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Abstract

A simple means for determining air infiltration rates into homes and
buildings for assessment of indoor air quality and energy comservation measures,
based on a passive perfluorocarbon tracer (PFT) technique, was evaluated in a
well-defined environmental chamber under experimental conditions of 1) constant
temperature and ventilation rate, 2) constant temperature, variable ventilation
rate, and 3) variable temperature, constant ventilation rate. Two PFT sources
of known emission rate and temperature dependence produced chamber
concentrations of 100 to 300 nL/m3 (parts per trillion). The average relative
standard deviation of 16 paired samplers deployed for 44 h during experiment 1
was £ 1.9%7 £ 1.0%Z indicating good reproducibility of the passive sampling rate
and analysis; there was little consequence of sampler orientation with respect
to the low air velocities (< 0.2 m/s) present in houses. Even with the nearly
3-fold variation in ventilation rates during experiment 2, the passive samplers
accurately measured the average chamber tracer concentration as calculated from
the known source strength and the measured ventilation rates based on CO9
concentration decay; such large ventilation rate variations caused a 10%
negative bias in the PFT-determined ventilation rate. Temperature cycling
differences of as much as 89C were accommodated to provide essentially no bias
in the PFT-determined ventilation rate. The PFT technique 1is applicable to the

expected range of conditions in homes and buildings.




INTRODUCTION

Efforts to reduce energy consumption Iin residences have led to the
construction of energy efficient homes and the undertaking of'residéntial
weatherization programs which, in Eurn, have raised concerns_ahout the qua}ity
of indoor air. The reduction of afr infiltration rates inlresidences‘is an®
effective way to conserve energy by reducing heating and air conditioning
demands. Reductions in infiltration rates howeyer could result in the
occurrence.of air contaminants indoors at concentrations which may result in
human exposures in excess of health and~comfort related standards. The
determination of infiltration rates in residences is necessary in order to
assess the effectiveness of weatherization programs and to develop and evaiuate
models for infiltration and assessment of indoor air contaminant lerels. This
paper preserits an evaluation of a new tracer system for determining infiltration

rates. ~
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The only direct measure of air infiltration in residences under normal

v

¢

occupancy conditions 1s by the tracer gas techniﬁue, which ishapplied to

assessing infiltration rates in two ways. The first method is generally

G ! . < e o

referred to as the ‘tracer gas decay method (Hunt 1980 ASTM Standard E741 80)

o e

and the second 1s referred ‘to as the steady-state tracer gas method (Tolzke, et

al., 1984; Dietz ‘and Cote, 1982; Condon, et al., 1980).

Considering a residence as a well—mixed single chamber and letting

N
!. R ‘». i

C = concentration of tracer in chamber, nL/m3

E

V = volume of chamber o

S'= source strength of tracer, nL/h



Rrg = rate of air exfiltration or leakage, m3/h
n = Rg/V or number of air changes per hour (ach), h'l,

a mass balance around the chamber gives

de
ag) 5., o, _ (1)

Integrating from C, at t = 0. to Cy, the tracer, concentration at time t, gives

[N

L8 S, -nt S
& P : (@ (2)

Ct = ;+ (Co - E)e

For the tracer decay approach, in which a small amount of tracer is ﬁell—mixed

into the chamber and the source is turned off (s = 0), Eq. 2 becomes

Gy = g e-nE | | | @®)
ahd'ﬂence o S - h
2 Cy = &n Cy - nt ‘ | (4)
:By plottiné the natdral logarithm of the tra;erlconcentration versus time, the’
alr changes per unit time, n, is obtained as the negative of the slope as shown
by Eq. 4.‘{In practice, the tracer gas concentration in the space 1s measured as
a function of time either via continuous“monitors or a series of grab samples
transported to a laboratory for subsequent analysis. This method has employed
a number of gases as tracers (SF6, CHy4, N90, CO9, CO C2H6, He.:etc ) which have
been evaluated in a number of studies (Grimsrud, et al., 1980 Shaw, 1984 ’
Bassett, et al:, 1981). The tracer gas decay method provides_a,short-term
measurement of air'exfiltration rates, usually on the order of a few hours.
The steady—state tracer gas method dses SF6 or a pertluorocarboa tracer
gas. The tracer gas is emitted into the space at a constant‘rate either via a
mechanical or micro-processor system (Tolzke, et al., 1984; Condon, et al.,

1980; Harrje et al., 1975) or via a liquid permeaticn source (Dietz and Cote,

1982). The tracer gas is allowed to come to steady-state conditions in the
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space and then 1s sampled in the space either cdntinuously, periodically with a
sequential sampling system Into a collection media such as syringes or bags, or
passively using adsorption tube samplers. -The latter two collection methods -

require subsequent laboratory analysis. At steady-state (dC/dt = 0), Eq. 1°

-
PR

becomes - -
g - ‘ E . ; e g ke Wy K
n = C (5).

