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‘ ABSTRACT
' Autom;ted iﬁstruﬁentation using suifuf hexafluoride as

a tracer gas in residenti%l hoﬁsinj'to deterhine féteéiof aif:

infilfratidnin housing is'describéd. The'pfiﬁciples of operation,

'fhe'necesséry calibration procedure;land the early field data

.

~ ere discussed in detail. Concentration levels of SF6 are main-

* tained atvthe'parts per billion level:  in the buildings and are

measured by sensitive election cathre detectors in conjunction-.

with a gas chromatograph.

PREFACE |
Developing design criteria for;éésideﬁtial. commercial,

end ind&strial strﬁcﬁures that minimiié energy demands; expend-
ing ﬁdre effort to increase the eféiciency.of the mangfactured
ene%gy consuming systéms and productsfhand evaluating the feaéi-
biliﬁy of energy saving endeévoré for existing and newly built
structures and syétems, are all aétempts to optimize energy -
utilization, Deﬁéiled énefgy usage spudieé made on energy con-
suming structures and systems both existing and new are vital
jto the sﬁccess of these'attempts;' Energy usage fdr‘spéce.hcatinq
~in residential buildings, on thélaverage,-is more ﬁhan half ot

- the total energy usage within the residentizl community. Air
infiltration and natural ventilation are, phenomena existing in
ény type of structure end they_contriﬁute to an important éxtent

to the energy usage for space heating.'



- This is the first of'the'technical'reports on air infiltra-
tion in residential buildings resultingrfrom studies in ne@ and
'existing buildings located in a,planned unit development at
Twin Rivers, N.J},:and’from a.cooperative effort between the
‘National Bureau of" Standards and Princeton UniverSity s Center
for EnVironmental Studies under the support of the National

. Science Foundation. The study titled ."Energy Conservation in

~

e Housing" is presently in its third year.7_This report focuses

on one facet of the study and emphasizes instrumentation for

“ . use in air infiltration'mnasurements. The automated units that

~are described have been field tested in the planned unit develop-

ment and in a home in Gaithersburg; Marylandr‘ This report de-

scribes the prinCiples of operation of the automated air in-
filtration units, including design details, together with
calibration procedures and preliminary data on air infiltration.

Energy losses or gains in buiidings are often grouped into

ii;three categories. Conduction through ceilings, walls and floors:;

~;f end the heat transmisSion through w1ndows are the first two.

' Both of these losses or gains can be treated in a relatively

-

':straightﬁorward manner‘from-a knowledge.of material properties"
and film coefficients, although solar effects and the subsequent
 influence on window or attic heat transfer can become quite coms
'plex.' It is the third category or heat transmission, air in-

filtration,that isdthe.subject of this report. Air infiltration

Y



'results'from door:and'windoQ openings;.cracks, snd the porosity
of the walls, ceilings and - floors. Measurement of how fast air
1s>exchanged W1th1n a building requires.sophisticated instru-
mentation. The parameters that'influence the air exchange rate
'.include weather, particularly wind and temperature, thefmateriais'
that were chosen for the bullding constructlon, the door and
.W1ndow.seals and the use of doors, w1ndows, and vents by the

v

| building occupants. - *

INTRODUCTION -

 The phenomenon of . air, 1nfiltratlon is defined as the change
of air 1n a structural enclosure w1thout the 1nterference of
'the inhabitants of that enclosure. The variables, physical and
.behavioral, that bring'abOut the phenomena of air infiltration and
:natural ventilation (inhabitant induced_air infiltration)'are
not only numerous hut also their inf1uence on the response
.

variable changes w1th the type of structure. Our concern at

 this time centers on the two—story townhouse type of structurc

+ in trying to understand the influence of these variables. " The

first question to ask‘is, how confident.can'we be at prescnt,'in
the estimates deriued from an empiricalimodel»of air infiltration
within a residential dwelling? Lacking sufficient confidence,
the question to follow is, what sort offexperimentation must be
conducted to support improved analysis techniques and, ultimete" y

to quantify our theoretlcal estimates’

* : J S y
ASHRAE Handbook of Fundamentals 1972, pg. 333.
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" On-site instrumentation at Twin Rivers and at NBS has been
: . River - 5

used to provide the . data and facilitate computations in evalua-

" ting the variables and factors that make up the total energy

L usage. This includes those parameters contributing to air

..infiltration, and naturaltventilation,f A thorough statistical
analysis will be based.on such data to‘deSign a.model for esti-
. mating the amount of air infiltration and‘natural ventilation unier
a given situation. The rate of 1nfiltration is normally related
to the building volume and expressed as air exchanges per hour.
Air exchange rates may\vary throughout a bUlldlng depending
on the location of holes and cracks, the variation in porosity
of the structural material and the influence of doors, windows
or vents and how they'are operated by the occupants. The only
difference between infiltration' and exfiltration is that the
latter is'defined as air moving out‘of the interior of the build-
ing, while the former'defines air moving,inside from the exterior
of the building; Under mild wind conditions the air is normally
infiltrating on the windward 51de and exfiltrating on the. lea-
ward side of the building. Under typical winter conditions
:(which emphasizes the'buoyant effect of the warm internal air)
air normally enters near.ground level‘and exfiltrates from upper
level rooms in the building. ;The amount of infiltration, which
is dependent on structural conditions plus the amount'of natural
,.ventilation, will determine ‘the amount of energy required to main-

tain 1nternal bquding temperature. This portlon of the energy

use for space heating may range from as low as 10% to -as high.as

'50% or more of the total. Keeping in mind, moreover, that the

. energy use for space heating may- be as high as ll% of, the total

' bip

Thls movement can be quite complex depending on building
orientation and wind intensity (sce ref. l5)
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energy use in the United States, inflltration.may attribute.to
as’much as 5% of this nation's total_energy consumption.
' Although infiltration is .a majorufactor:in estimating home

heating requirements it has proven to be a difficult variable
-.to measurexaccurately*‘considering thevvarlety'of.housing con-
.flguratlons and tho effect of local env1ronment. For the sake.
. of comparlson, the transmission of heat by conductlon and convec-
tion across the building shell is subject to theoretlcal analyscs
~ that are sound enough to ‘give confldent estimates of .the energy
consumotlon compensatlng for the heat’ loss due to this phenomenon,
'”Hglven the type and dimensions of wall‘and window constructlon,
Aand outside w1ndow conditions. . The questlon arlses as to how wan
we estlmate the re51stance to air leakage through cracks around
‘spec1f1c types of windows and through door or vent openlngs’ To
lcompllcate the problem still further, how would one quantltatlvely
‘con51der the faults in the constructlon of a balldlng7 Wnat about

