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frêoer gas techniques for neasurtng airflor¡s ia bulldlngs fall 1nùo bhnoe eaf,egonles --
dllutfon' qoËstant lnJectlonr and, constant eoncerrtrqtlon. Dl"lutlon of a .rtnglÇ tracer works
wpll ln buildlngs with a glngls zor¡€ ârld also ln sone two-zsne buildfngs. Multlple tracer gas
üoasuËenantsr .neeassany to eharaqterlze flor¡s an¡ong tnonË ãonsa, ¿re b*¡t conduçùcd uslng th*r
cqnstant tnJeetlon approach" Thc constant coneentrallon method us€s B slngle üpscer gas bo
deterulne Nhe alr flor rates fron the outside lnto eâ,ch of as nany as ten tlulj.cltng zonas.

The papen outllnes ?be dlfferenl: ¿racon bechnlqucs ion r,raktrrg alnflo¡r uca,rurcoÇnte Ín
uul.f,lcaIl butldlngE and descnlbes Þhe operatton of a constant qqncenÈratlon .eyseen, thls aysten
ueaaunes bracer gas ooncentratlon 1n dlffenent aones arrd inJects accordingly to nnlnbaln a
conetant coneentrablon ln each zone. The systeru was tested 1n a singl, B zane strucbure and
,euccessfully applted ¿o ê snall three-zons house. Senslttvity analyses and callbratton
procedures descrtbod ln thls paper deflne the capabillùj.es and 1Ínltaùlons of, l¿hls technlque"
AlLhottgh bhle qebhod does not fully ehanacierize aIi inÈerzone atrflows ln Èhe bulldlng, lt' can
be useful ln analyzlng the enerßy balanco of ¡¡ultlzone bultdi.ngs. Aditltionally, these .

,BeaíJursE(lnts caü be used t"o evaluatç tlre ciilutio¡r of lndoor afr pollutanÈs and the ventllation
of,ftcleney ot' bulldfngs.

IHTRODUCTTO¡¡

1Ìte past docade has seen the cisveloçruent, of iriany technÍques uttlizfng tracen gaseo for measprlng
al¡' lnfllbnaticrr, ventilatlon, and a:.r'fl<.¡w wlthln bull<tlngs (l,tddament, et al. 1983). These
range from ne&auretaents of aÍr iirffll:ratlon rate where the t¡uilrling is treat,r¡<l os a s1ngle
unlforrnly ¡slxed zone to nore ccmpiex rüeasuremenl Eechnl"ques that, t¡"Eat the bulltting as several
coupled zoneo exehaugtng air with one ar¡other and wlth t,he cui:¡ride" Fu¡-theruo¡'e, so¡ne
technlquerr gfve airf'Iow retee ävt?râged over short tlue inLervals, while oùhers dfrecbly yleld
valu.es averaged over exEeneive per':Lorls of'tiiue -- fr.om days to uany weeks"

The varlous ùethods nay be grouped into the r.'ollowlng categortes.-- bracer gas dllut1on,
constant fnJection of tr'acer gasr and mainùulnlng a constant concenùratlon of tracer gas. Oile
on Eorq tracer gases nnay be used"

The eos¿ eomnon appnoâch fo¡'ueasuring a1r" infiltratlon fn butldings uses the dllutlon or
<leeay of a singl,e Lracer gas" This methoc¡ aasLrmèð thaE ì:he trui,ldlng irrberj.or can bE trsated as
a slngJ.e L'niformly ntxed space r¡i¿hln which the tracer g¿ìrÌ Gonr:enlratlon is everywhsre ttre sane"
A snall quant'ity of a tlngle t¡,acer ga.s 1s j.njeeted into ?tre Ì)uildLÌìg, As ourtsldþ afr leeks
lnto tl¡e buildingr th* Èracer gas corrùeôtratj.or¡ j.n [irc+ buirdÍng afr falrs. The bulldtngrs
6rvçräge alr inflltration rate j.s delei'rnirre<l f'nom perÍoclic ueasurensnts c¡f bhe lracer gas
conrlentral;fon witl¡i.r¡ the buflding.
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The tracer gas decay technlque does not tell us the alrflows 1n a bulldlng that cannot be

treated as a slngle unlfornly nlxed zone. These lnclude large bulldlngs lacklng.a slngle al¡:
clrculatlon systen. Even for housea, we cannoÈ rellably deternlne the air lnflllratlon rate lf
there ls no forced alr heating or central air condllloning'j'systen and,t¡here lhe lnterlqf doors
are kept closed. :' 'i; '.i : - 1 : . :.r--:,j:: sil'

i :r. ^î::it:a
The sfngle tracer decay nethod rëânr howèièrr:òe édapted to a buÄcldtng oade up'of:-twq:.?qtgsi

each of whlch nay be treated as unlfornly nlxed. In bhls case' the tracer gas ls inJeet-ed:1nto
one 9f lhe lwo zoneg and the concentration of the lracer gas is tronL¿ored ln both zones. The

alrflow rates ä¡oong the two zones ahd thè outstde can be calcülated fron lhe concentratton
neasurenentSi l" ':' -1 i L -- 'l- :iî.

