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EITLD qOMPARISON OF AGE OF AIR MEAST'REMENTTECHNIQT'ES

Cl¡udo.Al¡ln Rou¡ot r¡d P$csl Crcrlon
Lùo¡atair¿ d'ùurglç Solaira ct dc Pl¡ysiqu duBâtimcnt

Ecolo Polytcclui4uc Fédéral¿, Løsanu
fular &urv uú BtÍIdhrg P hysics Rescarch Lùoratory

S$,¿ßr Fc&rut I nstlutc of Tcchro bgy, I'ausauv

Stnmrnv

Tùa nc¡sutment of the local mcu¡ age of air at various loca¡ion¡ in o ¡oom i¡ u¡sfrl o
ìEify ùs cfficiency of the vcntilation systcrn ¡nd to asæss thc main air ¡æ¡n¡ !!d&
da¡d zoncs. Scvcral mcthods, using traccr ga¡¡, c8r¡ bc uscd to mcast¡¡t thc agc of air.
This paper pæscnts a oonrparison of thcsc mcthods, including a sody of thc po¡¡iHc
advanages and incø¡vcnieaccs.

Sinultancous measr¡¡lmcnts vcrc pcrformcd with two tncers in a¡ ar¡ditorir¡m wiù
belanocd vcntila¡ion and complcæ mixing, using sæpupr sûcþio'wtr and Fls
æchniqucs. AnoùÊr crçcrimcnt in a æst officc ¡oosr with disPlsccmc,n¡ vtnril,uio
hor¡tbt rrrmc mor cxpcriencc. Èacdcal conscqr¡cnccs of thesc ñcld ørpcrinæ ao
alonpøtcd

Co¡rclusions of ¡his sudy are that a) good mixing of the traccr and the aÍr to bc ma¡bd
is a*çn¡ial and is oftc¡l a problcm; b) sæp-up injection tcchniquc is best apprcpriaa fu
roqn¡ wirh putsod aic c) pulso tcchniquc cur also bc uscd in thesc roms but i¡ mae
snsitivp o o¡rocn¡arion crrss aod d) sæ,pdown (or dccay) Echtú¡tt: shold bc
rescnrod fc rcon¡s witlr sigrificant inñl¡adon. ftcse conclusims ut soncn'hal
dÍËc¡en¡rtan rllcc publishod þ othcr authon aftcr similar sodbs
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FIELD COMPARTSON OF AGE OF ArR MEASTJREMENT TECTTNIQTJES

Clsudc-Alain Roulct and Pascal Grton
Laboramire d'Eærgie SolaÍre ct dt Prtysique duBâtimcnt

Ecolc P oþtcchniCu Féd¿ralc, Lantsanru

IÑI.RODUCIION
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Scope of the prcsentation

To cnsurc hcalth, safcty and comføt in buildings, an cfficicnt r¡entilation strarcgf
should p¡ovidr an adcquats supply of Êesh air ¡o thc building occupants to diluæ
airùornc contaminatcs to acccpuble concentrations. Since it can bc assr¡med tb¡t ths
oldcr.the air is, tbc greaær is its contaminar cqrcenuation, howlcdgc of thc rrsidcnc=
time ø age of air is of grcat impcance. Frür thasc quantities, narious associaæd
cxprcssions of efficicncy øeffcctivcness can bscalsr¡laæ¿

Scvcr¿l traocr gss tcchniques can bc uscd to moasur€ the agc of air. This contibution
inænds o providc somc guidancc in sclccting onc of thcsc æchniqucs when peparing
ur cxpcrimcnt in particular conditions. For ùat purpos€, athcqctical sudy is proposcd
first, then cxperiencc gBind ftom simuluncous ñeld cxpcrimcnu¡ pcrfømcd with thc
various tcchniçes 

1s Tr"n*
Definition of the age of air

The quantitics dcfincd bclow araexplainedin grcalcrdctail in thc liua¡urc U,2,3l and
arc only bricfly dÊs¿Tibcd heæ. Thc paniclcs of frcsh air coming ftom ouaidc c ftm
thc vcntil¿¡ion systcm a¡rivc at a gi-vcn location rin a ¡oom aftcr a time t(r) which will
vary fronr one paniclc to thc other. t is callcd thc rcsidcncc time of thc paniclc in thc
room, or its agc, as if it werc born when cntcring the room. Sincc thc¡rc is a large

n¡¡mbcr of air paniclcsr rve may dcfinc a p'robabiliry dcnsity flt) thal. thc agc of
panicles aniving at a given location is bctncen t and t+dt and a proboblity F/r') that

this age is highcr than t Thc following rclationships always hold bctcrccn these nro
functions:

G
dF_

fi=r,ßl jÍ,<tl at = F,(r) (l)and

Ír
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Thc local mern ¡gc of ¡ir u a point ¿ ã,, b dÊfucd by rhc avcragc age of all the air
particlcs a¡riving at thu point:

¡,il ) t : r¡rl ' :jl ¡ìl :, 'ì

G

t

I Lr ì-.

lr i l.:

l, 
= Jrf,(r\ dr (2)

Thc rum -eer, "g. 
of rir <o t, d"fríå by thc spacc avcrzgc of thc local mcur agps

of thc air particlcs in the ¡oos¡ : ., ' 
,

whcre V is the vohmrc of the rcom.