_;the.por051ty of theWalls.and 1mperfectlons in vapor barriers?
These questions which pertaln to the physical system fail to incluc
re51dent or o"cupant behavioral effects’ whlch are still more dlffl-
cult to model. Problems have arlsen in trying to explain many of
the physical observatlons, elther because they were too comoll—
cated to yield to mathematlcal loglc,_or 51mp1y because not.all
parameters 1nfluenc1ng this phenomenon ‘are subject to mnasurements.
By utlllzlng experlmentatlon'that 1nvolves direct measurement of
air exchange rates, one ‘can by- pass the estlmatlon dlfflcultles

and such an approach should hopefully 1ead to 1mproved models SO

.that more reasonable estimates of»alr 1nf11tratlon‘are possible. .

ASHRAE Handbook of Fundamentals 1972, pPJ. 346.




These estimates then could be based upon limited direct measurement:s
and variables such as external weather conditions, structural con-

‘ditions, door openings, etc.

CHOICE OF METHOD FOR INFILTRATION MEASUREMENT

The approach chosen to measure air infiltration has been to
release anq'mix a Small quantity of tracer gas within a building
and then record the concentratipn decay with time using sensitive
detectors. The choice of tracer gas was made by cohsidering ganqi-
date gas properties and the‘ngcessary gas volumes and concentratiol
required to conduct studies with no occupant safety problems over
a neriod of days. The dévelopmenﬁ of the éxﬁremely sensitiQe elec-

l'.2
tron capture detector by Lovelock and the observation that °

6. + can be measured to concentration levels

of the order of one pért perhbillion.in air by this technique3,

sulfur hexafluoride, SF

answered the requirements. Because SF6 can be measured in

minute concentrations, this gas has come into increasing use as

4,5"6

‘a tracer of air movements . Indoor use for ventilation studies

7,8.9

[

is also common
Besides the high sensitivity with which'SF6 gas can be mea-
sured, it is stable, inert, and non-flammable. It is not a nor-

mal background constituent of ait. One of the principal uses ~f

SF6 is as a dielectric in transformers. The gas is nontoxic in

the concentrations used in tracer measurements and not highly toxic
. : , :

~even when present as a major constituent in air, thus inadvertent
loss of a townhouse-week supply of SF6 would pose no danger to

house occupants (factor of safety~l1000).

ALY
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There are certain probiems which mustﬁbe‘ﬁonsidered using
SE6 as a tracer. 'Thé detector unit may‘réquire frequent cali-
brations to maintain the desired accuracy. Also,.because of the
high sensitivity of the measurement; minbr leaks in regulator#.
valves and connections which would jo ﬁnpoticed in othef gas

. measurement systems are completely unacceptable when SF6 is

used as an indoor tracer. 1In ordérlto obtain high sensitivity

. a gas chromotograph is used. This means that measurements are

" in the form of chromotographic ' peaks which may,reqﬁirq more work
to automate and data process than a contiﬁuoug output. -Althbugh
SF¢ is not normally present in air, the dé£eétor.responds to

'other halogenéted compounds -such as certain refrigerants and pro—,
pellants used in aerosol spray cans. ‘Thesé'compounds occasionally
appear in the indoor backgrohnd. Finally, electron capture de-

. tectors contain radioactive sources and rgqﬁire an AEE licenseuto
own and operate. “

This report deséribes,the use'of.SF6 with an electron capture
Vdetéétor and a-gas chrOhatogfaph to measure air infiltration in
bﬁildings‘and describes two approaches ;o én automated air infil-
tr;tion’unit design, one developed at NBS the other'a£ Princeton
University. Some of the problems and'fundaméntal sources of

error in the method are described.

PRINCIPLES FOR MEASUREMENT OF AIR INFILTRATION

In the measurement of air infiltration by the tracer dilution
method a tracer gas is distributed in the air of a building, and

the decay in concentration measured as a  function of time. The



theory of the method may be outlined briefly by considering

the equation:

_ | G | w
at - (co - ci)_V ,

.where' S and‘ c, - are fespectively the outside and inside con-
centraﬁions of tracer at time t .AG(t)is the rate at which air
ienters tﬁe building. It is'also,the‘rate at which aig leaves
the building assﬁming there is no storage capability. V is

" the ventilated.volume of the buiiding; and v(t)/Vis the air
infiltration'raﬁe per unit time. Since G(t)is usually measured
in ¢fm and V in ft%, infiltration;in air-changes per hour is
60 v(E) V. |

o If the outéide concentratibn of tracer is small.enough to

be neglected, equation 1 may be reduced to:

dci - _ Ci \\.I__(t) i (2)
. dt v
| .
Under conditions of perfect mixing equation 2 may be in-

tegrated to give:

C. ® . . . —
i _ v(t) vit) . ' v
) In = =-—<+"¢ [ v~ independent of tJ | (3)
10 .
or .
a [ _ e e oo i " (3a
It [in 3 ] = - [ v~ dependent on t (3a)
. 10 J
where ¢, = is the initial indoor concentration of tracer, at t =

¢

Equations 2-3a have the familiar‘form‘of the radioactive decay
law, first order kinetics or the equation of the well-mixed tank.