:lii
erÖnei'fuhportant llni.tatlofi ofrthe':Èraèen gas decay beahnl{ue 1s tfrat lt yleld's. a Eeesureoent

onl.ysfôfrÈã certa-In tlne lnterval folSowlng inJectlon whtlle the tracBE. gas concentnatlon 1s large
enough:úo bd?el1ably neasuÉéd. twó:-wags of gettlng arot¡id'rbhls pno.blen have been {eveloped.
In one approach, an autonated systeø-repedts the inJecèlon¡et-regular lntervals. A1r sanples
are also autonatlóbtty colldèt'ed, a¡Falyzeð, and recorded,ã.ù.regular,¿hüe*'r.a¡9 to deùernlnor the
a1r lnfllÈ'ratlon ratê variatlori;tüüêF exÈendêd. perlods of;tl.ne (Harrje.et,a:Lar*975r Grot etral.
1980). s t;..r¡ ;tn

'J:r-r. 19' -ljlj; 341 .,iì ¡ :,1 .'ìa: Þt.fF :t!¡ äf:jet, f¡,¡; ' .; jilì

In another approach, ühe Èracer .gas is lnJected GontlhuÞus,n"f :aE.a,:ðlcngþant rât€ (!*¡p,:,,".s,;

constant tnJectlon. nethod). Perlodlc sanpllng, analysls, and autonatic recordlng of tracer gag
concentratlon pernlts Esasureûents of long-tern vantations ln alr lnflltratlon (Condan et al.
1980). Alternatl'ùe oethods, dlscussed later, perult the qfåå$äËënea'ü, qf- O-O-tiÀ-..ttei"u.3r,eragq:Ép¡¡efäge
1nflltratlon retes dlrectly (Dletz et al. 1982)"
',' - .-i' . , i.rt, b':." ;r11:i9f 1.

-,ïnel conàtãTibfëohôåntÞ[tl'ðn techñlquê' itei-ibltå' ÉRê: detÞrnlnartftön of @r4¡r úo'r+ O.!. ow relfe*,¡ün a
nultlzcjilie'bulilÎfÍti-di"'slq'l I usítfig a dfngfd É,r{aCêiú gâtg.* In:tt¡ls nethödr'.tlÈ rlr!{aæiilãäs ::cD 'r r
ooncelÍC¡äti.tih ts ftásuFê¿ at TË'equeit.1tft,éfvâr1$c'Iå éâeñ:óf.the zóûi5gJrr.;BEtiéü o$,$l€se ¡r,r. ij'Ì

. e-Ësúredeat,sl'l iiôè/Êi#'neasured'qüanbfúf..6fr:þ¡r¿i6¡:gdgili;l¡rJected: Éütó"Fgactú-:zoñG.co-'Èhab;:bhe
concefítratlõn 1Ìf'eâèh åotie rênalnE "egietlü'ffI1,¡f,cônstå*rtc i¿9he1alr"'îlor/tng .fnon.the outstdsi&rlto

à',bäìtr 6f the zðt¡Ês lssbalculhtêdjfron uièf.áeuÉèdëflB-.srr-úf ctè âüôrrne of ,)þfacer gas:lnjdcitadrl*tothat
zóne. Thls appÈoach has bbþh" succeriÊIirl:Iya¡sedr-'ln 1buájtrdlñ'g$.ì{fth a,s',t¡anf åÐ; ¡¿¿ zoneJ''1n..r''.
'oáhada, (Kunarcffi, ã'I. 1979), Denoänk (CdItreÈ' 1961Ì;: S¡ritden'(Eundln uErdIr."l.983)r the -tlnltedr:i'.
Klngdon i(Alexander et af. lgSO); and:'the UrilËed iSþetèSFF ïi' .''-: i': ' .. :\. :ir

rÌ .-. g{.* i^ i--.:r';i,i i,;¡* bt l.-r:¡-1. 1,- .::"ì! e,---li;i^ t: ù..: rf iiIÌi,i .t¡ i,': ù:-'.
Howaveryr;even ùtfe ñ'st.:soÞhlstlcäåèd-'¡i.nBlé::trecc¡rirg¿slÞechntqEerdoes:rnot tql..lcud et¡! the

flow rates of fh¿e+ést':1dsìftil!ôlnÊË'iw1thi.nönþ¡ìþháñ.tútc¿orÎ€E.r'( Ît¡e' sii¡u1t¿üuror¡É.r¡a€ of nuù-tlple
tracer gases is needed for addltlonal lnfornatlon (Slnden 1978)" The nunber of zoneE anong
whfch alrfltßt's.õarl.ì$è futrTy C¿'ctis¡èntegí13!'15.h1tÒd.by ¿he¿ÉunbenLof ôlfterdr¡t'':ürÉgtrî. gæës
avallable. A¿ present, up to four dlfferent tracer 8eEê.&'trave;.been,'uSed (Itanson¡et a!¿:1982).

'-Multlple.tracer gaaea, llke single gracer gases., can be used ln the decay and constant
lnJectlon modes. Uslng the decay node tends to be ariàSt.$ttroa'lly.cunbersone, (Slnden 1978), as rd€

shall see, and researchers cumenLly favor the constant lnJectlon techntque (Dietz et aI.
'1984, HarrJe et af . 1981).

:j>',. cii . " .rç. :f ,

Single Tracer, Slngle Chanber Measureoent

fùhere

i '.,.
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: :ij t tt 'j:i.:1;:.r,"¡r .,r,ìüt ¿rì; ,.f t¡ $l-*¡l -,: .: 'Jii¡ ;;
Èthê, sltÌBrËrêIiåÉüèr:dècag df ä'sÂnÉl.,e:'¡raceË':gasn i+The stÍúplest efpirùienta!'r.hegtlo<í 1s

certatn quantlt,y of llre::9râcer "gðs.. lsi.i¡nfngduced: fnto, lhe gÊr ¡nO. alLowed':.to':nfx sctlJlhãü"ìEl¡e.
concentratlon becooes unlforn throughouü Èhe space.. Sanplts.sof ¡afr'are,äË*èn¡gÞr.tödfeafllyia,nd
analyzed. The concentration of tracer gas ls neasured. As outside alr containlng no tracer gaa
enterE the bufldlng, the:êOncentrd&lqn:shoúrs, arr gr(Éioncr¡lC-ariù. dæay.¡ r,¡'. ." 1': . :i'ìô; ,ji\''

C = Ce exo (-k È) (1)
Ér

..!aklng the natural logarlÈhns of both sides, rde have: ï ': ... ' - r .'i

ln (C) = A - k t

((

The downward sloperclìi'of the Sraph of: Ln (C)'vs.'-t1úe,Ë ls lhe air-!ñF1g.gtqt,lon ¡i¡,g¡i:sgh6r.
vcilune flow of alr 1n and out of the bu11dlng is glven by Q = V k, where V 1s the buildlng