Mcas¡rcrnent mcthod for thc age of the air

The basic principlc is to ma¡k rhe air to bc trsccd with a gas ftfr"ìá#g.si,'r""ontiog
to a loown schcdr¡lc, and o follow thc conccntration of.tbat traccr gas u thc locadon of
intc¡cst This tcchnþuc is bascd on thc assumption tha¡ thc taccr gas bchavcs thc samc
as thc ain no adsorption, samc buoyancy. It can bc rcadily tmdcnstæd th¡r if rhE air is
mc&cd at thc inlct by a shøt pulsc of traccr gas, and if thc tnccr molceulcs follow thc
air moleculcs, thcy will a¡rivc ¡t a given location at the sa¡rc ti¡rc as thc air molcculcs."
In facg thc pulse Echnique is not thconly one and thc probability fi¡nctions (l) and thc
local mcan agqs (2) ca¡r bc mcasucd by rccording thc ti¡nc histo'y of thc nct tnccr
concsntration, Ctt), tt any poinC a by citherof threc strarcgics as follows:
- step doçn: unifqm coaccntration of t¡accr is achicræd u thc bcginning of thc æ.sC

whcnthein!ætioltisstoppc{ ",1 '.':; . ,.i:
-. step.up: tha ¡raccr is injccæd at air inlct, ar 8 consranr raæ fiom rhc strting timc

throughout thc æst,
- pulse a shon pulsc of traccr is releascd in thc air inlct at thc søning timc.

<bsæPlD

-Þ 
Supdow-n

5() læ
Elspscd timc [minurcs]

150 ?m

¡ Fignre 1: Variation of thc conccntration with time drning mcasr¡remcnts of thc agc of
air, using stcpup and stcpdown msasu¡€mcnt tcchniqucs"
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Fi$¡rc I shows thc va¡iation of conccn¡ation during sæfup and stcpdown
measr¡rements, whilc Fig¡¡rc 2 shows it fc pulsc mcasurEment. Thcsc arc rc¡l
mcasttrrmcîu¡ pcrforncd in thc audi¡øir¡m mcntioncd at thc cnd of rhis papcr.

It is also possiblc o imaginc othcr injcction stratcgics likc a rcctangular c a riangulrr
pulsc, but urc will limit this contrib'r¡tion o thcsc thec saaægics, which u¡ of cmmon
usc. To intrrprct thc ¡ccordcd traccr gss conccntrations and obtain thc agc of air, tbs
backgor¡trd (c sr¡mtÐ oonccntration should fi¡st bc subtra¿cd úorn all mc¡suttmcnt$
and thc clspscd timc should be cslcutatcd by subcacting thc strrting:timc Êrom all tims
values. Thc lonal mcan agc u a givcn mca$¡r€mcnt lstion is obtai¡cd by evaluating
thec:rpæssions shown in T¡blc l. Noæ tb¡t thc nct omccntration, C,, is thc dificrencc

bc¡rccn thc concc¡rt¡ation mcasured u locuion ¡ and the conccntration in thc outdoor
Aif. ,¡ .''' :: ' " \' t; ' il
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Figurc 2: Concentation rrcr¡us timc during mca$¡rvmcnts of thc age of air at two
diffsr¡nt locations, whcn using thc pulsc injcaion æc.hniquc.

Table 1: Equarions giving rhc probability distibution function of the agc of air ¡nd ths

local nc¡¡r agc, fr,onr tbc me¡surcmcnt Of thc conccotration histfry of ¡ tr¡cer gas, for
va¡ious traccr injcction straægies (Front t lD.

