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AIR INFILTRATION MEASUREMENTS IN
A HOME USING A CONVENIENT
PERFLUOROCARBON TRACER TECHNIQUE

Russell M. Dietz end Edgar A. Cole
ﬁl‘ll‘lﬂl‘lt of Enesgy and Environmeant, Brookhaven Mational Laboratory, Lipton, Mew York 11973,

Laing mimalure perMuorocrben tracer (PFT) sources &nd mimialure pissive mamplers, both aboat che
size of 8 cigareite, et conducied in the [aberatory and in a Lypical home successfully demonsarazed
the wlility af the PFT kil a5 a means for implemenling wide-scabe infilirsson nseasurememis in homes. The
FFT dilfhssion plug source, an elastomer containing a dissolved periluceocarbon comppund, was shown
10 fmil vapoes al the rate of about 0.1 1o 5 nl/min, providing sesdy-s1ate concemirations in a home of
abowl 1 0o 10 pLoL, ie., parls per trillion by volume, when one source i deployed for each 300-500 i
(28-46 m°y of living space, The emission rate from ke diffusion source was peediciable, bar e
depeelence on boll lemperature amd time suggested the development of allernalive approaches, Ong
such alernative, & liguid PFT permestion soarce, had emission rates which could be 1ailored owver the
réange |0-20 nLSmir, were independent of ape for as long as ihe liguid remaimed { -3 yr), and had
significanly lower tempersiore deperedence. A namber of passive adsorption tabe samplers performed
reproducibly and identically (10 within & 2%e-3%) in laboralory bests, Togaber with a programmabie
traer sampler, the mimisare difTusion sourees and samplers were deployed in & cypleal home; six BFT
sourees were aniformly deploved, three on each level of & two-story house, Multiple bocation sampling., &
well as sampling in rooms with ard sibowl & miniaruee source, demonsoraied that even im A hoase
withoul Fosced-gir circalation, a well-mized modeling apprasch 8 justified. Analyses of the 1racer
samplers were performed back in The laboranory with an agometie deciron-caprore gas-chromasography
systemn. The efTects of the inside/outside emperature dilTeremtial, as well &8 that of an open fireplace
compared wilth a wood-burming stove, on the measered air infilration rales were clearly demonstraced,
Comparizons of the FFT tracer method with that of the 5F. tracer decay approach showed 1he results of
the twa methods Lo be identical within experimental precision, With ihis minkanene source and sampling
tracer kit, infiliration rates in the range 0.2-5 air changes per hour can be measaned over time-averaged
periods of as little as | day up 1o several years,

Introduction

We spend a significant, if not the greatest, portion of
our lives within an indoor environment, and thus the
quality of that environment is at least as equally impor-
tant as that of the outdoors. In characierizing our ex-
posure to air pollutants in the indoor environment, it is
also recognized that the extent and magnitude of ex-
posure in homes and buildings is in part governed by the
rate of air infiltration, the escape of heated air from
a structure and its replacement by cold, ambient air
(Harrje er afl., 1970; Sherman ef af., 1980), and the
nature of the sources.

About one-third of the heat loss in buildings can be
ascribed to air infiltration, the magnitude of which can-
not be readily predicted but must be measured. Ad-
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tempis to reduce heat loss through a reduction in air in-
filtration will unfortunately increase the oocupant’s
exposure Lo internally generated pollutants. Thus, tech-
niques for measuring the extent of air infiltration and,
at the same time, the parameters affecting the magni-
tude of that exchange, such as temperajure difference
within and outside a house and wind speed and exposure
(Malik, 1978; Shaw, 1981}, must be available for re-
searchers performing indoor air pollution or heat loss
studies.

Twin prominent technigques have been developed for
the determination of air infiliration, one through the
use of & conservative tracer (Malik, 1978; Harrje and
Girat, 1977} and the other by a building pressurization
techmique (Sherman and Grimsrud, 19300, Both of these
techmigues wse sophisticated sampling and/or measure-
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ment instrumentation generally requiring a technical
operator. The pressurization method wses & “blower
door™ assembly in place of the conventional door; as the
blower input volume rale increases, pressure differential
in a home is related 10 leakage crack areas and,
ultimately, air infiliration rates. In addition, infrared
scanners in the positive pressure mode can be used 1o
locate major areas of leakage, such as the attic floor
(Harrje ef al., 1979, and smoke sources near windows,
electrical outlets, ete., will help to locate air leakage
from the home (Harrje ef al., 1981). In the negative
pressurization mode, cold air leakage in winter months
can ofien be found by searching with one's hand. Sev-
eral maodels have been applied 1o relating pressurization
resulis with air infiliration rates obiained from tracer
measurements (Shaw, 1981; Sherman and Grimsoed,
1980).

The tracer techniques generally provide the omly
direct measure of air infiltration in homes under actual
living conditions. Several modes of operation have been
used (Kronvall, 19E1), the most prevalent being the
tracer decay method (Bassett ef af , 1981; Hunt, [980;
Harrje ef al., 1979) and the steady-state tracer method
(Harrje er al, 1975; Condon ef al., 1980). Tn the former,
a small amount of 5F; is released in the home and the
logarithmic decay of the concentration with time is
directly proportional to the infiltration rate expressed as
gir changes per hour (ach). It is not necessary 1o know
the exact amount of 5F; released but the concentrations
musi be measured periodically (5-15 min) with a port-
able gas chromatograph (Harrje and Grot, 1978]), or by
collecting periodic samples in plastic botiles {(Harrje
ef ol 1979) or in syringes and air sampling bags (Grot,
1980 and analveing on refurn fo the laboratory. With
this approach, air exchange rales are determined with
data usually covering a pericd from 2 10 8 h.

In the steady-state tracer mode, previous systems
have used elaborate mechanical systems (o inject 5F; on
a periodic basis, determined by feedback from a gas
chrometograph, and operated at a frequency designed
to mainiain the 5F: concentration constant (Harrje
ef al., 1975). A newer, similar approach used a micro-
processor controller o autemate the measurements fur-
ther {Condon ef al., 1930}, This method allows the
determinations of infiltration rates 1o be measured over
long periods of time and provides data on itz variability
with time. However, the systems are complex and ex-
pensive and require a trained operator 1o assure the best
resulis.