The number of air changes per hour, n, is simply the7Fnown tracer source rate
divided by the volume of the house and the measured‘steadyjstate average tfacer
concentration. | : |

One steady-state tracer gas method for assessing air-exchange rates,
developed at Btookhaven National Laboratory and called the Brookhaven National
-Laboratory Air Infiltration Measurement System (BNL/AIMS) (Dietz, et al., 1983),
is being extensively employed in 1arge field studies of indoor air guality and
impact of weatherisation‘(Leaderer,'et al., 1985; épengler, i985; Janssen, 1?8?;
Grimsrud, 1985). Ihe.BNL/AIMS method consists of niniatu;e perﬁiu?roqayppn-

tracer (PFT) sources and minlature passive capillary adsorption tube samplers

(CATS). The sources and sauplers are about the size of a cigarette. The PFT

2 a5

sources use one of four perfluorocarbon compounds. perfluorodimethylcyclohexane
(PDCH), perfluoromethylcyclohexane (PMCH), perfluoromethylcyclopentane (PMCP),
and, perfluorodimethylcyclobutane (PDCB). Vapors from the perfluorocarbon
liquid in the PFT sources permeate throughjan elastomeric plug crimped into one
end. The PFT sources emit the tracer-gas at a constant rate for 2 to 7 years.
The emission rate, however, does vary with temperature (Dietz, et al., 1985).
The emission rates are determined gravimetrically

The CATS device is a passive sampler utilizing about 50 mg of type XE—347
Ambersorb‘as>the coilection media: Aftet sampging, the collected tracer gas 1is

thermally desorbed into a gas chromatograph for determination of the PFT

~ 4 =



concgntration. One type of PFT source can be used for a single compartment
model, while up to a four compartment model (air exchange rates between the
space_and, outdoors as well as between compartments or rooms in the space) can be
evaluated by using four different types of PFT sources, one type per.
compartment. This method is typically used to obtain integrated ailr-exchange

rates over periods of 1 day to several weeks or months. Use of a programmable

r

sampler with'sampling pump will allow for multiple short term (< 1 hour) sample-

collections for determinations of air exchange rates on a short term basis. The

= e PR - : : i
small size of the sources and samplers, their passive nature (e.g., no pumps),

wide range of sampling times (from hours to weeks or ménths), ease of analysis,
and relative'low coskxhave made the BNL/AIﬁé ideaily Sﬁitéd to 1a;ée scale field
stu&iestbf iﬁfiltration rates in régldences”aﬁa large buiidings (Dietz, et éi.,
1984) .

This pa}er presents the iégﬁiés of4experi£ents cond;cted in an

environmental chamber to evaluate the BNL/AIMS system for detefmining

[SSSISI W : I : S : P .
air-exchange rates. The accuracy of the BNL/AIMS system by comparison with COy

B IR 1 E- D - S I3e 7 )
tracer decay, the impact of orientation of the CATS samplers with respect to

c
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flow direction, and the impact of variations in infiltrationm rate and

oms b s . . ) L e 3 e
temperature are evaluated under conditions of near ideal air mixing in the
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chamber.

METHODS
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Environmental Chamber

Figure 1 presents a schematic view of thé}envitonmental chamber with
associated control equipment. The box qﬁ the right, actually a cross-sectional
schematic of the 34-m3 chamber 1ltself displays within it the range bf\operatiﬁg

. . ; [y PR

O e . 2
FIRPREY S Iy B - Py o3, 7

=5 =



conditions. All ductwork and internal surfaces were constructed of aluminum.
The floor, 11 mz, consisted of uniformly perforated aluminum sheets overlaid
with an aluminum grating. The perforated floor served as an air diffuser. Air
entered the chamber via a plenum beneath the floor and flowed upward through the
perforations to the ceiling. The design allowed a volumenflow of up to 2000 cfm
(1 m/s) with low linear velocity and very rapid mixing. The volnme flow
(recirculation rate) could be varied from 400 to>2000 cfm (0.2 to 1:0 m3/s)
which corresponded to 20 to 100 air changes per hour (ach) and a vertical
velocity of 0.02 to 0.09 m/s. A variable percentage of the recirculated air
could comprise fresh ventilation air. The fresh air brought into the chamber
could be varied from O to 400 efm (0O to 0.2 m/s) which corresponded to 0 to 20
ach of fresh air. The chamber possessed excellent temperature and humidity
control. Air cleaning could be accomplished by diverting the recirculated air
through an electronic air cleaner or granular filter media. At no time during.
these experiments were the air cleaniné'capabilitie; of the chamber utilized.
BNL /ATMS

The PFT sources and CATS were supplied by the Department of Applied
Science, Brookhaven National Laboratory (BNL). Analysis of the passive samplers