L

Q)
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i'¿terlor vo lune. : .. ;r__
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-ìf::T?¡€.s,ingle lracer decay requlr?" ¡¡"t bhe tracer be {njected into a unifornly mlxed zone.
The mlxlng 1s frequentLy enhanced by operatlng circulatlon fans such as a furnace fan or by
special nixlng fans. However, even wlthout any nechanical ølxlng sysbetnr the nethod glves
rÞIlâbÎe.va1ues of. tt¡e'€Þa"tlally averagqd alr, lnf.Llbratlon raÈe fon houses and other snall
builôSn3s.: : .:-1'* :'

¡! . .1iç': l'. ')'
the lracer decay nethod requlreC the detectlon .un{t lo be'locabed' When inltially developçd,

1n the bulldlng belng nonltored. Slnce then, bottle and bag sanpllng technlques hgve been
developed that pernit Eeasurenents wlthout the presence of the detector on slte (HarrJe e! al.

-1981, Grot, 1$80, HarrJe €t al. 1982). A snalI quantlÈy ofithe tracer gas lsrcArrled-to the slte
ln a plasblc bottle or bâg and released inio lhe building by openlng the bottle. Subsequently,
several alr sanples are oullec¡Ed fnon the bulldlng uslng o¿her plastlc bags or botiltes. The
contalners are sealed after sanpling::and the sanpllng tlneg:noted; confalners are Iater analyzed
uslng equlpment looatedrd-n'the Èabonatorry. Thls technlquq¡.hag,.1¿o.r,ked well wlÈh,¡u.1fur
hexafluorlde lråcer..gasr:Whlch"is:ranaly2ed uslng¡a gas ch4gpetggraph equlpped wlth an. electron
eapture detector. Thls type of debecÈon requlres relatively snall air-flows durlng analysls.
Gases detected uslng an lnfrared absonption technlque may not be sultable for contalner saopling
becaueä of tùe ûansþ flor¿ nateS'fnrvro.lved, durfng analysls. r. - eÍ. \íj

t ', .l :: : '1,: 1..- :. .' ! t -, . t!Ì
. 'r i i: -; 'ij- !,- | rì i. ,: 

". j.j:.
SfneùE. Trapçr, Two-ChanbeR Mpa_sgfenpnt .d: ,'..rrì "i . .i

Alùhough the average atr tnflltratlon ".t" of i house can be iåiåu""¿ úirng " srnlre't-i.åo""
,ga8'd¡?eay' truWlaoqF,úùpasulene.nt'.siare,.,easgg!141 _to",poçfecqly repfes€gtr"çhe.Bo,vçp,Fnt of*-tndoor
aln contanlnâr¡-tp.ênd golstqtçr anong dif.fer.gr¡t epacq¡ wlthJ¡4. + trç.g¡e. Fp"r" 1.qlþgqp-err,th€ r-:- ,.

' radloactl.{Ê gas nq{'on,typÅa.,al. 1y ortglnq$,ee f,rog.ther="?er.r.ì4{rdqr'the houss,e$C 1: ¡'g}pased",.,,
-prlmarl.ly.,, lntp the,,,beqeFénqror crawl- sp¿ge-,ati'the bo$gg1 ¡,.!h"e,concentraê¡fprr' 1.4 -the.$J*vlng sçce

, dHpends, on' the s:otrFg€ s.h¡enBth: pf+,r4doq,-.ln.,the: basgqe4Ç.49,well. as* lhÊ^alrf,¡olr?, anong..tha--

" baseuenB¡,;l,i,vlng spâc€¡.: ând the, At¿þsld€; :lle4nan4ez. usqd, bwo-zonq¡lllpw Eeaaure{renÈs to detertrlne
radon .f IEx.balance¡ ln.oev..era1r,to¡sþ. hqqÊes ;W-'ith 'l.arFe,..radon aourc,ea (Hernandg.z et, a1. 1982).
The'.slngle ¿racergas, trnjection And,deqÊ,y: qetbod can jÞ"e adapted to Lhe neasureÐent of alrflows
ln a two-zone bulldlng (Slnden 1978' Hernaagez'¿eb al..,il982).r Th.p tnager gas ls .J-nJectert lnto''one zone and air sauples fron both zones are collected and analyzed per1odlcalIy. In the
lnJectedi,zoner the'tnaoeregela"qoncen;patúon:faùlsr off.:,Fapldly aÈ:f1ru¡:tr" arrd then mope sLowly,
wh,l.lar$he conecntneflon Én qhë other. ìzor¡r.:inqnea¡eq¡lat fûrgb and ttren fells qff. " .,

:.¡¡,.:lïi (. ,:. i .j . ,sri,,lji- ¡f1.,-,, ¡.. '.:_- :.¡.rtl.;.,.a-, .- .?. -. j- I' 'fhe'coqeen,traþûor¡s":o-f,: traeer, gas.,Ån 'the,>*n.je.c!ed'zgRcrr4$) e¡d tt¡p ot_þçr, al,.þ¡naüe, ,zone
(a) lare "gl'verr by:'the foiLlowlng equatd..æe,: ' ' .'i1i!.!r¡,'i' - ï¡"i, ::" .-'. r,ìtrF;.G, i' ,. r

9i" I

,ì:f.) '

ri'
I

(3)

(3)

(4)Ca (t) = a21 eklE + a22 ekzx

.A;"nËcfed*an oúàr¡"""; k1
arid k2rare two=tinç qonstanls thatrcbarâeterl?3 the:alrfl.owç,êtuQqg t ber.'-s-,and the

. . .ouBslde,¡."the four coûstants a1li ä,12r.a21; and;âàZi,lf¡dôrporate. lhe:fnj_ttal conditlw¡g,of lheri' ì iln¡eeLlow(s{ndenr 19fl8, Hernaå.iez 
"äi' a¿'.''1982). ".,i,i . :. .:. .l lr, -, r. jF.

