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ABSTRACT

Tracer gas techniques for measuring airflows ia buildings fall into three categories --
dilutlion, oonstant injectlion, and constant concentration. Dilutlon of a single tracer works
well in buildings with a single zone and also in some two-zone buildings. Multiple tracer gas
weasurements, necessary to charaoterize flows among more zonss, are bsat conducted using the
constant injection approach. The constant concentratien method uses 3 single tracer gas to
determine the air flow rates from the outside into each of a3 many as ten building zones.

The paper outlines the differsnt tracer tachniques for waking airflow messursments in
multicell bulildings and describes the operation of a constant ccncentration aystem, This system
measures tracer gas concentration in different zones and injects accordingly to maiatain a
constant concentration in each 2one, The aystem was tested in a singls zone structure and
successfully applied to a small three-zone house. Sensitivity analyses and calibration
procedures deseribed in this paper dsfine the capabilities and limitations of thia technique.
Although this method does not fully characterize all interzone airflows in the building, it can
be useful in analyzing the energy balance of multizone buildings. Additionally, these Y
meajuraments can be used to sevaluate the dilution of indoor alr pollutants and the ventilatlon
aftf'iciency of buildings.

INTRODUCTION

The past decade has seen the development of wany techniques utilizing tracer gases for measuring
air infiltration, ventilation, and alrflow within buildings (Liddament et al. 1983). These
hange from measurements of air infiltration rate where the building is treated as a single
uniformly mixed zone to more complex measurement techniques that treat the building as several
coupled zones exchanging air with one another and with the ocutaide. Furthermore, some
techniques give airflow rates averaged over short time intervals, while others dirsetly yield
values averaged over extensive perilods of time -« from days to many weeks.

The variocus methads may oe grouped into the following categorles -« tracer gas dilution,
censtant injection of tracer gas, and maintaining a constant corcentration of tracer gas. Cne
or more tracer gases may be used.

The most common approach for measuring air infiltration in buildings uses the dilution or
decay of a single tracer gas. This method assumes that the building interlor can bs treated as
a single uniformly mixed space within which the tracer gas concentratlon i{s everywhere the same.
A small quantity of a single tracer gas is injected into the -buildiung. As outaide alr leaks
into the building, the tracer gas conceatration in the building air falls. The bullding’s
average alr infiltratlion rate is determined from periodic measurements of the tracer gas
concentration within the bullding.
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The tracer gas decay technique does not tell us the airflows in a building that cannot be
treated as a single uniformly mixed zone. These include large buildings lacking a single air-
c¢irculation system. Even for houses, we cannot reliably determine the air infiltration rate if
there 1s no forced air heatlng or central alr conditionlng system and .Wwhere the interior doors
are kept closed. A \ :

o

The single tracer decay method can, howev”er, be adapted to a buid.ad:l:ng made up - of‘ uua zones,
each of which may be treated as uniformly mixed. In this case, the tracer gas is injected: into
one of the two zones and the concentration of the tracer gas is monitored in both zones. The
airflow rates among the two zones and thé outside can be calculated from the concentration
measurement§. * : Tt t W o .

¢I'One  important limitatioh of" lthe'f tracer gas decay technique i1s that it ylelds a measurement
only'f%r-a certain time interval fol3owing injection while the tracer gas concentration is large
enough o be reliably measuréd. Two 'ways of .getting aroundthis problem have been developed.
In one approach, an automated system- repea&ts the injectionzat regular intervals. Air samples
are also automatichally colleected, amalyzed, and recorded &t regular dntiervals to determine the
air infilb‘ration rate variatiom-&¥#ép extended. periods ofntime (Harrje et. a'la‘ 1975, Grot et al.
1980) L oo B 3 N o
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In another approach, the tracer gas is injected contitinousiyl:at .a constant rate (tfhﬁJm g=T¥
constant injection method). Periodie sampling, analysis, and automatic recording of tracer gas
concentration permits measurements of long-term variations in air infiltration (Condan et al.
1980). Alternative methods, discussed later, permit the ma@g@apreément uf dofig-term average: Sverage
1nf‘iltration rates directly (Dietz et al. 1982)