A program was initiated at Brookhaven to develop a
simple, inexpenzive tracer kit; coined the Brookhaven
Mational Laboratory Adr Infiltration Measurement Sys-
tem (RNL/AIMS), it can be deploved by the average
homeowner, 50 that a national survey of the range of
the magnitude of air infiltration could be performed.
Conseguently, individual homeowners can determine
the extent 1o which air infiltration is significant for their
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homes. In addition, the technique in its simplest form is
designed to provide an average air infiliration measure-
ment coincident in time with the determination of
average indoor air quality., Weekly, menthly, and
shorter or longer periods can be averaged with this ap-
proach. With the use of available programmable tracer
samplers, data on the short-term variability of the air in-
filtration rate can also be determined. This paper
describes some of the tracer tools and presents some
results of their wse in indoor air infiltration mea-
surements.

Tools for Tracer Infiltration Determination

The tracer svstem used in this study consisted of
perflusrocarbon tracers (PFTs), i.c., a scries of per-
fluorinated cvelic hydrocarbons, emitted from min-
iature sources; miniafure passive as well as program-
mable samplers; and a laboratory gas chromatograph
for the analysis of the samplers. The purpose of this sec-
tiom is to describe these tracer tools and to demonstrate
their utilicy, The unigue nature of the miniature source
and sampler will provide a new, simple approach to in-
filtration measurements in homes.

When a tracer gas is released into a room, it generally
mixes uniformly within 3 to 4 min (Condon et al., 1930).
It i quite safe to assume that the air in a house is well
mixed, since the BNL/AIMS uses a miniature source in
each room of a house and since sampling is integrated
over e less than 20 min but usually hours or cven
weeks, Assuming that the house contains tracer sources
emitting at known rates, a simple material balance
yields

V) _ g _ gy VIO l
= R, — RAr) S i1

where Fir) is the volume (pL} of tracer gas present in
the house &t any time § {h), R, is the (racer source rate
{pL/h), R.Ar) is the house infiltration raie which may
vary with time (Lh), and ¥, is the volume of the house
(L). A constant tracer source rate is needed, as wellasa
means to measure the time-dependent tracer volume in
the hame, in order to determine the rate of air infilira-
tion, K.(1).

The tracer source

A tracer technique for measuring long-range {greater
tham 500 km) transpon and dispersion in the atmosphere
(Ferber and Dietz, 1979 Ferber of of., 1981) and for tag-
ging explosives Tor detection of clandestine bombs
(Senum ef al., 1980; Dietz and Senum, 1981}, resulted in
the development of a methodology lor sensitively mea-
suring PFTs at concentrations as low as 0.000 pL/T
(Dictz ef al., 1978). Background concentrations of some
of the PFTs are (0,030 pL/L for perfluerodimethyleyelo-
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hesane (POCH), 0003 plAL for perflusromethyleyelo-
hexane (PMOCH), and less than 0001 pl/L for per-
Muorodimethvicyclobutane (PRCRE). The PFT: have
been shown to be nontoxic in both inhalation and oral
[oxicily lests at concenimations in the percent range
(Senum ef af,, 1980), Thus, @t 15 gquite clear that home
PFT concentrations of 1-10 pL/L are both safe and
readily measurable.

During the development studies for applving PFTs to
the tagging of explosives, extensive serics of tests were
conducted to determine the possibility of adsorption
losses on common surfaces. A PFT source was placed
within a towel, enclosed in a cloth suitcase, and placed
in a dilution chamber. Concentrations within the dilu-
tion chamber as a function of time were compared to
those penerated when the source alone was placed in the
chamber (Senum ef @f., 1980} The results indicated no
losses for the three PFTs. In preparation for the use of
PFTs as aimosphere tracers, a 10-pl./L standard in air
was expased o iree branches with leaves, grass, and soil
in & large plasiic bag; no measurable loss of tracer could
be discerned. Furihermore, under the sicady-siate con-
ditions that will prevail in air infiliration tests, adsorp-
tion losses were shown to be negligible (Senum et al,
19ED).

The reguired source rate for a8 home infiltration test
can be estimated from Eq. (1) for the steady-state condi-
tiong [d F{swdr = 0]. Thus, for one room in 8 howse,

R = % . = (AQ) V. = (AC)CL V., (D)

where V. is the volume of a room (tvpically 30,000 L},
AL 15 the number of air changes in the house (typically
0.5 per hawr), and C,, is the desired steady-state concen-
tration (1 pL/L or 0.001 nls/L). Substituting into Eq.
(2] gives a needed source rate per room of 0.25 nL/min.
To achieve a 10 pL/L concentration, the rate from the
source must be 2.5 nlmin.

The tracer source for these tests was simply a
fAuorcelastomer plug impregnated with a known mass
of a PFT and crimped within a metal shell {see Fig. 1).
The dissolved PFT diffuses from the end of the plug ar a
Enown rate (Senum & of., 19800 which is inversely pro-
partional to the square root of time {see Fig. 2) for the
emission of the first 30%-60% of the original amaunn
present.

Since the emission rate decreases with time, it is im-
partant to choose an elastomer that gives the optimum
lifetime for the source. Table | shows that for the
Muoreelastomer, Muoresilicone 70, emission rates for
the first 2 yr are in the desired range, but ihen the rare
decreases more quickly. Table 2 shows that in Viton the
emission rate is lower by about an order of magnitude,
but still sufficient for infiltration measurements. The
lifetime of the ¥iton source, however, is much greater
than that for the fluorosilicone plug, lasting much

Fig. 1. Capillary adsorption 1ube sampler (CATS) on the lefl amd
PFT diffusian source ca ke right.

longer than 5§ wr. Figure 3 shows that a Z.month-old
source of PDCB in Viton has only lost 1.5%s of its initial
charge. Before any infiltration tesls are performed, the
emission rate from each source can be verified by passing
a known rate (usually 1 L/min) of clean air over the
source, mixing, and measuring the resulting concentra-
tiom by gas chromatography.

The variability of the emission rate from these diffu-
sion plug sources, based on gravimetric measuremenis
For triplicate sources stored at each of three temperatures
(Senmum ¢ al,, 1980), was, for a series of six different
PFT/ Muoroelasiomer (Viten-iype) combinations, within
£ 6.4% with a maximum of 11.6% and a minimum of
1.5%. Forty PDOCHAMluorosilicone 70 diffusion plug
sources were fabricared and the gravimetric data was
wsed 1o compuie the individual emission rares, which
ranged from 3.5 to 4.9 nL./min, with an average of 4.03
+ 0,39 nL/min. Thus, individual calibration of the
emission rate from each source should not be necessary,
since the average emission rate Trom Four (o six sources
wsed in a house should be within = 7%-10% of the ac-
tal value.

