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Multizone Infiltration Measurements in Homes
and Buildings Using a Passive Perfluorocarbon
Tracer Method
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A minjature passive perflugrocarbom tracer system was successfully applied to the determination
of aix infiltration and exfiltration rates from esch zone of a multizomed structure, as well as
the air exchange rates between zones in homes, multiple unit condominiums, naturally ventilated
apartment -buildings, and large commercial buildings with multiple air-handling systems. Use of
the multizone technique in indoor air quality assessments and air-handling system stpatifica-
tion studies appears to be quite feasible with the availability of this measuring system.

INTRODUCTION

The scientific community performing studies of indoor air quality (IAQ), energy consumption,
and westherization of homes and buildings has proposed models and methods. of using tracer gases
in solutions of those models for determining air infiltration rates {n those. structures.con~
sidered as single, well-mixed chambers or zonas (Dietz and, Cote 1982; Kromvall 1981; Hunt et
al. 1980). e Ch

It was recognized that many larger, more complex buildings, especially those -with
multiple-zoned heating, ventilating, and air-conditioning (HVAC), systems ware nat effectively
represented as single, well-mixad zones (I'Anson et .al. 1982; Perera 1982; Dietz et -al. 1984).
Even one~ and twosstory homes with basements realistically ‘can only best be represented by

‘models that recognize the bujilding as multiple-connected zones, each of which is well mixed

(Dietz ot al. 1983; Hernandez and Ring 1982). In certain cases, a room Oor zoue may not he wvell
mixed; stratification cam occur im unusually tall rooms (Maldonado and Woods 1982). In
buildings with aiz<handling equipment, a stratified zoune near ‘the ceiling can lead to sheott-

‘sizcuiting of supply air to return air ducts, preventing some of .the fresh air intake from

mixing with the breathing zome (Janssen 1984).

Multizone modcitng for addressing these different physical situations was not seriously
considered, primarily because there was no coanvenient and practical measyrement techmology.

- Recently, Brookhaven has developed a new perfluorocarbon tracer (PFT) passive monitoring system

. (Dietz et al. 1985) for multizone {nfiltration and air exchange measurements indoors and,

N

through the capability of the system, is developing modeling concepts for measuring and quan-
tifying airflow distribution in structures from homes to multistory commercial buildings
equipped with multiple air-handling systems.
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Following a brief description of the PFT methodology, this paper shows the application of
the technology to multizome flow characterization of a two=story house with a basement, dis-
cusses some shortcomings associated with considering that home ouly as a single zone, and
demonstrates the use of the aystem in characterizing multiple-connected condominium units. 1In
addition, some modeling concepts for large commercial and apartment buildings are described and
some field results are presented.

THE MEASUREMENT METHODOLOGY
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The detaila of, tho—Brookhnvcn Alr Infil;zatibn Measutremint SyStem*{BNL/AIMS) are desdi"lbeﬁ‘q
elsewhere (Dietz et, al. ,1984;:1983; 1985),:7The principal” of:AfMS"1s basad on the applihtbtt
steady-utata alsumption that over several days the average concentrations (e.g., in pL/L or
al/m3 } of a tracer vapor.im-a gingla-zone:building is équal to the anlssiion rate_of the tracer
source (e.g., in aL/h), divided .by the air.leakage or infiltration riate (e.g., in @3/n)%"
Knowing the rate from deploycd passive PFL souvces. and meadufifig the average’ concsntration with
miniature passive samplers then:provides-a:medns 't¢'calculatéCthe air leakage rate.

Although the BNL/AIMS is a powerful stechnfqde’ fo?‘simply,Einexpcnaively, and non-
obtrusively determining tbe:air exfiltration rate in "4 s§ingle-Zdté building, its ttal pothnﬁi#}
is in application to the -determinaticn:of air exfiltratfén rﬂtis from edcli’ zone and afr” T
exchange rates between zones :in .muledizoned homes &nd buildingss Typic&lly, homcs ‘éonsfst 'of” ﬁp
to three-zone types. Fom. Qxampls, a ‘twamrstory -houde With ‘a bhaem.nt or 'crawl space would Be "
modeled as a three-zone building, with one tracer type in the basement, a different one on the
main floor, and a third type on the second floors With up to “four PFT _types.. currentiy )
available and measuraple .fxom the samei:single rpassive sampler, almost (ny'cohfi uration can,bg
handled using a previgusly . d.gcnihgd miodeling thcory (Dietz et dl. 1935 Sinden 1982) e

Sed St 0 ,( we, wen 3

Sty I Te b

SMALL BUTLDING FLOW. pmucmmpuuou, =T - an Cei L B s 1w
S B | 144 e
A &) Hooae !

I.f: 7 AN i
The results of applying the BNL/AIMS technique to a two-story home with a basement, a four-umit
single-story apartment complex, apd a-foureunit: two-story condominium unit are described here.
Implications on. IAQ assessments and shortubmings? o single- and' two-zono spprcaches to; P
three-zone home are digcussedi: ~¢° YRR S i IFRENRDT St f :
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The unoccupicd Brookhaven- Housngjcemplc:od"in September~19807 for endrgy ‘condervation p
research, was specially;equippads$o:reducecairsiniiletdtion. "Foréed hot™air was’ provided to"
the first floor with vents in the ceiling to provide natural draft to the second floor, where
the return air grille was located. The basement was isolated from the first floor by a door
that was closed at all times; the first and second floors were connected byﬁan.aghn—s&oiee;sc.