s CoRL DS mEsl el ool Sl H Ve -8 nnpentin
~he' ‘consthnt-BoAtentPatidn techniqu% permité the: detarminaﬁon of @Ay mMore. fM.ow ratesan a
multizo%e bu‘ﬂ"d’.trig,“ Still usifig a dingle tFaéer gas. Iniithis methdd, L Tragemagas 00 ik
conceritratidn ’i.s pedsubed at f‘requen‘t ihtervalsiin each of- the zonesy\: Buded orethese ws0. . =%
ureasuremen{:s, ‘a ‘certaif’ measured quanbf@?‘%t‘ trader “gadcis -injected rinto.seacitszone . so ‘thad: the
concetitration i eac¢h zofie  rémains ‘eddentfd¥1yC conatants -Thelair Plowing from. the cutside ddto
=" edich Bf the zdtks is® ¢calculbted: from uiéaluretiént;S‘ Ff the ddount of itracer gas' injected darto -that
zore. This approach has bé8n successfiililyfused in 'budldings with as:many as ten zones im.:u:
‘Cénada, (Kumar®®% ‘4l. 1979), Denmark (Collet 1981}, Swaden’ (Lundinveﬂz ‘d1lk 43983), the Bnited 5
Kingdom (Aiexander et al. ‘1980), and “the Urnited -Sbatassr ve ; .
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Howeverv, even tHe mbS‘t eobhisticased Single"tracem gas ,bechntqueedoesmot tellcns a:ﬂ::b the
flow rates of iAteréstimshuildings with:moresthan. twoozones. < The simul tameous:use of multiple
tracer gases is needed for additional information (Sinden 1978). The number of zones among
which airfltiis- can'®e fudly dbcumentad:isclimited: by the:Aumber: of 3ifferent tracer gasés
available. At present, up to four different tracer gases:have ;been used {I'ansomcat al: :1982).

‘Multiple.tracer gases, like single tracer gases, can be used in the decay and constant
injection modes. Using the decay mode tends to be analytically cumbersome, -(Sinden 1978), as we
shall see, and researchers currently favor the constant injection technique (Dietz et al.

1984, Harrje et al. 1981).

Single Tr'acetr'2 Single Chamber' Measurement
D2, el Ty i TE 3IMeasnesnor B8 ee gy B N NEE
The simplest eiperfniental»" me@héd i1s tthe singleélghamber-décay of & Jingle: tracen gasw ol
certain quantity of the tracer-gas.is: mtmduced into. the air and:allowed:to-mix so.lthat .the.
concentration becomes uniform throughout the space.. Samplessdfrair-are. &@kennperiddicalily:ard
analyzed. The concentration of tracer gas is measured. As outside air containing no tracer gas

enters the building, the ‘¢orcentration :shows am exponential deeays - 7 &f. - 378 7 oW
C = Co exp (-k t) (1)
.Taking the natural logarithms of both sides, we have: F T, - T '
In (C) =A -kt (@
-where 3 . : L
ELIET Sh T A 5 ln (C ) 58 (s Z Bur s : : oon 3 bya?

a1 E P = ¥ ITat . o I Lo b s
The downward slope,Gk, of the graph of 1n {(C) vss time-t is the alr-iﬁfiitration rates S The:
volume flow of air in and out of the building is given by Q = V k, where V is the building



mterior volume. . v . ‘
i = L

: The. smgle tracer decay requires that the tracer be injected into a uniformly mixed zone.
The mixing is frequently enhanced by operating circulation fans such as a furnace fan or by
special mixing fans. However, even without any mechanical mixing system, the method gives
reliable values of the spatial ly averaged air, imf'iltration rate for houses and other small
buil’dihgs. - . ST g i
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When J.nitlally developed, the tracer decay method required the detection uniﬁ: to be located
in the building being monitored. Since then, bottle and bag sampling techniques ha,ve been
developed that permit measurements without the presence of the detector on site (Harr‘je et al.

