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A MDLTUOllE INPD.TRATIOIf !'I)NITOIlING SYSTEK

David ~. Wortman
Jay Burch

Ronald Judkoff
Solar Energy Research Institute

1617 Cole Boulevard
Golden, Colorado 80104

:he Solar Snergy Resear=h Institute (SERI)
has developed a multizone infiltration
~onitoring system (~IMS) using a single
tracer gas. ~~5 ~easures zonal infiltra
tion and exfiltration as '.ell as inter
zonal air movement rates. The system has
been used at the 4-zone test house at the
SERI interim field site, and this paper
presents preliminary results. The pr esenc
svstem can dete~ine zonal infiltration
r~tes, and the ~esul~s show si~ni£icanc
differences in inii!'t=acion rates ::Jr the
va r i ous zones.

1. IImlODUCTIOIf

An understanding of the basic thermo?hysi
cal orocesses in buildings is necessary
"efore one can nake accurate predictions
of energy loads and flows. ~any heat flow
mechanisms in buildings have been ade
quately described, and can be modeled
quite accurately with ~xisting algorithms.
However, several Jther such mechanisms
~xt=~~e~y :~portant to ~uildi~g ~nersY

~lows lre ~ei~her well understood nor ade
1uately descri'~d. ~ese :jclude heat
~ransfar l.lsins; natural air ::lovemenC,
ground coupling, and diff'.lse sky r'adia
ti~n. This ?aper dasc~ibes work done on a
svs tem to moni tor interzonal air movement
a~d infiltration rates Ln a multizoned
bud Ld Lng using 3. si:1g1e tracer gas and a
single Lnstrument to measure che cracer
gas concentrations.

2. PREVIOUS 1iORlC

:here are several ~ethods and var t a ct ons
thereof that directly and t nd Lrec tl.y C1ea
sure air infiltration rates Ln buildings.
r~ese techniques are generally classified
as ~lower door and tracer ~as C1ethods.

-:he '>lower Ioo r Clet''1od uses a fan, usua Ll y
"'1ounted in a tram.e that r ep Lac es an :xte
rior door, t~ pressurize ~r depressurize a

building. The air pressure differences
bet~een the inside and outside of the
~uilding and the corresponding air flow
rates through the fan are measured. The
air flow rates are determined by using fan
curves and r?m measurements (1) or a ca1i
orated -ioaz Le at the inlet co the :'an :::).
The indoor/outdoor ?ressure differences
and the air flow rates are compared, and a
neasure of the building's tightness, such
as the effective crack area, is calculated
by using a simple mathematical :nodel [see
~.g'l Shernan (3)}. These results can
then ~e used to ~alculace ~i~ infiltration
rates if t ndco r Zou t door pressure dif:ar
e.nces 3.ra i:!ither assumed at some nomfaal,
va 1ue (:!) or are de te ~ined frolll C1eas ured
'.eather data (3). Blower door t es cs are
relativelv simcle to ~erfo~, and data
deri ved from them can be used to predI c t
~hole building infiltration rates co about
15%-30% as a "unction of time and '..eather
condi tions (:2).

Tracer gas :nethods :'nvolT.le introducing ~

gas into the air in a building and neasur
ing its subsequent concentration over a
~eriod of ti~e. 7~o t=acer gas :echn~ques

are generally .is e d , :'he decay -nethod in
vo lves :he i:1it:'al i:.ljection of do zr ace r
gas and ~easuring its concentration over a
~eriod of :i:ne. Single tracer gas decays
~re useful ror single ~i~ed zones (~).

Using a ~ultiple :racer gas ~ystem ~as

also ~een ?roposed f~r ~lti=ane Juild
Lngs (5), but '1.0 results from these sys-'
:e~s ~ve ~een ?ublished ~J our ~nowledge.

T~ese systems require ~sing ~ separace
t r ac e r gas :"'leasuring tns e ruaene :or each
.sas.

rhe ccn.t t nuous ~nfil:ration Olonitori:tg
s ys t em, d eve Lo ped :It Lawrence Ber'<elev
:abo:ato:y, ~s another cracer gas O1eth
cd (':i). The equi pllle"t and so f c'.are used
Ln this technique continuously ~onicor the
tracer sas concentra~ion in a building
volume and constantly Lnject enough cracer
g3.S to keep :he c onc en t r a t Lon r e l a zi.veLy
level. "!'his .net hod nas :lic-ro?r~cessor

contr,lled hardware and can Je Jsed to
obtain single-zone '.:tfiltratian data over
~ r eLa ti 'le.:? Long ?eriod "jf t i ae .