)

Method føinjcction Distribudon at location t Local mcan age of air t,
Sæpdown clt)

F(t)=v¡5¡ t¡o(C')q=aõt
Stcpup Ct*) - C/t)

F(t)= cl*) Í?
ItoICl*) -c,G)l

cl*)
h¡lse ctt)flt)=ffi Fr(C)

t¡o(C')
t,

ff"ri ) 4¡
Roñ!.Ì9¿
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Thc various momcnB, ll, of thc conocntradon are dcfincd by:

æ

n=_[F Ctt)¿t. (4)
0

If thc¡e is onty one cxh¡ust (and no e¡dltration as well), thc nomin¡l timc constant of
tharoom,t' whichisthcr¡tioofthcromvol"rncandthevolumctricairf,ow¡atc,is
cqual to the mcan agc of air al thc cxhu¡st, ãr, sincc ü rhis location, lhc traccr gne is
c,€U mixcd with'the cxhar¡st ain .,. u . -

: l:;l

on thc othcr hand" the roo¡r mcan age of air, <Þ, which is thc avcrage of rhc local
mcan agÊs of thc air containcd in the Íxrm, can also bc dcduccd ftrom tacer
conccnEation mcasutlmcnts in thc cxhaust, as$¡ming a singlc cxhaust and sæady staæ.
Thc equations prrovidcd in Tablc 2 ca¡r bc uscd for that purposc.

Thcrcforr, thc air churgc cfficicnry, r., can be asscsscd directty by mcasuring the
cvolution of thc conc¡nuation at thc cxha¡¡sc

--i-- t,.¡.-2<Þ - Zç (6)

Table 2: Equations giving the r(þm mcan age ûom thc measu¡pmcnt of the
conceritration histøy of a t¡rccr Eas at the cxhaust (Fro¡r¡ [l]).

Mcthod forinjcction Roorn mca¡r age of air <p
Sæp down tt{c)

h(c.)
tt{c)

f^c,(o)
(Þ=

Stcpup ttrlCt*) - C,(t)l
@=

) - c,(t)l
h¡lsc lL2(C,)

2lt{C,)
_ 1 l/.2(c,)- 2r^ ¡r¡(C,)

Interprctotion

ts in ¡hc abovc formul¡c a¡e calculatcd numerically, on
valucs of thc conccnuation and timc. Thc following
to calculatÊ thesc moments, using thc trapcæ mc¡ho(

i; n'i
. &l :ìl

RøñEfi92
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whcrc/¡ rs for flt) a¡d Âr fc r¡ +1 - t¡

ds5rrning alinear va¡iation of thc concsntation in cach tirnc sEp, wc get, for tl¡c fi¡st
montsnü¡ dcftrcd in cquation (4):

0,

(8)

.-,(9)

¿r

i.-¿ ;

i-:.:'i:.:.i:.:.i:.:-:i:.:.1.;,¡; ; ;';-;:1.¡i1:;;;.1.¡. j1.;-.:;.;.

llr = þøt#ø-ti *l arz+e,(rv,t )

ìIìIJiJ 14- ttt +e2(N,r) (10)

Thc n'mbcr of mcasur¡¡ncnts, iV, could be largc cnougb to cn$¡rc that thc sr¡m of thc
tcrrrs for j > N uc ncgligiblc, or, in other u¡uds, tha¡ CA, is vcry clocc o thc stcady

st¡tc valuc. In this c¡sc, ths renaining pans, e.flV, r), ae ncgligiblc. In p,racticc,

howcvcr, thc mcas¡rcment can bc soppc¿ bcforc ¡eaching the stcady stsþ. In this casc,

thc uil in tbc inægral of thc momcnts is notmcan¡pdanditshould bc estimaæd-

ræ
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Figrrrc 3: Logarithm of lhc concutration versus ti¡nc in thc sæpdown mcasurtmcnt
shown in Figr¡¡c 1. Thc dccay of thc conccnration'is closc to rn c¡(po¡tÊntial aftcr 20
minutcs, thu is a liclc lcss than thc nominal timc constant of thc¡oom.
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As shown in Figurc 3, rhis rîil is, in most cascs, exponcntial. Thc,rcfo¡e, for time larger
than t" = IVÂt, it can bc assumcd thaf

f-r+¡-l
C(t>t*¡=Cpcxp [ï, .J (ll)

whcre t, is a time constart &&mincd by a fir on the las measr¡¡cments, in the
cxponcntial parr Thc timc rcquircdfcrcaching an cxponcntial dccay dcpcnds not only
on thc nominal tirnc consunt of thc ¡oom, but also on the ventilation sysæm. In casc of
complctc mixing and at stcady staÞ, rhe dccay will be o<poncntial Aour thc bcgiildng
of the tcsl In c¡sc of pcrfcct dþlaccmcnt ventilarion, thc dccay wi¡l bc vcry sharp afær
a timc cqual ûo thc age of ai¡ and the conccntration might be ncgligiblc bcforc
prcscnting an orponcntial dccay.

whcn equation I I is vali4 rhc rcmaining part, 4(N, i¿),can É cakulard anal¡ically:

e,(N' dt

and wc obtain tbc following c:grcssions, which can bc uscd in equations 8, 9 a¡d.10:

h=C¡tf¿
er= C"tr(r¡+t)
4= C¡tr¿ (tf.(tx +ß¿)2)