" 1981, Grot 1980, Harrje =t al. 1982). A small quantity of: the tracer gas is,carried to the site
in a plastic bottle or bag and released into the building by opening the bottle. Subsequently,
several air samples are collected from the building using other plastic bags or bottles. The
containers are sealed after sampling:and the sampling times.noted; containers are later analyzed
using equipment loeatediiin the jlabgratory. This techniqueshas.worked well with sulfur
hexafluoride tracer.gas,:<which”iszanalyzed using.a gas chremategraph equipped with an electron
capture detector. This type of detector requires relatively small air-flows during analysis.
Gases detected using an infrared absorption technique may not be suitable for container sampling

Tl

because of the large flow rates invelved during analysis.~. - .
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Although the average air infiltration rate of a house can be ﬁiéggdréd using a single ‘tracer
~gas «deeay, mulbtlizone measurementsrare:essgntial, to.goprectly represent.the. movement of, indoor
alr contaminanta:and moistureramong different spaces within a houge. For. ir};paa,nce,,. thg =
radioactiwe gas radon: typically originates from.the,soil under the house . and is z;sleased‘ .
primarily: into the-basement:.or crawl space-of the house. 5 The concentratg,om in the .idving sgg.ce

. deipends: on the source strength:of:radon: 4n- the: basement.as.well as. the~ airt‘low.g among--tha. .

> basementy:;kdving space,rand the;oufside. Hernandez used two-zone1 £1low measuregents to determine
radon flux-balances in.several .tast houses with -large radon sources: (Hernandez et al. 1982)
The-.single tracer ‘gas. injection and decay method can be adapted to the measurement of airf‘lows
in a two-zone building (Sinden 1978, Hernamdez:et al. - 1982)., The tracer gas is {injected into
‘one zone and air samples from both zones are collected and analyzed periodically. 1In the
injected: zone, the-tracersgas-concenkration~falle off-rapidly at.firgt- and then mope slowly,
whileuthe concentrationnn the other :zone:increagesn at first. a,nq t;hen falls off. - -

! S0 (5 2 h: ' - T AI( [ SRRV :~[‘I ' iy e
-The coucentrat:iona Qf traeer gas-in the\injecteg zgnel («#) rand the otb@r, a].t@rnate, ‘zone
(a)rare giverr by ‘the fodlowing equatdomss - - - Sasnett L omue o or oo afgeeess 4 £
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Cy (t) = aqq ak1ty, _'3-71-2'.'.‘31{2-- 2 §osbvey T gt (3

Bl Net-aa s Ji o w3 CT A, ix LLTTE T
: (3
Ca (t) H 3.21 ek1t + 322 ekzt (4:)
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where Cy and C, are the tracer gas concentrations in the injected and alter'nate chambers, K4
ard kpare two ‘time constants that~characterize the-airflows .among the.two.chambers..and the

outsidey -the four comstants a,y; a4p,7azq; and: a2 1nc§0rporate the ‘fnittal condltitms of the

E "injection' Sinden~ 1948, Hernanche,z cet ail. 1982). TInalE Tt r 3 AR
By YR OT RIS Sl Lo LA T PR BEL 2URTY ENEL I R 1 ) 5
Two quantities ry and ry-are def_‘ined for convenience AS TOWLOWS? - 2 it i, . v
an 312 -
Py 2 ====, and rp = =-=-- el iy & ", v (5a,b)
a1 az2 :

Once the values of ki, ky, rq, and rp are known, the flow parameters can be readily determined.
Sinden proposed two methods for calculating the values of these constants from measurements of

tracer gas concentrations (Sinden 1978). One of these methods is a statistical procedure that

utilizes all of the observations and is_.therefore likely to be.more r'elj.able. Tr W
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Equations 3 and 4 are rewritten aas " VR =Tk

“ye

ZNp cem w7 Oy a2

¥y (t)

in [ Ci Ct) --F1 Ca (t)'] iIn [ a12 - r1 a22 ] + k1t s (6)

¥2 (t)_a

1n [ ci (ﬁ) - r2 Ca (r,) ] =r~1n D a1y - rz 221 ] + ko © -4 E i (7
Sinden recommended regressing the y values against time for various r values; the best fit
is used .£to estimate r an& k values. .Phei:methad involves iterative regressions:
! e - SmMnger o7 . NO) b
Hernandez praposed an aLternativeaqalchation procédure. He divided the data into two time
intervals -- a_transient- period and a dominant period. During:the.deminant perfedgithe shorter
time constant of the system haspdijed-outy and.concentrations-din: both:chambers decay:at:2the same
rate. Graphs of 1ln (C,) and 1ln (Ci) againsf: fime are parsllel....He:used the dominant period to
first calculate the longer time constant and two of the four Ma" coefficients. These values
were then substituted into Equations 3 and 4 and a simpler, noniterative, regression of
concentration data from the transient phase was used to determine the:remaining parameters
(Hernandez et al. 1982).
; The six sets ofrthw rates cognecting the ¢wo chambers: an@ the‘outside 4re given by:

[ Y

=l 2 i

E LY R et i 1 aien Ete
{=or §oTE nol ' T J& G i 100
Fia-Va(kz-k1)/(r‘2-r‘1) : - “ (8)
. r w b (2 SR s 19 i : oon e )
5 5h = n i LR 4 : [ ARSI Y G R I S 1
s "E%iv- Vi ( k2 - k1 ) Fror2 / (rq --62 ¥ G g g :eﬁo, /,ruxiﬁér:jﬁ ; 1:’4(9)
Lo oA DEE : R S e ) e : ,,1 S - :ﬂ iy
19aes. B (A Jass: % ‘wqﬁt”w:L
- Frg = Vas [ kz (?]¢-LJ)JF k116r2 - 1y ]es (r2 -apy) - | ‘::tmhfu11o)
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T L kY S0 nQiia this Lene s SRR B
e Foi = Vi [ k2 (1 ' !‘1) = k1’(1 ﬂﬂr2)] / (PZ - r1) L U I " TE (11)
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F1° = Féi°+CEef5+*Fia o g coveBVE 5:-3?‘(12)
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where-V,, Vi-are the-velumes of the-alternate.and injectedczdnés, -an@+Ef; 13 36RECL1dG Pate from
zone 1 to zone Jj. Haernandez used hig method te determine the fdows:for, two reiativery.well-
coupled zones -- the living space and basement;ef arhouse:(Hermandez et alyhI82). For the
well-coupled case, the method works relatively well. Figure 1 shows sulfur hexafluoride tracer
gas concentration in the living space and the basement of a Princeton house, following injection
into the basement. smeonyd gelds Tugofn o b o

Ford .has also used the methad -to:'measure flgws detween-the living spave &%d: the attic of a
house, _ two zones usua;;y .poorly.ooupled. . Here the method encounters’ Some“difﬁicultres*”{FB%d
" 1982), .The main problem ariges from-the kimibation-in-range ofthe eQuipmeﬁt (i9ed- t6°48Cect "the
"tracerwgas. For .instance,. when tracer gas:-is imjected !into he Livifg sSpace-6f a“hdusé’"tﬁé
concéntrations in the attic are much smaller ecauseé:theldaiptdkBhdfige BEEwéen - the‘living space
and the attic is small compared to airflows among different zones within the living space, or
between the living space and the basement. Also, attics are vented and this too reduces the
tracer gas concentration there. If the injection in the living space is witﬁin the measurement
. range of the detector, the attic concentrations are likely to be.too Smalil tobe reliably
measured. Alternatively, if enough gas is injected into the living “space for the concentration
in the attic to be measurable, the concentration in the living space is likely to saturafe® the
detector. We have so far been unsuccessful in making reliable measurements of airflows between
the living space and the attic using the tracer decay method. At present our sulfur
hexafluoride detector can be used for concentrations in the range+of”20#to 500 parts per billion
(ppb). What 1s needed is a detector that can measure concentrations over a very wide range of
values. . o [T : :



Another problem with the use of a single injection of a tracer gas in a two-zone airflow
measurement arises irrespective of the coupling between :the chambers. In order to make reliable
parameter estimates, the measurements need to be continued until the transient phase has been
replaced by the dominant phase. In some cases this has taken ten hours or more. The duration
of the measurement poses several problems.. First, the ¢oncentrations in one or both chambers
may fall to such a small value that it becomes undetectable before the measurement is over.
Second, the mathematical formulation assumes that the flow rates remain constant. For a long
measurement period, this assumption is unlikely to hold. :Single-zone tracer gas decay
experiments often show air infiltration rate variations of a factor of three during the course
of a single day.

A single_injection of tracer gas to providea uniform initial concentra@tion in each zone,
followed by dilution has been used by Sandberg to determine a "ventilation efficilency" for a
multizone bullding (Sandberg 1981, Freeman et al. 1982)y- This technique cannot, however, be
. used to determine the rates of outside -.airflow intéfeach zone; nor can it be used to determine
changes in.ventilatien’ rate over time without an- elaborate, automated reinjection and mixing
setup- toaregain uni'fornt concentratlohs in all spades.
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Constant Injection Systems Coe P P

Some of the problems of the tracer decay measurements can be overcome using a constant
injection approach. Here, comtinued ‘injection -permits .th&:concentratiion of tHe tracst ‘Zas to be
kept within the range of the detector. Lawrence Berkeley Laboratory researchers have used the
constant injection method to advantage (Condon et al. 1980).