~racer gas me t hods gene r ally us e either
ch r omat ogr a phs ( j) or i nfr a r ed spectral
ana l yze r s (e. g ., see St rong (6) J to cea
s ure gas conc ent r a t i ons . Typically, the
measuring instrument is i nstalled at the
buil<iing be i ng '"1onitor ed , and ~as samples
enter t he mac~i ne ~y pumps and tubing (6) .
'Ja r i a t ions i nclude using pla s t i c bags to
col l e c t sampl e s at remote sites f or l a t er
anal ysis with a ch r omat ogr a ph or spectral
analyzer (7 ) . Tracer gas techniques can
produce accuracies on t he order of
j : - 10% (4) .

o
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3. A SINGLE GAS MDLTIZONE SYSTEM

Pigure 1. Schematic of the Test Building
Shov1ng Zone lluabers
(O=outside)

a ci::te .

a the instantaneous conc en t r a tion
decay rate in ~one i

~ j • ~he t =a ce r gas concentr ~ tions ~n

zone j 1 .: :) - a

~n1ti a.!. co nc en t r a tion s J .;( 0 ) ar e a r bi
~ ': 3. rY J be i ng ~ e t ch Le f Ly J by :neasuramen t
r' .~ng ~ . Henc e, Eq . 1 con s e a zu ce s ·1 se: of
: our coup l ed : irst ord e r , ord i nary di £: e r 
ent i a l eQuations, ~hich ~re l inea r If Ci• j
i s ~ssumed co ns t anc .

toCr ia the air : l ow ea ee f r om cone
zone i , Cr i > 0

Our group at t he Solar ~nergy Research
Institute ( SERI ) is i nvo l ved in both Class
A instrumentation of ~ltizone residential
building and ~al idat ion of buildi~ energy
ana lys i s s t au Lat i.cn cod es ( 8 ) . Af ter
inves tiga ting e ~i s ti~ te c hni ques fo r ~ea

sur i ng infiltr a ti on ra t es, we di s cover ed
cha t t10 a f f ordable met hod ·.Jas avai labl e t o
?roviJe the detai l ed air novemen t i nfo rma
cion ae eded fo r t hese ca sks . Blower door
and s ing La t rac er gas :echniques gav e, a t
~e st , in f il tration :~te s Eor a s i ng l e
""lixad cone • ~ul e:'.. pLe tracer ~as tech
:lique s pr OVide enough de t a iled info rca
::'on , "ut r equire s e '1er al =-- -:laci...,ely
expens t "le ga s de te-= c ~ r s .. ·,·;e -iecided to
de 11f!l o p ~ sy s t em lJ1r:h :ro l tizone ini i l "Cr~

~~on ~nd ~ir exc~ange ~easurement ca pabil 
ities, 7e t Mt~h on l y a single infra r ed
s pe c t r a.l ana Lyz e r ,1S .3, gas c c nc en cr .at Lon
de t ec t ;)r .

".11e ~ul:izone inf i ltr a tion 'llea3Urement
svs t em ( ~r1S) '.Jas i ns t a l l ed Ln our test
~o us e at the SERI ~egt f acili t y i~ Golden ,
:0:0. 7he cest house i s ie s i g~ed to ?r~

·· i de expe r i.aencal da t a to r .3.11 domi nant;
ane r gy transfer ,e cha~is~ i n a ~ypi~al

~u t: con t r o l l.ed , uncc c up t e d residence. -::-"e
.ia ca ~,Ji ll ~'}e us ed i ni t i a l l y ~o va Lt da t a
public domain build i ng ane r gy anal ysis
cedes on bo ch the over al l sys te,u and t he
th e nal 'lec ha nism l evel ( 8 ) .

4. THEORR~CAL 3ASIS

l'~e s , v aLue s Eor each zone can he ::lea
sured ~s a :unction of t i me . I: enough of
:~e ge ~easurement:s ~~e ~de, air flow
r .sces C..... ~ can be ,j e cermi ned cs Lng , ' gr es 
s Lon :£ c ho.i que s . A : i 'fe zone situation
:eq'.1ires t hat; 25 C4-f t e rea be de f i !'le d .
ctowev e r , 'nth our ~'est building, ·.Je can
reduce this nu~ber. F1 ~3 t, ~e s ~a te

f'1 1
l- !

