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ABSTRACT

This paper describes the deveìopment and applicatjon of a multipletracer gas decay technìque for the measurement of the ventjlatjon ralesin, and the air movements between, four ìnterconnected cells. The
measurement equipment used js a refinement of the ex'isting UMIST paraì1e'lseparation gas chromatograph. By the úse of paralìeì
electron ca l.t ìs possible to meaiure the concentrationsof four tr ur cells, within sufficienily short a timeinterval fo calculation procedure, based ãn the prevìous
pnocedures used for two and three cells, to be used successfuliy: thjsprocedure js summarised jn thjs paper. A typìcaì set of results ispresented, in order to demonstrate a sjtuat'ion in which the technìquecould be.appìÌed to compìex air ements within the bu'ilding enveìoie.
Inq p_ossìble extension of the t nique to five or more cells js also
brì ef 'ly di scussed.

II{TRODUCTION

It has been appreciated for many years that ajr infiltratjon lossescan account for 30-40% of domest'ic energy consumpti on , gi ven j¡. rve'l I -insululg9,,, dweì'lÍngs. Several authori, for exampie" Dick(1) 
-and

Kronvall\¿) have undertaken research in the field oî ventilation andjnfiltration measurement, and have made determinations of the sizeof ene Ever .increasÌng
standa I st undoubtedl!
resul t ew di f f icul t.ieiwhich of condensation
Probì e ¡s and fabri c,
have b derable concernabout qual i ty wj thj ndwellìngs, since reduied air infiltration inhibits the removal of

Since both of these probìem areas
ispersal of po'lìutants, it is clear
ails the measurement of air movements

Venti I ation and aj r in progressf9. seven years. I evolved 
-from

!fç s'impìe, sifglê ¿s used byI'Anson et al (3) t ph developeäby Irwj n and Edward nt equi pmänt
has led to an increase in the
çan- be anatysed, which in' nä.:åi3l;ì
ìmpìementatÍon of a new, si¡¡'lified jnterzonaì air movement . ratecalculation procedure, for two (4) and three interconnected celìs (5). -

A three cel I capabì 1 i ty i s not adequate for al I cases. In manycircumstances, a . four (or perhaps even fjve) cel I capabil.ity woulã
b_._ ligllv desirable. The exist'ing equipmenú is bareiy capáote offul fi I ì i ng such demands. Thi s paþer 'deicrj bes the coñstruct.ion ofa new pìece of air movement measurement equìpment, and summarjses the
mathematjcal.procedure necessany to anaìyse the data produced for the
case of fourinterc.onnected cel I s.
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EXPERII,IEI{TAL

a ) Equipment

In order to be able to make "real time" air movement measurements,the equipment used must be able to separate out the requiìite number0f tracer gas peaks within a sufficienlly short tjme jnterval, whilst
olution and separation, pôrticuìarìy

These two' criteria are in direci
hromatographic terms. However, the
can, for the case of three tracer

lmising..of equìpment performance. Using
hloro-difluoromethane, (BCF) a sampì.in!interval of 45 seconds can be easiìy obtainÀd, with no loss of resolutjonat lower concentratÍons. When the para'l ìeí column eqùìpment js usedfor four tracen _gases, however, probiems are encountered. The maxjmumsamp'ling intenval desirable is 1 minute .in order to achieve thischromatographì c .column operatì ng condi tions have to Oe 

-ããjuste¿ 
tosuch an extent that -trac'e! _g_as peak resol ution i s lost .ornpleteìy atconcentrations below 5% of ful-1 scãle reading. Such a l'imitaiiãn rendersth9 equipment ineffective in situatjons wh-ere interzonal air movementrates are small in m.agn'itude. It is therefore apparent that the paralìel

col umn equi pment 
_ _i s- of very I im'ited use for the case of fourinterconnected cel I s or more, and that a substantial enhancement jn

measurement technique performance is required: furthermore, it js
essential that thjs. enhanced perfornance Ís'obtained without sacrificingequipment portability, which is the princìpal advantage of tñ. existìni
measuremement techni que.

J!9, nroO,l lm _Ls_ ov_ercome by the rebui'ldi ng ents(AI ) model 505 .ele.ctron èapture portabìe" h jch'is the same basic instrumeni as used for t tus.However, in this particular case the is
llgn i f icantly greater. The manua l proto .in
Figure 1. The Gc now has two electron capture detectorffitted, whichusly and independent'ly. To each

nected two GC separation col umns,
_olumn equipment. Five 4-part t,Jhìtey
low through the system. Later work

showed that, instead of using aa pump was used to pressurìse the
gqual 'i sati on throughout the system
formances of the GC columns became
uence, the pump supp'l ied i n the AI
es Austin Dymax 2 pump is used atthe front end of the system.

