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Abstract

A siuple meens for deËer-nl-nlng air Lnfiltration retes lnto homes and

bufldtngs for assessment of lndoor alr qualtty and energy conservation measures

based on a passJ.ve perfluorocarbon trecer (PFT) technique, was evaluated Ln a

sell-defined environmental chamber under experlmental condftfons of 1) constanE

tenperature and ventllatLon rete, 2) constant tenperature, varfable ventilatlon

rate, and 3) varlable Èemperature, constant ventflatlon rete. T¡yo PFT sources

of known enfssLon rate and tenperat,ure dependence produced chamber

concentlatlons of 100 to 300 nf./n3 (parts per trfllfon). The average relatlve

standard devLatfon of 16 palred samplers deployed fot 44 h durlng experlment 1

¡vas t L.97.t 1.02 lndicatfng good reproducfbtllty of the passlve sampling rate

and analysfs; there ¡¡as ll.ttle consequence of sampler orfenËatlon ryfth respect

to the low aLr velocLtles (( 0.2 nls) present ln houses. Even rdth the nearly

3-fo1d varLatlon fn ventllatfon rates durlng experlment 2, the passive samplers

accurately Eeasured the averagê chanber tracer concentratlon as calculated frou

the kno¡m source strength and the measured ventflatloÍ. rates based on CO2

concentratlon decay; such large ventflatlon rate varlatÍons caused a LOl"

negative bfas 1n the PEl-detemfned ventflatlon rate. Tempereture cycllng

dlfferences of as much as 8oC nere accornrnodated to provide essentfally no bfas

ln the Ptr'I-detemfned ventLlatLon rate. The PFT technique ts applf cable to the

expected range of condltfons ln homes and buildfngs.
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INTRODUCTION

Efforts to reduce energy consr¡nptlon fn residences have led to the

construcÈ1on of energy efflclent homes and the undertaklng of'resfde-n-tial

weatherLzatfon prograns whlch, fn Egqr¡, haye raised concerns about the quafity

of lndoor afr. The redrrctfon of atr-fnf1,1t..t1on rates Ín resl.d,enðes'Ls ¿nl ';'

effectfve wey to conserve energy by reducing heatlng a'nd ai.r conditlonlng

deuand,s. Reductfons ln lnfl.ltration rates hov¡ever could result in the

occurrence of al-r contamlnants lndoors et'concentretlons whl.ch nay result ln
hunan exPosures in excess of health and comfort related standards. The

determfnation of Lnflltratlon rates ln resldences Ls necessary 1n order to

assess the effecÈÍveness of rseatherizatlon programs and t,o develop and evaluate

nodels for lnflItratl.on and assessmeût of lndoor air contanl.nant levels. Thls

Paper preserite an evaluatlon of a- nèw tracer system for deterninlng fnffltratfon

rateg. :' ' = 
'' 

: '

r "''' : '. | : t, 
- r: I

' Ttre only direct Eeasure of alr lnflltratfon fn r""1d.ir,".s under normal

o""on"o., condLtfons 1s by the trace t gaa techni{ue, whfch
:

applled to

assessing lnfLltratfon rates fn twó weys. The ffrst meËhod ld generally
' "t.' 

(

referrè,ií'to as the-tracer gas decay merhod (Hunr, 1980; ASTIí Standard E74f-8ò) 
'

ri-,.; "

and thå second''1's referred'to as the steady-state tracer gas nethod (Tolzke, et

at., tÖ84; bletz anä' c;ït, L982; Condon

C, .¡

' coióraeil;ãät resfdencä äs a' welllnt:ied' ätngte chamber' and tetring
-.'.: '1,: ì.--1) j, ìi 'ì :.:

' ct =- coir'"'e.rt¡àt{orr of
'''i' 1

V - volrne of chamber, u3

St- sburce e'tr"ogt-tt'of tracer, nl/h
.',r.i -: I ;: :i '
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RE - rate of alr exfLltratLon or leakage, r3/h

n = R¡/V or number of afr changes 'per hour (ach), h-1,

a mass Uf"nc" around. Èhe chamber gLves

dc
dr.

Integratlng froü 9o.åÈ t n.0...to, Ct, the.rtrac€r, concentraELon at time. È, gl.ves

- cr - l* (co - þ"-"o : (2)

,Êa number of gase

'S-nC
, ;t.,.i :

s as Ëracers (SF6, CE4, N2O, CO2t

(1)

I i -:

CO, Ç2II5,, Ee. etc.) ¡¡hich have
I::;

For the tracer decay qpproech, fn whlch a snall amount of tracer 1s ¡¡ell-nfxed

fnto Èhe chamber and the source is
:, i

Èurned off (S = 0), Eq. 2 becomes

Cç - Ço E-nt ,, (3)
r.,:;:-i, -:1- '. -: _ ;'.;' I .

and hence

Ln C¡ _= ln Co - nr (4)
'.1'ít,.

By plotting the natural logarLÈhn of the tracer concentratlon versus tfne, the

air changes Pe:r unft tLme, û, la obtafned as the negatfve of the slope as sho¡n
\.r ì ..

by Eq. 4.. In practfce, th-e tracer gas concentratfon fn the space is measured as

a function of tine elther ìtàt .o.rtt¡ruous ro,oiaor" or a serf es of grab sanples
I 'ì .:

transPorted to a laboratory for subsequent an_alysis. Thfs nethod has enployed.

been evaluated fn a number oJ studles (GqLnsrud, et al., 198"4¡.Shaw, 1984;

Bassett, et al!, 1981).

measuremenÈ of alr exfLltratÍon ratea, usually on the order of a fe¡y hours.
' . '1.-'

The itËady-sÈate tracer gab neqhod g_seå,ð16 or a perflug1åcarbon rracer..
¡, :r l. Í ' ' ,: .lr::.ì | :'

gas. The tracer gas fe emitted lnto the spac.e at e qonstqn: ¡l:re, eftþer vl.a a

mechanLcal or mlcro-processor systen (Tolzke, et,al., 1984; Condon, et al.,
tt

1980; EarrJe et al., L975) or vla a lfquld permeatÍoû, source (Dtetz and Cote,

1982). The tracer gae fs allowed to come to eteady-state condftlone ln Ëhe

-3-



space end then fs sampled fn the space elther contlñuously, periodicaltf'rd.th a

sequential sampllng system lnto a collàctlon medLa such as syrÍnges'or bags, ór

passlvely'usÍng adsorptlon tube eamplers. :Thei latter Èrso'' colleciion 'rhethods::

requLre subsequent laboratory analysls. At gteady-state (dc/dt - o), Eq. i"
beCOmeS' : 'r:i :t.