: :, is -:leans chat; a zo ne i oes no c exc ha nge
a i :" :..~ :~ :':sel: . Second , : : can ~e seen
i..:1 :ig . 1 chac cones 1 and 3 10 not ii
r ec t l.y co remuru.ca ce ...,ith eac h oche r . Thu s
ve s ee

A sc hemazi c of ~ :te cas t hous e ::'5 shown Ln
?ig . 1. ~nclud ing zon e ~umbers 0 t~rou~h 4
".it C! zone !) as che ?utsUe. I:1 3en enl,
if ':!1.e same zr acar ~as t s Lnt roduc ed in t o
ea c h zone <ex ce ez oucs iIe ) a nd allowe d to
i ecay, che ~:ls c antaneous decay race :or
each zone would be :

r 3 ;
l "

!~i3 lea ves 13 unde f Lned C:- ~ : ~ r":1S. 7:-te
?robl em ~lso can be ~ea$onab17 const r ained
i: one .r s suraes i :1.col'lpr es s i ble cond i.tLcns
an d co ns e r va t ion o f ~as s :','C ::: :-te a1 = i n
e ach zone ; i . ~ . ,

j =O
[ 1 ) C"+' 2- J
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Zach C....; :er.n generally is not a constant
,wer,f period of time. The parameter
estimation technique will give average
va Lues over a data sampling period. ~';e

chose hourly windows as our period since
this fulfills the input needs of our vali
dation work. ~e deter.nined that .e needed
at least five sampl~ ~oncentration mea
surements from each house zone, 20 in all,
:or a meaningful estimation of the 13 pa
rameters. (The sampling scheme is shown
i.n Fig. 4.) Samples for each zone are
taken app roxf.nate Ly 20 minutes apar t , and
samples from before the hour begins and
after it ends are used. Each sample point
in Fig. 4 is determined by taking se',eral
:neasure'1lents over a few nnutes and using
a r egr e s s Lon technique to Jeri'le a concerr
tration at the beginning of the pe~iod.

are subject to the constraints in Ec:s. 2,
3, and 4 and are estimated using a con
strained nonlinear parameter search tech
nique. This technique efficiently finds
parameter sets that define local ~nima of
t:~e sum of the residuals between the cal
culated and measured tracer gas concentra
tions.

\£ter sampling for one hour, ~he ~indow i.s
~o~ed one hour "-head in time. Each hour's
da ta can be used to e s t ima t e a cornp Lete
set or parameters C~.1' Thus, we can cal
culate each air floJ and infiltration rate
as an hourly averaged function of t i.me .
!!1e hourly averages for each flow ?at!1 can
~e correlated to measured weather data,
Eor ~xampla:

Figure 3. Flowchart of the Tracer Gas
Injection and Decay Monitoring

Gas
Jalv8S

Flowchart of MIMS £or Four Zones

Jata. in t~e :o~ of ~racer Jas ~on~entr~

::!.ons J a ra ava i La bl.e .It a series ,)f times J

sequenced t~rough the :our 30nes (see
Fig. 4). 7he par atae t er-s , C-4-':, in Eq. 1

" "

4,;e used an Ln f r a r ed ana l.yz e r to measurs
the t r ac er '5:aS, suLfur aexa f Luo r Lde (SF6),
conc en cea t Lon in ::!1e rang-e 0-250 ppm.
Lns t rument; accur-acy varies :rom about; 5%
::0 20%, depending on signal :nag-ni tude and
hew the $ignifican~ zero drif~ is ac
counted for. The analyzer air input was
controlled ,y ?osi:ive-closure solenoid
val.ves . "e installed a booster pump on
t!1e anaLyz ar a i r output to c ro perLy ba I-:
ance the 3.ir flow cates chrough the long
sampling lines.