“Equations 3 ard 3a‘can be solved directly, but when manual calcu-
: T ‘ c,

. . . . ' o ' 1 .
lation is performed it is common practice to plot m — against
: o Cio
( o'c *
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t and calculate the infiltration rate from: the slope of the

lineJ' It is also to be,noted that it is not necessary to

know absolute tracer concentrations to calculate infiltration

rate prov1ded relative concentratlon, ci/cio can .be determlned.

rd

‘N

. CHROMATOGRAPH DESCRIPTION

Chromatography is a method of separation'of the components
" of a mixtore as a resﬁlt of rheir'partition,between two immis-
cihle heterogeneous phases, the stationary phase and the mobile
phase, Gas chromatography is the chromatogrephic operation
(anal&sis) where the mobile phase is a gas.’ The particular
analysis in question is the frontal gas_ohromatographic analysis, .
Which ﬁay be termed isoohermalfisobaric,ohromatography{ where
“both tie temperature and'the flow of the mobile phase are kept
constant during the  entire operation.'vThe gas chromatographic
colomn is packevaith an.adsorbeht, which is the stationary phase,
" made up,. in our case, of granular, 100-200 mesh aluminum oxide.
The gas stream, the so-called cerrier gas, (high purity argoh)

is fed into the columo, and flows through the small irregular
ohanhels of the stationary phase. 'The‘sehple; which includes

the tracer éas and embient air is introduced at the head of the
column together with the carrier gae that moves it along the-
column. Each component of the sample at each point along its
flow, in the dlrection of the gas flow, establishes an equili-

brlum between its fraction retalned in the stationary phase

and its fraction remaining in the: moblle phase. Partltlon
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cocfficients of the components are different frem each other
. and with the properimanner of opefetion, the components will
.be completely separated and will appear ln succession in the
emerging carrier gas at the end of the column. This is a
conseguence of the laws of diffusibn mass transfer.

The electron capture chcctors under evaluation employcd
the pulsed voltage technique with an applied voltage of 70 volts
'(pulse height), a pulse widqh of 1 ysec. and a pulse perio-d of
 50-lOO‘usec. One type unit has a 300 m~ tritium ionizing sohrce,

~while the others each have a 500 mc.tfitium ionizing source.

AUTOMATION OIF MEASUREMENTS

Using very similar approaches‘the responsible 'groups at .
the National Bureaulpf Standérds apd at Princeton University have
developed the autoﬁated.systeﬁs for air infiltration measurement
"and recording as shown in Fiqures 1l and 2. Both syseems inject
:SFG in carcfully controlled amounts into the home beating duct
system just upstream of the iuxnace fan. ° The concentration level
witﬁin the home:stebilizes inplesS'than 10 ﬁinutes. .The auto-
mated sampling system then proeeeds'to~sample at regular intervals
and record the SF. concentrations. Records arc currently in the
form of strip:charts** as shown in Figure 3 indicating the in-
dividual samples of SF6.concehtration; The.details of the a.to-

v

mated systems are described separately'in Appendixes A and B.

. This unit is a Panatek Leak Detector 2000, a device no longer
available on the market, replaced by .the Ion Track Instrument
SF, B Detector with the 500 mc tritium ionizing source.
Otler detectors could secrve the same purpose.

**  Future systems w:ll record dlqltally on magnetic tape
cassettes,
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INSTRUMENT CALIBRATION .

It is necessary.to calibrate the instruments agains:
known concentrations of SF6 in air. Célibration mixtures are
prepéfed by leaking $F6 at a measured fate* into a wind tunncl
operating at a knéwn flow rate. Tﬁe gas is'ﬁtorgd in a conm-
ﬁfessed air tank fofﬁﬁse as needed..  Samples stored this way
for a month. usually agree within expefiméntal error with freshly
prepared samples drawn directly from the wind tuﬁnél. For prec-
paring concentrations of less than 10 ppb,dilﬁtidns of the
;Primary standard are made with a dilutidn,system consisting of
a graduated closed cylindér with a piston’and stopcocks.

The célibraﬁion of the gnits déterhines the responsc of
.the electron capture detquor,(ECD) " to small aﬁounts of 5F6 in
;*in'air); for

each unit at a constant flow rate of the high purity argon..

air at the parts per billion level (5-65 ppb SF

"Two siandard samples are used,~one.with8l3.8 ppb SF6 in air,
and the other with~48.4 ppb SF6 in air. Thé calibrated,'lO
liteg, variable volume chamber is supplied a controlled volume

. of one of'two samples.'.Succcssive dilutioh is easily accomplishcd
_jby means of a gliding piston, .where pure air is'drawn_in to

dilute the -mixture, which is maintained at atmospheric pressurc.
Six readings of the stahding current I, and ﬁhe SFg'peak cur-

rent value I are taken for each concentration of the mixture

being sampled.

* A convenient form of controlled leak for SF. can be made trom
a capillary tube packed with a finely grouné pigment. The

rate of flow of the leak is determined witn a soap bubble meter.
* % ' : )

NBS used somewhat lower concentrations in the calibration
.pProcedure.



CALIBRATION SUMMARY

'

\

It is evident from the calibration that care must be
taken in how to best ﬁrocess field data which relies on
laboratory calibrations for quantitétiv; values. ‘Both NBS '
and Princeton tests have shown,that'scnsitivity changes to
SF¢ :on:eﬁtgations do .occur. . This is espccially true iﬁ the
warm-up peridd of the datector-chromaﬁograph. Another im-
portant conclusion is that while rather simple expressions
reiating concentration to fecorder.output apply over a limited:
range of concentration, i.e.; 8.e 25tpa:ts per billion SF6
in air. Higher cbncentrations,‘> 25 ppb;‘require more complex
polynomial expressions.

The changes in detector chyométograph outputlduring
the warm-up p2riod aré évident -for both metér‘réadings and
strip recorder chart readings. That differences in meter and
cha;t fecorder readings wére'found shéuld not be surbrising
since one is attempting Lo read chrématographic spikes which
are of relatively shoft‘dﬁration (order of a few seconds over-
all, less than one second,atlthe peak) and each of thcée
.rcadout methoids has associated inertiai factors and qamping
.times; . Thls is a facﬁorjto bg carofuily watched, although the
tests indicat:z that ‘eproducible readings may he achicved with
| cither mothod even though Lhe'proportioﬁaiity constant’ is dif-
._férent. : _ B

Our goal is not to determine the electron-capture cocf-

ficient of SFG but rather to find a region of'appligability of



a "universal" calibration curve within a - reasonable ranje cf
SF, concentration values. The possession of this curve will
allow accurate determination of air infiltration within narrow

ranges of SF_. concentration values. '

6
kd * . i
Consider the Beer-Lambert law for radiation to the
, ' 11 o
ion detector: I/I_ = e UC Hzre the intensity, I ani

initial‘int;hsity Io' aré relatcd.to_the absorption coeffici&nt
.4 , the path lengyth x and, c ’ tﬁe conzentration Qf the. absorb-
ing substance; Statéd in ahother.form where u and ~x are col-
lapsed into a single coefficient, k_,‘qorréspohding to the sorsor
conditions for a particular unit, tﬁéﬁ_we can consider the re-
lationship: | |
I :

-9/7&';= ke
In order to adapt this rclationship to better folloy the calibra-
tion data an exponent B 1is added to ¢ ,'recognizing that B

‘should be very close to 1.00 in value. - See Figure 4 for example.