In addition to the time dependence and the repro-
ducibility of the diffusion source plug, its emission rare
dlso varies with temperature, From the same Yilon-1ype
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Fig. 2. Time-dependent loss of tracer loading.

dala set above which had sources stored at room tem-
perature (= X2 °C), 45°C, and 65 “C, activation energies
for the rate of emission varied from 11 to 14 keal/mole.
Thus, for a change in temperature from 200 to 23°C, the
emission rate will increase 20% 1o 23% . The activation
energy for the emission rate of PDCH from fluoroe-
silicone 60 was only 3.0 kcal/mole, corresponding to a
change of only 5% over the same 3°C change in
temperature. Unfortunately, the emission rate depen-
dence on source age i3 substantially more severe for the
Auarosilicone &) than for the Viton substrate. For the
former, there s more than a sixlold decrease in emission
rate for an age change of 0.5-2 yr (cf. Table 1), whereas
for Yiton the emission rate change is only & factor of 2
over the same age period (cf. Table 2).

To reduce these age and {emperature effects, a series
of permeation-type miniature sources was fabricated by

Table L. PFT Searce rate from DsonodiBoone TO.
[ 50 mg PFT peér gram of F T0: 1 @& sdidmc. )
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Tahkle 2. FFT Source rate Friomm Vilai.

{50 mg FFT per gram of Vilon: 1 g soance. )

Eméssion Rate (nlmin) af Variows Ages (y1)

PFT 146 sz F L]
b1 8 12 10 1.5 Q.38
FOECA 037 .21 0L 1406 0.0<13
PMCH o468 027 O1E7 0.061
POCH 4% 028 0123 0056

Ermisticn Kave {almin) &1 Various Ages (¥t)

FFT 1/6 142 2 5
2Fy 235 7.6 0063 0000
FDCE 1.0 357 0.597 .04
PMCH 6.0 L3 0.51X 0031z

—_—

placing the ligquid PFT in the shell before crimping the
elastomer plug in place. For liguid PDCH sources
plugged with fluorosilicone &3, apparent activation
energies ranged from 3.9 to 4.3 keal/mole, which, for
daily temperature fluctuations of 3°C, corresponded 1o
emission rate changes of only 7% to 8%, Since it should
be possible to know the room température 1o within bet-
ter than 3°C, the maximum error due to temperatire
ungeriainty in calculated infiltration or air exchange
rates would be 8%, Another advantage of this permea-
tion source is that the rate of emistion if constant with
time as long as any liguid remains. Source lifetimes of 5
vr or more are easily obtained, and typical emission
rates for the permeation sources are in the range 5-20
nL/min, quite adequate for infiltration measurements,
Primarily diffusion plug-type sources were used in
the air infiltration experiments reported in this paper;
future studies will be conducted only with permeation-
type sources. The utility of these miniature sources was
best realized by deploving one source in each major
poom of a house, thereby assuring uniform mixing.
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Tracer megsurerment

Based on the development and subsequent testing of
the Brookhaven-modified laboratory eleciron capture
eas chromatograph (Ferber er af,, 1981), the detectability
of PFTs has been demonstrated to range from less than
0.01 pL. to nearly 10,000 pL (cf, Fig. 4). This six-orders-
of-magnitude capability provides the necessary dynamic
range to sample PFT3 in homes under almost any con-
ceivable time interval or air infiltration rate.

Fracer samplers

To determine best an average infiliration rate, room
air samples containing steady-state concentrations of a
deliberately released tracer need to be collected over a
peried of weeks, perhaps one sample per wesk or one in-
tegrated sample per month.

The problem usually encountered with sampling for
such extended periods of time is that very low Mow rates
are required, generally less than 0.1 mL/min, whereas
maost commercially available air monitoring sampling
pumps are designed for flow rares no less than 0.5-1
mL/min. In addition, if a large number of homes and
buildings are eventually (o be monitored, the usual cost
of the sampling pump alone may become significant.
Thus, a passive sampling device would provide an effi-
cient alternative 1o the pumping and cost considera-
tions.

Pazsive samipler, A simple pasave tracer sampler, coined
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Fig. 4, Detection al twe PFT= O the left, 0,005 pl each: maddle, 5
pl; righd, 10,000 pL.,
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the capillary adsorption tube sampler (CATS), 15 shown
in Fig. 1. The molscules of a dilute concentration of a
gas in air diffuse through the uncapped length of
capillary tubing at a rate which is proportional to the
partial pressure driving force, that 15, from the high con-
centration in the room at one end to the zero concentra-
tion in the adsorbent at the other end. This steady-state
diffusion is defined by Sherwood and Piglord (1952) as

D.P
R
R:r:rr"" (3}

where N, = diffusion rate, g maole PFT secem?;

= diffucion coefficient, cm®/qee;

total pressure, atm;

gas constant, 8206 em? atmd K mole;
absolute temperature, “K;

length of capillary tubea, cm;

mole fraction of PFT in the room.
Equation (3) is applicable in all cases in which the con-
centration of the diffusing gas is small, thar is, less than
0.01 mole fraction, which i3 certainly the case for PFTs
in mir.

As shown in Fig. 1, the whole CATS device is about 3
in. (7.6 cm) long and Y in. (& mm) in diameter, that is,
about the size of a cigarette. The tracer diffusing section
i5 1 i (2.5 cm) long and 1 mm in diameter. About 50
mg of 1¥pe XE-}7 Ambersorb, a carbonaceous adsor-
bent made by Rohm and Haas, are packed in the mid-
section, held in place by siainless steel screens and/or
glass wool,

During use in the home, the plastic cap on the
capillary end is removed and diffusion sampling com-
mences, Al the completion of sampling, a cap plug is
placed on the diffusion tube end and the unit is mailed
to the laboratery. In the laboratory, both ends of the
tube are connested 1o the sampling valve of a chromato-
graph system and the PFT is thermally desorbed by a
coiled michrome wire resistive heater, Six CATS devices
were fabricated and exposed to a mixed PFT standard
for 202 min. As shown in Table 3, the ability to make all

ol R
o

Table 3, Capillary adserplion ube ssmpler (CATES)
measaremenl of PFT sandard? (Sampling duration: 22 minj

OC Area Response, 1000 counts

CATS
Ma, FOCE FMCH POCH
I b B W76
I )] 14l 104G
1 Az 133 1027
4 B 135 {000
5 T3 138 1008
6 BED 133 102y

BE1 =10 136 £1 1004 =23

(=1.1%) (+2.2%) i +2 50%)

esandard confaimed | al/L PDCEB and PDCH and 0.04 mlsL
PACH.
*Mlissed peak imegrarion.
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51% tubes sample at the same rate was quite good, within
about 2% to 3% overall.

