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Summary Large,

multicelled and naturally vesitilated buildings pose many intherent
problems for the measurement of overall infiltration rates using tracet gases.
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Considering a sing e tracer gas decay technique, the most obvious problems are:

(a) local variations In infiltration, {b) imperfect internal mixing of the air, and

(c) practical difficulties in distributing (i.e. seeding) the tracer gas and subsequently
obtaining air*samples.“This paper proposes a relatively simple technique which
avoids these problems’and which, if successful, makes a breakthrough in the

and complex buildings. By considering a
e sufficient.to sced part of a building with a
single tracer gas in arder to measure the overall infiltration rate to a good

measurement of Infiltration rates in lar
multicell model, it is shown that it can

approximation:

Strategy for m-easurfhg

p 60

infiltration rates in large,

miulticelled and naturally ventilated buildings using a

single tracer gas .
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B1, Bz, B3 variable superimposed flows, normalised by the 2 Theory ot af i ‘

total infiltration Qr . :
A eigenvalues of the matrix [V]~'[Q]

1 Intoduction.

Klthough most buildings, 'whetHer comrercial, public or |

domestic, rely on natural ventilation, its predictiot is one of

. the most difficult aspects of building design. In recent

years, research into, airt infiltfation, and veptilation has
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g tracer gas

List of symbols
X elements of square matrix [A] _
LAl ‘_ﬁ?_uare matriz containing constant coefficients
, Clt) fracer concentration (by volume) at time t
-Clt) inie’derivative of concentration
(C} [ colurn ‘vector whose elements are the tracer
. ¢oricentrations in each cell
- IC) .‘Eq_lu‘r'nn vector whose elements dre the time
3 : Esfivﬁi;ives of the tracer concentrations in each
af 'n-. . "y . ‘
my, my  intercell aitflows normalised by volume of zone
of origin -
Qr . “total infiltration flow into whole building
Qy . volume flow rate from cell i (=0, 1, 2, ..) to.cell
ji=¢ 0, 1, 2, ..) where the zeroth cell refers to the ¢
“outside ‘
Ql square matrix whose elements are the intercell
. airflows Qjj €
R ‘whole building’ ‘infiltration rate
ry, rs exfiltration rates of the individual cells
Vi volume of cell i '
(V] . square matrix tontaining volumes of cells
[VI~!  inverse of matrix [V]

cost and complexity of carrying out multiple tracer
experiments can be prohibitive and in many instances it
would be beneficial to obtain léss comprehensive, but
nevertheless useful information using only a single tracer
gas..

Large, multicelled and. naturally _ventilated : buildings
posé many inherext problems for the measurement of over-
all infiltration rates using a single tracer gas. Considering a
single. tracer gas decay technique, ‘the most obvious
prqblemq‘-'are: e My " ,

. (a)local vatiations ininfiltration, = .

(b) impetfect internal mixing of the air, and .
(c) practical difficulties in distributing {ie. seeding) the
_tracer gas and. subsequently obtaining air samples.

" This paper proposes a re!ql;iye_ly;,simple technique which
avoids these problems. It is illustrated by analysing a two-

coll model and. then by caryying olit a case study of a five-

\»zone representation of a teal building. The results suggest

~that it Is sufficient"to seled pars.of a bitilding with'a single

in order to meastre:the whole building infiltra-
tion rate to a good approXimatiort. :

Ima well-mixed single cell building, the single eigenvalue
" -solution to the tracer decagﬁequatian {(Equatitn 3 given
~‘below), represents the aif

ange rate of that building.
What is important 4ti this paper is, however, whether the
sigenvalue splitionts obtaifd by considering a multicelled
buililng can in any way bedised'ds a measure of the air

- i¢hange rate of the whole building.

increaged, but-mainly with respect to dwellihgs rather than 7~ I a tracer -gés.' at attinitial conc'entxa;_itm level of {C(O)],

. more complex buildings like offices. Problems of scale and

“is allowed to decay in a muiticelled building, then its

lack of appropridte techhiques have detgtted ifrvestigations$ - . igub¥équent-behaviour at any later time, ¢, is governed' by
"+ the system of ordinary differential equations

