffiCLtlt, 
location.=: 

h·.::weve:c, to cl=.=.:s:.:y PDCH sou~·ces placed 
of the house into the appropi·iate =one. 

at vari r~ 1_:.s 

Th ~ other necessary 
all of the air fL::rw rates 

of the t w o :: one rn o c! e 1 i s t ~. a t 

There were S cases which 

<F 
1 

thr•.:;ugh F .,J rnusl be positive o: :::e~· ,:::. 

s a t. i s f i E c:! th i:- f i:c s t n e ·= es ·=: :i ;- '/ c o r~ d i ~ : a l-i 

b u t d i d r1 o t i u l f i 11 th e .s e c o r ; d on e , t h a t i .s , a i r £ l o w :c a t_ '- • ..:: !. ~- c ,-,, 
the kitchen :::one to out.:::1de <F) in these ca.s.::s we!·e r.egati '.' E 
(Table 5 l . F.:: is calculated f ~- o rn the i · at i o c1 £ ( - f ... f f: ) t. o <R , R " 
-1) <Eq. 1 2 ' l • !::: i r1 c e <.R , R " 1 J i .s a 1 w a y s n e g a t 1 v e , F 2 b e c o rn e .::: 

negative 
cle.s.sified 
bl R . was 

wher1 -fl is greater than f2P.1. These five cases could be 

"" 
than 0.8 

i n to 3 gr o ups ; a ) both R , and P. _. w er e o ·;er 0 . 8 ( c as e l ) , 
above O . 8 <case 2, 3 and 5 l and c l b o tr• R , and R " we :;· e 1.:::-:::: s 
(case 4 ) . Io group a>, it is possible that t:-1ere is only 

one zone in the house, bee a use both P., a oc F.;;; were close to or1e. 
In far:: t the o thei· me::.sur e mer: t by p :c otc.cul 1 in the house inc.:! ica ted 
hi g h a i :· £low r a t es between two = -::i o es , 1 0 1 3 . 0 ( m 3 I hr l and 8.,; r:=, . 2 
(rn 3 /hr) for F ~ a;-1d F ~ i·espectively. In g:coup b l in whic:-. all cas-:-.=: 
we r e meas u r e d by p :cert o col =:, R ;; a r; d i ;;; we r e ::.- el at i v el y l .= r g e . T :-. i .=.: 

irnplie.s that .some PDCE source:::: must be cc,r1sidere·::! as if they ha .:: 
been p::aced in t:-1e zor;e on.:- <1d tchen = ·=ili2 l and C O:)f~ seq u2 n ~-! y t 

the a1!- flo·,; equa tL:in 11 thr c:u·;ih 16 st-.oulc be used to calcLil.:;te 
r a t es i r1.s tea d a f e q u at i o n 11 ' t ,.:i 15 ' • In gr r.:i up c ) , i,, R, and R .. 
w e i~ e r el a t i v e 1 y s m.::. 11. F' u ::.- t h e :;- i n v e s t i g a t i o n i s rer~uired ~ .- .. ... . _:_ 
physical interpretation of t:-iis case. 

The:· suitability 
were evaluated using 
te•::ause the::-e is no 

of the two zone mcdel 
C3ses which met th~ 

t.r.:i the subject i-,o:...ise:::: 
necessar ;.· co::-:.d it ions, 
cc0 ctditicns of t!--,e t"' ':::; definitive sufficient. 

:::one moc!el. The e ~·: t e :. ... n a l a. i :... £ 1 u Vi r a t es o £ a w h 1.:> 12 h C• use ~ as-= d 
upon the two ::c- n e model 
s h o w ct i r1 F i 9 u ~, e 
calcula t.ed fror:1 

6, the 
the two 

wee~ compared with 
e :-: t s- r n a l ..;. i 1- f lo w 

o::.·· th,:. sum of F" and r .J' ag:c-:-ed well with 
regression paramet.ers of F pl:...is F .. on the 
£ o ~- tr~ e s l ci p e and - ::: 0 . 0 ( m 3 I hr l f o ,_-

th°"'' b c:· st es t i ~11 .:=i t e 2 • As 
rat.:-s of.:::, whole hr.:iuse 

is, 
the 

the surn of F 
b12st .:-sti mates. 

and 
,.... 
r 

The-
best e.:::tirnate.s we1:e l.!.!. 
the 

of O . .Se6 ac.d .standard e~·ro::- of est.irn::.t.1or: 
of 4B.8 <rn ::i/hrl. When .:?valuating 
whole house e:-.:te~- nal air fl.ow rates 
well with the best est!rnates (Table 

by 
7). 

placement protocols, t~e 

both p ~·ot.ocols co:ri·elate.:: 
Eigh 1_2211 cases out of '.21 

by p:cotocol 1 and 6 •.::as es out of 15 by p1· otocr.:il ::: could fi l t!"ie ~w·..: 

=one model. 