The rate of diffusion sampling of PFTs by the CATS
device can be calculated from Eq. (3) by substituting the
appropriate values. The diffusion coefficients can be
estimated by an empirical equation {(Sherwood and Pig-
ford, 1952); Table 4 lists the appropriate values for the
three PFTs. Assuming a typical home temperature of
65°F (291.7 °K), the diffusion rate is

Meer = L6444 x 1007 D, g mole/cm® sec pL/L,  (4)
or a volume rate of
Nppr = 185 = 107 D,, pLYem? sec pL/L. (5}

Since the cross-sectional area of the l-mm capillary is
0.00785 cm® and the exposure time o the standard was
202 min, Eq. (5) can be used to calculate the expected
volume of cach tracer, as shown in Table 4. The agres-
ment with the measured volume of tracer based on the
average response area and the appropriate gas chro-
matograph response factor, @, was excellent (within a
few percent).

In another test, the CATS tubes were exposed to
10-nL/L PMCH and PDCH standards for periods of 10
to 60 min. As shown in Fig. 3, the agreement betwesn
measured and calculated tracer volumes was again quite
good. Thus, this passive sampler has been demonstrated
to be a reliable sampling device, Using a typical I, of
0.05 cm? sec and the appropriate area in Eq. (5), the
equivalent pumping rate iz 00093 mL of air per minute.

Since the expected conwentrations of PFTs in home
infiltration studies is in the range 110 pL/L, Table 3
lists the sampling duration necessary for various mea-
surable quantities of PFT to be collected, using both a
I- and 4-mm diam. capillary and assuming a 1-in.
{2.5-cm) length, For example, for the 4-mm CATS ex-
posed to 10 pL/L of a PFT, a detectable quantity can be
callected in as litile as T min, vei the tube could still be
analyzed after exposure as long as 14 yr. Thus, the
CATS sampler has a wide dynamic range for its sam-
pling duration. Another positive aspect of CATS is that
the sampling raie is nol affected by changes in baro-
metric pressure and is only dependent on the square root
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of the absolute temperature. Thus, a 10°C change in
temperature would cause less than a 1% change in the
sampling rate.

Programmable sampler. Another sampler, the program-
mable Brookhaven Atmospheric Tracer Sampler
{BATS), is shown in Fig. 6. The unit is a bhatiery-
operated adsorpiion sampler containing 23 sampling
tubes for collecting PFTs in air with an internal pump
(Ferber et al., 1981), and has been used extensively in a

Table 5, CATS range of sampling duration.

Sampling Durarion

PFT = 1 plLYL PFT = 1} plSL
PFT Vol [pl) I mm 4 mm I mmy 4 mm
(LR 19 h 1.ih 1L.9h 7.1 mén
| 79 day 4.9 day 1.9 day 0.5 day
10 22 vr 1.4 yr Livr 4% dax
1O HMR - - - 14 yr

Table 4, CATS-measured versud calculated concenlration. {Average resporse o 22 min of siandard,* )

FipL) of PFT
=R aipl per Avg. Arsa
FFT {cmfaec) MK} coumis) { 1000 cowntsy Wleasurad?® Calculaied®
PR 004358 L] HE3 101 20
PMICH 0.05045 000164 156 0.1 (i e
POCH 00472 LI E 14 1.51 1.81

————_—

2%es Takle ¥ for concencrations of standard,
"I-".__ = J % A

“Woge = BAOYM (1 Oy where Oy i the concentration in (he standar, in pLaL.
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Fig. &. The programmable Brookhaven Armncapheric Tracer Sampler
{BATS).

number of long-range as well as complex terrain af-
mospheric tracer experiments, Its wse in infiliration
measurement in homes as well as the CATS devices will
be demonstrated in the mext section.

Infiltration Measurameants in a House

Two tests were performed with the PFT iracer
systems. In both cases, 6 PDCH diffusion sources were
deployed in each major room of a two-story colomial
house (=~ 2000 fi* or 190 m?® living area), three on each
level. A seventh PDECH source was placed in ihe base-
ment. One programmable BATS unit was deploved for
sampling in bBoth tests; in the second test, which covered
16 days, six CATS passive samplers were also used,

The PIXCH sources were generally placed at about
cye level on a piece of furniture in each room, near an
outside wall 1o take advantage of the convective circula-
tion from the hot water bascboard radiators. The
samplers, on the other hand, were usually placed on a
picce of furnitwre near an inside wall in order to assure
mixing and to prevent direct sampling in the vicinity of
the source,

Tritial fracer refpase pertod (Tesis | and 2}

The initial increase in (racer concentration—per-
fluoredimethylcyclohexane (PDCH) in these tests—as a
function of time, is shown in Fig. 7 for Test 1. Since for
short periods of 1-2 h the infiliration rate can be assumesd
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Fig. 7. Tracer concemtration in home afier placemsent of ome PFT
source i each room (pp 10" is squivalent 1o ploL)

1o be constant, Eq. (1) can be integrated, vielding, for
an initial concentration of zero,

ciny = B = oo, (6

F

where C{#) is the time dependent tracer concentrations
(pLAL}), that is, V{#)/¥,, and 7 is the time for one com-
plete change of air in the home (h), that is, VF,/R,. Note
that 1/ is equivalent to the familiar AC, the number of
gir changes per unit of time. Eguation (8) can be ex-
panded:

B 8% .0
C{r:':ﬁ:l(-i"_.I.._i.‘.gj_lll)' (7}

w

which, for shori times {¢/r < 0.5), can be approx-
imated by just the first two terms of the expansion.
Rearranging vields,

o) R, ( r )
Rl e < ol ®)
which is the equation for a straight line. Since
K, R
g = 2t am 22N, (%)
R I"r;.

Eq. (9) can be used to calculate the volume of the house
from the intercept. Also, from Eg. (8],
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ot
b

Thus, Eg. (10) can be used (o calculate 7 from the slope
and the intercept.

To use data at a time greater than /7 of 0.5, Appen-
dix A shows that an adjusted Cf1)/t value can be used in

Eq. (8) o give

c) _ o _

. = T Lr
t R - - o —— =
Adjusted > z a[(1- &) - > 5 1}

=d - Bt (n
First, the early data are used in Egq. (8) to obtain
estimates of @ and =, which in turn are then substituted
in Eq. (11) to derive an adjusted C(f)/¢, which is then
plotted versus time (o arrive at new estimates of @ and 7.