: S ,Sr t. !'- r- ..;:.. ':o=õ--ñ (5)

The number of aLr changes per hour, n, is stnply the kno¡¡n tracer source rate ,.
divided by the volume of the house end the measured "t""ay-"tate average tracer

' . : ,, i::

concentraËion.

steady-stete tracer gas uethgd for assessfng airexchange 
"aa"":, t t

developed at Brookhaven Natfonal Laboratory and called the Brookhaven Natfonal
r,,, j l:. -:,

Laboratory Air InflltratLon Measurement Systeu (BI.|L/AIMS) (Dfetz, et al., 1983),

1s befng extensLvely enployed fn large fleld etudles of lndoor alr qualfty and

lnpact of ¡seatherizatlon_ (Leaderer, et a1., 1985; Spengler, .1985; Janssen, 1985.;

Grimerud, 1985). The BNL/AIMS nethod consfsts of nfnLature perfluorocarbon
'. .

tracer

( câ.rs ) .

(PFT) sources and minÍature passfve caplllary adsorptlon tube samplers
':i:

The sources and samplers are about the slze of a cfgarette.
' r,.¡l

aources use one of four perfluorocarbon compounds: perfluorodfnethylcyclohexane

(PDCE); perfluoronethylcyclohexane (PMCII); perfluoronethylcyclopentane (PMCp);.

and, perfluorodfmethylcyclobutane (PDCB). Vapors fron the perfluorocarbon

lfqufd Ln the PEI sources permeaa. at"orrgh.an elastomerlc plug crfnped lnto one
:l-

end. the PfT sources enlt the trecer gas at a constant rate for 2 to f years.

The emfssLon rate, horæver, does vary wlth temperaÈure (Dletz, et al., 1985).

The eml.selon rates are determlned gravfnetricall¡r.

The CATS device Ls a paeeive sampler utflfzfng about l0 rS of type XI-347
'"-i :,, .r,:: , i i, -ri | ::ir_ !,rJ: ,. ¡1

Ambersorb as the collectfon nedla. After sæplfng, the collected tracer gae isj.,t'r, .l : i :-i ',¡i .::j': .5-:,j ._ - ..;

therually deeorbed tnto a gas chromatograph for determfnatfon of the PFT

The PEI

:4=



concenÈratdgn. One type, of PFT. source ean be used for a sfngle compartnent

model, whJ.1.9 up to a four corpartnenÈ nodel (alr exchange rates between the

space' and, outd-gors 4s. ¡¡ell as betr¿een conpartments or roous fn the space) can be

evalua-Ëed by uslng four diff.erent t¡rpes of PFT sources, one tyPe Per, ..

compartuenE. Thie nethod ls typlcally used to obtaln lntegrated alr-exchange

rates 
?r"r, 

perfods of 1 day to several weeks or months. Use of a progr?-mable

sanpler wlth sanpllng punp ¡¡Lll allo¡¡ for nultiple short tern (( t hour) sample

collectlons for deterninations of alr exchange rateÉ¡ on a ehort term basfs. The
. l' ; rr-' - '. ':'

snall size of the sources and samplers, their passive nature (e.g., no pumps),

wlde range of sampllng tLnes (fron hours to ¡veeks or months), ease of ana1ysls,
: " \ j'a

and relatlve 1ow cost heve uade the BNL/AIMS 1deally suited to large scale ffeld
'.i.

studies of lnflltratl.on rates ln resldences and large bulldings (Dletz, et a1.,

1984) .
l- - . ':.:,t:'. ' i , l t,'

thls paper preserits the results of experlments conducted ln an

environmental chamber to evaluate the BNL/AIllS systeu for deternlnLng
I-:.r',-, ' ì .t ;,; . + - '.'-! " ,' '

aÍr-exchange rates. The accuracy of the BNI/AIMS system by comparfson wlth CO2

, . ,-L I i--I.'r' 1 .. . t :' :r ¿-ì(

tracer decay, the fupact of oilentatLoo of the CATS sanplers nith respect to
, ,.,, !. 

j !'i ( f, l, ¡:t, :1.

flow dLrectl.on, and the fmpact of varLatlons 1n fnflltratlon rate and

: . 'ii: ,:- .ì
temperature are evaluat,ed under condltlons of near fdeal air mixlng ln the

:Í1::,. ,,r: :), ,:: :-:-,.. I : : , : :-T: l). r:';i .:r!
chamber.

,,.. il .- -.i i ' :,

METIIODS

,-r" i ,", ,¡(. ::, tlj:.r t_.i:j ;¡r:
Envlronmental Chauber

" _ì .,tr j ,, a 't'

Ffgure I preseut,s a scheuatii vfe¡v of tñè'envfronnental chambei ¡rfth
' I::' L : .: '. :- : :1.''

aeeoclated control equfpient. The box on the rfght, actually a cross-sectfonal

schematic of the 34-itr3 ct".l.r it".it drsplåys withln Lt the i.or" of'operatÍng
,._"i. _ ,.. , :.. .. r. i: r ;f | .: , j

-q--.{.-



conditLons. All ductwork and fnÈernal surfaces were constructed of ah¡mlnun.