One of the most interesting applications of the constant injection arises in the
combination of a passive constant injection source and a passive sampler developed by Dietz et
al. at Brookhaven National Laboratory (Dietz et -al. 1982, Dietz et al. 1984).. In their method, a
bullet-sized canister closed by a rubber stopper passively releases a perfluorocarbon tracer gas
into the building at a nearly constant rate. (The source emission is, in fact, temperature-
dependent. However, since interior temperatures:of occupied buildings.do not vary much, the
variation in tracer emission is small. The average rate of release of tracer can be calculated
from measurements of the interior temperature.) Diffusion tube sampler(s) passively collect
tracer gas from the air in the building over long periods.of time. Later analysis, of the
samplers ylelds the building's long term average air infiltration rate for the sampling
duration. This method's chief attraction is that it can be used to inexpensively measure the
long-term average air-infiltration rate. The Brookhaven method is adaptdble td multiple tracer
gases and therefore suitable for multizone airflow measurements. Several different tracer
sources and samplers are located in the building. Each sampler is later analyzed for each
tracer. Brookhaven has successfully used up to four different traders and-measured airflows
among living space, basement, and attic of a house (Dietz et al. 1984),

Other comstant injeotion methods require:that:the expensive, automated equipment left‘in
the building for long periods of time function reliaﬁlf’and, moreover, ?éﬁuires ‘extensive data

analysis to determine avenagefinfiltration ratés, o : oNE
: - oL e n . '\.s’
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Constant Concentration §zstems

"It is often necessary to know 4he level of air Anfiltrdgtion into €&ch zohe of‘a building,
for instance, in-order to determine if ailsl' parts of a building aré ‘being -ventilated’ ddequately.
The constant concentration system permits this measuremerit' to “be:made b¥ keéping the tracer gas

-concentration oonstant in -each zone-and uniform throughout: the buildingl For each zoue j of a

ubulldins, the multizone flow;squations-are:given by-=-‘P b 2 TETLEL.
Do = kR P oLe anme el . 2
v A4 ZQC3- B e _ : L
| Vy e .gcj:‘F:Ji_ * C Py + Sy boommaal {14)

‘where . o ' -

Vy = volume of zone- j

Fji/ = airflow from zone j to:zone i

CJ = tracer gas concentration in zone j

= rate of tracer gas injection into zone j

1% ]
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:-Thiy set of -eguations is.greatly simplified in the case where the tracer gas concentrations
in all zones are:equal and constant. In such, a case, is the same for all ¥ angd: equal ‘to Cqs»
the desired steady concentration. For an appropriate cgoice of tracer gas, - its concentrétion
outside C, is 0 and dcj/dt is also 0, so that the equations reduce to: ik .

(15)

where F_., is the airflow from outside to zone J. Thius, by holding the’'concentration constant,
the inffitration into a zone is simply.the tracer injection rate into the zone divided by the

steady concentration. ‘ : ~

In order to keep the concentration steady, the systém must be able“to sample‘the air and
measure the tracer gas concentration in each zone, calculate, the rate of tracer gas injection
needed for each zone given the measured concentration, and fnject the ‘tracer gas at a variable
rate into each zone -- all on a time scale that will allow adequate control of the concentration
in each zone. Ideally, we would like an instantaneous ‘measurement of ‘tracer gas concentration
in each zone and continually vary the injection into each zone. In practice, several factors
prevent such instantaneous .measurement. However, the airflow rates change slowly enough that
measuring the concentration in. fairly large discrete steps and usingma constant flow, adjustable
on-time Lnjecbion Ssysten provides adequate qontrol. i
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Qur system Qperates:;op a 60 second cycfg during which the following ions take plake:
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2 -i1) conpeptration of a- zogg is meﬁsgred o } - : el Tt lop ak
2) sample valve of the next zone is opened ACE. SR
o 3) . injeetion rate qf the measured zp@e is calculated”’ . xpl ) éa
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5.
4). new information 1§ dlsplayed on monitor and saved to d&sk storage
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v After the cyclebis completev the. operations are repeated "8h’ ﬁhe next zohﬁa The®number of
minutes between measurements in a zone gs eq%al tg the total nuﬁber of zohes, i.e" wfth ter
zones there is a ten-minute interval. A