To check the ranje of appiicability for the relationship

I B . . .

- %-E— = kc. , the data for one test series is shown in Table 1
o] . i

as data points are added for: increasing SF, concentrations.

The maximum error befween 7 and'27 ppS was found to be + 2% basecd
on B = ,942. A second examplb; at another standing cuf%ent level,
and B = ,917, errors of + l%'wcfe_found‘over the 8-28 ppb rar o

as shown in Tablé 2. Theée‘tcst series;wére typical of the addi-
tional test series summarized in Table 3, and the conclusion is

that the proposed model'

- %”%—‘= kcP
o .

is applicable, with errors limited to + 2% , over a limited con-

* It should be pofﬁggd out that other»investigatorsz'12 have
proposed alternate relationships working with different gases
or in other concentration ranaes.



centrétion range,‘érder 3-25 ppb;* Bécause the quantity of
interest is the air exchangé“rate it is hot necéssary‘to de-
termine k since this fachr cancels as we take ratios of con-
cantrations at various time periods‘(éf.' equation 3a, page 8).
| Although the symbols‘have béen.previously defined, they

-are repeated here for the specific instrumentation used. I 1is

v

the current reading for the SFG concentration present at a
given time and is recorded as the lowest point the needle or

chart pen reaches when SF¢ is beingy analyzed (followihg 0, anal-.

ysis in the chromatograph as shown“in Fig. 3). IO is the stand-
ing current, the steady-state reading prior to the SF6 sample,

also shown in Fig. 3. ¢ is the'SF6‘concentration expressed in

jparts/billion (ppb). B is the coﬁcentration exponent with values
between .8 and 1.1 . Indiviauél Calibration curves are associated
with éaéh air ihfilﬁration measurin§ unitldﬁé to slight detector
variations. Calibrations must be:repeatedvas the units age.

If the error in the SF6'concentratiqn‘does'not need to be

restricted to - 2% (as in the kc® relationship qust described)

I
. o _ .
— 10% error range. Should more accurate values of‘SF6 concen-

tration be reguired, the use of a polynbmial fit to the calibra-

the traditional- g I - xe equation will yield results in tt

tion data is recommended, Figure 4 iilust:ates how the appiicabie

~range of $F6 concentration can be more than doubled by the poiy—

nomial fit (above 60 ppb) with errors of the order of + 1%.

e =< = }c' relationship has worked well with the Princeton
field stadles but the NBS unit calibrations requlre a somewnar
different equation for best tlt




AIR _INFILTRATION FIELD DATA

To test the Nés infiltration measurement system use was
‘que of a four-bedroon, ﬁanch-type‘house'néér Gaithersburg,‘Md.
The tests éévered a ten:hour périod. Dﬁring the.test SF6 was
introduced automatiéally into the furﬁace fan at selected time

. intervals, and the buildué*and décay éf.tracef in the house

was meaéured. Instrumental respénfe‘as a fuh:tion of time 1is
plotted in Figure 5.It is ko be noted that a decrease in confen-
tration appzars in the figure as an increas= in'I/IO .

Two sampling'methods'are reprcsenﬁed in the figure. In one
method air was sampled from the main reﬁurn duct just ahecad of
"the furnace fan. In the other method, blended samples were ‘drawn -
from different parts.of the house tﬁrough‘a network of ;ubes pf
ejual longth extending'to a central location in each of the rooms.
These tubes converged at a sampling junction connzacted to a 2 cfm
(57 iiters/min) diaphragﬁ‘pump.'fhelautémaéed system sampled 1in
Fimed sequence frdm:the butput of this pump,.from the réturn, an-
'ffom the standard ré%érence gas sysLem.. Sampling from the roturh
. 1s the simplest means.of measurinj infiltration rates in szcupicd
.homeé. Network sampling provides an indepzndent .check on this =~
procedure. . |

‘Infiltration rates calculated froﬁ the data in Figure 5 are
~ presented in Table 4. The agreement'betWeen the two méthods of
-sampling was.withih normal éxperimcntal’errdr e#cept.when'the
furnacé,fan was not operated..as'was the case during runs 2 and 4.

Under these conditions it was. not possible to accurately measure

ST |
Internal air infiltration volume of the building under test can

be estimated from concentration measurements after a known quantity
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the infiltration réte in the housé'by sampling in the return duct.
Also‘measﬁrement through the sampling networklshowed the effects of
poor mixing when the fan was inoperative. _Buildings.Which‘da not
have a central forced air éirbulqtion‘system,pfeseﬁt special prob-
lems in measuremeﬂt of air leakaée by the tracer dilution method,
sin:e‘eacb room would likely differ from the next'and average
values fo;’the structure might require individual room mixing to
insure accurate measuremenﬁs;'

Ffomftheée NBS tests ahdvfrom'suﬁéequent measuremehtg

it is concluded that automated 6peration of the chromatograph it-
_self can go for hours unatténded. _However the sténdardizétipn need;
further development before thé measurement system could be consider;
fully automated for unattended operation.