The adjusted C(r)/¢ data for both infiltration tests
are plotted versus time in Fig. 8. Both tests result in
straight lines converging at identical intercepts, which is
to be expected since the intercept is related to the
volume of the house, identical in both tests. The dif-
ferent slopes imply different infiliration rates for the
bW Besls.

Using the slopes and intercepts from a lease-mein-
square fit of the data gives the results shown in Table 6.
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Fig. B, Llmsarization of initinl concentration funclon, Identical in-
terespis Imply the same volume for the house: different sbopes Imply
difTerent enfibration rates (pp 10" is equivalen] 1o plfL).

Russell M, Dietz and Edgar A Code

The PDCH source in the basement was excluded from
the calculation in order to calculate the volume of the
main floors of the house, which was in excellent agree-
ment with the actual measured house volume of 505,000
L. The infiltration rates were different in the [wo tests
by about a factor of 3.5. As will be shown later, the dif-
ference in infiltration rates is explained by the average
temperature difference inside and outside the house,
which during Test 1 was only about 3°C, but during
Test 2 was about 15°C,

It has been demonstrated from these tests that by us-
ing a programmable sampler in conjunction with the
mimature PFT sources, sufficient data can be collected
in as Litle a5 2-3 h to determing the infiltration rate as
well as the volume of the house,

Extended duration tracer release

Over long pericds of time, that is, many hours or
days, the infiltration rate will not be constant. For ex-
ample, it is known to vary quite markedly with tempera-
ture differential and with wind speed (Malik, 1978;
Shaw, 1981). Equation (1) can be rearranged

Rv{.ﬂ - i {ERE_ ﬂl"'{_i’_]-.rd..l‘_},

¥ir)

e Jaf AV

BN R, )

Ry f,  dClyar ]
‘cm(‘ RalVi ) 02

Considering programmable sampler data collected at
midpoint times of £, f, and f, with concentrations
(pL/L) of C(4,), C(f), and Cin), respectively, Eq. (12)
can be wrillen as

Ry (ts) = - ( I

 aC(t)dr
et ~—) (13)

Ryl Vn

where the slowly changing concentration with time can
be estimated from the equation developed in Appendix
B,

d€ita) _ €lty) - 1) 6
dr Iy = Iy

If desired, the infiltration rate calculated from Eq. (13)
can be converted to an air exchange rate simply by
dividing by the volume of the house. The use of Egs,
{13) and (14) for extended-duration data is demon-
strated for both tests.

Test [, After about 18 h into the tracer test, a fire was
started im the open fireplace. The effect was quite
dramatic as shown in Fig. 9. The data in the figure are
presented in Table 7; Eqs. (13) and (14) were used to
calculate the infiltration rate at each sampling midtime.
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Table 6. ¥olume of house and infiltration rate { caboulated from best fis of Fig, 7).

R,
Test [ pL/min}* K. (L}" 7 (h] AC (B R LSmin)
l Q100 S 000 | 2 20} 4.5 (o 13%) Q.22 i 1]
z B500 505,000 | 2 6%) 1.28 { i 14%) 0.7 G550

IExcludes source in basemend.
pfeanred volume of kouze wax S04 000 1.,

5.0 | T | | I | T I

= e P s ol
] o En (=] [ g
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Fig. 9. Effect of sarting an open fireplace on the steady-siate PFT

conceniralion during Test L. Circles are data from BATS; Bne (=
theoretical best it {pp 107 is equivalent 1o plsL),

FIREPLACE
STARTED

|
afy 45

Before the fire was started, the average R, for the first
16 h was 2380 L/min { + 20%), in very good agreement
with the initial 2-h estimate of 2000 L/min (cf. Table &).
For the next 13 h, with the fireplace lit, B, was deter-
mined to be 5940 L/min (= 11%), that is, 2.5 times
higher with the open fireplace operating.

When the infiltration rate is constant for a period of
time and then changes abruptly to another value for a
further period, Eq. (1), which can be writien as

avin _
de

d7{r)
dr

¥i =R, - R, C{r),  (15)

can be integrated over a constant ventilation rate (K,)
time period from f; 1o §, o give

I E&I]
n— = P.—"' {te = ta), (18)
—£ - O{t.) 3
i
where & < &, = £, In the next time period,

fi < & = [ the infiltration rate is assumed 10 be a dif-
ferent constant value, R, resulting in the following ex-

pression:

Table 7. House infiliration res1 1 —extended duaration (Movember 2-4, 1979).

LY 1., Concenirilion RAEs)
Sample Perlod e (B} FDCH {pLiL) {L#mim}
2125303 373 166
2205-D00% 509 3.36 16T
0S8 7.8 3.9 1145
03040408 .10 1M I 2180 w470
M s .10 1.49 24001 { e 20%)
DS | O 14,10 m 2453
100 | 30y 17,45 .37 1576
Fireplace szart (1:230)
1 3000 1 M 2100 2.01 5T14
1 P02 1060 25,01 1.k [0 oAl w b0
2100070 200 1.60 4y { 11%)
Damper parily closed (0130}
0101-0%01 33,02 |.B4 4352
0500 -0501 n.oz 1.38 3239
Damper fully closed N0
S0 - 130 41.03 2.9z

*Sample madiims,
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For the first period shown in Table 7, that is, from /s
= 0 to §, = 18.5 h, which corresponded 1o the time
when the lireplace started (1230}, an average infiltration
rate of 2380 L/min was used to compuie the curve shown
in Fig. 9. Then, over the next time period, from f,
= 18.5 h and C{,) = 3.82 pL/L [calculated from Eq.
{16)] w &, = 31.51 h (when the damper was partially
closed), Eq. (I7) was used with & set equal to 6000
L#/min, i.e., close to the average value shown in Table 7.
As shown in Fig. 9, this procedure provides a good fit to
the experimental data.

Test 2. The second test in the same home was conducted
about | month kater for a total period of abour 17 days
{Movember 30-December 17, 1979), Exactly 24 h after
the sources had been placed in the houss, six CATS
passive samplers were also placed at various locations
where they remained for about 15.5 days, For threc
weekend periods, a BATS programmable sampler was
placed at warious locations throughout the house.

It should be mentioned that betwesn the first test and
the second, a wood-burning stove insert was installed
in the fireplace, The stove was used intermitiently
throughout the second test period, but, as shown in Fig.

POCH CONCENTAATION IN HOME, pp int2

[w ]
B

o
ra
o
m
=

L HNOTCH

L 1 i ] i 1 ol
I:I-l:- o] 10 15 s8] 23 0 k1] 40
EL APSED TIME, ksars

Fig- 0. Initial dracer congengratlon In home during Test 2 showing
negligible effect af wood-burnlng stove on infiltration rate (pp 10°° s
epvalent o pLs/L).