Our system consists of ansglectrqp capture gas chromatograph, a’serifs' of teh saMple and
~injection lipes, an: auxiliary. pump, and a mlcrccomputsrébased ‘measurement and control s?étem
(see Figure 2)..-The auxiliary pump purges the sample lines when they are not‘connecté& to the
: detector.. The volume of gas lndected in.a cycle, is contrclled by openii ng a valve tc a constant
flow nozzle for a specified lenth of t}wa‘ The drawback §9 ﬁﬁis s$steﬁ isg" that ‘the range of
velumes that gan be releaged ig, limited an.. the lcw end by the accdracy b?‘the kriown v6 lume
injected at small open\tiqgsMJand cn.the high,end by thq lcng th cf ,ime ;n “the c?ﬁle ih which
injection;can take place..,Thjs range i;s sppmximately 05 to 30 qaeccnds. Uue %c this
limitation,: the steady.concentration mugt he.cgre;ully chcsqp so tha? the cpen tine will fall
within the:allowable:rangs for.each. of the_zones apd a wide range cf infiltratiqp raées._ Tha
follow&ng.equation is usgd~tcuspecify the stegdy concentrahiqnhﬁ e o R

e [  neloahe s
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L %nozzle flcuﬂcate)v&conc of injected SF5) be C h”ﬂn R

¢ .steady QONGs = =m==—mm - e TP
(estimated Foj) (cycle time/valve cpen time) . s 'f o

PTG e AN Pk § ot
) Choosing v,valve open tlme of 3 9 seconds,uill allcw infiltraticn rate measurements that
: -are a:factor of four above:or belew the initial guess of Fojy ‘used in Equation 15, Hhile allowing
for a factor of two fluctuations: in the injection rate. ThHe flqn rate. of each nc?zle is
adjusted to compensate for.different zone volumes. Given a zone volume of 100 m3 .a Yalva flow
rate of 5-.ce/sec, and a..concentiration of injected SFS of o 7%, air ;nriltration,rates from,.0.08
-te 1.2 changes per hour can:be megsured. with a. steady. ccncentraticn of 275 ppb. Buildings with
larger zones-are accommodated by-.ingreasing the ccncentration of the injectad SF5
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- Al 1_,.,cons’1:.-aht concentration sygtems use some form of a proportional-integral-differential

(PID) control.algorithm to calculate the injection’rate. Thé quantity of tracer gas injected is
given by the sum of three terms: e = - E T

proportional integral differential

Sy=A(Cq=-Cn) + FojCq =+ D (Cp=- Cp (17)
where
. Cn = present measured concentration B
Cp = concentration measared in previous dycle
A -~ = propartional con_stant ‘ )
D =Vi",dam.piAng; cdqsiﬁér;p? . :j k
B 0, S e,

L T R T e R

The proportional. teg,"m, provides a correction based on the“difference between the present
measured concentration and”the desired concentration, the intégral %@ri compensates for the
depletion due to outside air infiltration, and the differential‘t&¥m dawmps: ‘the change in :
apncentration towards the desired value. Our PID.algorithm, similar to one developed in
Denmark (Collet 1981), incorporatés all three tarms. The constint A" 1§ ché¥en so thatthe
difference between the present and desired concentration 1s made up in 20 minutes, D provides
enough correction so that the amount the concentration’fmoved-awdy from the- prévtous'sample is
made up in 10 minutes.

¥ B T =y St

In the absence of elements caug}ng the system ,\t;oh be potentia}ly unstable -- such as
noninstantaneous mixing of injected SF6, incompletd mixing: of outside air with “foori-+air, and
concentration measurement errors -- ‘!;nhe value of Foj calculated from the previous cycle could be
used in the control algorithm. In order to add stability to the system, Fgj 1S averaged over a
longer period of time -~ longer time periods prpdt_lpe q:o:_"er_damping but increase the response time
to changes in infiltration flow rates. Our experiernce thus far indicitds thut averaging F,
over one hour provides a good compromise. As our single-zone test shows (Figure 3), the aygtem
is able to respond to a change in the _lai_;;-‘-inl:}ur‘a‘t_;(i_pn‘ rate (AIR, the t‘:!.qw.r'ate of outside air
into the zone expressed as zone xf'c}fmpegl_l'pe'_i:j“ hout) frofi '0.28 ‘to 0.48 that-&dcurs over 2.5 hours
without a significant deviation of the tracsr g4¥'dorceritration fiom ‘it dteady value.