=

and emission rate determinations of the PFT sources were done by BNi. In this
set of experiments:!t;o perfluorodimethylcyclobutane (PDCB) PFT sources were
used. The emission rates of the PFT’sources were determined gravimetrically at
a stabilized temperatnre of 25°C. The PFT.sources were shipped'via“mail to the
chamber facilit}ﬂlaborator;'dhere the} were stored'at 230C Ea} Svér 2 Qééké
prior.to their use. The average PFT source strengths were adjusted to the 2370:(;.~

[EDURE b | s ":..

base—temperatﬂre at which the experiments took place according to the following

RS N Sl D

formula (Dietz, ‘et al., 1985):

S'y = S'y5 e ~4000(1 /7 - 1/298) " (6)
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where
S§'t = PFT source strengh at the average base—temperature (t,°C) in
nL/h ) ‘
S'y5 = PFT source strength at 25°C (determined gravimetrically as 5688

t 120 nL/h)

e

T = average base-temperature (t, °C) in Kelvin at which the PFT
source i1s used.
For short-term (less than 48 h) temperature changes, the exponential constant

was found to be half that for long-term (greater than 10 days) changes (Dietz,
et alt, 1985). Thus, when the temperature of the chamber was varied for
short-term changes ‘ e ”

S'y =S'z3 e"2000(1/T - 1/296) (7)

where

£ o b

S'y = PFT source strength at chamber temperatures in nL/h
S93 = PFT source strength at 239C base-temperature (from Eq. 6) in

nL/h

Lt .
T = chamber temperature in °K
The CATS were delivered to this laboratory by hand and stored in a separate

[N

building prior to and after use in order to minimize contamination. Two

unopened but deployed CATS were included as controls in this set of
experiments.‘ After use, the CATS were returned to BNL for analysis by gas
4 > PG S g7 . P = e

chromatography. BNL was blind- as to the placement of the passive samplers and

RN

chamber conditions for each experiment. A detailed description of the BNL/AIMS
method can be found elsewhere (Dietz, et al., 1983 and 1985). CO9 Decays
Ventilation rates (n) throughout these experiments were determined by the

tracer gas decay method using COp as the tracer gas. At regular intervals



. during each experiment CO9 was injected into the chamber until the conceg;ra;iou
in the chamber reached 1%. The gas was then shut off and the decay of COp
recorded continuously using a Beckman 1B-2 Infrared CQZ Analyzer. Background
CO02 levels-were also recorded. The CO2 analyzer:was calibrated before and after
each experiment with NBS tFacgaple gases. For each decay, background lgvels
were subtracted. The’natpral 1pgarit§gs of eleven concentratioqsﬂper decay (5
minute intervals) were plotted ;géinst time, and a least squa;egf}inear
regression was used to obtain the slope and hence ventilation rate (Equation ﬁ),
Experiments

Three experiments were conducted to evaluate the BNL/ATIMS inf@ltratiqg
measurement methoq updgr qgnt;PIIed conditionguin the environmental chamber, as
outlined in Figure 2. The two PFT sources gsed throughout all experiments were
placed in the center of the chamber 1.9 mepers:above the floor. This ensured
that the PDCB tracer gas wgsiwell mixe@_%p the recirculatigg loop befogg
exposure to the samplers. Alghough tﬁ? PFT gources‘wgre:storedvat 239¢ before
use,. they weggﬁallqwed:tg equilibrate at;g\tegperaﬁupe:gg 23°C'§qr 3‘days 1n Fhe
chamber before the experiments began igiogder to ensure that a steady-state
concentration of the PDCB tracer gas was achieved in the chamber underﬁthe\’

conditions of an air recirculation rate of 60 ach and a fresh air ventilagioq )

rate of abou§h0.6 ach.

Experimenthl.,

The impact pf.CATS oplentation duripg sample collection and accuracy of che
BNL4A1M§lp§thpd at.a known apqycogsgg?t(vegfi;agi?py:atngerejevalggtgq in the
first experiment. A comstant temperature of 239C, an girtgf?}rgulgtion raie gf,
60 ach, and a fresh air rate of about 0.6 ach yere[mg;nta;ned tbroughqut‘the
experiment. The CATS gamplefs were placed on foyr chairs, equidistantly spaced

s




in tﬁé Eﬂémber. The five positions:of the CATS samplers placed on each chair
are shown:in Figure 2. The>open end (only one end during sampling) was facing
up in bbéifion 2, down in position 3, and off the back of the chair in position
5. A1l saﬁﬁles were taken in duplicate. One of the chairs (location D) had
CATS in position 'l only, for a total of 32 CATS samplers in the chamber. =
Hour—-long COp deéays:weré“obtaihed it 6 equally spaced times during the course

of this 44-h experiment.

Expériment 2.