Russell M. Dietz and Edgar A. Cote

10, which covers the first weekend period of the second
test, the deliberate opening of the damper one position
beyond its normal position appeared to have liitle or no
effect on the measured infiltration rates. Using Eqs. (13}
and {14}, the infiltration rate was calculated for the five
poinis when the damper was open one noich extra, as
well as for the four points immediately after closing the
damper (the fire was extinguished). The average infilira-
thon rate before the damper was opened was 6550 + 1500
L/min (taken from Table 6); after the damper was
opened, 5255 +930 L/min; and after closing the
damper and extinguishing the fire, 4930 +240 L/min.
Thus, the fireplace operating with the stove insert does
not appear to contribute to an increase in air infiltra-
tien. Certainly, the reduction in air flow through the
stove i5 at least an order of magnitude less than throwgh
the open fireplace.

All of the data collected from the three BATS sam-
pling periods is displayed in the lower portion of Fig. 11.
Siarting with the second weekend period, the BATS was
moved 1o several locations (o determine whether there
was any variability in the tracer concentration due o
sampling location. It must be pointed out that during
these tesis the temperature difference inside and ourtside
the house varied From & low of 10°C to a high of 19°C
as shown by the values in the upper portion of Fig. 11,
which iz a plot of the infiltration rates calculated from
Eqs. (13) and {14). Thus, any attempt to examine &if-
ferences in concentration of infiliration rate must con-
sider both location and temperature difference.

Sampling was done at the floor level (f), table height
{1}, and near the ceiling (c) in the dining room as shown
in Fig. 11. In general, taking the temperature differ-
ences inlo account, it appeared that the concentrations
were highest near the ceiling and lowest near the floor.
This is not overly surprising, since the general flow of
air infiltrating into a house is caused by warm air rising
and exfiltrating near the ceiling of rooms, being replaced
by cool, outside air infilrating near the floor level.
By connecting the ceiling concentration points at 182 and
192 h with a straight fine, and the table height values
at 186 and 188 h with another line, it appears that the
average PDCH concentration near the ceiling was 2.0
pL/L; at table height, 1.85 pL/L; and near the floor,
1.7 pL/L. Similarly, working with the data between 353
and 361 h gave 2.2, 1.9, and 1.7 pL/L, respectively, at
the ceiling, table, and foor locations. This gradient may
have existed in part because the PDCH source in the
dining room was located about 2 ft from the ceiling and
only 4 ft from the ceiling sampling location. The fact
that the floor level concentration was only 15%-23%
less than the ceiling concentration was actually good
evidence for the assumption of well-mixed conditions in
the rooms of the house,

The mixing from room to room was also evidenced
by the data collected from 203 to 222 h. The upstairs
hall did not contain a source, but its concentration (1.7



Miniature perfluorocarbon tracer

4

f T T T | T T T P T T T T T ]
= 8000+ il
|"‘_"T - a @
5 6000 & v e ot . . &
o— a
E [ 1] ol i | .“:'nn oo © . ® =
i 4000 e ] . o
E w o - W %
- - L] LI BN Ll ] - L |
d aoppl- * F 5 puwets L @3% b ~ = .':“"":;‘
z - B | ol I I I i P9 i I U= IS [
4 T T " 1 i T T P T T T ]
L]
= = s -
-D &
a 3= a® o
u
¥ B . -
¥ *
z - .
% i 8 . ‘xn b .,.-""-‘ T ]
= ] -
5 PR o "QN\:.%,, . -
[ [ g a a ™ m
r L ]
[ 97} [=]
: B ° y
E E. FT T & ridle reri 1”“_"!&-1-1,
% :—Llulni Hoom +—[inisg Rogm—s ﬁ;:-a.gg_gai I weDiting Aoem = g—s +— Ditireg Rioam—s |
SN I N I i i I e i 1 I 1 i
4] o 20 i) 1T [[=]s] Bo 200 gig 22h asn 30 3T 380 390 400
ELAPSED TIME, hours

Fig. |1. Extended testing peried { — 16 days) showing steady-state PDCH concentration 2= a fanciin of time { lower plot) and the caloulated in-

filtraticn rate {upper plat], including the average inside/outside 1em

pLsL)y was only 8% less than the average 1.5 pLsL
found in the master bedroom (MB) and bedroom 2,
which did contain PDCH sources. Similarly, bedroom 3
did not contain a source but its concentration (1.5
pL/L} was only 9% less than the average between bed-
rooms 2 and 3, which did contain sources. Thus, it is ap-
parent that placing a few PFT sources in each level of a
house, even one without forced air circulation, provides
a good approach to well-mixed, constani emission of
tracer within a house,

Measurements made in the family room during both
the second (194-201 h) and third (367-373 h) weekend
sampling periods, confirmed that the infiltration rate
wias, on the average, higher (see upper portion of Fig.
11y, and the concentrations lower than for the other
areas of the house. This was not surprising for two
reasons, First, the family room wes the only room with
thres exposed outside walls (two to the outside and one
o the unheated attached two-car garage). In addition,
the room contained a sliding glass door. Both these fac-
tors contributed to a higher air infiltration rate. Second,
because the family room contained the wood-burning
fireplace insert, it was, on the average, about 5.6°C
warmer than the rest of the house, also leading to a
higher infiltration rate.

Effect of temperatiure on infiliration
For the last sampling period, from 340 to almost 400

perature difference {pp 10 is equivalent to ploT ).

h, the temperature differential between the home and
the outside decreased from about 18°C to 10°C. As
shown in Fig. 11, this caused the concentration of
PDCH to increase, essentially doubling during this
almost halving of the temperature differential. The
result was that the calculated infiltration rates were
reduced by about one-half. All the measurements in the
dining room were made near the ceiling level during the
perind from 375-397 h, 50 the actual midlevel concen-
tration may have been about 15%-25% lower, based on
observations presented earlier.

The effect of temperature difference can be quan-
tified by averaging the caleulated infiltration rates for
periods when the temperature difference was reasonably
constant, This was done for several periods, as shown in
Table 8, including both Tests 1 and 2. The first six en-
tries are for measurements made in the main living areas
such as the living and dining rooms, and the last two
were for the family room, in which the temperature was
generally 5-6°C warmer because of the wood-hurning
stove. Temperatures both inside and outside the house
were nofed and the average differences for the respec-
tive periods are shown in the table.