BNL/AIMS Measurement Results.  Table:L:provides ‘the’concenfratibn radults‘ fok" the three
PFTs deployed, one type per .zone (i.e.;:floor),:and Figure I° preaeﬂts the™ threh-zéﬂ& calculsted
flow rates. The.tracer concentratiom wes - the<highest in thé‘zore in Which 1t Vas dqpioysd. a
necegsary but,pot sufficient~gondktiom:sforvall:flow: rates  to-bé ‘éomputed as positive valueé
the standard deviation»oﬁ the .measurements was ‘generally within +10%7 or better, indicatins that
uni form tagzing of each zome was achieved.

Two, changes . thqtbaL&aqnd thg-&low chnxactlrizacfom -of - nhe‘house vere quantified by this
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Effact of Kitchen Rnnge ?ent. The flow pntterns in Figure 1l indicated that of the
air leaving the basement, 68 + 3 + 43 or ll4 m3/h, about 607 entered the first floog Eiter a’
kitchen range vent, which was open to ‘the basement, wasg plugged, subsequent measurements showed;
only about 447% exfiltrating from the basement :to - the £iws't floor. 2
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Effect of Air-To-Air Heat Exchanger. This window~type unit, installed on the first
floor, was left on high fan speed for two measuring periods and--off for two during the winter
of 1983/84. As shown in Table 2, there was no statistical effect .on the infiltration rates
into the second floor or basement. The first floor, however, showed a significant increase in
{nfiltration rate, 99 + 22 w3/h (143 + 58%7), f.e., in excellent agreement with the rated
capacity of 120 m3/h,

Concentration Distribution for Different Source Locations. The concentrations expected om
each floor of the Brookhaven House for a 1000 nL/h source alternatively lgcated im _each of the
Zones are shown as cases 1-3 in Table 3. For a source om the second floor, the concentration
on the first floor was less than half that on the second; located on the first floor, the )
levels yere only slightly lower.on,thesscend floop:compared” to the: fifgt; ‘lotated in the base-
meng, . the: concentratiog ¢n the>£first of.second flodrs.was about half that‘@n:%hiﬁﬁisement.
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4. . goilMpact. om Studies. For.a .steady-state:combustion:sources such ad an unvented
space heater located on the.first.floor (case two)y it.can genarally be concluded that someone
sleeping in a bedroqm on the second,floor:will:be:expdsed to a ‘8lightly reddced “pollition level
compared to that on the fiyst fleor . (reactive:pqellutants excluded). AR s
.If radon concentzations measured ¢n ,the. first :floor and basement were In the propor-
t;oqugfoﬁ.ﬁfgg 9.6 (casg 3), then the three-zone model would show that the radon’Source was
ihtlrcly;i? the basement; a greater ratio would imply acradon sdurce “in-the living -zone (e.g.,
use of riaonfcontaining;qoll water), as ‘'well as in-the basement (e.g.; séil‘gas penetration
(Brggo 1983). The source rates cap be-detewmined by:- the:three-zone:model. @
o g inEa : EETE- GRS I - L 8@ JGier MoRollive
“ ""$ingle Zome ACH. To perform a -gingle-zone measurement ‘of 'thé air' changes per hour
(ACH) in a myltizone hquse using a single, constant ¢mission rate tracerisource such as SPg ‘'’
(Tolzke et al. 1984), .popular because of the simplicitys.of the .vampling ‘affd analytical equip<
ment, requires an approach to equalize concentrations in each zonme to minimize errors in the
determination (Dietz et al. 1985; Sinden 1982); previous modeling has shown that this requires
a source strength in each zone in proportion to the infiltration rate in that zoue, which is
the principal of the automated multizone constant-concentration apptroach (Sinden 1982 “Hown
ever, the single-zone, uniform concentratiom (5.9 nL/m3, case 4) is not readily attained by a
single source located in any one zone (cases l-3).
- £ a3 AET- M : T
N The computed source;fates for equal;roncentrations in the-whole house’ (case 4) and
the living zone (case 5),.shown in Table 3, lndicate that -4: good compromise’ for the former is a
50-50 distribution between the basement and first floor and, for thesdatter, a-Source only on
the first floor. For researchers who want to perform a basement-living zone, two-zome evalua-
tion of a two-story house, important, for example, in radon IAQ studies, it s apparent that
one type of source in the basement (case 3) and one type of source in the living®%kfie, but only
on the first floor (case 5), would provide an effective approach to a uniform concentration in

each zone. Note, howeypr, that .this-approsch cantot:give  the:corryet:deepud Floer- ¢oncenfra~-
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tion for a source on that.flgorj.only a:three-zone. fcase.l)-approagh-wesld suffice. T
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wLQcated 1?:¥qu,”ggizggq,r§hia sarthrsheltered ;passive solag~gatn bailding dﬁnaisﬁééLofl
foyr'iqgiv;ﬂgg .apgrtment.units, each approximately:900-ft2 (84 m?):if -size, arranged in'a °
rectangular fashion as shown,in Figure. 2, Being :monitored under: the>Solar in Fedéral Biitdings
Progr§§1t$EB?3!feach unit was,considered.s .separdte izone and Was, cthétefore, ‘tagged with odé g
type each of the four available .PETg, -.The  ALNS:: techniqueswas'deployed ffom Febriity 3 ii&“uégc';’l;

55 o plrd 4
7, 1984, v rBltied chW SBOZ .- T 5

Listed in Table 4 3re the emission rates of -the :dual souceésiuded fn ‘eddt ‘of “ENE Four”

units'and the concentrations found for each of the four tracers om each passive Sidpiers -Firgé
it is noted that the concentration of the tracer deployed in a unit, e.g., PDCH* in,%g;t 1, was

£ 7 RN ' Jos'' saIEA waﬁ::;z nu 9.pidt
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Note: ﬁ3l1315.31 £e3; L = 61,02 in3; al =.0079L; gL = 10=12% rwey wo. 1 0 i sumeS .
*Tracer codes: PDCB - perfluorodimethyleye¢lobutane 1n WO LT 3 4 e ally

PMCP - perfluoromethylcyclopentane
PMCH - perfluoromethylcyclohexane
PDCH - perfluorodimethylcyclohexane



always higher in the master bedroom than the rest of the unit, Apparently, with.only one
window, no doors, and a source deployed in that room, there was a bias in the concentration
distribution comparad to the other rooms, which generally had uniformly lower concentrations.