The accuracy of the BNL/AIMS method in measuring the average ventilation®
rate over é:péfiod of time where the ventilation rate was varied in discrete
steps was evaluated in this experiment. A constant temperaturéd of 239C‘was
maintained throughout the run while the ventilation rate was varied in a series
of élevég:steps améng 3 levels of about 0.60 ach, 1.29 ach and 1.64 ach. The '
chamber wé§ well-mixed (recirculatioﬁ rate gféater than 60" ach) and duplidate
CATS ggmples oﬁly for position 1.weTe obtained on all fdur chairs (8 CATS
sampiésf: ‘A total of twenty ‘I-h o, decays (one after each new vefitilation rate

31

was set gﬁgjhééﬁeréliyfia &uplicéfetéuh later)‘were obtained for this 69-h
W iy & S 4

experiment.

Experiment 3.

The impact of varying temperature on the PFT source emission rate in’
determining ventilation rates was evaluated in this experiment. Aftérﬁgﬁgffni?i
iﬁitial‘é&ufiiﬁré%ioﬁ;;i;i6dﬁat€23°C, thezEémﬁéfatﬁré?aésVCycléa among 37
tempér;tufélégttings (239, 279, and‘31°C) for a“total of 12 stéps as sShowt 7
Fiéuréiﬁ. “The ventilation r;te wéé constant at about 0.6"ach and the T 147
recirculéfioﬁJréée g% 607§éﬁéduriﬁg this 72-h experiment.'LThé standard
temperatare correction factor (Eq. 6) wﬁs applied to the PDCB PFT sourcé“in

calculating the emission rate at 23°C and the short—term correction (Eq. 7) for

“_ g -




the 279 and 31°C rates. Sixteen hour-long CO9 decays were obtained, oie-after
each temperature change and an occasional repeat. Duplicate CATS samples were
. obtained in position.l for all four chairs (8 CATS samples). ST

RESULTS

Experiment 1.

The average measured concentrations, :standard deviations, and rélative
standard deviations of the 16 paired samplers are showm in Table -1, arranged - -
according to sampler orientation ahd location within the chamber. The average'
of the 16 paired standard deviations was 4.6 £ 2.4 nL/m3 which, for an overall
average concentration of 240.4 £ 5.7 hL/m3, corresponded to an average relative
standard deviation of 1.9 % 1.0% with a range of 0.6 to 4.2% and a median of
2.2%. Thus, the expected precision of duplicate samplers, * 2%, demonstrates
that there 1s.no need to perform duplicate sampling during ‘actudl field use, "'

since the sampling rates, handling,.and analytical procedures for the CATS are *

o

consistent and reproducible.

All 32 sampler analyses results are shown in Figure 3, where they are
plotted versus both sampler orientation_and chamber .locdtion. Also included are
the means (crosses) and standard deviations (bars) for all samplers in each

[
;

orientation and 1ocation as well as the overall average and standard deviation

ol d ,';(

Gt e o0z

for 31 samplers (one result at orientation 3 and locationlC which had a value

of 227.6 nL/m3, was statistically low and was excluded from a11 averaging).
Figure 3 clearly shows that the averagesAof the 10 samplers in each of the

three chamber locations (A-C) were statistically identical. 1In fact, excluding

location D because there were only 2 samplers, the maximum difference
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between.the three averages was only 0.4%, indicating that the chamber
concentration was uniformly identical at all locations.

Figure 3 does show that sampler orientation did affect the average sampling
rate. Positions 1 and 5 both exposed the samplers at right angles to the
chamber flow; their averages were identical within 0.7% and about 1.3% above the
overall mean. Position 3, CATS facing into the direction of flow, had an
average that was 0.57 above the overall average. The lowest mean concentrations
were for positions 2 (facing away from the direction of flow) and 4 (shielded by
the chair seat), probably because those positions prevent turbulence at the
sampling end. Those means were 2.0 and 1.4% below thé ‘overall mean. As shown
in the figure, only position 2 was statistically different (more than 1 standard
deviation) from the overall .average. ®

The average chamber wentilation:rate, n, based on 5 of the 6 CO5 decay
measurements was 0.601 £ 0.011 h~l. The tracer source strength, - S', based on
gravimetric measurements at- 25°C was 5688 * 120 nL/h. Substituting into Eq. 6
gave S'93 = 5195 ¥ 145 nL/h and: dividing by the’ chamber volime (V-= 34 mw) gave
S = 152.8 * 4.3 nL/h u3. The PDCB concentration can then be ¢alculated from

Eq. 5. - : psc oy A R

S 152.81ta4,3 S par . .
T = 0.¢or E 0 o[r - 254-2 £'12.8 uL/od

o L . = 5]
s rr: NIERy K R . yen 8

which ‘as shown in Table 2 is identical within the standard deviation of the

ey UaRs pa— %

C =

average of the measured concentrations.

it

Experiment'i

= i

Unlike experiment 1, which was conducted at steady—state conditions of
constant temperature and ventilation rate, experiments 2 and 3 were performed

over multiple periods in which the temperature and ventilation rate were

constant during each period, but at least one of the two was changed from the
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previous period. The tracer concentration at any time, t, during the period is
given by Eq. 2 where C, 1s the concentration at the end of the previous period.’