The use of two EC-Ds in parallel has meant that the existing modulatedp:,*1.::!f]I/g|pìifier board and socket on rhe Ar 505 has beän reptacedDy a.specialìy made twin channel board. This new board fits in thesame board connector socket as the originaì. Chanfe; i;-the-connector
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Time (seconds)

0 30' 60 90 r20 150 180 210

Inject *Monitor *Monitor Inject *Moni tor *Moni tor

* Inject +Moni tor +Moni tor Inject +Monitor

Inject TMonitor +Monitor Inject +Monitor +Monitor

+ + Inject +Monitor +Monitor Inject

Col umn

1

2

I

2

tcD

a

b

(,

* Li ve col umn to a

+ Li ve col umn to b

Table 1: Sampìe injection/monitoring sequence



socket contacts have been
zero i ng potenti ometer, and
mounted 'in an instrument
the originaì unit.

that each ECD has an ìndependent
The whole piece of apparatus is
is not significantìy ìarger than

made such
ammete r.

box whi ch

The Gc coJumns used are 3 rnetres long and 6 mm diameter. The packingis. \0% squa'lane on a ceol ite non-aðid washed support. In order tõ
match col umn responses as cl ose'ly as poss'ibì e the same procedure for
column preparation and operation was used as per reference (4), that
1S:

j) Columns to be purchased from the same manufacturer, and to be
packed duri ng the saae productìon run from the same batch of
pack'ing materiaì;

ii ) All columns to be baked simultaneous'ly jn para'lleì in an overat 100'c f9. rz hours prior to fìrst use, with the purg'ing gas
(argon) to be drawn from the same cyljnder;

'ijj) when not ìn use, all columns to be kept under a blanket of argon,
(connected jn parallel ) w'ith the purging gas to be drawn from
the same cylinder.

When Lq operation, the GC col umns are immersed j n a thermostatica'l ìy
control led water bath and stirrer unit at 40'C. This el iminates ECbsight basel ine drift problems, and also mjnim'ised differences jn response
between columns. Calibration tests showed that the maximum d'ifferencein response .between the two ECDs for the same air/tracer gas
concentratjon (40% of full scale) was not greater than 0.5%.

Several tracer gases lvere assessed for use in four cell measurements.The final' choice was made as fol lows: Freon 1381, Freon Lz,
Perfluorocarbon pp1, and Freon 114. The gases are injeðted remote'lyinto the relevant test cell and mixed with oscilating desk fans foia suitable lengti of time, typically 5 minutes. Gas air sampìes are
drawn into the Gc by means of multìpóint sampling manifolds. A typicaì
pipe ìayout js shown jn Figure 2.

Th. samplilS 1nd_mon_itoring sequence for the para'lleì detector apparatusis shown in Table 1. As can be r een, use of this apparatus enables
one ai r/tracer gas sampl e to be ì njected every 30 seconds . Whereasthe use of effect.iveìy doubìei the sampììng interval
by making tion time" associated with d¡¡e iassage ofa samp'l_e t the use of paraì leì detectors dòubl ei the
available t output can bè monitored for a given sampìe,
before the o be switched on. This extra "time reduces
the. urgen_cy for rapid tracer gas peak thnoughput, and hence .improves
peak resolution at'lower concentrations
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b) Mathemat'ical anaìysìs

The equations descrìbing the variations in concentration with three
of foui tracer gases in iour interconnected cells are extremeìy complex
and are consequentìy very djfficult to manipulate jn order to giye
ajr movement rate values. The most complex terms involved in the
equatìons are those descrìbing the recirculation of tracer gases. It
can be shown (6) that the cóntribut'ion of recirculation to measured
tracer gas concentrations is negligibìe for test 'lengths of less than
20 minules. Therefore, provìd'ing that the measurement techn'ique used
is capable of co1ìectìng sufficient data with'in 20 minutes, the tracer
gas equat'ions can be simp'lified to take into account direct connection
terms 

'on1y. 
Consider the system of foulinterconnected cells shown

jn Figure 3. For the case of cel I 1, assum'ing perfect mixìng, anq
that t¡re ainspace surroundìng the cel ls under consideration is of
infinite volume:

Gas A:

Cnr(t) = C0A1(t - Rnl) + FZI.CORZ (e-n'2t - e-n'lt)

I nL' n2

+ F31 COR: (en'3t - e-n'1t)

Vt(nt - n¡)

+ F41 Coa4 . (en'4t - e-n'lt)

V1 (nl - n4 )

(1)

(2)

Gas B:

Cgt(t) = C0g1(1 - Anl) + F21 COSZ.(e-n'2t - s-n'1t1

1 n,1- D 2

+ F3l.COg¡ (e-n'3t - e-n'1t)

Vt.(n'l - n '3)

+ F4l.cogq (e-n'4t - en'lt)

p
-: (-
:)U
íì ';

.- / \v
C):/) o') Qr),J rJ2.:..4

':) '-
.n']

,J :-

lJ-<

,- cJ
5

I n l-n 4)



Y

i

!

i
¡
l
I

iÌ
¡
I
I
i
t
I

t

;

Gas C

ccr(t)

Gas D

co(t)

coct ( t (e-n'2t

2)

e-n'1t)An1) + tZt COCZ

I n 1 n

+

+

F¡t coc: (e-n' 3t e-n'1t)

V1(n'l - n'3)

Fqr coc+ . e-n'rt)

(3)

z at t = 0;

cel I z (m3lhr);

1 over the test period

(e-n'4t

V1 (n'l n'4 )

coor ( t

+

V1 (n'l
+ F+tcooq

An1) + IZ¡.COOZ. (e-n'2t - e-n'1t)

V1 (n'1- n

F¡1COO¡ (e-n'3t - e-n'lt)

2

(4)

n

V1 (n'l

?