It was also found, of course, that the concentration of a particular tracér was always"
highest in the unit in which it was deployed. For umkts 1 .and 3, the concentrdtion of theé dnit
tracer was next to the highest in the adjacent unit with the largest common wall and lowest in*
the diagonally adjacent unit. Units 2 and 4 had just a slight variatiom to that general
observation. i B e i e SR . s gd AR way Hilm ek g
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A material balance solution gave the internal flow rates shown in Figure 2 and tabulated
in Table 5. Compared to the -dinfiltration:and exfiltration xates,:whioh ‘vanged frod Ebﬂto
almost 60 m3/h, the aiz exchenge Tates were quite low, ‘rangilig:from 0.007 to 2.1 wl/hH With a
median value of 0.17 to' 0u42. m7/h. Based: oni:our: observations of Tlcor-to-floor air exdhange
rates in multistory houses and buildings, these rates are quite low--about 2 orders of

-
&

magnitude. Thus, the units are essentially isolated:from ‘@ach otha¥,. O~ . o

In terms of air changea per hour, the: values ranged from 0:12 to 0.22¢ ¥ l, tot- ‘utfreason-
ably low for energy efficient structures, as we have seen' averagesvalues im‘typical housing
from 0.4 to 0.5 and in tight housea from 0.2 to 0 25 hrle (Die&zﬂet 11. 19%3)5 3
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The exfiltration and infiltration rates were nearly identical in units 1, Q, ‘and 3, aver-
aging about 35 o /h' unit 4 was about 60% higher. One possible reason may be the prevailing
wind direction. It is noted that the infiltration into Unit 2 was greater than the exfiltra-
tion rate (cf. Figure2). There was a net flow from umit 2 to units 3, 4, and 15 . Also_thete.’
was a net flow from unit 3 to 4 and unit 1 to 4, and the exfiltration rate was greatest from
unit 4.as vwell as having the largest exfiltzation to. infiltratiohn rate tatioy” Thus; 1t'would
appear;that unit 4 was belng:subjected: to a wind-induced:!stack” effect or’ slightly reduted

barometric pressure, resulting in.net: intetnal flow ftou the no?thweat td the” %outheast.
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For a two-week period, on Long Island, from November 18 to December 2, 1984, a four-zone
BNL/AIMS measurement. was:performed in- a‘'two«story building. constfucted’ in 1978 containlhg four
units, each with a living area of about 800¢ftZ ¢74 m2)s. All:thé-units Had magnetic-seals on'"
the doors and were equipped with storm windows and doors, with the exception of umit 2, which
had, neither. Prior to: the tést, the interlock seals:on both the main’ Wifidows and ‘the storm
windows in unit: .1, san; upper:unit, were-adjusted £ér a’tight fit. E&éh- unit was separately '
tagged with assingle :PET scurce and:sampling. wds peérformed- with twe:passdive’ samplers with the"’
exception of unit 1, which had threec the standard deviation of the concentrations in unit 1
averaged about t97x» TR TR cronmvegmahoso v TES <o A e B

i o plabes, st ey
¢ e Y Lo = % HESN L T K

tAa,gbown in: Figure 3;»the air-infiltration:rates {m thé~two lower unifs wéFe-~about- equal
at 115.m3/h,; equivalent to. s> inflleration<ACH of 0371 [Ah"l, ¢ However; >the infiltratién tateS in’
the two upper units were quite different:from-each sther; 'with valies of S6-and’ 149 wd/h Eor
units 1 and 4, respectively, equivalent to infiltration ACH values of 0.32 and 0 85 h-l,
reapegtively, the wholeqbuilding ACH wae10.65 th=L, soowca..m.- /e® mer  ewd nunradras i
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MThq ain exehange betweenrun&ta*ou the :same *flodr; ‘both" ﬂpst&its ddd” downatairs, wds“quite’
low, less,than about 2 m3/hs-dlowever; thereswss:a significant sedék effect, with' the"fidw’ from
the dounatairs units to the upstairs:units ranging from27 't¢"32 oS /h‘and *khé “téverse Elbws’
only 3 to 4 m /h' even two of the diagonally-paired units, units 1 and 3, exhibited a similar
stack ejﬁecta Lttt wemrere 10EST o 3Lk L S A T L R T utl
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QUqlike ﬁhpAprevious QRadeaplex bu&Lding,‘these undts could ‘not ailfbe'treated ‘ds” isolated
from each othez. : As:summarized 4n Table 6, thé total in<flow in thé fitrst floot - units was not
much greater than the -infiltration.-rate; thus, units 2:'and 3 “ére esaeﬂtiafly dutotodious. V' THa*~
upstairs .uynits, however, ware moderately (unit ). to ‘signifidaently -(unit ) affbcted’ﬁy the
flow from downstairs units. The relative leakiness :of all .but -unit 4 were ‘abou€ifhé’ same; unit®
4 had a 657 higher leakiness thanm unit 1, which appeared to have benefited slightly compared to
units 2 .and..3 in regard .to the weatherizing ofthe windows. Unit 4 appears ta hnndfkeathh:izt-
tion, . . SroTrioo o gy
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MULTIZONE INFILTRATION IN LARGE BUTLDINGS °