t = tenipooer e

,Other steps are taken to. reduce the oscillations of the concentration caused by
instabilities and to measure zone 1:_n'f'1ltratiﬁn'"i’loh53 more adcurately. Small fans are placed in
each zgne to improve mixing. The outlet of the injectidn 1ing is placed downstream of the: fan

- and.the inlet to the sample line i§ placed “upstream. With tHis arrangement, the in'jected gas
completes a loop of the zone, mixing with the“room aif afid ircoming* outdoor air béfore it has a
chance to epter the s?_nip\_‘l,‘_é;qllj,geé.'_ _I{fiqf’._her‘"_cq’n.t:‘ip_u_t‘.ihg‘_lf‘abtor“’t.“a oscillatory system-behavior is
detector measurement ‘error..’ For_ typicalaif=infiltkativn rates; tHé<proportional-fermih the
control reacts strongly to small chahges ‘in ‘ebnoentration.. A'meastired ¥oncentration that is
smaller than thé real” value will cause' tfé-injéct¥dn rate' t5 Lhbrease, which also causes the
calculated ‘AIR for the nsXt cyels td increase Somewhdt. 1If:tha ATR¥em48as constant,’the
concentration will increade abtVe the steady 'vilde: 'The systed respdnds by decreasing the
injection rate so that the condéntrdtfén ‘wfil setfle down td the stewdy value. Whersdach
concentration measured is in error the system oscillalates continuously. These oscillations are
shown for measurement errors of 1.5 and 5% in Figures 4 and 5. Since the effect of the

; measurement error is multiplied in the str@gngth of th¥ oscillation of the:measured AIR,

* measurement errors of 5% and greater are rdot "deveptuable. -As ts-discussed later, we'have striven
to decrease the detector error. Rt ' v IR TRE
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. The procedure described above is satisfactory during steady-state operation but care must
be taken in getting to the steady state. THe “sfmplest method ‘of getfing to- steady state is to

© Just use t.}'gq steady-state "dontrol. The froblem®is that response is“slow and 'both concentration
and air infiltration ‘rate ovérshoot their’steéady value. As FiBure 6 shows, it took more than
three hdurs to arrive close to a steady State. -This problefican be‘alleviated by adding an
initial inJection‘as shown in Figure 7. However,® gince the conbrol sScheme has no :initial
information on the air infiltration rate'needed® by'the-idtegrdl control term, Wwe see an initial
dip in the -concentration: If we provide’'an initial #§8ss of the ailr-4¥filtration rate, the:
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system reaches steady state much more rapidly. As shown in Figure 8, the concentration stays
within a few percent of the steady value and the measured AIR value reaches the true value in
approximately 1 hour with little overshoot. An additional observation from these simulationg is
that the concentration approaches the steady value much earlier than the measured AIR reaches

the true AIR... . .. N TR . :
The. constant concentration method has bean applied for measuring flow rates in a 'small’
house treateq as a three-zone system. The living room, bathroom and” kitchen (combined - volume 61
03) of this 98m3 fouse are Well connected and ‘are treated as one zone. ~THe two bedroofs™ "*"
(volumes 17 and 20 m3) are each a zone. Two separate runs were conducted with a ‘two hour g%b.
The air-infiltration rates calculated for each zone during both runs are shown in Figure 9.
Note that there Were no sharp discontinuities in thé air infiltration rate between the two runs.
The’ concentration was maintained at 200 pr and 300 ppb during the two runs and remained -

reasonably steady in each case.

CALIBRATION PROCEDURES

Detector Calibration Yi

n
L
<
%

. _Tracer dilution air infiltration measurements depend on“the slope of the" log-conceﬁtration
'line plotted against time and a1d” ast require’ calibration of ‘the detector for ‘ab'solute
concentration of tracer gas. The development of the constant concentration’ 3§§teﬁ had brdught
about the need for accurate and reliable measurement of the absolute tracer gas concentration.