.+ of these bigger, multicelled bulldings. . . . ¥
. A" previous .report) "described - possible * méastrement

L

. laid down the theoretical basis uinderlying the techniques.

e

.. Subgequently, interzotial dirflows in two large buiidings,
(i ﬁva;e;'meggpred*-? usiitg muléiple trader gages. Howeyer, the

'f'_' ji"iié',ig;gthdik.{.a‘té-' with sthe Buildifig ‘Resetrch ,E'i'ts.b[.isflmeht,
j ,.Garstdn.'Watfdrﬁ_Har_as_._ ' R )

i

7 January 1985, and in'fevised

o :!‘h_e'que: was tlrst received on
Ytormm on 16 March, 19886.
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Ac =t ion e b
' whike (V] 8 the célfvolutte mateis and; (Q)] describes the

: Ifitercell airflows.

It.can be plfoirén‘ that there is a unique solution:
[C(t)} = exp (Iv]~'(QIE) ILloN ’
satisfying Equation (1).

[2)

(Y
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It can be further shown*that if the matrix {V]*1[Q] has
. distinct eigenvalues ), then the solution reduces to;

(Cl=[Al ] (3)

where [A] is dependent on [C(O)] but is independent of time
t. It can therefore be seen that each, element of {Clt) is a
linear combination of exponentxal functions "with no
polynomial contributions.

In this Section, a two-cell model is considered in order to
obtain a feel for the problem. Following this, the study is
extended to an N-cell model where the N elgenvalues are
numerlcally computed

2.1 Two cell model b § 5

Let V, and Vz be the volumes of two mterconnected cells, 1
and 2 and let Qj;.be the airflow from cell i (= 0, 1, 2) to cell
j (=0, 1, 2) where the outside air is considered as cell 0. The
two e1genvalues are then glven (Append1x) by,

foa VQuz ) 4 n\:ﬂsz + mV, ) 4
! 2 "l ()
msz

P . " - Wi
Qm Qoz) m;Vj 4 }-2 T
piLhL N LB, 1 G ]
\/[ ‘. Vl .Vz ' Vi Va iy ;

whereml——Q,,/V, forj=1,2. N R ';

._.2)\ =

Taking - the negative square root term" thd mlmmum
eigenvalue is obtained. The ‘square root term in the *
resulting equation consists of an infiltration term,

X = (Qo1/V1) — (Qo2/ V)

' N TN e T Twr l
and mixing terms. It the infiltration rates in each cell are
approximately similar-to-each other, or if the-mixing-terms
are large in comparison with X, then the square root term
can be expanded as a Maclaurin series in X for,small X.

Therefore by expressing Equation {4)in terms. of a
polynomial in X for small X, and then by, x. . .. )

(a) collécting like terrfis; and
(b} replacing my by conmdenng the axrflows mto,,Oell 1,

Equation (4) can be- 31mp11f1ed to,

m1Q01 ( Qio — Qor +lm1V_1 Qﬁér _ (5)
Vi " ._v:.', i
— Amin = —+0(X? + ...
m1V1 Q10 — Qo1 + le %
V42 " v Vi o® s, 1
L S I EIPEER. T o wm :
If the followmg hold“true, ALV R R TR b STRERRT

(a) there is enhanced mixing between cells ie.m large or,
(b) 1nletrat10n balances exflltrat;on m each cell,.

the Equatmn (5) can be further reduced to:

lQ(n“l' Qoz)/lvl + Visles B8s st J0C0 (6)
=R

- )\mm

where R is the total infiltration rate. i . i vl

It mlght be concluded! that the conditions, required for
the dominant eigenvalue Ami, to tend towards the
infiltratiomrate .’ axe, rather restrictive. It is suggested,
howeyer, that: the 4woseell. model isyan extreme. simplifica-

ution of a multieelledbuilding,.and thatin.a.real building
two factory help towards corxespondence- bet.wegn )\m.n and

;. Ry namegly .- 52 Fouty B gy

i (a)“t‘hevmﬂuence of any one cell is x‘eduéedfmnce bhere are
manyégligtand LIS LA T B
Vol. 6 No. 21985 v~ 3 SRR PR

(b} there may be a combination of internal mixing, equal
local infiltration rates and locally balanced 1nf1Itrat10n and
exfiltration.: " .