Selection Criterie

somc sclection critcria should bc uscd in ordsr to sclect thc mcthod (sæp-up, sæpdown
or pulsc) most appmpriaæ to the casc to bc mcasr¡cd Thcsc c¡iuia a¡e of two kind:

' Pr¿cdcability: tbc mcthod should bc r¡sabtc on thc panicular rcom to bc mcasr¡re4
with its vcntilation sysæm, and conrpuiblcwith thc traccr gas analyzcr

- scnsitivity o c:rpcrimøral erron: thc mcthod and its corresponding inarpetation
formula should not multiply rhc cxpcrincntal crrus by a largc factc.

Thcsc critcria wiU bc furthcrdcvclopcd bclow.

"r=Î rc¡¡cxp

tN

til (t2)

(13)

?,::: :::. i ll i. .r_1

I L)

' .till'i 3 ^. ìj 1,. Jir' t lt.t,C. : l'.
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PRACITCâBILTTY OF TIIE MTIIIODS

Prsclic¡bility with rcspcct ûo the rum and its vcntil¡tion syctcm

Stcpup and pulsc mcthods usc tracsr gas to mrlc thc ûrsh sir, and therufqr, the traccr
gas should beinjcûÊd in thc fush air. This can casily be pcrfcmcd whcn onc c ftw
inlct d¡¡cts ap thc only paths fc frash sir. In tbis c¡sc thc tnccr is injocæd in thesc inlct

, ducts. C¿¡e should bc tatcn, howÊvGr, to b¡vc a goodnixing of thc tr8ccrwith thc ftcsh
I 'air bcfqc this nix cilsns thc rom. In panicuta¡ whcn thc¡c arc scvc¡al inlcc, rhcy

: r shor¡ld all h¡vc ¡hc sarne traccr gul conccntration- ì

lVhen thcre is a large amor¡nt of infilt¡ation, c whcn thcrc arc üþ msny inlets, ø svcn
whcn the controlled inlcts a¡p directly connccæd to thc outdoú air úthout any úrct
allowing for mixing, thasc mcthods arÊ not p'racdcat In this casc, only the sæÉown
tcchniquc ca¡r bc uscd- This æchniquc uscs thc mcsr gas to ma¡t thc air in thc rom,
and thc fush air is idcntificd by its purity: it diluæs the traccr. The main problcm with
this tcchnique is that it requircs a pcrfcct mixing of thc t¡accr g;as at thc sarting time. If
thc mixing is not pcrfcct, crrus result from net migration of traccr gas from high
conccntradon to low conccnEation zoncs.

Mixing can readily bc achicvcd in small to mcdium sizcd roo¡ns by thc usc of multiplc
injcction and suong mixing fans. If thc vcntilation can bc stoppc{ son¡c timc can bc
managcd fc allowing thc tracer gas to mix pcrfccrly with thc air conuincd in thc roonr,
cvcn whcn thc ¡oom is largc. Conccnt¡ation mcasurrmcnts c¡n bc pcrfømcd at va¡ious
locations ¡o cnsr¡ll propcr mixing. g/f¡ç¡ thic is achicvc{ at time ¡ = Q the mixing frns
are stoppcd and the vcntilation sysæm is $artÊd whilc continuing thc conccntration
mcssr¡femcnB.

Howcvcr, mixing with fans, as well as stqping and sarting the wntiluion pcsa¡¡bcs
the air flow pancra within'thc roo¡n; hcncc also thc paccrn of thc agc of air. The
measu¡rd aæ(s) witl thcn not bc thc agc(s) which could bc rcaliscd without ürese
pcmrbations. Fc thcsc reasons, the sæp down mcthod should not bc rrcommcndcd in
any casc. Sincc this mcthod is thc only ons able to mcasurc the age of air in iooms with
multiplc air inlcts c c¡acks dircctly connectcd to outdoø air, accr¡raE rpsutls cannot bc
obuincd in such nxrms:

Pr¡clicability with reopect to the anal¡zer

The concen¡ation histqies â¡c usuelly mcasr¡¡ed by an¡lyzing air samplcs takcn at timc
inrcn¡als, A¡, sc¡nning the various loca¡ions of intcrest- To minirnirç thc disc¡ttization
cr¡olti, thu is to allow a lincar intcrpolation bctwecn mcasurrments, this timc intcrtral
should bc small compared to ¡hc tirnc rcquired ¡s sh¡nge the racer conccnuation by a
signifrcant amounL Howevcr, thc uppcr limit of ¡hc mcasurÊmcnt timc ingval dcpctds
also on thc ventilation sysæm. In casc of complcæ mixing (and in stcady staæ), the
tracer conccntration changcs cxponcntially, wilh a time constant cqual to rhe norninal
timc conso¡rt of thc ¡oorn. In this casc, a recommcndcd valuc could bc a fraction of the

nominal timc consta¡rt, e.g. N <O2t^.