;+':;'!È r ., i¡Ê.¡Jìlr.r¡.:'.. :,^
Two quantities 11 and n2-arne deftned.'for conveql.ence årE'.io¡F.lonfu: ,.-':. ..3i .:r,j-"

aiz
and 12 = ----

azz
)

Once Èhe values of k1, k2, e1¡ and 12 are known, lhe flow parameters can be readlly determincd.
Slnden proposed two nethoäs fôr calcùlaÈlng the values of these constants fnon meaiurenenls of
tracer gas concentratlons (Sinden 1978). One of these nethods ls a st,atlEtlcal pnocedure tha!
utfil1zee, a¡Il of tþe cÞgenvatlons and is-bherefore: Ilkely !o be.:nore rel{able. ,ilw,-ì: .i.

; '!

all
P1 = ----,

az1
i,{

1
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4 are rewrf¿ten acl
: '')r, , .: il:

': çi;.'1 îjj..¡

Equatlons 3 and lrì¡. /:

'J,ïr

(6)

(7)

Slnden reconnended regresslng the y values against llne for vartous r values; the best fit
ls ueg,êrbo estlgatç r anô: k va-lues. ,ftltq^netlrod lnvolveg lterative regressions.r

- - ':i' 11 ':. \' --- - Í'l5Jl'i 
'r- 

il: 'c 
'Ìi-r

. Hernandez prqposed -aa a\-tqrnaÈlygpp:leqlatlon.proc€dure. He divlded the.ilate {nto lwo tine
l4lervals -- a-lranslent'perlofl an{ a doøl¡gnt per{od. Durlng:the.-donlnant pel;tod'cithe shorter
tjne constant of the syste4 hqp6d{ed:out¡jênd:,concentrailons.:d-niboÞÞ:chanbcrs decay;aÈ:-^the Eane

rate" Graphs of ln (Câ) and In (C1) agai¡¡1,þ"fi1¡¡e arq- Pêf8-l'1û!r,*rtleruüed -[he dotlnant-p€rlod Þo

flrst caleulate the lönger Llne co-nstant and-two of the four nan coefflclents. These values
were then substltuted lnto Equatlons 3 and 4 and a slnplerr nonlteratlve, regreaslon of
concentratlon data fron the transient phase Ltas used to deternlne tôe.r,neúalo$qg Paraneters
(Hernandez et al. 1982).

, i.Ì ' l-ì r. f't: , ; :.f.:

,,Jþ.Eix sets of dl_W rates coßBectlng,.Ehe¡lwo ohambep,sranô:ithe€ûl¡tslde',ûre glven by:

i '. ii-' i : 
.,,)':i 

-.,'t. 
. .,|: 

'tt._. - f -': '-' 
.,1,

F1¿:V"(UZ-\)/(r2-11)
. : i, t- ì,t tc.-. it å1.!(-:

'ì . ': 
r't!)" -''-'

.-F¿-ç: -v1 ( kþ - kl ) ñ1T2 / (r1 -rn2 ) e'i

J 'f JÉìl 't:,,,,'.' '\' :f EÊ - '¿fì': 'lgq 
'

.,1'1¡; ¡,t:.'-.i',.( I 0 )
'1frçt o Í
FDa'"=- V..*[..'k2:.(rl:'*L'J ).1. k1 ;(tn2 - 1.)l¿1" (12 -211)

r'\'

: :: -¡ + \'i-a ': 'i

:-jÉ{- i' '-) n' nO¡"l':'' r'"si'ìì'-:il' ':

:j-. Fo1 : V.1 [ t<2 (1 - r¡J - k1'-.(1,.'<:"r2)) I G2-- 11)

. ,i. - ' -Ì' ;{ ;r'ìi 'lC i"l' ' - ì¡'- -! 'Lil ;i" : Frl

, -.ir8r--li .'r' 'ilâtv,g:j ,:,r -itÍ i¡il ãri: ,¡¡j " -"i í1;Ì-l!'E':i-

¡ Elo, = Eólltc[¿gsi,tF1¿ i: : t)ri: ': ' ¡i:'l;<;rt : "Ì ^3'-r-: :r('r'

-r a '1 -¡, j S'. ¿ ,r) i',:'.-'r'"il-re!jPl!r Wr. -. j: ''il'::.1 .'.lr ":'
. :,'.1 +;ìli .;.¡i - Êl: "ii .j i,gltjl - I I ':''i -:'1 ' ' i-:'

:, Fao = Fêjä:,+;Eta -*E5i; i'i.¡rr,'l'Ì.: :,'; 'l :,, l, -'e.ì \- ':

, -, I ¡ lF .li3l ( t ?t:t-tt 9 g--]'1É :'
.)3¡i ¿ Ëi çi: ;È,,'r i :;,ltJçie 1Õf 

T 13 )
.n : E.l-i:. Ër)i.ìÍìi

where.V¿r V1-are tþe"yçlu¡¡es of. èhe:.a1ternaùe,,and fnJectedØdn-es; -añd#Eii ts i'ËFecflõPi*at,e froo
zone 1 to zóïe J. ..ffernandez upeê þ!g metlrg-d" þo detgrnlne t,he fð.ong-,for,t*o retatl-vel¡titrell-
coupled zooes -- ttre llvlng space and baseme0t.;gf ¡r¡house.lû{erjnarrdsz e.t ra:}¡rlB8â). Fþii their,
well-coupled oase, the method works relatively well. Flgure 1 shows sulfur hexafluorlde lracer
gas concentrablon ln lhe llving space and the basenent of a Princeton house, following lnJeebion
1nÈo the bageoent. .tge-ijla !'-j-: ^l-e-?I::- :1ì" ,i:

F9rd, asure flor+e,.òetrreên,iôhe ,tLvfn¡i ffêb-ê ràhd: the atãle- of a
house, twö ¡, Henq.blre úetirolt ensur:Èt€rs'do¡ñël-'ô{f8lcr¡'lt1bEeîtf'ðÊå' 
!98a)..-iþe ÌtniÞat on.-la^Earte og,lthë équiÞhéñgìrí13êd;t6Jüêgêct't¡re
Eracer þs. For 'l.nFtanpÊr,) "!ûrÊo t"ràcan rgasc le tnJ:ss¡¡6 itr'}}lo'cÊtë llgÚ"lf.id 