—
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Very little determination of the actual airflow patterns in large industrial, commercial, and
apartment buildings has been accomplished, primarily because the measuring tehchnology has not
been available .tq accommodate the multizome nature of these buildings. The multiple PFT cap-
ability in the BNL/AIMS methodology .can  now. change .that situation. ’

This section will present buildiné internal ajirflow models to eetablish measurement and
analysis protocols for the following types of situations:

4 N PRI B At I RN 14 SETW 0L 4 AW Gy TR RO

l.TNatpral infiltﬁgt&pn in ;Lerge buildings without- HVAC:: syetemsﬂﬂ LR

2, Naturfal and mechanical -ventilatéon in large budddings with HVAC syatemx

3. Performance cerﬁiﬁiqemion of eirﬁhandling:equipmemt>in large buildings o

g e=wO. £0 Lovs D TR R P P R Lozt

The beneficiaries of such protocols. wouid include- 4 QI rpe noalet it
. le.Local..and federal agenties responsible for effecting energy savings in low=-cost and
;.alder; naturally ventilated:buildings SR g CE
2. Building and HVAC dasigners; installers, and operators SEMEE
3. Local agencies responsible for setting and evaluating performance standards and indoor
air quelitya v y S T : : DE 0 W AR L ar
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A simplified mu;ti;racer (SMT) method is proposwd forkmultixtory, naturally ventilated-
buildings to measure the infiltragion and.exfiltratiom rates:of eachifleor, the air exchange
rates between flgprs, and the: totsl building infiltratioun! rate,-'Only: three PFT types are"
needed if the following assumptions hold:

e e

1. Each floor is a single well-mixed zone, and e W lgarideTn
2. There is negligible direct airflow between nonadjacent floore.
PR LR Do T st snala NN ToorTt B ':' )
The, latter hgsrgenerelly been.. shewn to.be the case: in»naturally=ventilated»bﬁiidiﬁgs. A=
central stairvell gan be treateg ‘as. an independent fourth. zore, "~ :iuz. & - :
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Assumption 1. is generallyrnot vq}id, sinte each:floor isnusualiy divideéd: phtd several -
apartments or offi;g complexas. However, by adjusting the. PET sourcevstrength.inleach apart-
ment - in proportiop to itpgrespective floorcaree. this assumption can-be dpproximidted.
AT <o or cwo o Tweb gt omas geewi bafd doouv L da 3
As shown in Figure a, the PFT sources are deployed as follows: Each apartmentuves flosr
one receives PFT type one; similarly, floor two, PFT type two and floor three, PFT type three.
Floor four geceives PFT type,one.again, end the-sequence repeats: sMathematigdlly, it 84n be
shown tpet gach.of . the floor-igfiltratiom, exfiltratiom; :and difnéxchange :ratesledn b& - 581Ved v
exaCFlys\from mul;iple sets of ; three simulganeoue equttions:l~=‘b a3 lup tes DRImu .ol oWl bits
Livasd b E N O - ; on Srelevlops viev Soees ” ar IoLL i
This technique hae been field- implemented in a~2300eu§ thregwstdryiplus; bésement:solard::
energy laboratory in Lausanne, Switzerland, during which simultaneous measurements of the air
infiltration rate.into:each floor ware also .detdrmined by awconstantsconcentrdtion technfﬁue

s

(Scartezzini et, al. 1984) Sheae gesulty.plus . subsequent measurements a8 a four-zone bdfEding -
using fgur digﬁerent PFTs are underway -ang.will -he gvahuated. Lo vovh wnl o oalc Eha. TELVLL SR
. ned o R AT SYroarr e oow v gfnte & oex L ovino

"The adventagea of the SMT approech are the simplicity of field equipment and pefsonnel »-il¢
needs, the direct determination of between floor air aexchange (necessary for IAQ studies
invqlvigg different . users ron different flgors), -and .a :direct medsusd sof the magnitude &f - Ehe
stack e{fect Ci.eburthegair exchange; rate; up ;divided by that. dowmbesyrdfsadvantage st ERLS
tecbniquq #%th‘ grqctipql—sonsidexatiqu of requiring accessito ‘every -gpartmént of - of?ic&'éomi
plex on.every, .floor. :In.certain -office building sitvations:. thidWMIbee’ﬁeesibie,vbut‘in
apertmentwbugldingq‘this is prectidellﬁ infgnsible. a0 rcaler edT .m0 E
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Thg-CQﬁe‘ﬂgértment ‘Procedure (CAP) An alternative :to <the:=8MTs/ne thod s -to ‘seledtifone - -

apertment on one floor as a core unit; it would receive PFT 1. Any other apartment(s) on the~
same floor sharing a common wall to the core apartment would be tagged with PFT 2. Lastly, the
apartment directly below the core apartment would receive PFT 3 and that above, PFT 4, This



four-zone measurement would then provide an estimite ‘of the fresh air into“and out of the
apartment, exchange between apartments on the same fléor; and ‘the stack effect (exchange be-
tween apartments in the vertical). Repeating this at one ‘or two other elevatioms in”fﬁg same
building would allow a:reasonably complete picture for the whole building, to 'be drawn from
access to only a limited number of apartments. Note ‘that when selecting the PFTs for deploy-
ment in this and any other vertically.grranged three- or four-zone study, the propef choice o
from the highest to the lowest zone in ‘'a three-zone study is PDCB; PMCH, and PDCH; in a four-"
zone study, the order is PDCB, PMCP, PMCH, and PDCH. S