The f1oorr 11 n2, consisted of untfornly perforated alunlnum sheeÈs overlaíd

¡vith an alumfnum graÈfng. The perforated floor served as an aLr dfffuser. Alr

entered the chamber vla a plenum beneath the floor and flowed upward through the

perforatfons to the cellfng. The deslgn a1lo¡æd a voluue flow of up to 2000 cfu

(1 #/s) ¡¡1th 1ow llnear velocity and very rapid nlxfng. The volume flow

(reclreulatlon rate) could be varfed fro¡n 400 to 2O0O cfn (0.2 to 1.0 E3/s)

whLch corresponded to 20 to 100 atr changes per hour (ach) and a vertlcal

veloclty of 0.02 to 0.09 rn/s. A varíab1e perceûtage of the recirculated air

could comprlse fresh ventllatfon alr. The fresh afr brought fnto the chanber

could be varied from 0 to 400 cfn (0 to 0.2 #/ù utrich corresponded to O to iO

ach of fresh aLr. The chamber possessed excellent tenperature and hunldlty

control. Alr cleanlng could be accouplfshed by dfvertlng the reclrculated al.r

through an elecÈronlc.air cleaner or granular ftlÈer nedla. AÈ no tfue during
t r. 'r

these experiments !Íere the alr cleanLng capabllltles of the chamber utl.llzed.

B¡TL/AIMS

Ttre PFT Bources and CATS nere supplfed by Èhe Departuent of Applled

ScLence, Brookhaven National Laboratory (Bl{t). Analysls of the paeslve sæplers

In thisand eulselon rate deÈermlnatfons of the Ptr'I sources were done by BNL.
;.:-!: ::.' ;.; .^ -:' :.

1

eet of experfments, two perfluorodlmethylcyclobutane (PIrcB) PFI sources nere

used. The enlssion rates of the PFT sources were determlned gravlmetrlcally at
' 1 1: .'Jl- 'l ..'-:: 'lir

a stablllzed temperature of 25oC. The PFT sources were shlpped vla nall to the
.:' .:i:,r _ìi -_ ,.. .: : :.. ..., : . ?. .., ii,. l.

chamber faclllty laboratory where they nere stored at 23oC for over 2 weeks
l:r ''tll.-'

prlor to theLr use. The average PfT source strengths were adjusted to the 23oC

: . .lftt' ,- i ' a ' - .:l:,.'
base-tenpefatute eË ¡¡hfch the experlments took place according to the follolrlng

l-:--
fomula (Dietz,

stt

et al. , 1985 ) :

- S'25 e -4oo0 elT - L/;,gg)

-6-
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rùhere

Stt = PEf source strengh at the average base-tenperature (troC) fn

nt/h

S'25 - PFT source f¡trength at 25oC (detemfned gravlmetrically as 5688

. .t 120 rillh) , 1.:

T - average base-tenpereture (t, oC) ln KelvLn at r¡hfch Èhe PFT

source ls used. 
: -

For short-teru (less than 48 h) tenperature changes, the exPonentlal, constant

¡ras found to be half that for long-terrn (greaÈer than 10 days) changes (Dletz,

eÈ a1.,1985). Thus, when the temperature of Ëhe chamber was varLed for

short-term changes

S'r - S'23 e-2000(1/T - t/296) (7)

¡¡here
t .i: . ,j .

- PEI source strength at chamber temPereÈures tn nl/h

SZg = PEf source strength aE 23oC base-tempereture (frou Eq-

ûr/h
.d: :- '

6) in.

,t 
- chamber temperature Ln oK

'-.i 
,

The CATS were delLvered to this laboratory by hand and stored 1n a sePerate
i. : l-'\

butldfng prfor to and after uee ln order Èo nfnfmfze coritamfnatfon.

:t)

stt

T¡so

unopened but deployed CATS were Lncluded ae controls 1n thls set of
''1 tl -" '' ':' 

" 
':' :¿.,

experLnents.. After uge, the CATS were returned Eo BNL,for analysfs by gas
-t .: .ìr.,1 :' ,:1, l:: . !: ::-a.lìi ;,, ".ì . ,'"';;,,1.. - i

chromatography. BNL ¡sas bllnd.as to the placement of the paseirre sanplers
- 'rì1 -. .,-. : ìt;_ :

and

chamber condftlons for each experLment. A detalled descrÍptLon of the Bl[L/AIMS'
":'. :.< , ir.:

nethod can be found elsewhere (Dletz,

Ventllatloo ."a"" 1r,¡ throughout

tracer gae decay nethod ueing C02 as

C02 Decays
! I.'::t

these experlments were determined by the
I "'

the tracer gas. At regular fntervals

-7 -



durlng each experLuenÈ CO2 was lnJected lnto the cha¡nber untl1.the concentratíotr

ln the chamber reached 12. The gas was then shuÈ off'and the decay ol 6Z

recorded contÍfiuously uslng a Beckman LB-2 Infrared C02 Analyzer. Background

C,O2 levels.lrere also recorded. The CO2 ..ttty".. ,*" 
""ffbrated. 

before and after

each expe¡{4ent rrith NBS traceable geses. For each decay, background levels

¡¡ere subtracted. The nat¡rral logaríthra,s of eleven concentretfons.per decay (5

mlnute lntervals) rere plotted 
"gãfr,"a 

tfme, and a least squares..]inear j

regresslon rras used to obtaLn the slope and hence ventflatlor, .ta. (Equarlon 4).

E)eerluents : j,:

Threg experLments Ìrg,-r.e cooducted to evaluaÈe the BNL/Ànrs lnflltratlon

meesurement nethod under cogtrolled condl.È1o.tg.-fo Ehe envlronmental ehamber, as

outllued ln Flgure 2. The fi¡o PFT sources used throughout all experfments nere

placed fn the center,. of the chamber 1.9 neters above the f1oor. Ttrls ensured
i 1:'

that the PDCB tracerr. g4.s r¡4s, ¡rell ulxe! !n the reclrculatlon loop befor,e

expoaure to the ,samplers- Allhough t!? PfT .source6 lvere -stored..,at 23oC before

use.r- they neTq,allor¡ed to equlll.brate atja t€nFeraqut",9f 23oC for 3.,Utr".fn,-the

chamber before the experlments.-b-egan lq order to ,ensure th?! I steady:,9çate 
:::

concentratlon of the PDCB tracer gas nas achieved 1n the chamber under .the ..

condltlons of an aÍr recirculatfon rate of 60 ach and a fresh air ventllatlon
:Í¡alt : - -

rate of about,. 0.6 ach.-. . i :, ;., ; " í: . ..