4

(e-n'4t - .-n'1t¡

n

first order ventjlatíon rate estimates from site data;
these are obtained by making a least squares fit to
the first six data points of the decay curves of the
tracer gases orìgìnaì 1y injected into each cel I . (ie
gas A in cel I 1, gas B in cel I 2, gas C in cel I 3,
gas D in ce'|1 4)

where n1-4

coYz =

Fxz =

v1 =

cyt(t) =

initial concentration of gas y in cell

volume flow rate of air from cell x

volume of cell I (m3)

mean concentration of gas y in ceì1

At;

to

t=t
fc(r)t=0
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10 site data poìnts is the optimum number; less than
increases errors due to uncertainty in values of Cyt(t),
than this number increases errors due to recirculation.

thi s number
whilst more

(1 - Ant) is a Maclaurin series expansion

whereA=-t+nl't2 - n1't3 + n1't4-n1't5 (6)

2! 3! 4! 5!

Similar sets of equations exjst for cells 2, 3 and 4. For the case
of cell 1,'initial estjmates of airflows are fed into equations (1)
to (4) and a computerised version of the Gauss-Sejdel iteratjon process
is used to yie'ld more accurate values of n1 to ñ4 and the relevant
ai rfl ows . The process 'i s repeated for al I four cel I s untj I the
calculated values of airflows and ventjlation rates converge: general ly
this happens withìn 10 iterat'ion steps. For a much more deta'iled
derivation of this method of analysis, study of reference (7) is
recommended.

RESULTS AIID DISCUSSION

The test cel I arrangement used is shown jn Fìgure 4. The kitchen,
dìning room, and ììving room/lobby of a four bedroom house have been
taken as cells, whilst the whole upstaìrs has been taken as one cell.
The tracer gases used are as follows: dìning room, Freon 12; k'itchen,
Freon 1381; 'l'ivìng room/lobby, PPl; upstaìrs, Freon 114. The
concentration/time data obtained for a typicaì test is presented in
figures 5 - 8, and the calculated values of ventilation rates and
airflows are summarised in Table 2 and in diagrammatic format in Figure
9. Airflows of 10 m3/hr or less represent the lìmit of resolution
of the technique. Worthy of note are the high flows between'lounge
and upstairs. The upwards flow is caused by convection, the downward
flow by an open window in the lounge. The flow rates between kitchen
and dining room are high, despite the door beìng closed. This ìs due
to the presence of a serving hatch.

The mathematical analysis used has been validated for two (8) and three
( 9 ) i nterconnected cãl I s usi ng envi ronmental chambers wi th control I ed
'i ndependentìy measurabl e ai r supply and extract rates. The errors
in calculated air flow rates are shown to be appnoximately t87ú

for two cel I measurements and t20% for three cel I measurements.
It should be noted that the test condit'ions in the latter case were
made artificial'ly severe, in order to see if the mathematical anaìysis
woul d f ai l . A more l'i ke'ly order of magni tude of error for real i sti c
test
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conditions would be between r0l" and zor". At the present time, theauthors do not have access to a suitable 4-cell controlled environment
system, and so vaJidation of the technique is not possibìe. However,
ll is expected that the errorin calculäted airflow rates will be oithe.order of tI5%.

The new technique is currently being used to study air movements in
dwe'l lings, with particular regard ú air movemenl between upstairs
and downstairs. There are a substantial number of tracer gases aväilablewhich are suitable for use with electron capture ¿eteciðri- (see, forexample, reference ( l0). l,lith careful adjustment of 'operãting
conditions, it js fe'lt that the new technique- could cope wi'th fivã0r mor.e gases - c'learìy wel I beyond what ís necessary for studies ofdomestic properties, but of greJt interest in the meäsurement of ajr
movements 'in I arge spaces.

coilcLUsI0t{s

This paper describes the construction and use of a new multipìe tracer
9a! system for the determination of airflows between four intärconnectedcells. It should be str"essed that the pìece of equìpment used represents
a.manually_operated prototype, and thät the next 'stage of ¿eväloprenl
wi I I 'i nvol ve system auiómati on. The mathemati cãl treatment ofconcentrat'ion/time data used should give values of intercell air movementrates to within t15%.
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x

t{x (ach)
1

4

Nett airflow tol
from outside (m3/hr)

83
?
633 40

3
3

4
1. 63

Flx (mt/trr)

F2x (mtlhr)

F3¡ (m3lhr)

F+x (mtlhr)

+40

6s

15

+45

70

80

x

X

-5 -80

20 30

100 40

150x

10 10 r20 X

Tabìe 2: Ventilation and ai rflow rates
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