-'The average concentration during each period is given by
T

C = % Jo Cedt ' ' (8)

Substituting Eq. 2 into Eq. 8 and integrating givés

e S . CO-S/‘I:l

Cmg=(—g—)( " -1) X - ¢!
where - d ot
T = the duration of each period, h.
The ach (n) and duration (1)..for each period of experiment 2 (constant Ll

temperature, variable ach) are given in Table 3 and were used in Eqs. 2 and 9 to
compute the concentration as a function of time and the average concenttation
for each period as shown in Figure 4a.  The series of expomential curves, when
integrated over each period, gave the average concentrations listed in Table 3;
~ the calculated overall average concentration for the 69-hsperiod was 149.2 £ 7.7
nL/ms"..- ‘ l i ‘ o g NN b = B . SIS

Table 4 lists:;the measured concentrations.obtained. with the 8:CATS. The
relative standard. deviation of the ;4 sets of duplicate measurements rarged: from
0.1 to 2.17%; »similar to experiment ‘1; paired:results. The:overall ‘avérage PDCB
concentration.was 139.3.% 2.5 nL/m3 which; as shown in Table:2, agrees with ‘the
calculated concentration for experiment:2:within- the::standard deviation of''éach"
determination.: . :-: = _ : I R TR B

Experiment 3

i+ The .chamber - temperature -and its effect onithe PDCB source streiigth térm
(S), the ach ,(n), and the duration (t) for each period of:this variable -:
temperature 'experiment are-'given-in Table 5 and were used in Egs. 2 and 9 tg~

£
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compute the PDCB concentration versus time and the average for each of the 12
periods as shown in Figure 4b and listed in Table 5; the time-weighted overall
calculated average concentration was 280.9 * 19.3 nL/m® for the 72-h experiment.
Table 6 lists the measured concentrations obtained with the 8 CATS plus the
levels from the 2 controls which were never opened; the controls showed levels

I3

of about 0.1% of the sampled values. The relative standard deviations of 3
pairs (locations B to D) ranged from 1.0 to’2;9Z, similar to experidént 1;
location A had a high difference for the CATS pair (¥ 7.4%Z). Excluding the high
value from the overall average gave a measured concentration of 290.5 + 8.0

nL/m3 which, as shown in Table 2, agreed with the calculated average for

experiment '3 and was well within the standard deviation of each determination.
DISCUSSION

As summarized in Table 2,'for each of the these experiments” (constant
temperature and ventilation rate, constant temperature but variable ventilationm,
and constant;ventilation but-vardiable temperature),:the ratio of the PDCB
concentration measured by the CATS.samplers:divided by theé:calculated * winly
concentration determined from C09 decay-measured ventdilation rates and known:
PDCB :source strengths:was equal: to:l -within the standard deviation’associdted * -

with.some of the errors.- Thusy the passive ‘sampling method dod&s: give: an’

accurate measure of the average concentration that existed during a measuredert

g N ) Sy I
. P I

period.

The agreement was;even more within the error bounds.than indicated -in Table
2 because certain errorsiin the_ measurement technology were not included such as
the error assoclated with the absolute sampling.rate of:the CATS (¥ 2%) and the

uncertainty in the gas calibration standards (£ 23%).
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Experiment 1

The chamber recirculation rate in each experiment was 60 ach, equivalent to
an upward air Yelocity of 0.052 m/s. Typical between-zone air exchange rates
can be as large as 200 m3/h (Dietz, et al., 1983). Assuming CATS are sampling
the air }n'g room near §1qgorway, that there are 4 doors per zome, and that the
cross—sectional area for flow is about one-fourth the area rof a-doorway (i.e.,
about 0.4 m3), the maximum anticipated velocity in a home is of the order of ’
0.04 m/s, comparable to the chamber veloeity. Some actual horizontal velocity ;
measurements in a home showed levels from 0.05 to 0.2 m/s (Harlos, 1984) inm the
more turbulent regime within 0.5 m of .the ceiling. e