Experiqe+t'.1 '-r -: , ',. rt : , ,..:., : .ir.

rhe lnpasË gf:cdfs oSlenralr?q dur.lÎe sanple corl9;gJol,?îd a9çy:?9y d,.1"
.-1 .L.-

Btrll./AIì{S..peËhod ag,3 known and.constant ventf laqLon..rate were evalugted t{,!h1,, 
_,

fLrst exper{E-enÈ. A..goestant çempprêt.u¡9 9f ?3oC, an alr- rr-le.frcufltlon rate of

60 ach, and a_,ftg"þ air rate of about 0.6 ach I".",maLntafngd throughout the

experfment. The GATS sæplers were placed on fogr chal.,rg, equidlstantly :paced:

-8-



ln tÉe cËamber. the fLve positLons of the CATS sanplers placed on each chal.r

are shown in Flgure 2. The open end (only onej end durLng sanpllng) was faclng

up ln posltLon 2, down 1n posLtion 3, and off the back of the chalr 1n posltlon
: :l5. Ã11 sanples ¡¡ere taken fn dupll-cate. One 'of the chafrs (locatlon'D) had

t!

CATS 1n posLtfon'l only, for a total of. i2 CATS sanþler's fn the chanbèr. ' :

Eourlong CO2 deôays 'were obtalned at 6 equallj spaced tfmeg durlng the course

of thls 44-h experluent

Experlment 2.

the accuraey of the BNL/AIMS nethod 1n ueasurlng the average ventilatioìi-

rate over atpeilod of tfme ,rir.." the ventllatfon rate rtes varfed tn dtSérbte

steps was evaluated ln this experLment. A constant tèmperatúreiiof 23oCt'waÈ'

maint.alned throughout the run l¡h1le the ventllation rete 'Iras varfed Ln a eerles

:,'of elevei steps among 3 levels of about 0.60 ach, L.29'ach and 1.64 ach. The

chamber r¡as ¡rell-nlxed' (reclrculatlon rate i¡täater thân 6O''ach)' and dupll'ðate'
. :., ,.

CATS sanples only foi poeLtlon l.wefe obtàfned on all fdur chalrsuí(8 CATS

sæples)". A toÈal of twänty'I-h Cb2 decays (one after each new veútllatfon rate

wes set á.rå'r' ''g"n.ra11yr' a dupllcat,e iun later)' íär. obtafned 'for thf s 69-h rì

, :,:ì '! t:r:, ì:,, ,' :1 
..

experfmenË.

ExperLment 3.

The Lnpact of varylng tenperature on the PEI source enlssíon rate ln=

determLnlng ventflatloo rates was evaluaÈed 1n Ëhls experlment. After-;thË'-: r-'-

'' -' j ;' ':i: ¡:i::' i'j -t23oc, the'tenþ¿ratu..'rå" cyclè8 ånong 3'':îfnftl.al equl.llbratlon perlod at
i Li-:,;

remperarure serrlngs (23o,'27o,.ttå'31oc) täi'ättotal of 12 stèpe äsrËtrowä Lti r': '

Ffg'ure'2. "'The'vËntilatlon raÈe rsas consiant ât about 0.6't:äch rnä'thê ;''" ji 
"

't " rÉe åË ootäch''duriäg thfs 72-h experfment.-'Th¿ standardreclrculatLon rà

tenperature correctfon factôr (Eq. 6) nas applled to the PDCB'PFt souréè-In "::

caleulatlng the emissLon rate at 23oC and the ehort-term correctfon (Eq. 7) for

'- 9 -



the 27o and 31oC rates. Sl.xteen hour-lor-g CO2 decays were obtaíned, 'one.after

each tenperature change and an occasLonal repeat. Dupllcate CATS samÞles were

obtalned in posftLon.l for all four chalrs (8 CATS sanples) : -.

RESULTS ::

Experfnent 1.

The average measured concentratlons, :standard devlatlons, ånd rélatfve

standard devlatlons of the 1þ p_afred samplers are shorn fn Table.1, arranged -

accordÍng to sanpler orfentatlon and locatlon wtthin the chambei. The aver.agê';

of the 16 paired standard devfations waa 4.6 t 2.4 *¡n3 which, for-an overa"ll

avetage concentratlon of 240.4 L S.l nf,/rn3, corresponded to an ,average relatÍve

standard devl'at1og of 1.9 q 1.OZ r¡'lth a range of 0.6 ,tô 4.22 and, a medlan of

2.22. Thus, the expçcted precisLon of duþlicate samplersr'i{ 22, d.emónstrates

that^Èhere Ís'no need to perforn duplfcaÈe samplfng durlng ràctú-¡il ffeld u6er'ri;

sfnce the sæplfng rates, ha.¡rdlíngr,.and 4nalytlcal procedures for the CATS arer.

conslstent and rÇproduclble. ,

All 32 sanpler analyses reeults are sho¡rn fn Ffgure 3, where they are

plotted versus both sanpler orientatÍon and chauber .locä-tion. Also fncluded are

the means (crosses) and standard deviatfons (bars).for all sanplers Ln each
:.:).,.,:i ,'-t.'.-.'¡::

orfentation and locatlon ae nell as Èhe overall average and stanrd,ard devl.atfon
l.Li, -, i aìj \ i,- xì,: I it 1': i:r

for 31 sanplers (one result at orlentatlon 3 and locatfon C, whtch had a vllue
of 227.6 r*/n3, nas statl.stfcally low and wae excluded frou all ave:a.gilg).,

ì ., 1'
Figure 3 clearly sho¡¡s thaÈ the averages of the 10 sanplers in each of the