llo,5hÌ i.,:': . ;. 1,"1
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Ott thc oonùary, in casc of pcrfcct displaccmcnt wntil¡tion, thc conccntration can
prcscnt a suddÊn, largc changc afma timc intcrval which dcpcnds on thc locgtion of thc
mcasurmcnt and is dircctly rrlatcd to thc agc of air. A good accurrcy in mcasuring this
timc is hcncc rcquircd' a¡d thc mea$¡rrmcnt in¡crrral shor¡ld bc small courpared to thc
age of air.

Wïth ingmcdiaæ c¡scs, the maximum allowcd meßr¡rtmcnt intcrval also dcpends on
the mcthod uscd- Sæ,pup and dccay methods basically æsult in s¡¡oothcr conccntration
changcs tbatr úe pulsc nctho4-1 

fú, _c_h 
will always prcscnt a pcak ¡n concentratiorr

All thesc rgumsnts ¡esult in thc rcquirtmcnt th¡t thc gas analyscr, togpthcr with thc
sampling dcvicc, should bc ablc to prform mea$¡rtmcnts at rirne inErvals shortcr than
thc maximum allowcd timc intcwal. If the mcasu¡cment ti'ns is a lirniting factor, cithcr
fewcr mcas¡r¡rncot poina should bc sclccæ{ c the stcpup or sËpdown mcthods
should bc prcfcued to thc pulse mcthod-

SENSITIVTTT TO ERRORI¡

Sor¡rccs of errors

Errors may rcsult ftou¡ many sources, which a¡c lis¡cd a¡rd cxplaincd below.

Tr¡cer grs mirinç thc tnccr should be wcll mi¡rcd with thc air o bc ms&cd. If it is
not tbc catq chnngæ i¡ traccr grs conccntation which are ¡ot Elatcd to thc agc of air
wiü bc obscrvc{ which will ncvc¡ülclcss bc intcrgctcd as resulting from air
movsr¡cnts. this ind¡¡ccs ¡¡nconroll¡blc crrcrs and biss in rçsults. It is thcrcfore
imponant to onuol that good mixing is achicvcd whc¡e it should bc. In rhc sæ,pdown
mcthod, tbc traccr g¡s conccntntion should bc mcasr¡rcd u scvc¡al placcs within thc
roorn, and tbc orpcrimcnt should not sürrt as long as significant difie¡pnccs a¡c
mcasu¡ed- Fc sæprry and pulsc mctho( thc traccr should bc injcctcd, pefcrably at
scræral loca¡ions simulu¡cously, in a scction of the d¡æt far upsucam of the inlct grids.
Simultancous ùaccr gas conccntration mcasurÊmcng¡ at difrcrcnt inlct grids allows onc
to conuol tbü all thc E¡ids blow air with the !¡ame uacer conccnt¡ation With thc stcp-
up metho( \is measr¡rprncff also providcs the final cpnccntration, C(c).

Concentr¡tion mcggrnerpìnts: cr¡üs in co¡rccntration mcasr¡rcmcttts havc dilect
cffccts on thc crrus in thc ¡rsults. Thc crrus in the ¡esul¡s can bc calculatcd whcn thc
crrqs in the conccnu¡tion ur known. This er¡or analysis is pcrformcd bclow.

lming: cach mctltod rcquircs inægration bctwccn thc bcginning of the experimcnt and
an infiniæ time. Thc beginning of the cxpcrimcnt is thc ti¡rc whcn thc signal is givcn
with the tnccr injcction: Staning this injcction in the pulsc and scpup mctho{ and

' stopping it in thc sæÉonn method- Thc mcas¡crncnts of the conccntration should be
timed accu¡aæly in relation to this snning timc.

'" 
,.Refercnce concentret¡on: As alrrcady surc4 the conccntrations which should bc t¡&cn
into account whcn intcrpreting the mca$rËments a¡c net conccntfations, that is thc

îç '-1è
ndlrc9:¿
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diffcrpncc bctwccn thc conccncatio¡s mca$¡rtd at thc location of intc¡Êst and in thc
outdoor aif. Erfüs in cstimuing thc ¡efcæncc oonoentration are adding to thc errut in
thc conccntrations and bÊncs directly inf,ucncc thc ¡csults. 

..