The’ability tb fiéld teétifor;extended periods - fbr one
week unattended - is the design objective of the Princeton Auto-
maﬁed Air Infiltration Unit (AAIﬁ).  The field testing of the AAIU
- was beguﬁ in November,:l§73 with a numbef of additional week-long a
:'infiltration data collections téking place in the Winter, Spring,
Summer and Fall of 1974 and Winter of 1975. The data from these
tests form the basis of gubsequent'reporESy the first of which will

i . v

. soon be available. |
This report will onlyvbr;efly describe the air infjltrat:
field data.as collected with theAautémated_units. Perhaps the
easiest way to understana the impértant bontribﬁtion of continuous
recoras on ai; ihfiltfétibn documenﬁation is to study a typical

air infiltration record over .a one day period. Figure 6 illustrate

, te.
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the first air infiltration figld daﬁa for 5'3 bedroom, two-story
interior (in contrast with .an énd unit) townhouse at fwin,Rivers,
N.Jf Air infiltration measurements were'bqséd on coﬁcentration
changes in SF between the‘thrée—hour SF

‘injection into the
6 6_}njectlon into the

return duct. .Samples'were‘taken frém tﬁe return duzt (again
‘three every 15 minutes, frinceﬁon‘AAIU);
Three param;ters in additipn to the air ihﬁiltration rate
have been plotted ianigure 6: wind velocity, differential tem-
perature (the difference between indoor éﬁd'outdoor temperaturej.
and pressure differential (variation in oﬁpside pressure over
"~ time). Even thése first data réVealed.that pg?améters such'és
~wind vélocity can bz very influential in achieving high infiltra-
tion rates. For the 15 mph wind‘velocity air infiltration is
gréater than 1.2 air exchanges per houg, exceéd;ng‘convengional
ASRAE estimates*(order .75)} The procedﬁre.for obtaining the
air infiltration data relied upon 15 minute sampies (thfee in-
‘dividual samples are averaged) as éhown in Figufe 3 using the
automated -air infiltration unit a§'described ih Appendix B.
The fact that activitiéé withi% ghe home - (as previously out-
. lined on page 3) directly influence air infilt;ation r#teé is
shown in Figure 7. Here door Qpeniné timeé.ffom one of the highly-
% 13

instrumented townhouses grcatly.in:rcésed the air infiltration

rate, allowing values to exceed twu air exchanges per hour.

— —— —— -

* ASRAE Handbook 1972 page’ 337 (also éee féf.'l4).

** 60 channels of energy-related data are available from each
townhouse; of interest here are door opening times (minutes/hour),
individual window opening times are also available.



Co-18 - |

The conclu51ons on AAIU fleld operatlon, from an instru-

_ ) y
mnnt standp01nt have been favorable. Repoated week—long un-. \
attended operatlon has been achleved.w Callbratlon over such

porlods has changed only sllghtly (less than 5%) . Rather than |

. sample from the standard gas contalner every three hours on-

ﬂf751te recallbratlon has been substltuted at roughly two-week . |

gi'lntervals._ (The standard sampllng tlme slot has been devoted |

to basement SF i_concentratlon measurements ) Meéchanical
problems or fallures have 1nvolved the followlng items: lfnﬂ" |
| o,‘Problems due to the sen51t1ve nature of the seal pack- |
Tﬂllng on the. sample valve. Too tlght an adjustment can result in |

1{?slow sampllng (and resultlng errors) or. valve stlcklng, whereas

Hence, care must be taken 1n the adjustment SO that the valve w1ll

e Volse and stlcklng of the solen01d whlch was flrst used

_to depress the sample valve.h Thls problem resulted in a redesign’

fiﬁimlzed such that the week—long sampllng duratlon was: unaffected |
e |

‘i. The current de51gn insures qulet, trouble free operatlon. o

|
‘e Failure of the,alr sampllng pump dlaphragm plastic bac14‘
:l;dlsks. Replacement disks frOHl the.manufacturer'are now metal

. N ’ . ‘
'3‘and no further problems are ant1c1pated. : - ‘ , ,

o Leakage of SF6' through the solen01d valve seals. Thls‘

'flrhas been recognlzed as a problem from the beglnnlng of the develop‘

T he, ‘

,'~ment of the AAIU.~ Careful lnspectlon of the seallng surfaces and |
. | |



been fabrlcated Three unlts have seen exten51ve service at

IS "(‘ a

Twln Rlvers ‘and in the Oth State UnlverSLty enerqy research

{1n Columbus, Ohlp.' The latest AAIU 1s presently at NBS to

.‘

'recelve a magnetlc tape cassette addltlon so thdt the air in-
flltratlon data can be. recorded in dlgltal form.' With this
fifeature the one dlsturblng feature of the AAIU - exten51ve

;tlme 1s requlred for hand data reductlon from the ‘recorder
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APPFENDIX A

NATIONAL BUREAU. OF ‘STANDARDS AUTOMATED
AIR INFILTRATION SYSTEM

A. Sampling and Measurement System

The NBS automated system for operatinq the Chromd-.

tograph is shown in Flgure A-l A block dlaqram and

'w1r1ng dlagram are shown in. quuresA-l andA 2. The

system actuates sampllng at selected tlme intervals and

.records the responses on a strip chart recorder. It

also selects the sampllng site so that air may be drawn
sequentlally from more than onc locatlon.

Rcferrlng to FlguresA—l.andAPZ .the detailed opera—h
tion of the sampling and: measurement system is as follows:

Timer (l)* is the main control of the system. It is a

-2 gang timer with a 30 second cycle. Ohe gang operates

stepping switch (2) or stepper as it is sometimes called.

Stepper (2) selects. the functions in sequence which are

" to be performed.- It is a 40 step switch and is opecrated

in two 20>step cyclos. “when actuated cve ery 30 scconds it

completes a full cycle every'ten'minutes.

1

Numben51n parenthc51s refer the 1nd1v1dual componean
in the rlgures. , . .

’



The other gang actuates solenoid (2) which operates the

‘sample injeétion valve of the chromatograph (13).