'iÉåóå'ìi6f 
ä''rrð6s-é1e€Ê6 .

concênträèrons ln the attlc are ûruch smat ler rryeëâusè':¿hêrelrÉéicêhäñgé Ëg€ù¿Ëá't¡reJÍrr.rñåLspa'ae
and the attlc 1s snal1 conpared to airflows among dlfferent zones lrfthln bhe llvlng space, or
beLween the llvlng space and the baseoent. Also, attlcs are vented and tbls too reduces the
tracer gas concentratlon bhere. If bhe lnJection 1n the llvlng spaee ls wiqÉ4n lhe oeasurer¡ent

, range of the detector, lhe attic concentrations are ll$el¡ to bertoo, 3nal.il- bo;-be retlably
neasured. Alternattvely, lf enough gas ls lnJected lnto the Ilvlng space foËrttre concentratton
ln the attlc to be measurable, the concentration in the llvlng space ls llkely to saÈuraÉ'ritÚliþ
detector. We have so far been unsuccessfuL in naklng rellable'neasur€dènts of airflor{s between
the llvlng space and the attlc uslng lhe lracer decay nethod. A¿ present our sulfur
hexafluorlde detector can be used for concentpatLons in thè nàhge'n:o{28tEo 500 parts per blllion
(ppb). l{hat ls needed ls a detector that can neasure concentratlons over a very wlde range of
values. ¡ i ..::,

I liil r1- l. èf 1:
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Another problen with the use of a single lnJecllon of a lracer gas ln a two-zone alrflow
neasureEent arlses lrrespectlve of the coupling be-tween.llre chambers. In order to nake rellable
parat¡eter estlnatesr the neasurements need to be contlnued until the translent phase has been
replaced by fhe domlnant phase. In some cases lhls has taken ben hours or nore. The duratlon
of the oeasurenent poses several problems." Flrst, lhe concentrations 1n one or bolh chanbers
nay fal1 bo such a snall value that it beeoo'es undetectable before the measurenent is over.
Secondr the nathenatlcal fornulatlon assunes thal the flow rates renain constant. For a long
neasurenent perlodr th18 assuBptlon ls unlikely to l1old. $lngle-zone tracer gas decay
experl-nents often show alr inflltration nabe varlallons of a factor of three durlng lhe course
of a single day.

i . :: . - 'l 'í :

A single"rinjectlon of tracer gas bo provfder.'a unlforE lnltlaL ooncentre;t1on 1n-eadh zone,
followed by dllution has been used by Sandberg to deternlne a nventllatlon efflclencyn for a
oultlzone bulldlng r(Sandberg 198 1r Freeoan et at. 1982)y- thls techrì,lque ce"nnô¡, however, be

. used to detennine the ra,tes of outslde.alrflow intot'each Zone; nor can lt be used to deteinlne
changesrin"venllIat1oni rete oser time,wlthout an:élaboraterr.autôEated reinJectión and olxlng
setuprtorregaln uD',ljfôrÉicoricentratiÖhs in all rsþabeþ. ., . :

t. . g, n ¡.r â ,, r'tit. âa

'? . 'Í)^ 'r' i f- :^

Constant InJect,fon Sygtsrg

Sone of the problens of the tracer decay neasureoents can be overcone ustng a constant
lnJectlon apprE4ch. Here¡: eoEtlnued.rjinJec?lon.ìÉeru,its':tESrooncéntraTiil¡o'n of tHe tracéþ ,gas to be
kept wlthln fhe range of the detecton. Lawrence Berkeley Laboratory researchers have used the
conatant lnJectlon neÈhod !o advantage (Condon et a1. 1980).

One of the nost lnterestlng appli.catlons of the constant lnJectlon arlses fn the
conbinatlon of a passlve constent inJectlon source and a passlve aaEpler developed by Dletz et
al. at Brookhaven Natlonal Laboratory (Dletz et -41. 1982¡ Dietz et a1. 1984).. In lhdir neÈhod, a
bullet-sfzed canlster closed by a rubber stopper passlvely releases a perfluorocarbon tracer gas
fnto the bulldlng at a nearly constant nate. (The source enlsslon i.s, in facÈ, temperature-
dependent. However, slnce lnterlor teqperaluresiof occupled bulldl,ngË,do not vary,ouch, lhe
varlatlon in tracer eulsslon ls snall. The average nate of release of tracer can be caLculated
fron neasurenents of the interlor tenperature.) Dlffuslon tube sanpler(s) passlvely.collect
tracer gas fron the alr ln the buildlng over long perlods;of time. Later analysi.s, of lhe
sanplers y1e1ds the bulldlngts long tern average a1r infLltratlon nate for the sanpllng
duraÈion. Thls nethodts chlef altractlon ls lhat lt can be used bo inexpenslvely neasúre lhe
long-tern average alr-lnflltrablon rate. the Brookhaven nethod ls'adapSa'ble tö nuùþ'lple tracer
gaaes and therefore sultable for Eultlzone airflow neasureuents. Several dlfferent tracer
sources and sanplers are located in the bu11d1ng. Each sanpler ts laber analyzed for eaoh
¿racer. Brookhaven has successfully used up lo four dtfferent trgõens aÍid^measured alrflows
emong llvlng space, basenent, and attlc of a house (Dletz et al. 1984).

0th9ç.conslant lnJeotlon .uetbod,s requfrer.thaÈl,the expenglve, autonatedjequlpoent left'tn
bhe butl¡d1ng f,or long perlods oi tfuùe functlon nèl.lat11r and; rnoreover, Té{u1res.ëixtensive data
analysfs to deternlne .ãverÂgç rÉnf'lltratlon iátés.'r: , ^. -'i)Ã i1i :lr'

.i ,1 , , * tlr " 
\i '. 