For scpdown and pulsc mca$rrmcnts, thc outdoor conccntration c¡¡r be measurcd
bcforc injccting ¡ny tracgr, ú at útc cnd of thc æst, whcn ¡hc ttaccr gas is otally
diluæd. Ir can also bc mcasr¡rcd during the æst with a socond anal¡ræror I scannbg
v¡lvc. This could bc morc accufa¡Ê but may lcngthcn thc timc intcrval bctwccn
mcasu¡tmcnts

'r Fm stcpup mea$rcmcûts, thc rpfcrrncc conccntration is the cmcentration rtschcd at
thc cnd of thc tcst, whcn thc mcasurcd aL is complcæly churgcd by ncw air. This scc'os
to bc a disadvantage but it should be noæd that this final conccntration is imnediarcly
reachcd in thc inlct d¡¡ct, whcrc thc t¡accr is ñ¡lly mixcd with thc frcsh air. Ilcncc' this
conccntration can bc moniued during thc æst, thus con¡olling if thcre is rcally a

stcady flow raæ. Sincc outdoor conccntration is also required herc; øli morc anallæ
or thc scanning of'onc:moc point is requirc{, and this may also slow thc mc¡st¡¡tment
schedulg. ., -', -: i: .. r" : '¡ ':""':-'1' : a^i';Ì r1t': j i-.\¡'

Finite numbcr of mstremcrrÇ.¡nd numeric¡l integration: lle nr¡¡rcrical

inrcgration can bc acgu"E when thc timc intcrval bctwecn mcasuæmcnts, At, is small
enough. If nor, a bias is inuoduccd by thc inagration. This can bc partly cotttpcruarcd
by using thc Simpson tcchniquc or any mue sophisticatcd numcrical inægration
mcthod instcad of the trapczc mcthod-

Errcr analysis

This analysis inænds O pmvidc smre grridancc on how thc measr¡rcmsm crron¡ ûl
prropagarcd thrcugh thc inærpreution formula ¡o the æsults. Thc gcncral cquation uscd

bclow ass'mcs th¡t thc rcsuls of mcasurcmcnts,r¡. tE f!trdoítly disuibuæd a¡ound an

avclagc value with a gaussiatt distribution, thc su¡rda¡d dcviation bcing o(x). The

cstimatc on of rhe croris on thc rcsuls, y(.r,), when the cnu: on lhc mcasr¡rements all
indcpendcnt of each othcr is thcn:

nl' lrr

),.ú,&¿
,,) -"9. 11ì.

û .' {

I lr - 1t l,'¡ì f,

w -,riri- L

i¡

,t'- :l

o2(y)=i [*J'*,*,
li.:' .,.- ..r:.-'''': :'-:":'._"':: :::;¿¡¡¡'1f:;'.:::.:i','

: ::..1 Lll'

(14)

' 1ïcreforp, using rhc cquations shown in Tablc 1 and 2, wc obtain, fgr thc stÇPþuP or
sæpdown mcthods:

(15),Ë;
l .!.li,)fi

r,. u ;

;::¿,: ¡fi ',lt: ii,l¡ta, ;À"?-:, .1,.1'l

:r;)no:. :c.'. ', I c îlTtlf - fI :r,

Ruv¡r9i!

(16)
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whcre C,¿ is fc Cn in thc scp down æchniquc and C- fø rhc srtp.r¡p æchniquc. It
should bc mcntioncd hcrc th¡t thc øru of rhc coccnuarion, o(C), should includc thc
ãrt on thc ¡tftrcncc conccntration too. It cor¡ld hcocc bc estimatcd at .rþ timcs thc
cnu of singlc coccntr¡tion mcüuuncûL

Fc the pulsc æcbniquc, thc cquivalcnt cquations aru

o{ ãl
12

o{þr)
(tÐ

o{t¡{)

F"'?
+

Fr2

(18)
6\t4)

t4,

¡{s5rrning an c¡ru.in thc conccnration, o(C), which is bdc,pcndcnt of timc, and crru¡
in time o(r) and in thc final dccay. nrc" o(rr), thc,c¡ru: inthc v¡¡ioucmornonts can bc

calculaæ4 ¡s3rrming that inægration runs from 0 o r" = IVA¡ and thu thc rcmaining
paris art calculaæd fc r > r" using cquation (11). Morcorcr, in cquatims (19) o (21),

it is assr¡mcd that thc number of mcasurcments is lrgc cnough (c.g. muc tb¡¡ l0) and
only thc lrgcstpowtrof Ncrris kcptin the surns"

c20'd = Q*& + rþ az(C) + [Co + C"]z oz(r) + C¡f <ír(ra) (le)

(n)