. This procedure was demonstrated for 'a’‘tWo-week ‘pe¥iod, 'the'“sacond half of November 1984,
in three New York City five-story apartment buildings ‘durréntly utidergoing weatherization to
reduce air infiltratiom. ~This- field experience ‘Corroborated’ ‘the ‘suspicion of dtfficulty in
implementing the SMT approach; it was only possible in one case to Dearly achieve the CAP pro-
tocol, the deterrents having been (1) pedple not home duriny deployment and J.’e"i:_t:hl[n_;'y',"'(‘2'_}."M.“i
"loat" sources:.and :samplersi (3) fear of ‘the* PFT system, aud ‘(%) no’‘interest in cooperating, | "".
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In one building, a:stack of three apartments wa'ai"suc_‘c,c“fsa‘fﬁ'ﬂy"tkh‘shted.ﬂ In ‘dnothe ,‘A"'ttyfo o

stacked apartments, 4E amd 5E, plusian®@djacent apartment, 4D, ahd the ‘stalrwell wcz‘g,”t;ej"?ii:zsg i =

but the results were not completely unambiguous because both 4D and the stairwell were Atihg"g'éd -
with the same PFT-type source. The third building was successfully evaluatsg as a foyr-zone

test, involving three stacked apartments* and p‘jgtairwd‘i~l; +
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The, four-zone flow: ratas for thé" latter are shown in Figuré 5,°1n which’ apartment 32" w'as"(_'”',
the core apartment.: :First, there dppeats. to-bea modest to signifiant stack effect, with the
flow upward in vertically adjacent apartments ranging from'36 to° 80 w°/h, not substantially
less than the individual apartment "adjusted” infiltration rates (more on this shortly), where-
as the flow downward was less than 1 m“/h. In fact, for all three buildings, this dowgward we
flow was never greater than 2 m3/h. It can also:lig §een that:tha upwatd flow from-apartments
22 to 42 was 13 m3/h, not insignificant as required by the previogs SMT model.
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The-atrflow through the stdirwé#ilévas clearly Gpward, as ifidicatad by'l‘tlflq‘iiimgﬁi_;pde of the
coucentrations of the PFTs: used:invthé-thFee’dpartments 'With fespact to the stairvell sampling
locations. on:the firsty third, aad“fifth floors; at'slightly tiore than 500;m§?_ﬁ, the air infil-
tration rate corresponded to an ACH of 2.3 h~l., Thére'was alsé a modést 'aiv’:'eichange "between
the stairvwell and each of the apartments, ranging from 10 to 15 m3/h into the apartments and 5
to 10 @3/h out into therstairwell, » . -3¢ ; z ’ At Ay e )
CAP "Adjusted” Infiltration Ha€es. ! 'Fresh air infiltration into the core apartment,
aglrtmont 32, was 98.1 m’/h (Figure 5). But based on the non=-adjacent vc:ticql;f],qwigf_‘u.l
m?/h from ‘apartment 22 to apartmeénti4Z, “the $ame amdunt ‘¢am be assumed to be flowing from .
apartment 12 .to apartment '32, which would have beed ‘counted im “the modeling results as part.of
the 98.1 wl/h ‘fresh ‘alv .rate, 'sitice thére was o tracer ‘in apartmerit’ 12, due to little downward
flow. Based on measurements in amvtlier Buildihg, two other apartments might Have contributed to’
apartment 32, namely, apartment 33 (adjacent on the same floor, about 1 m3{h)_ and apartment .23
(diagonelly adjacetit downstairs, .about ‘13 #w3/%), both estimated ‘as fresh air ‘:f*a_t_g_g_sj." e, ABALT
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Subtracting-each iof :these: otiier ‘contribiiting £low Tates (13 +1 4+ 15 ot 27 ‘@3/h) Ufron;' .the
computed; freshiair rate:of apartment 32 (98 md/h) gives a et fresh air Inffltration Tate of 66

m3/h. Dividing by the apartment volume, 215 m3, gives a net {nfiltration ACH '6f 0,37 h-t,
about two-thirds of the otiginally calculated rate. In a similar way, the "adjusted" .r,a_,_tile%gpto
apartment 42. is about 158 w’/&(0Nn73 WL) and> into apartment 22, 78 -Iﬂﬂ?tf"’(o .36 n-1l). *'Thus, the ..
expected; whole: building living zone air<inflltratloh’ rate is about 0.47 t 0.23' -~ & '
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In HVAC-equipped buildings, :the breathing zones,“and, hence, -the’ tracer zones, are detined
by the sections of the building being serviced by each individual HVAC system. By placing a
different tracer type in aach separate-HVAC supply aiz!plenum, a multizone measurement of the
total natural and mechanical infiltration into each zone can be obtained and, hencs, an
estimate of the performance of eachisystem within®that building.

The schematic representation of the 5,000,000 £t3 (142,000 m3) 15-story Portland Building
in Oregon, Figure 6, demonstrates the utility of the method. Zomes ofierand three had about the
same fresh air rate (1.07 h~l), but zome two was four-fold lower (0.25 n-l), indicating a
system imbalance and poorer IAQ in that zone (Dietz et al. 1984).