The‘effegtvgfigind speed and Qrigntation into the wind was studied for a.
pagsive NOg sampler (Palmes, et al., 1976). From their data, the rate of
sampling relagive gotstill air fgg different orientations was correlated with
wind speed and

then used to calculate the effect at the chamber velocity of

bl Vit PR

0.052 m/s. As shown in Table 7, the agreement of the Palmes measurements with
those from this study was very good and consistent, with the largest effect
occufring at 909 to the wind, the next lowest effect at Opq(fécfﬁg into the

wind), and the least effect at 180° (facing away from the wind). It can be seen

4

that the maximum bias in the sampling rate at velocities expected in homes and

buildings is less than 2 to 3% and can be 1gnofe&. In'fact, by placing the

ST i
'San LA dls

sampler- on a:flat surface within the room; any 'local wind effeéts cdn be

L [ T, e

blocked.:: . wiy X LulmE W7 mar Tl e % R
:vThe:ventilatdon rate computed. by the BNE/AIMS'technlque using the computéd

source stréngth kS = 152.8 £ 4.3¥iL/h .m3) and ‘CATS averagé:measured

concentration (240.4 + 5.7 nL/m3) is given by Eq. 5 as®

©152.8 £ 4.3

--s— i ————— 2 i —1
n*C ~3%40.4 5.7 - 0.636 £ 0.034 n
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in agreement with the COy-decay average value of 0.601 £ 0.011 h™l. Thus under
constant ventilation rate and constant temperature conditions, there was .no bias
in the determination of the average ventilation rate with the BNL/AIMS approach.

Experfment 2

As shown iniFigure 4a, the widely varying ventilation rate caused signifi-
cant swings in the calculated PDCB chafiber concentration versus time. But, as
expected, the CATS measured concentration of 139.3:é 2.5 nL/m3 was in agreement
with the calculated ‘average value of 149.2 % 7.7 nL/m3.

- Although the passive samplers are capable of determining the correct
average tracer concentration over ‘a measurement period, 1t has been shown that
the reciprocal of an average concentration;’a, éhe quantity'meaSufei; 18 close
to but not i@entiCal to the ‘average of reciprocal concentrations. ' For example;

for conditions of constant température (S is constant) but multiple equal-

4 . 4 2

s gl : qoSe 4 e B
tilation rates (i.e., different Cy), Eq. 5

duration periods (m)'bf different ven

becomes -

=

(10).

m
2,
k=1

Elr—‘“

n=2S

~
~

k

ol
alju

' ok (T I nlooo ' : :
Substituting the explicit values of S and C from Table 3 gives
. ) a3 L PALE IR

"152.8 +'4.
%‘ or 1.02 £ 0.09 h~l

However, Tablef3tsh9w§;tba§ the actual time-weighted average yentilation rate:w::
was 1.19 £ 0.03 h~l. Thus, for a measurement period in which the ventilation
ranfYa?ied,§b995t2'77f9;§ on a cyelical basis, there was an explicit. underesti-
mate of the true.average ventilatlon;rate by about 14Z. 7 « o0 opp

Such periodic variation can occur in actual building measurements: on a

diurnal basis because the ventilation driving force, the insi@e-outs%de tempera~

<

ture difference, increases at night and decreases during the day; a 1l.5-to-2-
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source strength and thence the estimated average chamber temperature. From
Eq. 5

S¢ = nC = (0.595 £ 0.022)(290.5 £ 8.0) = 172.8 £ 11.3 nL/h m™
Eq. 6 becomes

-(4000 £ 300)(1/T - 1/298)
172.8:% 11.3 =.2888.2.120
34
or T = 298.9 * 2.20K (25.7 £ 2.29C). This average chamber temperature of 25.7°C
is, as expected, above the,pre-experiment>base—;emperature of 239C and below the

long-term time-weighted chamber temperature of 279C, confirming the applica- -

bility of‘the BNL/AIMS approach in variable temperatyre scenarios. .,
. CONCLUSIONS

The relative standard deviation of multiple paired passive samplers is
+ 1.9 £ 1.0%, indicating that the reproducibility in the manufacture, handling,
and analysis of the CATS 1s sufficiently good to preclude the necessity of
duplicate sampling in field experiments.

For the low air movement velocities in homes (< 0.2 m/s, away from any
forced air vents), the effect of sampler orientation is not consequential on the
sampling rate, having less than a 2 to 3% positive bias in the worst case.

Under conditions of widely varying concentrations, the passive sampler
accurately measures the correct time-weighted average tracer concentration.
However, because the determination of ventilation ratios requires the determina-
tion of the average reciprocal tracer concentration rather than the re;iprocal
of the average tracer concentration, which is the item measured by the passive
sampler, there is an estimated negative bias in the ventilation rate determina—

tion of about 3 to 6%, a tolerable bias for this convenient technique.