3 Case study

The eigenvalues for an N-cell model can, in theory, be
obtained by solving an Nth degree polynomial. An analyti-
cal solution for a two-cell model is easy to obtain but as the

degree of the polynomial increases. to three or four, such a

solution becomes more difficult. No general solution exists
for fifth and higher degree polynomials, Recourse then has
to be-made to numerical computation;- ’

Equation 3 for an N-cell model can be:_gew;xttep_g‘s,

N

g g!(rt) = E au exp()\Jt) , n... i 3 (9)

=,

. [ul 4 "='~,l_:1: }

‘A corpputer prog'ram was wr‘ttten to ev#lu’ate the coeffi-
“ients ajj and the éigenvalues N, Th;s' has been vahd‘ated by
comparlson with full scale dataz 8

AR DETE 70y s b 1 ;r-.;::_'-srrl 0y sy

3! I‘ﬂffodelémg ?he M?dtrlg 1

For 'the cas stud]y a five zone model repré bntall:loh of a
"full-séale b Jldmg 15 cons:dered The ‘buildi; 1s a three-
storey “low’ 'energy'  office bléck® ~ which” “tightly
copstructed in ordeér to redlice mflltr‘atléfn heat' los’ses It is
recﬁangular in plan’(60 m’ X 12'm), tHrée' storeys high {floor
“to ce1lmg he:ght of each 'floor ig 2. 6'm) and has. lﬁé major
axis aligned east-west: The udable volume of thlS buﬂdmg
is taken to be 5286 m?®.

S LY O Tt 4G fase i

This building can notionglly be divided by its two

stairwells into a centre section and an east and west wing.

The west staircase provides access from the main«gntrance
in the ground floor level to-all other floors. On each floor
and in-each wing, offices are located. along either side- (north
and south) of a central corridor. .

N

Forr the; purpose: of[ tracer; gas; seeding, and followmg
edrh‘er {as yet unreported) experimental work, ‘the building
was taken to consist of the five zones shown i in Table 1.

F

Table 1 Detalls of bmldmg

Descrlpnon . Vol Vol.

Zone )
No. UL M X e | (m3) ratio
. . Rooms in central section of 4674 0.109
o 2nd floor LT g
i l2. Corridor in central se;ctxon of 86" 0.016
- 2nd flood ’
418 '+ Ceiling woid above Zone 2/ i 29 0.005
' Wést stairwell . 170  0.033

4,427 0.837

s Re,rhafn‘aer of the building

Thervolume ratios were calculated by dwadlng_the zone
volumga& with the, total usable yelume of the building. A
zone in the present context may be a single cell within
iwhich mixing is assumed- pgriectior a collection of such cells
which can be taken to“act as one aggregate Eel.l

feal!
3:2aModelling. the.airflows, “13:,. + <, o
During: the heating season, the bl.uldmg is: méf:hamcal.ly,
ventilated, Wsing multiple tracer gases, interzone airflows
have been measured® with the ventﬂatwn system in
operation. LT Ry PR ol S

The mechanical ventilatiéﬁ’éystem is switchedf(:)ff during
the summer-months. In this ‘mode, and with all external
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Fig."1. Airflows (m®/hk)in building—(building drawn not to
scale).

made to determine the interzonal airflows and infiltration
rates. Reﬁults obtained from these measurements were
used (Fig. 1) Lo prewde representative’ flow rates for use in
this computer study. . .