Although some researchers have demonstrated a
logarithmic dependence of infiltration rate on tempera-
ture [Shaw, 1981}, others have wsed a simple lincar
dependence (Malik, 1978), which we assumed. Table B
shows the linear relationship found (see table footnote
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Table B, Infiltrason rale versus tenperature difference.

A1) (L/min)
Average
Drate A (ST Measured” Calewlwied®
11727 1B 2380 =470 2382
114719 144 A5 = 190 4586
12879 167 4ERD = TRD 5023
12819 1.9 4960 40 440
12415/ T% 156 4370 =64l 2814
127 16T% 1o 2340 + 30 1780
Family Hoom Caloalabed®
11879 2.3 404 & 1142 AT
12716579 15.6 4530 = 1235 414

"Temperature difference inside and potside the bhowse.
Epfessured im living or dining areas.

"RA = 1850 4+ 190Ar; 7" = 0.89.

Hised @ valee of 3000 since measurement was af ceiling level,

¢) and gives the values calculated for comparizson with
the measured values, The correlation was fairly good
(coefficient of determination of 0.8%) for the 3-22°C
range in temperature differences.

This temperature correlation is used in the mext sec-
tion to compare measured infiltration rates from the
CATS devices with the average degree days during the
15.5 days of sampling.

Results from CATS

Each of the six CATS tubes had been sampling the
home air for a total of 374.2 h, or 15.6 days. Based on
the verified rate of diffusion sampling for PRDCH, it was
cakulated that the CATS devices sampled the equivalent
of 197 mL of air. Thus, the average concentration of
PDCH in the home at the various locations was calcu-
lated from the volume of tracer measured by the gas
chromatograph and the volume of air sampled. As
shown in Table %, the concentrations were guite sirilar
to those found by the programmable samplers.

At steady-state and for a constant infiliration rage,
the change in concentration with time, dC(Ade, is

Tahle &. CATS infileration resubis: 1800 (1241575
Lo ORI0 (12417779, 223.37C days, ave. (14.97C).

Cone,

B {LSmin)
CATS PFIEH —————m—————— :
M, Losarion (pLAL)  Messured  Caleulased®
1 [Mning rocm .63 5157
2 Livang foomn {m) 207 Al54d
1 Living room {out) .58 5426
* Family room® 1.31 6321 5745
5 Masrer bedroom leak leak
& Hedroom 1.5% 4215
AvErage 4713 +G30F 4574

"Family soom was about 5.6C warmer than house average.
BR. = 1550 + 190 (44).

“Mverape excleding famdly room.

4Todal sampling duration was 374.2 h {15.6 days),

Russell M. Dtz and Edgar A. Cote

zero, Thus, Eq. (13) implies that the infiltration rate can
be calculated by dividing the total source rate, about
B400 pL/min, by the PDCH concentration, The result-
ing average measured infiltration rates are shown in
Table 9. Excluding the family room value, the average
for the house was 4713 L/min.

Dwuring this 15.6-day period, the number of degree
days accumulated was a total of 223°C days for an
average of 14.9°C days. Since the average temperature
in the house was about 65°F (18.3 %), the temperature
base for the degree day measurement, the 14.9°C can be
assumed to be the average temperature difference be-
tween the inside and outside temperature during this
period. Using the temperature effect correlation de-
veloped from the data in the previous section, the
average calculated infiltration rate was 4674 L/min, in
excellent agreement with that measured by the CATS
device. Thus, simply by measuring the infiltration rate
with 2 CATS device and recording the number of degree
daws, an infiliration rate normalized for temperature
differences can be readily obtained.

In these tests, the wind speed was penerally below 3
msec; below this value, wind spesd did not generally
play too significant & role on infiltration rate (Shaw,
1981).

The higher average temperature in the family room
was also apparent from the higher average infiliration
rate, and was also in good agreement with the expected
calculated value. CATS No. 6 had been placed in bed-
room 3, the one without a source. The average inflilira-
tion rate for that room was within one standard devia-
tion of the average for all rooms, again substantiating
that the mixing from room to room was quite adequate.
In Fact, even the spread between the two CATS located
in the living room was within one standard deviation.
CATS Mo. 2 was near a corner of two inside walls and
Mo, 3 pear a corner of two ootside wills. Based an the
relative locations in the living room, 1t was expected that
the one near an outside wall would have an apparent
higher infiltration rate.

PFT Method versus 5F; Tracer Decay

Several 5F, tracer decay experiments were conducted
in the BML Solar House while, simultaneously, PFT
concentrations were being measured with the BATS
programmable samplers. Between B and 10 L of air con-
taining EF ppm (pL/L) of 5F; were released uniformly
throughout both fAoors of the 2-story howse; the
logarithmic decay in concentration with time was
monitored with the Brookhaven continuous racer
maonitor (Metz and Goodrich, 1980) for about 3 b,

Four PDCH permeation sowrces were deploved
uniformly throughout the house, two placed downstairs
and two upstairs. During each 5F; decay iesi, the
uniform, steady-state PDOCH concentration was mea-
sured every 45-60 min with BATS uniis both up and



Mimiature perfuorocarbon tracer

downstairs. In the first (est, a fan was forcing circola-
tion between the solar porch and the balance of the
home; during the secomd test the pext day, this fan was
turned off.

Test | (March 23, 1952}

The three hourly averaged PDCH concentrations
were 12,8 and 12.5 pL/L up and downstairs, respectively,
within = 5%. Since the total PDCH emission rate was
61,8 nL#min at the average house temperature of 24°C,
the infiltration rate, &, was 61, 800/12.7 or 4870 400
L/min. Since the measured volume of the house was
511,000 L, including the solar porch, the number of air
changes (AC) was

AC = B _ 4870 X 60 _ 57 40,06 b,
V. 11,000

About 9.8 L of air containing 85 ppm 5F; were
uniformly released into a portion of the house and the
resulis were platied according 1o

InC{r) = InC(fa) — {AC)r. (18)

By leasi-mean-square fit, O(f.) was found o be 2520
& 56 pL/L and the air changes (AC) was 0.62 = 0.0]
h™, in excellent agreement with thar found wsing the
PFT method.