By using a time-weighted average temperature for determining the estimated
source strength, room temperature fluctuations or intentional cycling differ—
ences of as much as 89C (14°F) can be accounted for in order to produce

essentially no bias in the determination of ventilation rates.
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(Experiment 1:

TABLE 1

AVERAGE MEASURED PDCB CONCENTRATIONS FOR PAIRED CATS
VERSUS SAMPLER ORIENTATION AND CHAMBER LOCAT{ON

Avg. ACHco, = 0601 & 0.0M1 h=!, s = 152.8 £ 4.3 nL/h m at 239C)

Average PDCB Concentration.of Palred Samplers * Std. Deve,2. nL/m ($)P

AT
Passlve Sampler Chamber Locatlon, ... .. oy d ot \w“mb;leffailon

Orlentatlon to Flow, A . B C R D .Average

1. (perpendicular) 246.3 £ 3.4(1.4) 243.3 £ 3.0(1.2) 237.7 £ 3.0(1.2) 244.1 % 8.3(3.4) 242.9 £ 5.0(2.1)

2. (away) 231.3 1 1.4(0.6) 240.0 t 2-2;0.9) 235¢3 £ 1.4(0.6) - 235.5 £ 4.100.7)

3« (Into) 244.9 £ 3.0(1.2) 237;9 % 5.3(2.2) 234.6 £ 9.9(4.2) ——— 241.5 £ 4.6(1.9)€
4. (shielded) 23446 £ 602(2.7) 235.5 L 6+0(2.5) 241.4 £ 5.6(2.3) — 237.1. £ 5.7(2.4)

5. (perpendicular) 241.7.%£ 2.9(1+2) 244.5 % %5.3(2,2) 246.9 t.6.3(2.6) ,, . L 244.4 £ 4.5(1.9)

Average 239.8 £ 6.8(2.8) 240.2 £:4.9(2.0)  239.2 £ 6.6(2.7C 244.1 t 8.3(3.4) 240.4 % 5.7(2.4)cd

3The average of 16 palred standard devliations was

4.2%) and a medlan of 5.3(2.2%).

bQuantTfles In parentheses are the percent relative standard deviations.

4.6 £ 2.4 nL/m (1.9 £ 1.0%) with a range of 1.4 to0 9.9 (0.6 to

Cone concentration excluded from location C (orlentation 3) In computation of the overall averages.

dcalculated overall average PDCB concentration was 254.2 £ 12.8(5.0%).

i



TABLE 2

Comparlson. of BNL/AIMS MEASURED VERSUS CALCULATED PDCB CONCENTRATIONS

Experiment No. of Average PDCB Concentration, nL/m> Meas.
., .No., .. .Condltfons. Changes Measured® ,Calculafed?; Calcs
1 Constant temp. 0 240.4 £ 5.7 254.2 £ 12.8 0.946 £ 0.074

Constant ach

2 Constant temp. " 139.3 + 2.5 149.2

t 7.7 0.934 £ 0.068
Variable ach
3 Varlable temp. 212 290.5 t 8.0 » 280.9 £ 19.3 1.034 £ 0.107

Constant ach

Y N P

Measured concentrations were determined wl+h CATS.

bCalculafed concentrations were obtalned from .elther Eq.'5 (experiment 1) or from Eq. 9 (experiments 2
and 3), time-weighted over each measurement perlod.




TABLE 3

CONDITIONS AND CALCULATED RESULTS FOR VARIABLE INFILTRATION RATES EXPER IMENT
(Experiment 2: S = 152.8 £ 4.3 nL/h m at 239C)

U

Average ACHco, Time of Perfod, h Calc. Avg. PDCED
Per!lod t s+d. Dev., h~1(%)2 Duration From. - To Concentration, nL/m
1 0.608 t 0.004(0.7) 8 0 - 8 ~ 251.3 £ 8.8
2 1.306 £ 0.069(5.3) 6 8 - 14 134.1 £ 10.8
3 1.627 7 14 =21 95.9 t 6.2
4 1.312 £ 0.062(4.7) 5 21 - 26 113.0 £ 8.5
5 0.599 + 0.014(2.4) 6 26 - 32 217.6 £ 11.4
6 1.298 t 0.046(3.5) 6 32 - 38 134.9 £ 9.0
il 1.623 £ 0.021(1.3) 7 38 - 45 96.2 £ 4.3
8 1.263 + 0.014(1.1) 5 45 - 50 116.7 %+ 4.7
9 0.567 6 50 - 56 227.3 £ 8.6
10 1.273 % 0.001(0.1) 6. 56 - 62 138.9 £ 4.6
1 1.624 + 0.070(4.3) 7 62 - 69 96.4 * 6.8
Averages:  1.190 * 0.033(2.8) 149.2 *  7:7(5.1%)

(+ime-weighted)

3Average of 2 measurements per perlod wilth standard devlation and percent relative
standard deviation In parentheses.

bCalculated from Eqe 9 Including the error In S and ACHcoz(n).