Based on the modeling approach'repregsented-by Table 3, it can be shown that, relative to
the concentration in zone one of the Portland Building for.a source in zome one, the concentra-
tion in zone two wi;h the source in zone. Lw; is ;717 highez;__and in zone thmee for a source in
zone 3, +16%Z. Similarly, for an equal .sourge strength im each zone, the:cencentratiomns in
zones two aqc} three relative to zone one are +387 and -29%, respectively:: This means, for
example, that for the same number of occupants in each zone, the COy level above background
would be 333 higher in zone two compared to zome one and 297 lower in zone three compared to
one. i e . a i

Note, however, that this approach does not distinguish the extent-df natural.:infiltration
frod npchan:ical venl;i,‘la_t:ion;ml:hn former, may be significant:-in;.some buildings: or .im particular
zones af buildfqg,s. 5 If this were knoqun,. _then there. .is:-the:potential :for enmergyr: savings.

Lo LRG0 Yino b ireseng.. T

“fn o,xtantion of “the mul:fizon.g ,moqel“t'.o the bigom-fml{izone nodel: (BMM)r is- shmm sche~
mlticall.y in’ E‘Iigura 7. Tha model; is c.%.lled bizone: b.cauap eagch air handlimg system.ds separ-
ated fntc tWo zomes, the HVAC zome (f.e., the mixing plenum) and the breathing zone (i.a,, the
floor area serviced by the HVAC, System), One type.of:PFT is.placed in-the supply air duct (PFT
1) to uﬁj thc bruth:l.ng zon.,, and a {d,;l.ffa,r.;n.t PFT 13 plaged in, the ratum air duct (PFT 2) to v
tag . Eha HV.&C zone,

4 EZ bm— h S Tomsm o ioLuivmed o 4o sl 87 o
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With rixis appton’ch the mtutal 1nf11ttn‘tion 1nto th. b:eathing zoune can:berdistinguished -
from the mechanical ventilation provided by the HVAC zone and, similarly, for the exfiltration
from the, .rlspcctive zones. Howcvc:, because only.four.PFT types are-currently availabd2, only

buildings witjl two HVAC sysj;um - can; be . accommodated with.this modeling approach. 'uHencer, there

is a nend f.,pr e;tabliahing qor@ BrT é:ypeq. L Lo n £
A g 8 il Kls 1o wnltone :i : £t ik
Performance Ce:tificadon 9£ .\:I.r-l-landy.ng SjrstemsL <A, @r -
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A question arises as to what eiz'.eni the occu:pal}:ts in the breathing zone of a building are
benefiting from the fresh air. ];qipg drawn.into the HVAC.system.- -Many.bpildings havéiair- -~
handlin sysq:gmk eguippgd with .§oiling, supply. pnd ;return vair ‘ducts; sometimes-ingenicosly=con=r::
cealad glthin ceilfng light:lng fixg};res. {u Stale_air.,can b« :exhagsted at-the ceiling or: pdrhaps
a pott:[on of the supply ox rM:urn air is. g-utndr : ” LT .t b TEY i

R Lape o tTEgR - 8L -

A quest{on anmng designera, 1nstn11ers, and operators of these vaystems is to what éxtent.
is the supply air mixed adequately within the breathing zome or, conversely, to what extent
does stratification and short=circuiting of aupp}.y alr . t.o t\h& .lleuurn :akx vemtsioccur?

St g2 gl 1) s Led t e o, reew T

An adapution of t:he biq_ﬂqu-multizq_na mq¢nl (nm;) has ruul-rud i.nv the HSM:(HVAC stratifi- -r
ca tion modal‘.) a shown schemtical,ly R Fiugura. 8, «the breathing . zoq@n(mw’n} “is sertviced by
the 'HVAC ayatem §zonl ) “through ceiling vents, .regulting .inca ;:pn*zdimaionsllgr'ddfined '3
stratfff-d zéﬁe zone §) nur“%rm ,cniling £9r this one-fap systems o' Lcacatrncn o ber o

! ase ofdx 8r dpm Lot he SR 1 Lae - ST L . troal

In"ERis casc,' as 1q the BMH caqmlronly, tug, PFT-types; am"mqmmc;m(}ue PPT-:ig iplaced ‘in
the return air duct (PFT Sy) to tag the HVAC zone as before, but the other PFT- ~type is dis-
tributed throughout . tl;_g breathing zone (PFT S oSempling, is ;then peanformed im:the breathing
zone, in the st:ati(ila zone (e.g., hqhin{! :the: return air vap&)-.usand,;!m Stthes: HV:&C mos ce.gz.#, In -
the suﬁpfy aii:' duct)ﬁ o s omenv ¥ gem K __,r e R ameld LemiTage o .
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Asauming r.t'mt the mnchaq;c&l exfil,t;u:lgn cuar,occ\,u: from any one' of cthe :three Zones, ‘an - rc
solution of this: model nat only provides the. natural and, mechanical imfiltration :and:exfilitra-""'.
tion but also providea a ‘direct measure of the efficiency of the HVAC system as given by:

5

Mechanical Exfiltration HVAC Efficiency gt tele e P SOl R iy
1 H:“:; RMES#J;&M' Ozn;i:ib?cmlcu, s Jgpjs/cl';i la;L:fa:r“ IS ~: 2 * :A‘.l
2 2ash Ry (Rig = ?"‘5..- C187618"° clszém Sl B i e
3 B Ryg = RMI + RNI }.0 . 1.0 N =
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The assumption of the stratified zone having a uniform or representative comcentration
must be evaluated as well as field-testing this new model. Protocols for various building com-
figurations must be established and the effectiveness and utility of the model, . together with
the multiple PFT system, must be demonstrated. Again, there is a need for more PETs. Tests of
this technique in a two-zone commercial building, each serviced by a separate HVAC .system, in-
which stratification is possible in one zone but not in the others, are currently underway. In
a similar way, a model for a two-fan system, in which the supply air and return air-are.bal-
anced with separate fans, and stale air is eliminated by venting a portion of the geturn air,

can also be developed and evaluated. B
CONCLUSIONS _ . ) _ . ; P R

The multizone measurement of air infiltration pnd_qgfiltrq;ion[rpggg_fqgm multizoned: homes,:.as
well as the air exchange ratas between zones, provides qﬂgygnt}tqg;vehmqghod for: (1):assassing
changes in the flow character due to specific physical changes and (2) determining. the: impact
of pollution sources in different zones on the concentration in each zone. ‘
TE " 0 LEtand e i R -
Four-zone measurements in a single-story, four-apartment complex showed: little interaction
between the zones; each could have been treated as_a single zong,- The same. type of: measure-
ments in a two-story, four-unit condominium, demonstrated the existence of a moderate stack
effect; the upper units were significgg;;y less ligg independent; single-zone units when. P

compared to those downstaits.’ e mp et
K19 gAY . oA

= il B S i
A core apartment procedyre was established and fileld tested, for- evaluating the infiltra=--«:
tion and multizone”flow rateés im mq}g*;ﬁgiy;gﬁartmgng'builgingq.:.;;lgppeg:sﬂ;hat selection of
two or three "core" apaiimtﬁts,”@néhfln@;gdéd in“pgt%ﬁ§f a four-zone study of.adjacent.apart-
ments, is sufficiént to ¢haractéfiZe the performance 6f these naturally ventilated buildings.

ae e ks e

The BNL/AIMS passive'PFT tdchnélogy was succeasfully applied to's l5wsgpry, .142,000-n3,
building serviced By three HVAC systeds. Although there were differences in the:fresh;air
infiltration rates provided by the system of as much as a factor of four, the spread between
the zones with the lqwqu_to}gq. highest air Rgllqsiop }ng£s was abgut.a factor .of 1.7. Thus
the multizone mddeling. éoncepds can be used to assess factors influencing IAQ in very large
multiple-zoned buildings. Thus, there is a need to develop more PFTs than the four currently
available, g

With the pitfldeocdtﬁoﬁ'ttiﬁ%p;éechnblggy,fZ;réppdatq%th;;?§4mpLe schemes can .be employed
to distingiish natufal infiltratidn “from ﬁd&hanical‘zﬁqgglaéioq'gnd to determine the .efficiency
of air-handling systems with respect to stratification and short circuiting of HVAC supply air.
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. TABLE 1
BNL/AIMS Results for the Brookhaven House. (3/225&[2/83)

Source: -~ ~Average Tracer Concentratious;? L/ m3 ===
Vol., Rate, — eIl
Zone 3 nL/h T ”“PFT 1 PFT 2 T ““PFT 3
1. 2nd Floor 215 3410 36 39 f 3.11 13. 63 + 0. Aa 7 97 t 0 08
2. 1lst Floor 240 1878 . 15 40 T 1.39 14, 14 t 1, 46 8 00 t 0,13
3.. Basement 204 M“M1734hmnm_ﬂw 17.% 0.14 ~2s52.% 0. eslﬁ 16563 + 1.98°
2490 = . _ j4:1

4 Average of 'two pdssive samplers on each floor; “PFT “1 was deployed in zofie
1, etc.

ol

TABLE 2 B
Effect of an Alr-to-Air Heat Exchanger® (AX) on the Zonal" Infiltration
_Rates in th. Brookhnvcn _House ;

c

- b-gvernge  of TWE “BIIFEEKIF ~pericds off and two om.

e : TR e T H TR TR G, ¢r
. Floor Infiltration Rates, 1113/11g e JEe a
AX — e - Whole House, .
Statusb 2nd Lst Basement ~ .. AGH, bk,
Off v 18 % o .69 HGom - FSA26 -~ 0.25 £ 0,06
On (HL fam) 19 * 28 168 + 13 57 + 15 0.37 £ 0.04
F— —— - e Sy —T et R —— s
Change: 1+ 32 99 & 22¢ - <18 + 4l:- vi o0Vt 0. 10 -
Lk X lept et (143 * SBZ) I ET S LA T fasm;r&ﬁqz) ve inyt
4 Installed in a first-floor window. ¥ ' SRS SRl SHIs e

o e T CTES R ———— -

Rated capacity on high fan speed was 120 w3/h.

¥ s

Wt Lo L o . TG 1 0 Teos

TABLE '3 ﬁt“:i‘ a
Expected Zone Concentrations for One Type of Source in
e D’Iff"lunt Locations cf the Yté“k’ﬁaven House

v Source.Location .o°° Calculated? Zone

. o feretiy e »and~Ra&o,»9-n~L/h e ~Gouem:rtim«rvnﬁ~/1n3
Case Calculation ﬁasis ‘ 2nd lst Bsamt 2nd lst Bamt
. . . . O — [ Y AT
1 Source on 2ad floor 1000 - = 10.8 4, 5 1.2
2 Source on 1ist" floor '~ - 1000 - g Telst La
3 Source in basement Rty -l W 1000% . 4.6 456 - 9.6
4, Equal conc. on all flrs¢, 20 430 350 ; 5.9  .5,9 5.9
5. Equal conec. in liv. zoned 42 958 - 7.4 Tebs 1.3
4 The source rates in cases 4 and 5 were proportioned according to the 3-

zone infiltration rates in Figure 1 and computed’2+zone (2fid and lst floor)
infiltration rates, respectively.