5. DATA ANALYSIS TECIDfIQUE

The basic configuration of ~MS is shown
in Fig. 2. Basically, a minicomputer con
trols sampling/injection 'Telves end data
lines through a standard control and data
interface. The computer is a 250 Kbyte
MODCOMP CLASSIC minisystem, ·.oIith main
peripherals including a 50-~egabyte disk
for data storage, 9-track tape drive, and
line printer. SERI has developed software
to execute the basic injection/decay
monitoring pattern shown in Fig. 3. The
software allows parameters to be input as
desired to experimentally optimize the
system operation. The parameters typi
caley used imply that each zone is sampled
about eve~' 20 ~inutes, :xce?t ~hen gas is
injected. After each injection, data are
analvzed to determine the actual injection
:-ate-. This calculated rate is then used
to c ompu t e t he t:i:ne ~eeded to 'ceep t he
~~jec~ion valves 0~en co br1n~ t~e zone
~ancentr~tions all ~ack to :he desired
::laximum at the :"!ext injection, In these
exne r i.nen t s ,3.11 zones ~re l:li tialized at
J' = 225 nom and allowed to run several
h.6~~s (usuaiiy lO-~4 'iours ) un t i L any zone
:alls :'elo'.ol 25 ?PO (J~in). Gas La j e c t Lcn
then 0ccur3 in all ~our zones.

Figure 2.
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air flow rates. This involves initializ
ing tracer gas concentrations at systemat
ically different levels, thus ensuring
that large differences in concentration
exist between adjacent zones. (This
strategy involves only soft·.lare changes ; )
If chis approach is inadequace, the system
can easily be converted to a multigas sys
tem using multiple gas detectors in
series.

9. CONCLIJSIONS

Figure 4. Salaple!)au for One Hour. Four
Hours After All Zones Were Ini
tialized at About 225 ppa

;.There

2 constants
1 i a temperature of zone i

'1aw 2 east-..est component of
velocity

Vns north-south component
,.ind ve LocLty , 10. ACD"OWLEDGMENTS

XIHS has been used in a 4-zone residence.
Preliminary results indicate that zone-hy
zone infiltration rates can be derived
us Lng a single tracer gas, but Ln t e r aona l,
rates are generally not '.ell deter1lined.
Infiltration rates in the various zones
differ greatly, implying that zone-by-zone
validation of computer simulations is verI
~uestionable ·Mithout some input of the
infiltration characteristics of each zone.
:';ork f.s proceeding to oet ze r .ieter"'line
interzonal rates. :~is ,.ill open ehe door
:0 the study of natural convection from
high insolation zones, such as sunspace or
direct 3ain designs.

of the

the 'lind

9.08.5
Time (h)

8.0

)nce these ~orralations are developed,
:hey can be used to -:xt:-apolate to :imes
outside o f the experi:nental per Lod , )r to

Lnt e r-po Lata to fill in. gaps in t:he da ta .

7. S'l'ATUS OF RESULTS

We ran 'ITMS in the Class A test house dur
ing t!1e spring of L9S2. '.e operated the
svs t ara 30 that SF6 concentrations af t er a
5~S release ;.Tere about 225?pm in each
zorie . Ana l.vs t s of the data showed that
s eve r al of :~e hcurly air :low rates could
'Je cons i s t enz Lv jeter':Ilia~d T.olhen zhe re
~ression ,earch technique was started from
different ?oints Ln the 13-?arameter space
(see Fig. 5). In fact, t~ese results ~ere

deve Lcped by us Lng to.o stareing poLnt s on
tan sets of consecutive hourly data.
These :low rates ';ere, in general, asso
ciated "ith the 3reatest difference in SF6
concentrations ':etT.Jeen the zones. Si!lce
;';!J = 0, ::hese Lnc Lude the Lnfiltrati?n
rates :or each zone Co• i · It should ~e

-iot ed that these oaths are also the aos t
i.:npor::ant from a thermal ,0i:1t of 'lie,..
!;.,~ ocher flew rates could vary greatly,
depending on the sca r t Lng point tor the
regression search.

We are extremelY indebted to several i.ndi
'1 iduals ;tho :nade the developmentJI 'U:1S
possible. '<el'lin Har r "as pri:larily
responsible for ?rocuring materials and
designing the gas distribution systems.
Charles ~·1organ built ~DfS and designed
some of the electronic circuitry needed to
~ntertace ~tth the minicomputer. ~ark

:1cDade "as responsible for implementing

o
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- Consistently determined
'low rates

--.. Inconsistently determined
flow rates

,';e are developingm approach to increase
the experimeneal sensitivity to all the

Jlgure 5. Air Flow ltates That Can Be
Determined Usin~ Current ~r
imeutal and Analysis Schemes



the control algorithms on the minicom
puter. Robert O'Doherty developed the
multiparameter, nonlinear regression tech
nique.

This work was funded by the U.S. Depart
ment of Energy Systems ~esearch and Devel
opment Branch, Passive and Hybrid Solar
Heat Technologies.
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