TABLE 4

MEASURED PDCB CONCENTRATIONS FOR VARIABLE INF ILTRATION RATE EXPERIMENT
(Experiment 2: Calculated tIme~welghted average PDCB conc. = 149.2 £ 7.7 nL/m)

CATS
Chamber Samp ler PDCB_Concentration, nL/m
Locatlon No. Measured Average £ Std. Dev. (%)@
A 5621 142.2
142.0 t 0. o
5391 : 141.8 2 R
B 5366 139.2
9.1 £ 0.2(0.
5655 138.9 Sl REZEORI
c 5332 131.4
133.4 £ 2. o
5627 135.4 3 2.8(2.1)
D 4682 140.4
138.8 t 2, N
5379 137.1 2.301.7
Average:b : 139.3 £ 2.5(1.8)

2Average of two measurements with standard devlation and percent relative standard
deviation In parentheses.

bCATS 5332 not included 1n overall average.



TABLE 5

CONDTIONS AND CALCULATED RESULTS FOR VARIABLE TEMPERATURE EXPERIMENT
(Experiment 3: S'= 152.8 * 4.3 at 23°C; 167.2 £ 5.8 at 27°9C; 182.5 £ 7.5 nL/h m at 319C)2

: Chamber § Average ACHCO2 Time of ?gr}od. h : Calc. Avg. PDCBS
Period Temp., . % Std. Deye, h~'P Duration ; From - To ', Concentratlon, nL/m
1 23.0 0.577 * 0.009 6 0 - 6 264.8 £ 11.8
2 27.0 0.566 6 6 - 12 286.7 t 18.3
3 31.0 0.611 . 6 12 =18 297.5 & 22.3
4 23.0 ’ 0.593 £ 0.018 6 8 - 24 268.8 £ 17.9
5 27.0 0.567 6.75 24 = 30.75 285.7 £ 19.6
6 31.0 0.621 5.5  30.75 - 36.25 293.9 £ 22.0
7 23.0 0.588 £.0.018 7.5 36.25 - 43.75 267.5 £ 17.5
8 27.0  o.s85 4.25  43.75 - 48 276.4 t 18.4
9 31.0 0.596 6.5 48 - 54.5 300.5 t 22.5
10 23.0 0.626 ° 4.5 54.5 - 59 264.7 £ 18.5
11 27.0 0.597 7 59 - 66 272.5 £ 18.6
12 _31.0 0.621 '+ 0.026 6 66 -7 . _290.1 % 23.7
Averages: 27.0 0.595 ¥ 0.022 . . 280.§ t 19.3

(time-weIghted)

3The tIme-welghted average S was 167.5 * 5.9 nL/h m.
bA standard deviation of * 0.02 h™! was assumed for the single measurement periods.

CCalculated from Eqe 9 Including the error In S and ACHcoz(n).
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TABLE 6

MEASURED PDCB CONCENTRATIONS FOR VARIABLE TEMPERATURE EXPERIMENT
(ExperIment 3: Calculated time-welghted average POCB conc. = 280.9 £ 19.3 nL/m)

Chamber - - “Sampler - PDCB Concentration, nL/m
Location. No. e _Measured Average t St+d. Dev. (%)2
A 5461 31245
.9 T 22.1(7.4)
4678 281.3 296.9
B 5251 292.4
L t 8. -
5361 304.7 FE0eE . T
c o 5513 ™ 281.5 : . s
87.2 £ B.1(2.8
5641 293.0 v 282 ' )
0 5476 292.4 ;
.3 & 3.0(1.
5551 288.2 290.3 (.0
Controls 5656 . 0.33
5297 0.28
Average:b 290.5 + 8.0(2.8)

2Average of two measurements wlth standard devlatlion and percent E;Iafive
standard devlation In parentheses.

DCATS 5461 (location A) and controls not Inctuded in average. : e



TABLE 7 W

EFFEOT OF AlR VELOCITY AND DlREQTION ON PASSIVE SAMPLERS
(Experlmen+ 14 }

Angle Average * __ PDCB:Conc. Relaflve 1o St Alr
CATS from Into POCB Concy,, . Fr o ¢ Caleulated from
+ Orlentation wind: . . /i, this’ s}fr'd_qy‘ Palmes. menSuremen'rsb
¥ _ ‘;00; ' 2&“86-*553,;9*& 10024 % 0.047 . 1.014 £ 0,038
T2 1%&5‘-5 'iﬁs.& 4'.'0"91 0,993 t 0.042 097 % o.o1d
: 3, 6o 241.46 f 4. 65 t:___pr_s  0.045 foodd ¥ 0.027
s shieided 237,04 & 5,68 - - -
5 # 900 200,371 4. 4.53  1.030 £ 0.045 1.014 £ 0.038
wla &* ~

a3'he CATS sh!elded by +he chalr was assumed +o be In stitl alr.

sbilculafﬁd from Ilnear reﬁrasslon fit of data col lected for wind velocity from 045 +o

2 6 'm/s (Pplmes, ef-al..al976) wnﬂ.*he'ghamber veloclfy of 0 052 mfs.
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