' i. 'i \ r' - ii :'* : '' Cn ' 1 1ì3-'

. : ,, ) t.it:,,-i "ti. -i":': p, l:- . ,r,tj l : <15,.,i å.D, ì:. -' a

Constant ConcentraÈlon Systeos

IÈ 1s
foF lnstan
The. çonsta
concenþrat

,.!.li.IO.1ng, ., n ,by: ; ,p :.,r.'ri t: : ' :ì ' I s' -: irr'r-." :

' ,i î+li. l:, i -. :,9 !;fíli: - , i'
1+¡- :. : .a. l.-

V,.J
i

nhere .

:C¡. F¡T cr FtJ (14)

ur,

FJr

cJ

S¡

: a.1rfLgw-frpm zone J tor zone Í I

: tracer gas concentralion ln zone J

: rale of tracer gas inJection fnto zone J
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'.Thtg set qf -qguatlons 1-s-greatly slnp-lj.fled ln the case where the tracer
fn all zones ape.Êqual and-eq4,p!af!.- In such',.p case¡ C1 ls the sane for aI|. J
bhe deslred steady concentratlon. For an appiôprlaÈe cholce of tracen Saar -.lts
outslde Co ls 0 and dC¡/dt fs also 0, so tha! the equatlons reduce Èo:

sJ
FoJ

gas concentraflons
ãiiä equat-ito c¿¡
" conCéìitrdÈ1on'

C6

where F^. ls the alrflow fron outslde to zone J. Thüs, ùy holdlng theÌrciJncentratfon constanü,
¿tre hfÏitratlon lnlo a zone is elnply-tbe-þracer lnJectlon gpte lnto the zone dlvlded by the
steady concentraÈion.

In order to keep the concentratlon steady, the systéa must be aUiti'tô sanplelthe air and

nreasure the lracer gas concentratlon 1n each zone, calculate the rate of tracer gas lnJectlon
needed for each zone glven the measured concenÈrallon, ana inJeéï the'rtraaer gas at a varlable
rate lnto each zone -- all on a llne scale that w1ll 3,1Jow aÇequate _gqnqL'ol of fhe concentnatlon
tn eaéh zone. Ideally, we would lllce an instantaneoú5'neasr¡¡erienÈ of'tnãcer gas concentrablon
Ln each zone and contlnually vary the lnJeeùlon lnùo each zone. In pracElcer several facÈors
prevent such iu¡l€nenÈ. However, the alrflow rateg change slowly enough fhaÈ
neasurlng the .,!alrlV large dlscrç-te sEeps and usl5tSiä, constant flowr adJustable
on-tloe lnJec d^es .adeq_uate qonÈrol. . .: : . !¡.ir,,ì"rc ..: e.

qu" sv,"t"å Ä#åj#roi' j,-ö 
""no,ül'åiofre..:åu"rng 

whtch tþe rollowl_ns:qpî.qlons take,,o",l"Í:"t
. \' : -Jía.tft.j.. :! | i , !- r, T,.. îÊr :1( -.-Ìa i, cg.f;" J Êi.":9ï31ì : i. . .1 ) cog.cerrûratlg¡r" of 1,:zogg, r9 ngpsgred. ....,1 - Ç: rì. j: _,1r" , ,r; ..iì: :,

2) sanple valve of the next zone ls opened '' 'ti:"' ë"' ' 'u

iìi ál iá¡*alon raÈe qt,t¡" neasur.ed -þråé i" cêlc;ratEä": .' ,,, j ,tr.,,
:.i'qÉ-11-

, +À- ner¡ lnforoatfon jf;.oispr'ársdr-on nonlbo¡îna sat'i¿, !o ¿TËr< stïrar¡,i j,oi ì: :ì': '------'-.r'i.' -:jï - t. - ! :,.îc .. Jtí .-,ì .: O., t* .. ¡,-.!¿;
i'- - 

:lË t .l' ( | t'jt.lj .... .,( . ?t!i : .rf .,rr¡r-- ."¡.

,:.5\ tracer 8es s."å1Jr1çte{ lnt'o,j1llu,l,onlÇå.r, -.,: ., "ar- ,,, 
'-: 

'!1.r:.iíi. 
. -:'::^- r.ri:.:;.,rr!

,': , r i

" 1 t,-.i" :r:j.: .i-- g.¡*-:' l:i: ...:!'_:.1 ^'i. '-...,:. 1.r . '-r¡¡,,..:: .r ..: aruer rhe o¡¡iä*r-J'óopniçtgì.[np1.ppäiaÈl.,pri¡-är9,ç8egatéa'dn'ttre'. ?'' ttreenrimbår of
nlnu¿es^þe¡ween r"{iuqåþ"nts'in þ.-1pq,¡¡-ec,¿*l tg;,q+ã !Íi.t.+, nutier'of.' ê.r "Îtl.,lòizones bhere 1s a ten-nlnute lnterval.

= ------

the are not'conneo

( 15)

1 sy'Ëten'
t¿8 to the

Our systen conslsts of an ,çJ
¡lnJeqlton ,Ilnesr a4' auxiliary Pll4-Þr

vglupes tþat gan bc releaggd 19. I
lnJected ag'. snall op9¡ rfi,qgs
tnJectlon¡can bake ptrêce" -* ÎþJ,,F., r_qn$p lfl
l1nltatlonr, qre steqdy,tgonegntraþlgn ougl

thln thg; a J" 1 owab I e enatl6Q Jof' lgÊ911. of the.zones
1 loxJgr5rÉquatlon ls uspd: .to*"apeg.i-fy lþe -o!eq!y

togräpÈ; aeÈenlËþ''or €éh 3åûÉre an¿
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I -arF a:factor o.f fggr above',or belSW .the i.nttlaf.
' for a factor of two fluctua-tio¡rs;- ln the lnJpc,

adJusted 1to eonpeneate {or.,dlffigrgntapone voI
rate of 5''qclsee' and a,-gonqofti.fa!þq of lqJec