The doors to one bedroom, both bathrooms, and the
closets were closed during the release and decay of the
5F.. The physical volume of the balance of the house
into which the SF; was released was 391,000 L, including
the porch. Since the volume of SF, released was 85 = 10°
pL/L times 981 L or B34 x 10* pL, the available
volume of the house can be calculated by dividing by the
initial SF: tracer concentration; this gives 331,080
425,000 L, nearly identical to the physical volume,

Test 2 {March 24, 1952}

Four 45-min averaged PDICH concentrations of 15.6
and 16.5 pL/L up- and downstairs, respectively, were
found when the porch fan was of 1 (porch volume was
not an active volume of the house). The total PDCH
cmission rate was 57.2 nL/min at the average house
temperature of 21 *C and, therefore, the infiltration rate
wis 3575 £400 L/min, Without the porch, the physical
volume of the entire house was 451,000 L and the
number of air changes was

¢ o 3575 x 60
451,000

= 0.47 0.05h,

Only 7.8 L of 85 ppm 5F, were releasad in this test,
resulting in an initial concentration of 2282 73 pL/L
and a least-mean-square slope (AC) of 0.39 +0.02 h™,
in good agreement with the PFT-derived value. Again,
the initial concentration and the amount of 5F, released
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was used to calouliate a house volume of 291,000 = 24,00
L., close to the physical volume of 331,08 L, which ex-
cluded that volume associated with rooms whose doors
were closed.

As a result of these tests, it can be concluded that the
results are essentially identical, within the precision of
bath tracer methods. Further details of this intercom-
parison will be provided subsequently.

Conclusions

The perfluorocarbon tracer (PFT) technique is a
precise and relinble methodology for the determination
of infiltration rates in homes. The present diffusion
plug PFT source has an adequale emission rate and
lifetime; the age of the PFT sources in these tests was
about 230 days (7.5 months old). Since the emission rafe
of the diffusion plug source was both lemperature and
time dependent, PFT permeation-type sources were
manufaciured and evaluated. These sources have enis-
sion raies which are aboot an order-of-magnitwde
higher than the diffusion source, are not dependent on
age, and have a tolerable dependence on temperature.
For a 3°C change in temperature, the emission rale
changes by only about 8%,

Two iypes of samplers for PFTs in home infiliration
studies have beea successfully deploved. The passive
sampler, CATS, tested both in the laboratory and in
home infiliration studies, was shown to have a predict-
able performance and to be reliable for oblaining
average PFT concentrations in homes for periods of up
to several weeks, accurately sampling concentrations &s
low at 1 pL/L. The programmable sampler, BATS,
which has been laboratory and field tested for a number
of atmospheric tracing experiments, was extremely use-
ful for measuring the initial PFT concentration increase
in a home and for studying the effects of weather and
other variables on home infiltration rates. For example,
a 2.5-fold higher infiltration rate when burning wood in
an open fireplage was readily demonstrated. Essentially
no further development of the sampling approach is
needed.

In the firsi 2-4 h following deployment of PFT
sources in a home, the programmable sampler provided
the necessary measurementis in order to calculate the
volume of the house and the rate of air infiltration.
Subsequent longer sampling periods with the BATS unit
provided the necessary measurements for assessing the
effect of the indoor/outdoor temperature difference on
infiltration rates.

A 1 7-day infiltration test was successfully conducted
to demonstrate the utility of these Brookhaven infiltra-
tion measurement tools. The sources provided suffi-
cient, controlled tracer release to attain steady-state
PFT concentrations of between | and 4 pL/L, which
were readily measurahle with the programmable and
passive samplers. Periods of measurements with the
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BATS programmable sampler were used to relate in-
filtration rate with the insidesoutside temperature dif-
ferential, It was shown that the 16-day average infil-
tration measurement obtained with a passive CATS
sampler was essentially identical to that measured with
the programmable sampler,

Uniform mixing of tracer within the home was
demonstrated by making measurements mear the fMoor
and the ceiling of & room, as well as comparing PFT
concentrations in rooms confaining the PFT source with
those not containing a source, These differences were no
more than 0% to 25%, wsually only about 10% 1o
15%. Rooms with more ourside-wall exposure (for ex-
ample, a typical family room adjacent 1o an attached
garage) were shown o have higher infiliration rates
than those with less wall exposure.

The PFT tracer method was successfully compared
with two SF. tracer decay tests. Both methods yielded
air exchange rates which were identical within the preci=
sion of the sysiems, that iz, aboul = 15%0,

The Brookhaven AIMS (air infiltration measurement
system), @ kit comprised of a miniature PFT source and
miniature passive sampler, is an effective but simple ap-
proach to the implementation of wide-scale determina-
tions of air infiltration wsing perflworocarbon tracers,

APPEMDIX A. Initial Tracer Release Period

A more explicit form of the linear dependence of
€} t on time can be developed by rearranging Eq. (7):

ﬂ.ﬁr_( o N Y
r R,7 : 27 B )' i)

which, using the substitutions defined by Eq. (8) in the
lext, 15 equivalent to

or

(A3)

k]
@-a(lr——“-)-u—bt.

The terms in parentheses on the left are part of the ex-
ponential expansion
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Russell M. Dietz and Edgar A. Cole
Substituting Eq. (A5) into Eq. (A3) gives

Dofo-emiedi

= adjusted EE-I-'II =g = by, (AG)

APPENDIX B. Estimate of the Change in
Concenfration with Time

In order to solve Eq. {13), an estimate must be made
for the derivative of the function approximating the
variability of PFT concentration in a home with time.
By differentiating Stirling’s formula for a function ex-
pressed in terms of differences which are in the same
horizontal line (Whittaker and Robinson, 19446), the
derivative in Eq. (13) can be estimated by

deit) _ 1 [ AC[r)y+ AC(r - Ar)

dr Ar 2
_AMC( - an) + ACl - 240
12
5 iz L] =
Lt L o L T P

Assuming that only the first term is significant, Eq. (B1})
becomes

dC{t) _ Cltd — Cit) + [C(n) = Tl
= o »  (B2)
which simplifies to
dr Iy — h

for the case when the sampling time infervals are equal.

To demonstrate that the approximation of Eq. (B3)
causes negligible error, data was vsed o caleulate in-
filiration rates using the approximation as well as the
first three terms [Eq.(B1}] in the expansion. As shown in
Table BI, the infiltration rates calenlated by the approx-
imation were very close to those using Eq. (B1), gener-
ally within +=0.4%, Therefore, Eq. (B3), which is the
shope of the line between the first and third data points,
is a good estimate of the slope at the second data point.
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Thiz research was performed under the suspices of the United
seEees Deparimenl of Energy under Contract Mo, DE-ACIE-TGCHDOO16.



Bdimiature periluorccarbon iracer

Tahle Bi. Eifect of simphifisd derivative on infiltration rate
i Devembser 1-2, 1979).

Imfiltration Rate, K[ t;) { L'min}
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d.54 1451

B.5% 1641 30
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