The equation used to calculate the concentration is:

Fl

i T el B 4 2= R BN [#F4 0
T PR G T2 e " . sar £ . - oy adT
= [k 1a(fg/T ) 1) ~ 25 E YY)
_where C = absolute concentration of sulfur hexafluoride (SF6)
Ig = standing current
I, = peak current

K, b are constants
Al AL

Calibration invplves measuring the ratio Is/Ip of, 2. series of known calibration Qag;\gnd
regressing 1n(C) vs 1n(ln(Is/Ip)) to estlmate the constants K and b._,'_'; ) e

ey ma T et ould g Ayt
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These procedures have ylelded precise calilbrations over a range of 20-500 ppb (see Figure
10 for a typical calibration curve) with r2 values consistently over 0.99. R Uk

_ Another factor to consider is whether the detector will perform. 3s, well in the fleld 28, it
does in the labcratory. ‘We have Found that the carrier saa flow rate, uhiqh_dependa on .
delivered presaure“and line 1osaes, haq as strong e;fect -on- the-detactcr*aaltbnztion -= 38

Figure 10. Becaude the flow rate can be changed by over-tightening fittings and sealing” Ieaks,
the detector is calibrated in the, same state as it is, used in_the fielg immediately(petore it
goes inté ‘the field. Also, small leaks in the detector 'S, plumbins gan cause unknowgngly high
readings~in the field where the background concentration of-trauer gas i higher duripg.a Py
measurement run. We have made modifications to the plumbing in the detector to reduce this
problem. Presently, injecting 100 cc of pure SFg into the detector enclosupe (which translates
“to a concentration of 8,000,000 _ppb) does not affect the standing current and is detected as a
concentration of- 1ess~than 5 ppb - a significant iqprovement oyer the unmodifiad.detegtor.
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Lh;ection_System .

The injection system consists of a series of 10 two-way valves and constant flow
restrictors connected to a manifold. . The volume of tracer gas released into the building in &
ycle is controlled by adjusting the length of time’ that a valve is open."The calibration
consists of finding.the relationship between the length of ‘time the valva is open and the volume
of tracer released. Siits B
~- .. Due to regulator "lock up" (the difference in delivered’ pressure from no f1low to full
""flow), initial pressurization of the line, gas bleeding off after the valve'is closed, and other
transient effects, the relationship between open timé and tracer gas volume is nonlinear for
small valve open times (less than 0.5 seconds). After 0.5 seconds the flow rate is constant and
the relationship is linear. The calibration is performed for times from the start of the
constant flow period to the maximum open time (30 seconds for our constant concentration
system). Plotting and regressing volume against time yields an equation of the form Volume =
int + (slope) (time). Forcing the curve through the origin (what is done by specifing the 3
nozzle flow by cm3/sec) results in large relative errors at low open times. Using the =
calibration shown in Figure 11 as ,an example, specifying the flow in cm3/sec overestimates the
valve open time by 23% for a volume “of 7 cm3 while the regression gives an open time within 1%
.of the actual value.

Beo- I 5y .

submerged graduated cylinder and its opening 1§ placed at the same level as the water surface.
The volume of gas and the head of water in the cylinder at the end of the valve open time are
- measured. The volume of gas that would be released at atmospheric pressure is given by:

Pn Vnp . ; P - ,
Vatn $=———==m= (19)
Patm e o
Wwhere
Pp = Pagm - (inches head/407.19)
CONCLUSIONS

There are a number’ ‘of techniques suitable for measuring airflows ‘in multizone buildings.
Dilution of a single tracer can be uded 1 two ‘zone buildings when ‘the zdnes are well coupled.
Multiple tracer gases are needed to characterize f OWS among more zones. The number of zones is
limited by the number of tracer gases avallable -- to date as many as four tracer gases have
been used simultaneously. Multiple tracer gas experiments are best carried out using a constant
injection of tracer gas. The passive’ constant injection and sampling ‘technique, developed at
Brookhaven National Laboratory, is particularly attractive since it can provide data on long-
term average airflow rates, potentially at low cost.

The constant concentratfsn méthod ‘isés s single tradér gas'to determifie the airflow rates
from the outside into each of ,2s many as ten building zones. Although this method does not
fully characterize all interzonal aiFf1lows in the buildingz it can be useful in analyzing the
energy balance of multizone buildings. Additionally, these measurements. can be used to evaluate
the dilution of indoor air pollutants and the ventilation efficiency 8" buildings.
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