_.-.:tp:1.2 chgnges per hour can:be_Eq1puped,wltþ a.

larger &@n€4.,êx€ acçomod4Çed by''{nq¡caslnq-th
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' -:.ç¡'t t ':: ,r ,. . AII ,conslêr-¡t concen¡ra¿lon systens use soûre for'n'of a pröportC.onaI-fnLe$ra1-dlff€t¡.ent1a1
(PIDI ,orinÉr_-oI.a-lgorlthn to oalculabe the lnJectlonrrate. Thê quàntlty of lr&cen.gas lnJected 1s
glven by tire äun of three têrns: ':"'"1 't'

proportlonal lntegral differentlal

S¡=A(C6-C6) + Fe¡C6 D(cp-ctr) (17)

where

.ct
cp

"A

D

3

ï.D

: present, neasured cgncen}ratlon

= concentratlon'úeaeüred ln prevlous'Ûlcle

= . propQ!.tlonal constent
,t

qpeps are taken
les and to neaaure
fo Ínprove nlxing.
let to the

¡

The proportlonal teþ.Orovldee a correctlon based on iieén bhe present
measured cohöentratlon aiid-"the deðired concenÈratlon, lhe eirsaÈeå for the
depletlon due to outslde atr lnflltratlon, 'and tlre dlffene tfè &hangþ 1n
cgncentration -þ¡r.4r.$s the deslred,value. Our PID-algorlthn, slnllar to one developed ln
Dennark (Co11et"198i), lncorporateis all three têrùs. tÉe consdånt ArlU ôùbVêù so that'rthe
dlfference bet¡¡een lhe present and deslred concentratlon 1s made up ln 20 oinutes, D provldes
enough correetlon so that the anount lhe concentratÍöii:tioveii'awdy ffon ¡Èig-: pre{rlbr*irrsanple ls
nade up ln 10 ninutes. :t. j;.,r _ Èa. r \\ , j ¡

In the absence of elenents cauçlng bhe systen to be potentially unstable -- such as
noninstantan€ous nlxlng of lnJected ''5F6, lnoompletËt'ttxtåg. of outËt¿e alr wlth:{iboúrair, and

:3'. *- ,1' ' î J lìjrij lí ?:r!

det,9ctgr
eonËro I
sEaller TafèuÌAi' thbråaserr',irh1ch also caüses ¿he

åouiie*¡ät lf j tfiè- AÍRrþênäþ,åg cons¿antr: -t,he
abLiüe stáåöy iváfriej Ïhe slsÈeü nesgû,rd"s by decreasthg the

lnJectlon rate so that the condðiidiát 'úIjrI Stittte down tö'Ìhe stbätly galue. t{herÊ;Þårch
concentratlon neasured 1s ln error the systen osclllaLates contlnuously. These osolltatlons are
shown for oeasurenenE errors of 1.5 and 5f ln Flgures 4 and 5. Slnce lhe effect of the

- oeaaurenênt error 1s nultlplled ln the strÈngth of "tl¡ë öàcilEât1€n'"of lhe:,¡meagured AIR,' nêasureoent errors of 5f and greatei ere rrog-a-cìtept-äbrê. -As 1y¡dtscussed, Later, wê.ftieve strtven
to decrease the detector error. !"t::¡
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syste¡ reaches steady state ouch Eore rapldly. As shown ln Flgure Ir the concentratlon stays
wiLhin a few percent of the steady value and tþe oeasured AIR value reaches the true value 1n

approxlnately t hour r,rlth l1ttte overshoot. An addlÈlonal observatlon fron these slnulatlons ls
bhat the concentratlon approaches the steady value nuch earller than the neasured AI'* reachêè

the true AIn. -^ . --l-r ;:.i:. rri :. ; - ì -..

ntrâtion n lów rates in a'sn{älf.
house lreatg e-zone sys tcþên (cooblned vbrldè et

;t ;,i-iii¡= -"*.ï"ri 'rÈe rwo bedroofus:-;:
(volunes 17 are each ¿ êd ûrl¡h a 'two noüi gLp'

the aIr-l¡flltnatlon zon-e. durlng
Note that there ridi'e n thé air ln nunE'

il;:#;;.Ëi:iiieå-Ls 3oQ opb dur "'
"ãå"ãnà¡rv 

steaåy ln .'' 
--. 

:

- :ii.'. !!',.- :-L';: ,. .a. I

CALIBRATION PROCEDURES

Detector Callbratlon .

.ca
r'.: \ 3['i,.:

Y

Lon alr inflrtraùion ,äeaeui'ènents depend'én'the slope !f trrå'lô'g-conìèen-lrÞblonTracer dllutl
tlnä';;r,re|;s"iil iir"ãJ oråtãtf" réquire cattbratlon *ó'i''-tt¡e hetãct'or for 'abbblutri :ì : ät

concentratlon of lracer gas. The developnent of the constant concentratlon's|5ted'haÈ éiðught
about Èhe need for accurate and rellable measurenen-f
The equatlgn used to calcülq!.Ç,,t¡e concgifùraLioh ts',

-1..

of thB abgolute tracel gas concentratlon"

-í,iì3 ' : ûa

:.

tìt:

ti"'

')99. iì(.rí-r:

_ <r ç: ådi
'"I;è.ÉJ(ig)c = tÈ 1;(r'"Zro)l'(1Æ)

where

dões
delt
Flgure 10.
thq
gges
read

C = absolute concentratlon of sulfur hexafluorlde (SF6)

Is = standlng eurrent

Ip = peak current .,:,

K, b are consÈanbs

ls lrher tor wl

".'úi

Catlbraþlgn- lnvpl,ygs neasurlng -bhç ra,llo IS,/.I,p.o{ a serles of known calLbraÈlon baqs and