';ì :..:
three chamber locaËíons (A-C) nere statistfcally ldentfcal. In fact, excludlng

locatlon D because there were only 2 sæplers, the naxfuum difference

:10-



betr,¡een.- the three averages was only 0.47", indicating that the'chamber

concenlretlon wes unlformly identfcal at all locatl.ons

Figure 3 does show'that sampler orientatlon dld affect the average éauþling

rate. Positfons I and 5 both exposed the sanplers at rlght angles to the

chamber flow; their averages ¡¡ere Ldentlcal wlthln O.77" anð, about 1.32 above the

overall mean. Posltfon 3, CATS faclng into the dLrectlon of flow, had an

average that was 0.52 above the overall everage. The lov¡est mean concentratfons

were for Bosltlons 2 (facing away from the dlrectlon of flor¡) and 4 (shielde{ by

the chair seat) , probaÞly.because Èhose posftLons prevent turbulence at the

sam-pllng end. Those meensì rsere 2.0 and 1.42 bel-ow thé'overall mean. As shonn

ln the fl'gure, only posftlon 2 vas. statfst'1cally dlfferent (more "Èhan 1 staudard

deviatfon) frqn Èhe overall .average. i

Thp average chamber ventLlatLon'.rate, n; based on 5 of the 6 CO2 d.ecay

Eeasurenents was 0.60l t 0..011 h-1. the tiacer source stt'engthr.Sr, based on

gravlmetrl.c mea.sure-uents aË-25oC was 5688 t L2O îL/h. Substitutfng into Eq.'6

gave S'23 =,5195 t 145 fiL/h and,. dlvidtng by rhe,chamber volüme '(V - 34 #¡ g.rre

s = 152.8 t 4.3 ú/h d. The PDCB concentretlon can then be ealculared fron :

Eq. 5., ì -.i ,.\i r, t, :t:. :. i : ,"i-'

c -'* = ffiéIË*;il = z\4.2 r iz.d 
'Llú3

..; I l,l' ,i- i',; t:r 'i' rr lJr ir'lì-l '-' i:r r';

which, as shown in lable 2, 1s ldentlcal wlthin the standard devfatlon of the
'.:.;, :r')r. " r:. l":!

everage of the measured concentratÍons.
,:,,, i . :'

ExperÍment 2

Unllke experfnent 1, ¡vhfch wag conducted at steady-state conditfons of
::. 'i ,i j' - 1 l' l :'^

constant tenperature and ventflatlon rete, experlnents 2 and 3 were perfor-med
: l l.

over multLple perlods fn l¡hfch the temperature and ventflaEfon rate lrere
1;¡ ,.. 

| '

constant durfng eaeh perlod, but at leaet one of the ttro lras changed fron the
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Prevfous perfod. The tracer coricentratLon at any tLmer-t, during Ehe perlod 1s

given by Eq. 2 where Co ls the concenÈratLon at the end of the prevlous perLod.

''lhe averege-concentraËLon during each perLod is glven by

r,
Substftutlng Eq. 2 8 and lntegratlng gJ.ves

1

:".

Ð
n

C= f,-

crdr

fnto Eq.

Co - S/n ("-t - t)

(8)

(e)õ n

where .: i ' " I

t = the duratlon of each perlod, h.

The ach (n) and duratlon (r).,,for each perLod of experLment 2 (consËant ",i

t€nperature, "varf able ach) are gl¡¿en 1n Table 3 and ¡rere used fn Eqs.. 2 and 9 to

compute the concentrati,on as a functfon of t,fme and the average conceûtr¿tlon

for each perlod as shovnr ln Flgure 4a'; .The.serles of exponential curves, when

fntegrated over each perfod, gave the average concent,ratÍons llsted 1n Table 3;

the calculated overall 'average conceritratlon for the. 69-hËperLod was 149.2 + 7.7

nL/G3.., : ,: ¿

Table 4 lfstsr,the measured conc,entratLons.obtafned.¡¡l.th thé 8;GATS. The

relaÈÍve standafdr dey-laÈLon of the""4 sets of dupllcate measurementa ran¡ied: from

0.1 to 2.,\'Z;:rgímflar Ëo experlment'1¡ pa{red.rrebutrts. The,ovet'alI 'avér:age.,PDCB

concençr-aËfen:wec-139.3,1 2,5 ú/n3 whfch;'as shown,fn Table-2r egrêes wfth'Èhe

calculated cgncentsêÈ1on, for expertmenÞ,2¡wfthfn tþe:'s¡¿n¿ard.devfetlön' of,'ee6h

deÈef-,mfn4'ËfOn.,, .-., l'.. t:r ì- I ' i., . tì , ,',.i:'i ¡.,', :;-1 ., -.:î, r'

Experinent 3 . .-

-i.i The,,chamber'tempetatur.e'and lts effect onithe PDCB eource sÈreligth téfu

(S), tt¡g a-cþr(n),; and Êhe duratton (r) for eaeh perlod of;thls va,riable !;

temperature,'experfüeßÈ,are''glver^1n Table 5 and wére ueed ln Eq.s. 2 and 9 ËdF

': i ": iì
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compute the PDCB concentration versus t.lme and the everage for each of the 12

perlods aè shown in Figure 4b and llsted ln Table 5; the time-wetghted overall

calculated average conceritratlon was 28O.9 t 19.3 ú/n3 for the 7!-h experLment.

Table 6 ltsts the measured concentratfons obÈafned vrl.th ther I CATA plus the

levels from the 2 controls whlch lrere never opened; the controls shoræd levels

of about 0.12 of the sampled values. The relatlve standard deviatlons of 3

pafrs (locatlons B to D) ranged from 1.0 Ëo 2:gZ, simflar to experLuient 1;

locatfon A had a htgh dffference for the CATS pair (t 7.47"). Excluding the hfgh

value fron the overall average gave e measured concentratlon of'29O.5 t 8.0

ú/r3 whfch, as showr 1n Table 2, agreeð. rff th the calculated avèrage for

experimenÈ.3 and ¡sas,well ¡rfthln.the standard devl.atfon of each determläat,Lon.

DISCUSSION

As suurgarlzed l.n'Taô-le 2r'fot each of the'these expe'rfments'"'(constant '

tenperature and veutLlatLon rate, constant tenperature but varíable ventflatfon,

and constant-t"ventLlatfon buûr'var.l.able temperature);.the ratfo of the PDCB

concentraHfon measured by Èhe, CATS,;sanplersrdlvtded by: ¿þ¿r,sslcutrated ? ';i:

concç'n-tlatfon {etermÍned frou C02 decay:measured ventll-aË|on tateg 6ldi,þ¡ss¡:i

PDCB lsgurce st.rengths¡,¡¡¿¡g e.qual,, to,, 1,¡rithln thé standard dèvlailon;a5ðoefãtÈed I ...

ltlth--sone of th-e,errors.:' Thusl the passLs6 :earnpllng frêthôd doëg: gi.ve:an r,.

accurate meesure of the average concentratlon thet existed durfng a ueasl¡teñêút

perlod. i ; :i: -:.