·1.6 I11te:cnal Air Flow F:.:ites l'leasui-ed by T..,o Different Types 



f 1 C"..; r ::. t es cal c u l 21 t-:- c! b :/ t !-: >? t 11 c :: ·=· n ,:;. m .::, d -:-1 is. 2 !", •.:• w ~-
in Table CJ ·-·· Th i::· e ; ~ t e r c1 a 1 2 l r f 1 r.:, w i- a ~ e s t . e t W' e E ;-~ t h i::- c u ~ s i d i:=- .=:. !-- 12 

each =•.::i-ie, 3.nd tf-.e inte::.(:~21 ai:c flow :cate-2 betweeri t·ff·.:; ::or.es '·f1ie~-.:-

w2ll co:.r1·elated. The co~·rel.2.tic•:: ci.: .. 2££icients 0£ the e::L : ~·nal 21~ 

f 1 o 'rl :c a t e s i r1 :: •.:• n e w n e ( F a n d F ) a n d :;:: o n e t w :_:. i F :. .:;. n d F ) w 2 " e 
0.912 (p<0.001) a:1d O.E.50 <p<0.001) respectively. The inte:.r:,2l 
fli.:1w :.rates bet·;1ee:1 twc· ::ones <F,,. and F,) h2d 2 •::c~-~-.::·l2t1 ·.:i:: 

coefficient of 0.979 (p<O.O•:]l.). This indicates th2t air fl.ow 1·c.t::-=:. 
pass in g th i" u u 1;; h the s am-:- e !i '/El Gp we :c e hi g h 1 y c G ::.- r e 12 t e d bu t t ~~ :=. '":. 
they were ir.dt:.~per:di=-~·!t wf 2i!..- flc!w rct~s pcissing -::-iroush the 1.:i~:-~i:=-:.· 

en vc-lop. 

The whole house e:-:ternal ai:::- flow ra t.e by the two =·.:•n'2 mo•:: el, 
F

1 
plus F .. o:.r F"' plu.=: F.:i, "'as significantly correlated wit~: only tt:e 

k i t ch en :: one e ~: t e 1· n a 1 a i r fl o ;; r a t .:- s , F arid F .,. This s u g g est s th a t 
the e:-:tei·nal air flow rates of the kitchen zone dominated those 0£ 
the be 1:i1·oom ::0:·1e. In fact the ratio of f1-esh air inta!'e in tr.e 
bedroom ::one to that in the }:itchen zone <F" . .,IF 

1
) w.::.s le.=:s thai: w::e 

with the e ;~ c e pt ion o £ o n e case ( Fig u r e 7 l . The e ;-: c e;:: t i :.:, :, a 1 ca 2 e, 
home code D, was a multi f =.mi 1 y ho use in which tr,e l-:i tc hen a: .. .:: 

bed'.roorn were lwcat.ed on the fL·st and 
and placement pr c•t •.:.col " w2s Ll2ed. 
:cequired to interpret this case. 

sec o :-1 d fl o CJ r :i.- e :=: p e ct_ i v e: y , 
Fur th.::- r in•; es ti g at ion is 

The :::urnrna:y st3tistics of the air flow rates obtained £::-c::1 
the two ::one model , .., ... Table 9. 
air flow rates 1:; the kitc:he:-1 
e:-:te~- nal air flow rates i r. t!-:e 
flow rates between twG :;:::.:ines 

In general, 
about 200 < m ..J / h r > • 7 ~~ e-

bedroom ::one and the internal a ;,-
'· 

about ha 1 £ of the kitchen :;:: or' e e :-: t e :c <: al air flow ~- a t es . 

5 . CO~!CLUSIONS 

In£iltratior1 rate measurements o! 10 ~esidential 
a perflu 1~rocart•cn t-:acer gas mE-t;~·~c'. we:&.-e re;:.eated 4 times '..'ar1·ir:.;: 
ttie placem•2nt. pr:.:itoccl fc:!"" t:-:e trace1· gas sou:.rces. \Vo:- pcint c, . ..i:. 
the following 

l l Ve::- t.i c2l st:.r a ti! i ca tic:n of the tracei' gas cancer, tr at i,.::;_:, 

was neg 1ig:ib1 e, while the t 1· ace :.r gas con c en ti- at ions w .:· ~- e 
si g.rd£ic;;in tly dif f e:.r en t hcr:ci ::cln tally. 

g a s s c: u 1· c e s pl a c e d i n a k i t. c be n :c .:- s u l ':. e c! i n 
those set in othe1· locations in a ho:.lse. 

3> The avc-i· age ci.:.nc2::t...-~tior. of two diffe"ent types a: trac-:-;
gases, with sou.:-.::es located ir; a kitchen and other locations ir, the 
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hcn.12e, gave the t-e.:::t estimate.::: eif whol.:- hc1use E'::tc:·rr..~l air flow 
rates. 