R vy o w ——

Calculated by normalizing the measured concentrations, in Table 1 with. the*
known source strengths.

Y B ER N N
Source rates required to give equdl concentrations in each zone;
equivalens-whole house- AGH -of 0,259 -h¥hym = oonim il ik

Source rates required to give equal concentrations on each floor of the
living zone (2nd and lst floors); equivalent living zome ACH of 0.297 h-l.




) “- TABLE 4 ,
PFT CondBntratidns ifi°44Zone~Quadraplex Housing Units’

e Bumes o . _(Samplers Deployed for 33 Days). -
Sampler . ._PDCH (UL)®_ . _PDGR (U2) PMCP (U3) PMCH (U4)
Unit  No. .. glocatiom ; (2143 nL/h) - (4656 nL/h) (4838 nL/h) (3096 nL/H)

1 1672, TiLiv. Rm,. - - 7449 1 - 6456 (. 0kl - - ¢ - 1.6l

1 1649 Kitchen ~  69.5 = 6,65 0.25% 1.57

1 16667  'Mas. Bdf#ici ° =f15.00 ‘.- % -f/g3 ¢ 0.52 7 - 1.79

1 1657 ., cSm. Bdrmy - - -z66.l [ .0 7 7 6.49 0.53 L emua 1,46
avg. 80.9 % 20.1  _6.88 3,.0.,.55_. Qb 0ull.o - 1.61.%.0,12
ayg.? Cra ean(09eh F 408) - gusfor (0451.%:0.Q3) - -

2 1651 __ Mas, Bdrm. 0.177 1383 e L6 e 0,0315

2 1835 TLiv. Rm. 0.158 116.7 1.56 0.0309
avg. 0.168 T 0,010 126.0 T 9.3 1.56 0.0312 ¥ 0.003

LN {

3 1643 Mas. Bdrmerui sdiem= VR Po .o 3080 TS ¥ FERNE 00242

3 1227 Liv. Rm. aunc0. OB ar. "2z 73,07 .. 124.6 0.,0235
avg. 0.018 T 0.004 3.23 ¥ 0.17 133.8 ¥ 9.2 0.0239 £ 0.0004

4 1650 LIv. Ra. 2.58 ST iglgyie T T 0.99 57.3

4 1415 *Kftchen R - - HE -2 -5 S . 46.6

4 1452 "Mas. Bdrm. N 0.74 1. 1% 8l.7*

4 1319 TUSelBAER. T UT2LEYTTTTTT T G066 1.13 62.3
avg. - ~7.59 £ 0.03  0.66 T 0.05 1.14 T 0.23 62.0 T 12.7
avg.® ¢ R b, W (1.02 £ 0.08) (55.4t 6.6)

dAverage also computed excluding: value with adbaﬁ!dk. - o

bvalues in pf?ihthtsaa are the umit location tigged'wi:h that tracer and the average
emission ¥Até 'f6Tf "the 2 Sources deployed. :

£ R £ G S IR SO R PR R N
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P R SRR 1 71 SO S AL+ SIS ]
——— — -.:v.hu—.m«.amn—mt 5 - e A A A - .

Calculated Air Exchange and Infiltration Rates
in the Quadraplexaﬂousiug Units
(2./3/84 to 3’/7/84) N

0Ty 7 Joapr X bertoeow
5 "re ot 1 k‘:f]‘.’ g & ;:3
ALE ﬁxchange and Infiltration Rates, m3/h
et Susy tysia. Undt deise JUlt: 2.0 Unit 3 Unit 4
¢ } . SIEPTEE SN [T
8@ T L e ===z e oBBrcw 0,090 0.90
R 1e! LS imek tal bt gtegf poleal 2l LR
PR - B 11 . - 3 -3 3 0,089 o S SN, W 0+018 ———
Saf flad e - . N Tolt bod oo -
to P?it 3 a 0.007 Gngr93 . sz 00015
to Unit 4 . 2,087 0.169 - 0.42 IS (maew i) Gl 3
: g for L o s LA I [ S L L -
T fpga feigpg 36.2 6.7 Fsls
. et - gee i ISSTT TR 0 S+ & SIS . SRR S '
e ,._..._R_r&. 30 8= e et AT 576 - r—
B s# ot padtyooh Comoganyuen T s % ysnal g w3l “. = b
swo it rACHY ;h'E}B.‘\ > O:J.ZODN‘ wanu0.150 %0148 v92:0.2007 %0 i o cnT
Lawa lIoBoesT O iEBI AT M LA e

ARgs afid /Ry ate the rabes of air dxfiftrdeféh dnd fﬂff}ﬁ;ﬁ@iogfiﬂ‘.;E K

b 3
ACHY is RIﬂﬂfViS?f bxftgﬁkunﬁgjxggggg (237, m3). N pnr gL esuLol D
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TABLE 6
Performance of the Long Island

Condominium Building

Infiltration
Leakiness?
Rate, ACH, Total inflow. Relative to
Unit Location m3/h h-1 a3/h Unit 1
1 2nd floor 56 0.32 112 1.00
4 2nd floor 149 0.85 185 1.65
2 lst floor 116 0.72 121 1.08
3 lst floor 114 0.71 120 1.07
8 Calculated by summing the four inlet flows 1nto each unit,
b Based on the total in=flow, ~ 7' i____"
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Figure 1. Distribution of flow rates in early spring
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HVAC BUILDINGS
BIZONE-MULTIZONE MODEL
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Figure 8. Quantifying stratification with the HVAC stratification model (HSM)
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