The agr:gement wesi:evê¡t more glthfn Èhe error bounds.than:fndfeated',Ln fäble

2 because certatn'errors'l1n the--uea'auremen¿ technology were not Lncluded such.ae

the error essoclated'rdth the absolute sampllng;rate of ,the CATS (t 27") and thé

uncertaLnty fn the gas callbratfon standards (È 22).

: -13-



Experlment 1

. The chamber recÍrculatlon rate fn each experlment r¡as 60 ach, eqr¡Lvalent to

an upward aJ.r velgcfty of O.052 n/s. Typtcal between-zone air.,excþange rat€s

can be as large as 200 r3/n 1ot.t", et a1., 1983). Assr.mÍng CATS are sampilLng

the afr Ín.a roou,n:ar f,99o"oqy, thet there are 4 doors'per zone, and that the

cross-sectÍonal are4 for flQp ts about oneifourth the aqearof a,doorway (i.e., ,,

about 0.4 u3), the maxlmum antlcipated ve.loclty in a home Ls of the order of ',

0.04 u/s, eomparable to the chamber veloeity. Some actual,horLzontal velocÍty I

measurements Ln a houe showed levels fron 0.05 to 0.2 .r/" (Il.q¡los, 19g4), fn the

more turbulenç regÍne wfthin 0.5 n of .the.ceilLng .r , j -

The.effect of ¡1nd epeed and orfentatlon fntp the wlnd ¡¡as stud.Led for a.
passlve N02 sanpler (Palmes, ,et ê1,1.r L976)., From thelr data, t!9 rate of
sampllng relatLve to .,stfll alr fo-r different or.feqtatfons waa correlated ¡vfÈh

wfnd speed and then used to calculate the effect at the chamber veloclty of
,i: - 1r . , ,!.,' .!;,,! * J:ì-'

0'052 n/s. As shol¡n Ln Table 7, the agreenenÈ of the.Palnes measurements wf,th

those from thls study lras very good and consfstent, w-lth the largest effect
occuiring at 9Oo to the wlnd,

sind), and the least effecÈ at

the next lo¡æst effect at 0.o (f¿cf{ig into the

1800 (facfng away from the wtnd). It can be seen
. ji ,: .;t .

that the maxfmuu blas Ln the sampllng rate at velocltles expected in homes and

bulldlngs Ís less than 2 to 31 and can be lguored. In fact, by'placlng the

sampler' on â:flst, surf,ace. wlthlh the toon.; any:, Local l¡lnd.effeêts-can be ': ':'. -::1

blOCked.. . .. '.! j i .".i 1' ,' . 'r .i ':,:)t' -. : 1í:i ì i: 'l- -, -

- .,The::venrflâtd.on ,Eåte computèd. bi',,the BìfÊ/ÄIMSi techni{üe ustng Ëtre conputecf

source strength (S - 152.8 'å ì4.3,-,i|trltr.u9¡:iand,,CATS aveiage-;.iniääsurea ,':)"' ' '- ''.

concentratfon (240 j4 * 5.7 nL/Ñ) is gfven by Eq. 5 as,

s :,L52.8 t 4.3 = 0.636 t 0.034 h-l240.4 i 5.7

-14-
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in agreenent wlth the CO2-decay everage value of 0.601 t 0.011 h-1. Thue under

constant ventllàtlon rete and constant tefoperature conditions, there ¡¡as .no blas

1n rh¿ detetmfnatlon of the average'ventflatlon rate wfth the BNL/AIÞ1S approach.

Exper luent 2

' Ae shoh'n fnrlFfgúre 4a; the wtdely varylng veåtllatton rate caused sfgnfft-

cant sr¡ings trn the' calculated PDCB chdiiber concentratlon vereua tlme. But, as

expecÉed, ttie CATS neasured concentratión of 139.3t+ 2.S nf,/n3 was Ln agreement

lrtth the calculaÈedi-áverage váIùe of 149.2 * 7.7 nl/n3.

Although the padsfve sanplers are capable of deterninlng the correct

average tracer concentretfon overtia measurement perfod, Lt has been shor¡n that

the Tecfprocal of .an average concentrattonr'õ, the quantity ueasured, Ls close

to but not ldenttrcal to the.average of recfprocal ioncentratlons. "For exanple,

for condftLons of constant tenpèratì¡re (S fs constant) but trultfpi¿ equal-

.: r' - ::: :r'i.l Ê- î '' i
duratlon perlode
becoûes : ,1

(n) of dtfferent ventllatLon lates (t.e., dlfferent C¡), Eq. 5

I i::: ,

,,=s!r[ 1s
c¡c

.mt
[<-1

(10¡

,, t i,' .-..'. i ^ -' i)
Substftutlng the explÍclt values of S and C frou Table 3 gtves

''L5z 
.g t'i i .3

L+9 .2 ,i 7:7 ,

t

or 1.02 t g.g9 ¡-1

Eowever, Tgble,"3,Shpwç.tþat the actual tfne-welghted ayerage',yeuÈ.llation reter';L,'

was 1.19 t O.O3 h-1. Thus, for a measurernent perlod Ln r¡hLch the ventLlatLon

rat,e.varled aåoug.2.7-fo.7rl, 'op â;cycl$cal baslsr,!þere rres.en exþllc1.È;,underestf-

mate of the true,avefege.ventllatlonr Fatg by abquË [4:U. ,] . * r:,; :,i!¿rj -.ì

Such perlodlc varl.atLon can occur in actual butlding Deasurêpentsìon a

dfurnal basLs because the ventl.latloq drLvLng-force, the lnslde-outsfde tenpera-

ture difference, Lncreases at nlght and decreases durfng the day; a 1.5-to-2-

-15-



source strength end Ehence the estlmated average chamber temperature. From

Eq-5 ,

S¿ - nC = ('0.595 t 0.022)(290.5 t 8.0) = L72.8 t 11.3 DLlh u3

EC. 6 becomes

L72.8 t 11.3 = 5688 È rzo -(4000 t 300)(1/r - L/298)
34

e

or 1. = 298.9 t 2.2oK (25.7 t' 2.2oC). Thls average chanber temperarure of 25.7oC

1s, as exPected, above the,pre-experiment. basrtæperature of 23oC and belor¡ the

longterm tfDe-lrelghted chauber tenperature of 27oC, ponflrning the applf ca-. ,

bfllty of ,the BNL/AIIfi¡ approach ln varfable tenperatr¡re scenarÍop. ,,

CONCLUSIONS

The relatfve standard devlatlon of nultiple pafred passfve sanplers fs

t 1-9 * L.OZ, lndlcatlng that the reproducfblllty Ln the manufacture, handlfng,

and analysls of the CATS 1s sufflclently good to preclude the necessLty of

dupllcate eampllng ln fleld experiments.