+qzlrr4{tr

+ qt C rf d(t) + C rfqzftr + t rJ2ozç¡

C¡lct¡¡¡¡ions of qdcrs of nagnindas of thcsc crrus with us¡¡¡l vah¡es sbow th¡r thc
lugcr is thc qd¡r of the mornent tbÊ lrger the crru is. Thcrcføe, cÍ¡or on thc room

"i '. i mc¡n agc is largcr that the øru on thc local age and thc pulsc æchniquc induccs lrgcr
, ;: r ;i -. cnûñ th¡n the two oùcr æchniqucs
3r ,! .,' i .1.,

'.í.r' ,. ' r ' i,i. Errors ln the conccntrations have thc largest influcnce. Errors in staning tine may be
impøtant only in thc sæpdown and sapup mcthods. Cuc should also bs taþn ini' : ;i' , ' ' dctcrmining thc tail pans, q, acccding cquations (13). Erüs in rhc rimc const¡¡t t¿

(2t)

may havc a largc inf,ucncc and this parametcr, if usc4 should bc dcgnincd with thc
bcst possiblc acct¡rscy. A ¡econ¡mcndcd æchniquc is a lcast squarc ñt on thc logarithms
of thc last M concenuations, pmvidin g thtt MAt = r¿ and that this pan of the decay is

,J)

: ,:: :r' cxPoncntial /3/. ¡.

ndvffl|¿
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Thc agc of air was mcas¡¡rcd at l0 locations within an auditorir¡m and at the air cxhaust,
in ordcr to obt¡in a ooañF map of the agc. Thc mapping æchniquc [3, 4] and rhc rpsulrs
of this cxpcrirncnt [5] qs rcpúrcd clscwhcæ. Fq thc spocial puipsc of mcrhod
comparison prcscrircd in this papca simr¡lt¡ncor¡s mcssurcments vrcrc pcrfumcd using
two traosr garscs with st€p.up, sæpdown and pulsc Echniqucs.

Thc auditqir¡m is a room of about 44O m3 volumc, with bslstrccd ventilation. Exho¡st
grillcs arc all in thc ceiling, whilc air is pulsod at cach obls ¡nd along a row in rhe
cciling, abovE thc ñrst rank of scars (Figr¡rc 4).

P,l¡a

Figure 4: Auditorium in which mcasut€ments wcrc pcrfcmcd-

A first rcsult is shown in Figuc 5, whcre thc probability fi¡¡lctions of rhc age of air at a
panictlar location for two s¡¡cccssive stsp.r¡p and sc,pdonn cxpcrimcnß a¡e shorvn
supcrposcd- Thc good agn¡cmcnt of thcsc two curues results not mly fronr steady statc
flow ra¡c but also ftom a pcrfect mixing of the traccr gas úth thc air to bc traccd

\Vhcn mixing is not reacbe4 thc rccqds of thc conccnt¡ation carinot bc uscd to mcasure
the agc of air, as shown on Figurc 6. In this c¡sc, ¡hG traocr was nevcrthcless injccæd u
l0 Vminuæ during 15 minurcs, upwind a largc osci[ating fur, 30 sm rlinrnstcr, nh63s
jet was dfuectcd succcssively in cræry dÍrcction in tbc a¡¡diorir¡m. Mqrover, a blankct
wås movcd actively to impmve thc mixing. It is obvious thaq despiæ thcsc classical
prccauúons, good mixing wo¡i not achicvcd at thc bcginning of thc Est, sincc thc
concentration at this location continucs to g¡D$, whilc the tracsr ga¡¡ inþaion was cuL
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ng,n"-siö-upcrñi"i-æ o" pt"u*¡Ly ñ¡ncrios of thc agc of air mcasurcd ¡t a
givcn lution succcssivcly wfth saprrp and sæpdown-nca$¡rclrcnts. thesc functions
giræ tbcÊaction of thc airwhich *olfcr*.*rye dmc.
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Thcotbcro¡we, showing a good mi¿ was obtainÊd añcrr sæpup. By thc cnd of borh
expcr¡mcnr, thcr€ is a sligbt dificrçncs bctcrEcr úc probability functims, hcnce
bctwccn rrltive conæntrations. This ¡esults ûrom. thc choicc of tbs-rcftr¡ncc
conccntrations, which wcrs in both cascs thc awrage of thc lsst ffi mea!¡urcmcnts,
whcn tüc conccntrations snbilizÊ cloec o zc¡o.
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Figure 7 shows rhc cffccts of a bod mixing in a stc,pup crpcrimcnt pcrformcd in a room
cquippcd with a dþlaccutcnt vcntilation systcm. Tùc traccr gas was injcctcd st lcast 5
mctcr upwind thc inlet grillcs, ar¡d thc ducrs havc scrcnl bcnds bcnrccn thc injcction