Soleﬁoid Qalves(3).@) and (5) when actuated by
stepping switchh(Z)séleéE the_éites from which ‘air samples
are draQn. Solénoid valve(é)opéns when the automatic
system for‘introducihg tracer into a building is
§¢tuated. I; allows the samplinqlpump’to draw air_durihg
tracer feed'steps. '0thérwise the pump would be pulling
against a closed system, since all of the other solenoid
valves are closed. If it is ﬁsed gb'sahpie tracer free

‘air it also provides a check on leaks in the system.

| Rélay (Nis normally‘clpsed; It. controls tﬁe

opération of auxilia:y"sampiing*éump(9). It also must’
" be closed duriﬁg,sampling steps for sample injectiQnAsoienoL
(12) to opeéate. During nQn-sampliﬁg steps the pump aﬁd
1-thé solenoid are deactiv%ted. Reiay(B)performs two

functions.. One poleclosesiduring ndﬁ-éampling steps
"and shorts oal the Qutput_from'the.chromatograph to esta-l‘
- blish ths zero curfent baseline.. The other pole,dbens

during non-sampling steﬁs and stops chart movement.

Small modifications have been made in the system since
it was originally designed. For example, steppihg switch
.'(Z)and éamplé injectioh solenoid (12) are operated with |

rectified current as shown in Figurcs.AFI and A-2,



This permits use of lbwer voltage.and reduces
electrical noise. ‘Other‘modfficatioﬁs include padding
\of~the plunger.of'solendid(lszith sponge-tubber to |
' réduce mechanical “impact and inﬁ;@ducing'screeﬁs in the
sampling lines to keep}iérgc particles of dirt out .
of the sampliﬁg solenoids and the pump. Alsq-a Q{poft
atomizer bulb with check valves was pléced,in the output
‘of pump (9) , bgcadse it was found thét.otherwise'samples :
were ‘contaminated with ambient ai:‘at.the pump output |

during the return stroke of the pump.

‘"B, Tracer Injection System

The automated system for,injeéting[SF into a

o 6
'~ building -is shown in a block diagram in Figure A-3.A
‘wiring diagram of the timing control of the system is '

shown in Figure A-4 and the relay valves and oumps

whiqh deliver the tracer are shown in.Fiqure A-5.

'The.opération,oé'the system ha§‘bé aegcribed Ey
reférrind to Fiqures A-3,A-4, and A-5. stepper (15) is
actuated once every 10 minutés by stepper (2). The 40
_stepé are apportioned sé that a.feed'cydle is.initiatcd

every 60 or 70 minutes. ‘

Timer *(16)is actuated for 30 seéonds by steéper (15)

at



- 24 -

"the.beginﬁihg of each feed dyclé.1'it is a 2-gang ﬁimer,
.one gang of which:is-connected so‘as tQ‘t$ke err ftom '
the-stepber and oﬁerate the timér-for a single lO minute
‘cycle. The bthef gang'contfolé the time of feea.. By
’adjusthent of the.cam and'the'eléctricéllconnect}ons it
:ié pqssifle to select feed Fimés of‘a'féw seconds up to
-nearly.IO‘mihutes, Manual oyérride switch (17) is also
‘provided ﬁo permit feed of SF indgpendently of the
éutomated system. | '
| ‘Air is drawn through the‘feeé,lines at all tiﬁes by one
or the other of two. 2 liter/minute diaphragm pumps' QO)
énd.(zzl. During a feed cyqié tracer from a controlled 1eak
is diluted with air and directed into‘the ventilating
.system of the buildiné by automaticélly opening solenoid
valve (21) and turning on b#mp (22).' During most of the
. time; bowever,'thiglvalve and pump'are-bff( and aif is drawnﬂl
through. the lines‘énd exhausfgd(to the.oqtsidé by.means
;'oflsolenoid (19) and'pump (20)..-This préventé leakage of
-residual tracer frdm £he'1ine’iﬁto-the building WHen,the ﬂ
feed is ofE.. - S o
| ﬁelay (18) is‘actuatedlﬁy steépep'(IS) and aiternately

operates the feed or the exhaust.



APPENDIX B

PRINCETON AUTOMATED AIR INFILTRATION UNIT

éggeral
The Princeton automated air 1nfiltration unit, AAIU,
has been de51gned to automatlcally sample the concentration
level of the tracer gas, sul fur hexafluoride (aF )., so that
‘the decrea51ng concentration levels Wlth time can be used to
determine'the rate of air 1nfiltration‘in a building under

6

the building, the furnace warm air blower circulates the

test.. To maintain the SF. in uniform concentration within

.building air continuously during the test period. The AAIU
'~ can operate unattended fcr a.pefiod up to one week.

Figure B-1 is a schematic representation of the AAIU.
_Overall design is based upon the eaée.of movement of'the
unit to the basement furnace. or central ducting location in
the building or home. For this reasoq'a'commercial hand
_cart with stair'glides is ueed ae the frame to which are
attachedithe air infiltration eUbsystemsL Theee subsystems

are described in the following paragraphs.

.A. Master Timer Control Center

All timing originates_frcm the master timer control
. center, located,behindﬂthe'handleslon_the'cart‘ The wiring
schematic is ‘shown in Figure B-2; pbwer.is'115V4AC. The

~control center is shown in Figure B-3. The aluminum box

houses (1) the master timer. a 1/3‘RPH motor-driven cam w1th:



i12 evenly;spaced detentsL Triple microsw1tches (center,

top and lower) are activated by the cam and two switch
trippingsposts. (1a) Each of the 12’detents activates,

for three‘minutes, the one RPM sample.timing motor to'providev
the required three SF¢ samples‘at lS'minute,intervals..

:(lb) One switch tripping post activates the 90 seco,nd’SF6
injection valve every three hours, and the other post provides
for readings of the'SF6 concentration standard if desired.

(2) The one RPM sample timing motor drives cams which
reproducibly activate the SFé concentration sampling detector
by sending small amounts of argon to a pneumatic cylinder |
and piston attached to the sampling valve. The timing motor
stops the timing cycle at.preCisely the' same timing'orienta—

" tion to.provide reproducibility on succeeding samples.