For the 1o¡¡ afr Eovement velocftles in.homes (< 0.2 m/s, avay from any

forced afr vents), the effect of sampler orientation Ls not consequentlal on the

sæpllng rate' havfng lege than a 2 to 3Z posltlve blas ln the worat case.

Under condLtÍons of wldely varylng concentretlonsr the passfve sampler

accurately measures the correct tfne-welghted average tracer concentratlon.

Eovrever, because the determÍnatfon of ventlletlon ratLos requires the determfna-

tlon of the average reciprocal tracer concentratfon rather than the r""tp"o""t
of the average tracer conceritretlon, whlch fs the ltem measured by the passive

eanpler, there Ls an estimated negatfve bfas Ln the ventllatlon rate deterrÍua-

tfon of about 3 to 62, a tolerable blas for thfs convenÍent technfque.

'=18-



By uslng e time-¡terghted average tenperature foE detemLnlng the estÍmated

source strength, room t@perature fluctuatlons or LnÈentLonal cyellng dtffer

ences of as uuch as 8oC (14oF) can be accounted for 1n order to produee

essentl.ally no bias fn the deËerminatLon of ventllatlon retes
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TABLE 1

AVERAGE MEASURED PDCB CONCENTRATIONS FOR PAIRED CATS

VERSUS SAI4PLER ORIENTATION ÂND CHAI,IBER LOCATION
(Experlment l: Avs. ACHço, = 0.601 t o.oll h-1, S = t52.8 t 4.5 nL./h Íþ a+ 2iac)

Avêr PÐCB Conce ion, of lers t Std. Dev¡' 1.nt/é )b -.-":'i cÂTs
CharÈer Locptlon,.,...Passlve Samp ler

0r lenfat lon to F low, A B c
0rlentatlon

, Averagg

t. (perpendlcu lar)

2. (aray)

5. ( lnto)

4. (shlelded)

5. (perpendlcu lar)

Average

t 5.4fi.4)

t 1.4(0.6)

t j.0fi.2)

t 6.2(2.71

t 2.9q.2'

t 3.0fi.2)

t 2.2(O.9'

! ,.512.2'

t 6.0(2.5 )

t,1.3Q.2'

237.7 ! J.0(1.2)

235.3 t 1.4(0.6)

234.6 t 9.9(4.2)

241.4 t 5.6Q.3'

246;9 t,6.t<2.6'

244.1 ! 8.5(5.4) 242.9 t 5;0(2.11

23r.5 t 4.1 (1.7)

241.5 t 4.6 fi .9) c

257.1" t 5.7Q.4'

244.4 t 4.5í.9)

246.3

231.3

244.9

234.6

241.7

24t.3

240.0

257.9

2t5.'

214.5

239-8 ! 6.8(2.8) 240.2 t:4.9Q.o, 23s.2 ! 6.6e.ïc 244.1 t 8.5(3.4) 24ó.4 ! i.it2.4)c'd

aThe average of t6 palred standard devlatlons tas 4.6 !2.4 nL/¡rÞ (t.9 t t.0f) rlth a rônge of 1.4 to 9.9 (0.6 fo
4.211 and a medlan oÍ 5.3(2.21).

bQuantltles ln parenfheses are the percent relatlve standard devlatlons.

c0ne concentratlon excluded from locatlon C (orlentatlon 5) ln computatlon of the overall averages.

dcul"ulafed overal I average PDCB concenfratlon yas 254.2 t l2.g(5.0f).



IABLE 2

comparlson. of BNL,/A'IMS MEASURED VERSUS CALCULÂTED PoCB CONCENTRATIONS

Exper lment
..,,No.,

2

,,Condltlons,

-

Coristant ternp.
cónsîãàt acn'

;

Constant ternp.
Varlab le ach

Varlable femp.
Constant ach

No. of
Changes 

'

il

"'12

0

Avgrage PDCB Concenfr:atlon, nL./nJ Meas.

. Measured6 . Cp I cu I ated!. Ca lc.

240.4 t 5.7 254.2 ! 12.8 0.946 t 0.074 |

139.3 ! 2.5 149.2 ! 7.7 0.954 t 0.068

290.5 ! 8.0 ' 280.9 t r9.5 1.034 t O.tO7:.-i5

aMeasured concentratlons Íere determtned rtth CATS.

bOul"ulated concentratlons were ob+alned froni-olther Eq.,5'(experlmenf t) or frqn Eq.9 (experlments 2
and 5), tlme-relghted over each measurement perlod.



TAELE ]

CONDITIONS AND CALCULATED RESULTS FOR VARIABLE INFILTRATIOÑ RATEÉEXPERIMENT
(Experlment 2: S = 152.8 ! 4.3 nL/h r? at 23%)

Ca lc. Avg. PDCBb

Per I od

Average ACHCO2

t st¿. Dev., h-l(f)a

0.608

1.506

1.627

1.312

0.599

1.298

1.621

1.263

0.567

1.273

I .624

Tlne of Perlod, h

Duraflon From - To Concenfratlon nL/¡P

1

2

3

4

5

6

7

I
9

'10

lt

t 0.004(0.7)

t 0.069(5.i)

! 0.062(4.7'

t 0.014Q.4,

t 0.046(3.5)

t 0.021 (l.5)

t 0.0t4il.1 )

t 0.001 (0.t )

t 0.070(4.5)

I
6

7

5

6

6

7

5

6

;-6 "

0

I
l4

21

26

32

58

4'

50

56

62

-8
-14
-21

-26
-32
-58

-45
-50
-56
-62

-69

8.8

1 0.8

6.2

8.5

il.4
9.0

4.5

4.7

8.6

4.6

6.8

.- 251.3

1 14.1

9r.9

115.0

217.6

I J4.9

96.2

116.7

227.1

I 58.9

96.4

t
t
t
+

t
t
t
t
t
t
!7

Averages: 1.190 ! 0.035(2.8)

(tlme-welghfed)

149.2. ! 7;755.11)

ôAverage of 2 measurements per perlod wlth sfandard devlatlon id p."""nt relatlve
sfandard devlatlon ln parentheses.

b0alculated from Eq. 9 lncludlng the error ln S and ACHçgr(n).