4) Trace:::- gas SO '.J.cces pl.aced 
e=:timat~·s c1£ •.;hole hou::::e e:-:te~· nal 

es ti mates. 

in a kitch-:-:l yieldec! ::imil:r 
ai:c flc1w i· ;i tes t•:i the b.::."'+ 

5) Putting two diffei·ent types of tra•.::e:c gas s·:iurces l"• a 
k i tcher: and bedJ.· oom se par a "tel y i:iet J.. eq i.iir ernen ts c1f. the t.,,. C:• = ·:ir:e 

model better thai"1 S•?ttic:g o:-1e type of soLtrce in a kit•.::hen and 
spre~ding the other typi:· in va~·ious places. 

6 ) Ave :c age air f 1 o.,,. r ate:: in the k i t ch e c: =one "t. o a ri ·.:! f. l - c ;;-, 
wu tside weL"·e at.out 200 <rn ~/ h:c) acid tho:::::..:- of a t•edrc:•:•r<1 =one we~- e 
a:cound 100 (m :-./hJ.·). Inte:cnal air flow :i.·ates between a kit.-::he:. =or;e 
acl.d bedroom zone we:r.·e abou-l:. 100 (m :JI hr). 
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Table I Characteristics of subjects' home 

HOME HOUSE TYPE NO. OF FLOORS KITCHEN BEDROOM 
CODE IN HOME LOCATION LOCATION 

- ------------------------------------·-----·----·------------ --------
R Single Family "=' ._ fl. + basemeY1t 1st floor 2Y1d flc•C•r 

+ attic 
B SiY1gle Family "=' L.. fl. + basement 1st floor 2nd floc•r 

+ attic 
c Single Family "=' fl. + basement 1st floc•r 2Y1d floor ._ 

+ attic + attic 
D Multi Family "=' ._ fl. + basemeY1t 1st floor 2r1d fl CtC•r 
E Multi Family "=' ._ fl. 2nd flc•c•r 3rd floor 
F M1_1l ti Family 1 fl. + basement 3rd flcu=•r 3rd floor 
G Multi Family 1 fl. 1st floc•r 1st floc•r 
H Multi Family 1 fl. 1st floc•r 1st floc•r 
I Multi Family 1 fl. 3rd ·flc•or 3rd floor 
J Multi Family 1 fl. 3rd flc•or 3rd floor 

---------------~------------------------------------------------



Table 2 Horizontal Distribution of Tracer Gas Concentrations 

Type of Placement 
gas protocol 

PMCH 

PDCH 

all data 
protocc•l 1 
protocc•l 2 

all data 
protocol 1 
protc•col 2 

Average Concentrations 
(ppt) 

Kitcher1 

29.2 
27.2 
32.0 

7.5 
5.7 

10.0 

Li vi rig room 

23.(1 
21. '3 
24.5 

6.8 
12.7 

Bedroc•m 

1 '3. 7 
17.7 
22.4 

25.6 
29.3 
20.5 



Table 3 Coefficient of Variance among Tracer gas concentrations of 
kitchen, living room and bedroom 

Type of Placement 
gas protoc.::•l 

PMCH 

PDCH 

all data 
protocol 1 
protocol 2 

all data 
protocol 1 
protocol 2 

Coefficient of Variance 
( 7') 

Average 
<mean) <median) 

27.4 
26.2 
29.2 

58.5 
71. 0 
41. 0 

24.6 
24.9 
20. 8 

51. 5 
66.2 
28.7 

Standard Minimum Maximum 
dev i at i C•r1 

15.4 
14.8 
16.5 

39.4 
41. 5 
29. 1 

4. 1 
4. 1 
6.9 

9. 1 
12.2 

9. 1 

56.0 
54.6 
56.0 

141. 4 
141. 4 
97.2 

---------------------------------------------------------- - -------- ----
PMCH all data 24.3 18.1 18.7 2.5 83.6 

(20.6)* (17. 3) (14.0) (2. 5> ( 46. 1 ) 
+ protc•col 1 25.5 17.3 -·~ c::-.::.._ • ..J 3.3 83.6 

(18.9) (12.3) ( 15. 6) <3. 3> ( 46. 1) 
PDCH Protocol 2 22.7 18.4 12. 1 -=- C" ...... ..s 43.4 

(22.7) (18.4) (12. 1) <2. 5) (43.4) 

* excluding three cases having over 50~ of CV 



Table 4 

HOME 
CODE 

A 
B 
c 
D 
E 
F 
G 
H 
I 
J 

AIR FLOW RATE IN EACH HOUSE 

EXTERNAL FLOW RATE 
<PMCH + PDCH> 

MEAN STD CV 
<m3/hr) ( ~) 