RdrrrÌVl

+

Figurc 6: Examplc showing thc rrsult of nixing poblcms u thc bcginning of a sæp
down mcasuremenÈ This also strows úc cfrcct of digbt diffcrcnccs in rpfcæncc
conccnntion by thc cnd of th" c ¡ncasuremeat, afrcr 50 minuæs.
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point and thc grilles. Noveñhclsss, this cxpcriment shows that thq final concentntions
at thc e,:úaust grillcs a¡d in the lungs of a ma¡ibn siaing u 3 m. from thc injcction

'ù, .- ., grillcs arc no¡ thc same. Thc dramaic diffqËncc bctsrcn bo¡h ages can also æadily bc
sccn: thc 6nnil¡in inhalcs an air which is much youngcr th¡n in thc orbaust This is not

? ' " ' ùé case in rhc ¡¡¡diuim, wh€rc all ¡hc læ¡tioas show sinrilc agcs
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," Figure 7: Conccnuation vsrsus clapscd timc in a sEfr¡p c:rpcrincnC at ¡ro locations.
A bad mixing of thc traccr in thc inlct duct rcsr¡lts in ditrc¡cnt 6nal concencations.

coNcLrrsroNs

F¡om thc abo¡c sodics, thc qualities of ¡hc vrious Echnhucs c*' bc dducc{ and a¡t
shown in Tablc 3.

Tablc 3: Cb¡nctcristics of thc tb¡rc mcas¡¡¡rncot æchniqucs with æspcct o
practicability and inscnsitivity to csrors. r+ is vcry good" - is ræry bod.

''. ::.:- - -:.: -:.:;:_.:: :::; :. ,.1 - '. .:..
r tìl

Clnraccristics d ûroærtv Stco{own
Qr¡alif¡cation for:

Sæo-uo h¡lse
Usablc with infiltration
No pcrnröation of flær pruns
Can bc uscd with dw rnal¡'ærs
Fast tcchnioue. shott cmcriment
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As a summary, it is csscntirl, with any Echniquc, thar spcciat care is rakcn in a) mixing
thc traccr.gas with thc air ¡o bs ma¡kcd; b) in acsr¡r¡¡c timing and c) in good
conccntration mc¡sr¡¡Gmcnt$

t¡

Sapdown rcchniquc \,ftó -¡y æ which c¡n be uscd whcn infilrarion is signifrcant
Howcvcr, a good initial nixing is æquircd, rcsulting in a large pcrturüarion of the flow
patter¡s, hcncc of thc disribution of thc agc of air.

Sæp.up ah is pulscd thugh a small
nr¡mbcr thin thesc d¡¡cis, the air flow
panøils within the mcas¡¡ed spacc is notpcrû¡röc¿

Sti:pup and stcp déwn Èch"¡qur,s Ã! noæ sc¡sitive to tining enurs rhan rhc pulsc
tcchniquc, but the l¡ttcr is mor scnsitivc !o erors in concentntion. Finally,
copccntration variatiqrs at 'fas¡cr in . thc pulse æchnique" hcncc conccntration
.äas,rcmcndi should bc pcrfurncdmorc ftrqucìdy, o avoid-inægration crrm.

Thcsc conclusions a¡e not cxasrly thosc of r¡fcrenæs tO -¿ fn,ìni* ,rc rirL quoæd
in [3]. Thcsc a¡¡thq¡ concludcd ú¡t.sincc thc sæ,pup method rcquircs a long time
pcriod to ¡r¡ch thc *caay saæ, ituring which thc air flow paua mãy change, iiis not
¡ecommcndcd fc thc mcrsr¡¡Ëmcnt of thc ¡mm mcan agc, and thu both pulse and
dccay mcthods givc rcliablc rasuls whcn uscd adcquaæly.

Thc prescnt opinion of thc unhqs of this papcr is ùa! borh srcpup and steplown
tcchniqucs rcquire a long timc pcrioq and that the final conccntration in thc srcpup
tcchniquc can bc asscsscd u any timc drring the p:rpcrimcnr. Thcrefqc, thcre is no
spcciat tgason o rejcct the stcpup tÊchniquc. Thc pulsc tcchnique is not much shmcr.
Thc adcquarc usc of thc mcpdowa æchniquc rcsuls in changing thc agcs of air, and
thercfoIç can¡rot bc rrcommcndod whc¡e anothcr mcthod can bc uscd-

Thcrefor, wìc ¡Êoommend to use the sæpup æchnique whcncner thcrc a¡p fcw inlct
ducts in which thc traoú can bc injecæd. Thc putsc æchniquc ca¡r atso bc uscd in rhis
casc if thc analyær is fast and aocursrc cnough. The step{own tcchniquc should bc
¡escrvcd for cascs with significurt unconmllcd inñluation.
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