TABLE 4

. MEASURED PDCB CONCENTRATIONS FOR VARIABLE INFILTRATION RATE EXPERIMENT
(Experlmenf 2: calculated tlnævelghted averaEa PDCB conc. - 149.2 ! 7.7 nL/Í?,

cAfs
Samp ler

No.
Ch amber

Locatlon

A 5621

5391

5366
,655

5332
5627

D 4682
5379

Average:b

PDCB Concenfrat on nL

Measured Averagc Std. Dev. (

142.2
r41.8

142.O ! 0.5(0.2)

B

c

139.2

1 58.9

15t.4
tt5.4

I 40.4
137.'t

159.1 ! 2.5fi.8)

159.1 t 0.2(0.t)

15t.4 ! 2.8Q.1'

138.8 t 2.3(.7)

aAverage of tvo measurements wlth standard devlatlon and percent relatlve sfandard
devlatlon ln parentheses.

,I

bc¡rs:¡¡z nof lncluåeð ¡n overall average.



' TABLE 5

' conoirtoNs AND c¡lcúr-¡ræ nesuurs-'ioR vARTABLE TEMpERATURE EXpERTMENT

(Experlment 5: s'' 152.8 t 1.1 a+ 23oC; 167.2 t' 5.8 ai 2Pe; 182.' t 7.5 nL/h nl af 51oC)a

Chamber Average ACHCO2

t Sld, 96r,.-rlfr-tu

0.577 t 0.009
:(

0.566

0.6r I

0.595 t 0.018

0.167

0.621

0.588 !".0.018

0.585

0.596

0.626

o.597
:t,

0.621 't 0.026

Tlme of od h Calc. Avg. PDCBC

Per I od

I

2

5

4

,
6

7

I
9

t0

ll
l2

Temp., ,F,, Duratlon From - To r",i.; Concentratlon nL/å

23.0

27.0

51.0
':

23.0

27.O
', :.

51.0

25.O
I

27.O

5l .0

2t.o

27.0

5l ,0,

J

6

6

6

6

6.É

5.5

7.'
4.25

6.5

4.5

7

6

50.8 -
t6.2' -
43.8 -

6

12

18

24

to.E
t6.25

43.D

48

,4.5

59

ó6

72

264.8

286.7

297.5

268.8

285.7

291.9

267.5

276.4

500.5

264.7

272.'

290.¡

11.8

18.5

22.1

17.9

I 9.6

22.0

17.5

I 8.4

22.'

1 8.5

18.6

23.7

12

f8
"24

t
+

t
!
+

+

t
!

t
t
t
¡

48

54.5

59

66

Averages: 27.0

( t lne-we lghfed)
i¡i:

0.595 ! O.O22 280.9 t 19.5

A,

aThc tlme-welghfed average S was 167.5 ! 5.9 nLlh rP.
bA standard devlatlon of t O.02 h-l was assumed for the slngle measurement perlods.

cCalculated frm Eq. 9 lncludlng the error ln S and ÁCHçq(n).



TABLE 6

MEASURED PDCB ÇONCENTRATIONS FoR vARI4BLE TEIVIPERATURE EXPERIMENTr'-.l(Experlmenl 5: calculpted ilme-welghted ai,eråge p0cB conc. = 2a0.9 t l9.t nt/ñl

Chamber'
Locatlon-

D

: 5461

46 78

5251

,361

.r51t ''
1641 ;

5476
5551

281.5
295.0

292:4
288.2

|OCB C.gnc¡l¡traflon, rf-/Íl
Measuredr-ry Averagg t std. Dev. (f)a

" 312¿5-
281.5

296.9 ! 22.1(7.4t

292.4
304.7

298.6 t 8.7Q.9'

A

..
287.2 t 8.t(2.8)

2so.5 i 5.0(t.O)

Contro I s 5656
,297

Average:b .290.' ! 8.0(2.8)

aAverage of two measurements wlfh standard devlatlon and percenf rË1"*¡""
sfandard devlaflon ln parentheses.

bC¡tS ¡¿Ot ( locaflon A) and controls not lncluded ln average:

0.35
0.28

t;

' I .,;: i.'=: . .{

'j



TABTÊ 
' 

;:

ËÉiFEof oF AtR vÊLoclryr¡*o orneqrroru óH,enbsrvÊ sAMpLERs
(Ëxper lment 1'1)

CATS

, 0rlentaflon

Ang le
from lnfo

wlnd:..

. ..f0", '

lËöp

öv

Shleldeti

,lJ. 9oo

Average
PQCB Concir,.
' ¡r-/tP . ''

2A.86'þ 5.Õ:4
d,] I

' hl' '

ät5.5t ! 4,od'
^ ^".,'241.ìd ! c..6¡

237.14 t 1.68
',' ,: '!"244.37 !',1.¡t

ellve lllAlr
rCa ¿tpd'from

lmes

1tOZ* 047 ,:1'014 t 0t058,1'2
I

J;

4

5

0.976 t
í.0ót ¿

l,:t I
o.01 d

1.01t t 0.058

sÇ'., ,, t,, -:

?ttre CÅfS shtelded.by the. chalr ras assumed to be ln sf|ll alr.::

fuåjicúfaüO fron l,tneaf .e¡çpsrton f lt çf data colí.dt"¿ lor rlnd veloclty from 0.5 to
!.6'rnls (PF lmes, ,bS ,A t.r,uigi6l ,,lorr,,lhe.;ghdnber veloclty of 'þ.0:2 mls.,

::.,s' ì '-iri L" 
'.