When measurements to determme mflltratlon rates are
carried out, it is probable that certain zones may be over- or.
under- »:gntﬂ.ated with respect, to the rest of the building. To
assess. t hese, as well as to determme the effect of ‘using
‘mixing, fana to emlance dispersion bf tracer gas ‘within the
= building, vanous _airflows (denoted by B)  were
. superimposed on the airflow pattern in Fig)l. “They were
: c:ahf:gured so a8 ‘to mamtam “the voluthe-flow" balance .
_'w1thm the, model Tt;e cases, shown in_ able 2 were

considered:’ "
) Talfle 2 8 values
BHTA "Value R represent effect of:
B - 10,0, 0.2, 0 4 overaventllated’izone ‘
B2 0.0,0.1'""" " stagriant or ‘dead”spce

“fs i I-”,.;.,Q_o' 0.2,:0'4 "

“ enhartted interiral mi%ing-
iil‘.:‘ i AN 3 ] LBt L

Table 3. Detaﬂs of computer runs used in case study.
et \"ll & T Lol “ b

- e g
RO

Superimposed
i flows
Run |31 | B2 | Bs Judt | Mejlods | de, [ M

1 (000000 ]|3L6[15.2]3.37/0.840| 0,0/Standard
0.0 [ 0.0 }'0:2 [5%0]19.2| 3:80[0.859} 0.0|Enhanced

Eigenvalues

Comment

[ - |mixing
3100|0004 [72823.0(406/0.870| 0.0|Erhanced
iz|,, [mixing’

, |41.3]12.2 3.28{0.839(10.7|Void usage

5 | 0.2 0.0 |00 }275}15.8|2.750756|-0.0|Stairwell

over-

! e 3 o LT 7 ventilated
6 | 0400 ['60]258]14.2] 2:0910.613 0.0/Stairwell

Y JRR 1 PP i N Ee . lover-.

4 [00]01]00

doors‘and windows closed, preliminary meastrements were -

% .+ _ Jivitventilated

Notes'
(1) By, Ba, B3 are suparimposed flaws, -and. represent the
follcwu-;g it Bal g Vo

Bi . ... wffect of stairwell over vent:latmn P oAl
- By ©. . effect of ‘void’ usage coteragn el e o
Bs ... effect of ‘enhanced’ mixing Wi e

(2} N4 is the dominant gigenvalue.
(8) Whole building mflltra‘tlon rate, R, is 1

84

4 -Results and Discussion,

Table 3 contains details and results obtained from some of
the computer ‘runs’ which support the discussion that
follows. In all of these, only Zone 1 (i.e. rooms) was seeded
with a tracer. In all cases, airflows (Fig. 1) were normalised

. by the'total fresh alr flow into the bulldmg, Qr, and volume

ratios were' used
Rl =

4.1 Eigenvalues

Hernandez and Ring® have pointed out that, if there is no
connection between cells, then each of the eigenvalues
obtained in a multicell solution could, in theory, be
identified with one of the cells. This was seen earlier in the
two-cell model and it occurs because, with zero intercell
m1x1ng, tracer gases will decay at a distinct rate,
independent of the other cells. This- ‘association’ of each
eigenvalue with a cell is not strlctly possible when the ¢ells
are well-connected o

However, usmg results frorn Run 4 (Table 3), the
eigenvalues (relevant ‘to those flow conditions) can be
tentativelyiidentified with a particular zone. This was done
by seeding one zone, i, at a time and noting, the \j associated
with the dominant coefficient ajz

The eigenvalues were then compared with both the ‘fresh
air’ infiltration rate and the ‘total’ air change rate into
these zones. The total air change rate is evaluated by
summing all the airflows, including the fresh air, flowing

. .into that zone. Results are as shown in Table 4.

v e e

Table 4. Results

Infiltration

Zone Eigenvalue Air change

' Pt ' rate 7 - rate

j 1-rooms © 3.28 v 4.98-»1’ 3 13
‘2corrfdor: (4153 U 'SL9 Tr- b Qv
3-=roof void: 12.2 - 20.4. , 0.
4—stairwell * 19.7) .19.8, * 0 n
5—rest of 0.839 L ¥ 1 TS 0.787
" Dbuilding S !

il L M [}

This example shows ,that. the elgenvalues do not
necessanly equate either to the fresh air infiltration or to
the total ‘air: change rate of a zone.