" (3) TWOirelays.(R—l, R-2) are provided to achieve these
reproducible timing features, i‘e.,.cam detents on the one:
RPM subsystem are favored over the necessarily less preCise
detents on‘the one—third RPH.cam system to reproduce just
‘three full detector timing cycles. '(ﬁ).The valve to connect
the standard SF6 concentration samplevcontainer* to the
detector is also mounted here. ;Unactivated, this valve - i
_ normally connects__._i_the‘S‘F6 detector to the sample line from

_ the return duct to measure building SF¢ concentrations.
Details of adjusting the components just described to per-
form a standard.analysis are as'follows. Adjustment of the

timing for the .2 detent master cam is made such that the

central micro: Witch on the three sw1tch column is activated

PR

* Basement SF "concentrations have also been determined in.
lieu of the standard reading.
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“ |

' for a period of nominally 2-1/2 minutes;: This timing is
"achieved with the‘adjustment'screw on the central micro-
switch movement. The 2;1/2 minute'setting”allows the one
RPM timer to continue operation through the full three
minute cycle wnile nower is maintained for the final half
':minute.througn one of the two relays'in.the‘circuit.*:
Snould more or.less than the normal‘tnree samples be de-
51red at 15 minute intervals, adjustments can be- made by
.alterlng the setting of fhe central sw1tch adjustment screw.
The fine adjustment of tlmlng for the SF6 1njectron (nomi-
nally 90 seconds) or the standard SF6 concentration,sample
(again 2-1/2 minutes is used) are made'yith‘the lower and
.’upper screw adjustments on the triple microswitch column.

-

One feature that may be added in the future is a’ llne orlflce

to conserve sample gas usage.

Adjustments on the one RPM tlmlng cams are arranged as
.follows. The FIRST CAM (closest to the motor) prov1des for
the reproducible reset reature,~i.e., power‘to the motor is
d1n1t1ally supplled from the master cam sw1tch when activated
Aby one of the detents, an alternate source of electrlc power'
1s'from the house sample relay -- after the 2—1/2 minutes are‘
completed power continues to the one RPM motor via the relay
until this first cam gap is reached, reproducibly stopping .
~ the sequence; the SECOND CAM is set to energize the sampllng

valve on the SEG detector -- this 1s achieved by actlvatlng

* see explanation under THE FIRST CAM
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the argon'gas'valve that pressufizes.tﬁe cylinder éonnected
to-the SF, sampling valve, thué"silgntly dép;essing the SF
”sampling valve for a'réproducible thfée-seconds duration '
(shofter times or nonreproducible dépression results in sam-
plé measurement inaccuracies).; Thé THIRD CAM controls the

6
_concentrations as this standard) .

‘' timing on the standard SF, sample (NBS has used~13.8 ppb SF

6
Under:ﬁormal operation no adjﬁstments néed be made to
ﬁhe one RPM motorldriveh cams. However, an occasiohal'check
' that’set screws have not loosenedffrom vibratioﬁ,is recom-
‘mended. ' Cam setting order is such that cam number one must
stop‘thé one RPM unit priof to activation of cém number two
(6therwisevthe unit coﬁld lock in thé'dep}eséed SF¢ saﬁple
"position). Cam number three is set ﬁo open the standard
concentration samplevvalvet(only‘wﬁen the pps£ activated
switch ‘on thé master timer is-also depfessed) appréximately
20 secondé'prior to SF6 sampling (to allow adequate gas tra-
vel time fb; this sample to reach the deﬁegtdr) and shutting
'f-ofﬁ five seconds after sampling — this limited opening time

- .

. ¢onserves the supply of the standard SFg mixture.

.;B.' Sulfur Hexafluoride Storage and Metering Unit

| Contained on an entirely separate slide out Plexiglas

| panel bn ‘the front 1oWer section’of ﬁhe AAIU is the SFg stor-
age and metering éystém.*‘The'gnﬁiré assenbly is designed to

maintain zero leakage. ' Filling of the SF, storage bottle to

a nominal 25 psig should be dohe‘remotgly -~ not in the build-

*  Although shown in Figure 2, the panel components are mbré
clearly depicted in Figure B-4 viewed through the trans-
parent plastic.



I
|

ing under test."Fo;Lthis reason_the slide out panel is com-
pletely removed,from_the,AAIU by first elect:icallf discon—
necting.thie panel at the master centef, and then.by loosening
the uppet rod connected on thevtwo'élide réils to the meter’
shelf -- tilting the rails forward and removing the panel by
the hand grip provided. RemooeihYperdernic tubing‘if there

is any danﬁer of damage in the panel removal procedure.

Remote filling of the SF, storage bottle is essential if

accurate building air infiltration measurements are to be

EEESB: Every three hours only 10 cc's of SF¢ is released in
the bulldlng heating/cooling ducts - any loss of SF6 during
filling operation can'completely overwhelm sensitive concen-
tration measurements; | |

| Safety design of the éFG container is suoh that should
all the SF¢ be released 1nadvertantly in the. small home,
*10,000 cu. ft.,,only one ppm would be present -- a safety
factor of '1000.: ‘ | |

vConteinment of the SF¢ is malntalned by zero leakage -

1solenoid operated \}alvee;~ To 1n3ect the 10 cubic centlmeters
of Sfﬁtrequired eéery'three hOurs,‘the.low pressure regulatOr
.is set to between 1/2 - lvpslg. Use of 0 020 inch internal .
dlameter hyperdermlc tublng to transfer the SF¢ to the furnace
ducting 1imits trapped SF. after valve closure to less than
'-1 cc or '<l% of total 1njected SFg. .Thls ellmlnates-ptoblems.
of SF, seepage from the line during.the alr infiltration test
period:["The test method to measureiSFs total injeotion utili-

Zes soap bubble movement along:known diameter transparent tubing.
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C. The SF6 Sampling Unit and Recorder

The aluminum instrument shelf supports the ITI .SF_
"*sampling unit and the Rustrak continnous writing strip chart
'recorder. (see Fiqures 2 and B 1)

First the SFG sampling unit lS turned on and adjusted to
" the SET position'So that the argon-carrier gas flow is dis-
- played as an approx1mately mid range reading on the analyzer
dial. Pump switch is ON. With each depreSSion of the SF6
sampling valve, an individual air sample is analyzed: (Con-
tinuous sampling is far less sensitive in detecting the‘small
concentration of'SF6 that’are heiné‘employed in' the home, ~ 5
to 40 ppb.i. Within the ITIIunitva sampiing column separatedf
air components of varying-molecular weights;' Electron capture
‘-detection based on a tritiumlsoerce provides the extremely

sensitive detection mechanism,(few oarts per billion).