""g""J!üs-iå¡ði:ii;,i.i!Xirf7.tþii Ë,';5Iþ.Þ¡='!nf¡",.rÇå-ai" r'i'd b;, ': ; ;" .''-
'Several','Stebs.engure acËijrate'catlóration.:*'":::r i' -'h 'l' ' i¡ ; - rl 'lliF e'¡ 1 ' :'

'-.,i--:-r-'--'L. --'------:¿:;l-.1-----.):."'¡v'':A!'i:¡'-::r':.Ìa''r'e'i{- 'l-1.' í L9.l--i

' 1;. a calrb'racion i¡as of rf aciuFabÍii3'6at^È-rul-r/',li¡u!þ4,,,¡o-t"rbjp* ..,= t, o: . '="'. I

' Ëtre carrürá€r8å.'uågs; - :r '"t '^. * .. " '., '' "" ,':'.t .: 
":"':: i::' ' v t' i^" '' t'

,.^ cc d(,r i ' ,: j .1r3.. ; .ef .'s-, i;{:, Sirf i ': :

- 2. the svsten ts checked for leaks before each callÞratlo,tr;,ìì. ?';-i-r -'^ ,, :F- -"--"--:,Èi' tÇ::,¡'1.- *. ì¿ri.E I 
'.ltir 

(''--,ff¡?'Í:îllr:';' ecnc': :n ¿: Ðri'":

s.,' qn'aürona€.qq sysreu is ,rsÉ"tiiùo pe.ror-'.tËiitå+¡i¡tt.lpi;"å .'. l';,,: .,ÍÍ...',*..,1', :''',,,.

' 4. tr," ¡#n!É,¡tgr$''iajê',o¡1"çgnttoçed.. ,'..,t,,. ';:'";:, ,.ï"."'..1Ì'"j".,,",:tt ':;.t. ,;ì";.t';

These procedunes have ytelded preclse callbratlons over a range of 20-500 ppb (see Flgure
10 for a typleal callbratlon curve) wtth 12 values conslstenlly over 0.99. c::_,.r.,. .-1.!Ì
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IpJ-""tt". Fysten

The lnJectlon systen conslsts of a serles of 10 lwo-way valves and constant flow
resùrictor of .tracer to ,thq bu1.1d1ng ln a'

J¡¡f f!.,is c þe'.fhät a -The''callbration
òtiiislËts o .¡enitn,g-q' ls operi-ana t49 volune

.of trácer ) -.,

ii.:.,.: :. Due lo regulator tl,ock upn (¿he dtffeience Ín f,pllvered'pqëssure. fron no flów to full
"'.fiow), inlblal p-¡èssür1?,at1on of the 11ne, gas bleçldfäg off àf¡'er üh^gì valve'ls ôj.osed, aná other

branslent effeötà, the ielatlonshlp b€tween op ln tinié and tracer gaS' volune ls nonllnear fór
snall valve open tlnes (less than 0.5 seconds). AfÈer 0.5 seconds the flow rate ls constant and
the relatlonshlp 1s l1near. The callbratlon ls perforned for ttnes fron bhe start of Èhe
constant flow perlod to the naxinun open tlne (30 seconds for our constant concentratlon
systeu). Plottlng and regresslng volune agalnst tlne ytelds an equatlon of the forn Volune :
lnt + (slope) (tlne). Forclng the curve through the orlgtn (what ls done by speclflng the
nozzLe flow by cn3Tsss¡ resulùs ln large relallve errors at 1ow open tlnes. Uslng the '-''
ca-ljlf Flgure 11 as,an exaople, speçlfy1çS ¿hç-.fIow ln c43lsec overestfnates the
valîi 3f. for a vo-lúìàe'of 7 cn3 wht]F tire..rç-g¡ésslon glve's an open,t,tne wtthln 1f

, of F4P ,å. ... i:!r r.
".:::-: -'Thr¿ 

callbration equfpnbn't' ls åLnp1e áäa lricr'aer. - fn" tnJe!-iton. Îrne 1s run into a
suboerged graduated cyllnder and 1ts openlng 1È place_ò -at, the säne lèùel a's tbe' water surface.
the voÌune of gas and the head of water tn the cyllnder aù the end of the valve open llne are

. oeasured. the volune of gas thab would be released at atnosphe4{.c prensurq ls glven by:

,, tt vn
tetn 

=
Patn

It
(19)

where
Pn = Patn - (tnches head/4O?.19)

CONCLUSIONS

ttiåre are a nunber''of technlqueå: suirtäqretroS':eeàeur{ng-airflor5 rn iíür-trzone u,rii.àrngs.
Dllutlon of a slngle tracèþ cañ be ,¡'å'e¿ rir''¿r¡ö 

t"oäã ¡Urlolirgs r.itierï'"¿i¡e åönes are"welt coupled.
Multlple tracer gases are needed to characlerize ff-9ws a-nong trofp zones. The nunber of zones ls
llnited by the nunber of lracer gases avallable:j'to dätd ai nan-| as four tracei lgases have
been used slnultaneouply. MulÈlpJe lracer g*ap gxpgrlnenlF are best c4rnied out using a constant
lnJectlon of tracer gâs. The passlve coàstant tnJäótton and sanpltng'technlque, develdped at
Brookhaven Natlonal Laboratory,1s partlcularly attractlve slnce 1-t clp.Bîqylge datp on long-
teru average aLrflow rates, potentlally at low lost.

The constant concentra¿ioä d¿*UÉ'oa'',ìsès'"å si¡Ëi" t.a6dr'lasIbo dereruiÀé'Élìä â'i'iåruow rares
fron the outslde lnto each of .Çfl nely qs. len.bultdlgg ?oneg.,., glth,ough thl_q nethod,goes not
fully characterlze aIl lnterzbnäI ali"lî1ó'wd ln the buililfigi- lt ëaä be uséfú1 ln anà'lyztng the
energy balance of nultlzone bulldlngs. Addltlonallyr"thesq.neasure_ments-.cen b,e_ used to evaluate
lhe dllutlon of Lndoor a1r pollutants and lhe ventllatfon åfffcrãndv öf-Èufra1ä¡s.
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