112.3 30.2 26.9 
217.0 43.5 20.0 
233.5 29.6 12.7 
270.8 49.'3 18.4 
396.2 27.4 6. '3 
202.9 23.4 11. 5 
300.3 54.1 18.0 
390.1 48.1 12.3 
300.5 36.8 12.2 
238.7 71. 9 30.1 



Table 5 Comparison of external air flow rates calculated from 
average concentrations of PMCH plus PDCH in kitchen, 
living room and bedroom with external air flow rates 
obtained by various average tracer gas concentrations 

Type of Sampling Placement 
protc•col 

Regression parameters 
Slope Intercept 

R SE 
Gas locations 

PMCH 

PDCH 

PMCH 

PDCH 

PMCH 
+ 

PDCH 

kitchen all data 
living room protocol 1 
bedroom protocol 2 

kitchen all data 
living room protocol 1 
bedroom protocol 2 

kitchen 
bedroom 

kitcher1 
bedroom 

kitchen 
bedroom 

all data 
protocol 1 
prc•tocol 2 

al 1 data 
protocol 1 
protocol 2 

al 1 data 
prc•t oc•:i l 1 
prot C•CC• 1 2 

1. 09 
1. 23 
0.93 

1. 01 
0.77 
1. 27 

1. 20 
1.40 
0.98 

1. 27 
0.47 
2.15 

0.98 
0.85 
1. 11 

-16.3 
-41.6 

6.3 

27.4 
69.5 

-10. 1 

-35.4 
-70.8 
-3.8 

-42.6 
105.8 

-176.2 

-6.1 
17.3 

-27.3 

0.868 
0.880 
0.883 

61. 1 
61. 4 
c-c- c
....J...J • ...J 

0.652 114.8 
0.59'3 94.7 
0.730 133.5 

0.819 
0.837 
0.841 

82.3 
84.4 
70.7 

0.555 186.9 
0.377 107.2 
0.769 200.0 

0.958 
0.954 
0.985 

28.8 
24.6 
21. 7 

Number 
of data 

36 
21 
15 

36 
21 
15 

36 
21 
15 

36 
21 
15 

35 
21 
15 



Table 6 Summary of cases which have negative air flow rate 

Case H•::iuse Placement PrecoY1d it i C•ns R1 R2 f1 f2 
Number Cc•de protc•col YIC•t satisfied 

-~---------------------------------~---------------------------------
1 J 1 F2 (- 77. 8) 1. 00 0.81 175.9 191.5 
2 H 2 F2 <-173.9) 0.67 0.88 350.5 625.1 
3 B -:;, .... F2 (-248.4) 0.40 0.95 107.2 653.9 
4 B 1 F2 (- 53.2) 0.2'3 0.67 87.5 447.4 
5 B 2 F2 (-195.6) 0.45 0.96 107.2 467.1 



Pl acerner1t 
Prc.tocol 

Regression of external air flow rate by two zone model 
on the best estimate 

Regression parameters 
Slope Intercept 

R SE Number 
c•f data 

-------------------------------------------------------------
a11 data 

PY-otocol 1 
Protocol 2 

1. 11 
1. 13 
0.95 

-20. (I 
-23.2 

11. 1 

0.885 
0.872 
0.983 

48.8 
55.0 
14.8 

24 
18 

6 

------------------------------------------------------------



Table 8 Correlation coefficient matrix among air flow rates 

Fl 
F2 
F3 
F4 
F5 
F6 
F1+F4 
BE 

Fl 

1. 0000 

F2 F3 

• '3117** -. 1226 
1.0000 -.4121 

1.0000 

F4 

-.3142 
-.2723 

• 6501** 
1.0000 

F5 

• 0747 
-.2046 

• 3520 
-.2078 
1.0000 

FtS 

.0511 
-. 15'32 

• 2274 
-.2208 

.'37'33** 
1.0000 

Number of cases = 24 < * = p < 0.01, ** = p ( 0.001) 
BE = the best estimate of external air flow 

F1+F4 BE 

.'3180** . 7422** 

. 8428** . 6837** 

.1430 . 2428 
• 0882 • 2571 

-.0085 • 0394 
-.0386 • 0240 
1. 0000 • 8861** 

1.0000 



Table 9 Summary statistics of air flow rates calculated from two zone model 
<24 CASES, m3/hr> 

LOCATION MEAN STANDARD 
DEVIATION 

MINIMUM MAXIMUM 

------------------------------------------ ----------------
F1 213.2 108.1 61. 0 567.1 
F2 181.0 111.9 24.8 507.4 
F3 106. 1 60.9 8.7 241.1 
F4 73.9 43.1 2.9 166.6 
F5 137.9 198.0 12.1 1013.0 
F6 105.6 170.5 o.o 846.2 

F1+F4 287.1 103.0 122.4 599.0 