~ A typical record following sample valve depression(see Fig. 3).
consists of the ~ 80 meter readino for the ultra high onrity
'-arcon carrier gas, followed by a riople at value depression
and a pause (returning to ~ 80) prior “to ionized oxygen con-
centration mea: urement where the_scaie reading drops rapidly
to zero,rindicating complete electron capture (returning to i

.m80 again) the meter'records the concentration -- second

pause of the higher molecular weight ionized SF which

6 ’

’ depresses the scale reading from N 80'to, say, half that
|

amount indicating a degree of SFG.concentration that has

only partially absorbed the electrons.ﬁ-This technique is

]

repeated three_times every 15 minutes“so'that spurious readings

a
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‘On Site Deployment

The

followlng descrlptlon outlines the steps requlred

lnltlate measurements in the fleld w1th the AAIU..

Load

Move
home

Bend

tube

' Load

Open

[

SF, Unit REMOTELY. f"»"'

AAIU to central duct location normally next to

furnace.
tab on return air-duct joining strip and insert sample

and SF6‘ hypodermie tube.through opening.

fresh paper roll in Rustrack recorder.

high purity argon cylinder setting pressure regulator

to that noted on pressure gauge of the individual unit.

- Turn

on furnace fan at thermostat.— --use TAG if there is

danger that the fan may be . 1nadvertently shut off durlng
the test perlod. ‘

Plug

in AAIU unit - - SWITCH ON POWER STRIP - - set master

timer cam with knurl knob to point initiating SF, injectic:

Record start time.on Ruetrack'chart.
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fante 1'

Teéting'off- w{%f = kcB
. o o . . .
Io =8l.5 . . . argon pressure = 17.8 psig
Nq,'of Points, - ‘100 mb(%.). Conceptfatioh_ Correlation . Value
- Considered : o of Last Point Coefficient ot B
3 24.95 - 7.07 ppb - 0.9999999 -0.943
4 30.80 . 8.83 ‘" . 0.999999 0.945 -
5 38.42 11.04 " 0.99995 0.954
6 46.49  ~ 13.8 " 10.99987 0.942
7 56.76 .  17.25 " 0.99984 0.933
8 70.43 - - 21.56 ":  0.99989 9.932.
9 . 84.39 - 26.95 " - .0.99982 0.921
‘10 . 101.0 - 33.7 " .. 0.99968 0.913

. . beyond range of equation applicability -

~ Table 21
Testing of -~ %-% = kcB
SRR o ,
I = 77.7 o argon pressure-=vl7.8 psig
» No. of Points Considered - I _Cohcentration- Correlation Value
- (for Fitting - ;% = keP) _ .o OF Last Point coefficient of B
_ : Io 3 x ‘100
| 3 - 35.46 9.3 0.999999 . 0.918
4 43.68 . 11.6. - 0.99999  0.923
5 53.07 . 14.5 0.99996 0.917
6 65.65 . 18.1 0.99997 . 0.917
7 79475 22,7 0.99996 .  0.913
8 .'96.84 . 28.3 . 0.99994 0.908

- Table 1 and Table 2 are represented as test points 1 and 2
. in Table 3. ' ' l



- 36 -

;Tablé 3‘

Genéfal.tes;;ng-of'AAIU>to.£éSt applicﬁbility of - %;% = kc?
Argén pfeséure = .17.8 psig;‘ Rénge of concéntrétion a%prox. 5-3
Test No. -Errof.Magnitudé* .Io_ T_B**. Correlation Coefficien
1 - - 2% 81.5 0.942 | '0.99987
2 . % 77.7 0.917 0.99996
3 3% . 740 0.954 ' 0.99900 -
4 1% ©  72.0 0.908 0.99997
5 2% . - 72.0°.0.910 ~ °  0.99979
6 1% ' 78.0 0.918 '0.99990
7 1%  73.6-_6.940  0.99900
: 3% 84.0 0.950 = 0.99910
9 5% ' 74.0 0.958 10.99860
10 2% 79.0 0.947  0.99999
11 | " ;1% ' 75.5 1.010 "+ 0.99980
12 . 1% - 71.5 '0.905 | -0.99996
13 - 2% . 76.5 0.905 0.99996
14 C 2% 72,0 0.905  0.99999
15 . 3% - . 78.0 0.940 0.99999
l6 - :" % 76.0 0.832 0.99990 '
17 2% 74.0 0.986 - 0.99870
18 . 1% " 70.0 o.910 . 0.99991 -
1 | . 72.5 0.983 . . 0.99983

This Lndlcates the worst fitting point for a given test
serles of typically elght points. .

Choaen on the basis of the median value with best flt sec ‘
Table 1 as an example.



‘Table 4 - .
Infiltration Rates Obtained with
NBS Experimental Automated System

»

Air Changes

: o " par hour
“Run . . . Network 'Return
"No. .. fi Sampling . Sampling

1 | 1 0.45 - 0.46
P L * K . *k .
. 2 - . 014 - - -
3 .44 . 134

* . . *
5 .27 S .23
6 .27 27
7 «25 .25
. . o |
© 8. .26 - .26
.9 .21 .22
]* -

House circulating fan not operated;during these periods.
- Uninterpretable as an exponential decay process.
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Figure B-~3 Master Timer Control Center, main timing cam,
" switch column, sample selection valve, 3-gang cam switch,

relays and wiring.

Figure B-4 Slide Out Plexiglas Panel containing 30 ac

SFé storage bottle, low pressure regulator,gages, injection

-valve and hypodermic injection tube. ,
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Figure B-3 Master Timer Control. Center, main tlmlng cam,
switch column, sample selection valve, 3 -gang cam switch,
relays and wiring. . oo

Figure B- 4 Slide Out Plexiglas-Pane1~containing 30 .cc '
SF6 storage bottle, low pressure regulator,gages, 1n3ect10n
valve and hypodermic injection tube.
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Figure B~3 Master Timer Control Center, main timing cam,
.switch column, sample selection valve, 3-gang cam switch,
relays and wiring. |

Figure B-4 Slide Out Plexiglas Panel containing 30 acc

SFé storage bottle, lowApressure regulator, gages, injection

-valve and hypogermic injection tube. - : ,