FE

4.2 Effect ofpartially seeding a building
Fig. 2 shows concentration proflles in Zone 1 for the
seeding patterns shown in Table > AL YU { TR

e L S '_. ; 53 P T

" Table 5 Concentratlon proflles

M (] Sy

Pattern of seeding Percentage volume seeded

Zone 1 11
Zones 1,2 & 4 o 16_.
All five zopes " iy ot

AN e 1

F1g 3" shows the ‘'same ' profilés® plotted-%" ofisia semi-

;‘Iogarithhuc’ ‘{bhse'10) ‘scale and)’ covering a rdnge: frém 100
- parts’ per ‘million (ppm) “to1 fpakt: ‘Ber billion (ppb),for an

initial corcéntration level of 100 ‘ppm’ The upper’ range
(100-1 ppm) can, with a suitable tracer, be tezgured using

. sonventionalinfrared, gas analysers%? and fthe Jewer range

(100-1 ppb) measured using gas chromatpglgaphy,

327
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.. Fig, 3 shows that there are two djgtinct regions of decay. §
- The jnitial part, called the ‘transition’ perigdf, is made up

from_contributions from all the eigenvalues.. A tracer gas .
‘decay. experiment will therefore show.a continuously

. varying rate (as. measured on'a semilog plot) during this

period. The consequence of this.ohservation is that:
measurements carried out during the transition period do:

. -not necessarily refléctierther the air change or infiltration
et t

» i ig established. Thisiperiod is almast entirely controlled by -

the smallest eigenvalue and the decay: rate. measured *

during this time is thep gqual to this domipant eigenvalue. -
M As more' Zories are seeded, thé tratisition period gets
i ghorter (Fig!3) as the initial distribtfion is ‘made & better

. approximation to the first ‘eigenvector. The” dbminant

""perlodis then-established earlier and the amount of tracer™

4

“.rate of that'zone or.of the buflding. = Vv =i

-~ Vol.6 No. 21985
Pt " A

e 21 0b Ui S MY Lok - & aeal A O i e
¥ '{in -inbggestmg poinf, concerning the transition period
+ arises when a seeding and decay. experiment, is carried out.

e e ! J ] L 1
o] 1 -2 3 4 ¥ 5 6 - 7 8 <) 10 e s e —r i}
Time (hours)
Fig.-2. Concentration profiles in Zone 1 for varying amount of ‘seeded’ volume. _ .
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lost from that zone is reduced. The imp]ic?a'ﬁigri'bf'this to

practical measurements is twofold:

(a) the final doinant decay réte is independent of both

the amount of traceér reléased oF the'locations of its release
v ;b):'thé dominant decay rate can be obtained sooner and at a

higher concentration level, for ease of measurement, by

seeding as large a volume as possible. s

v, v Mo

whaiar

o LV LS ST £ L AL e

Lo by, et el

4.3 Efféct of enhancing interzope mizing. ' . .,

in a single zone. From Section 4.1, i is noted, that the initial .. Theory states, and computer simulations show, that the

decay rate will closely approximate the eigenvalue ‘asso-
ciated’ with that zone.

With increasing time, however, a ‘dominant’ decay mode

3 s

ealE e waibiine o)

tracer gas concer“x‘t,rations or

i

eigenvalues are: . B4
(a) independent of the initial
distributions, but are """ :
(b) dependent on the interzone-aitflows.” = <™
- 135y £ Ty T e 4 Ty, g8
Interzone .airflows can be emhanced-by various means,
e.g: by opening internal doors or-using mixing| fans. The
gffect of such enhanced mixing, within the building were
considered by carrying out computer simulations where an
‘added ‘mixing" flow 83 (Fig. 1) was superimposéd on the
measured airflows. "7 U

B et b L8
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LOG,q [Concentration (ppm)}

Time (hours)

FANIENCIT R S G k)

The effect of enhancing the internal mixing is seen by
consxdermg Runs 1, 2 and 3 (Table 3). As the mixing
increases, three out of the four relevant eigenvalues
increase twofold in value. The smallest, and the dominant,
eigenvalue however increases only by about 4 per-cent.
Other simulations carried out show that as the internal
mixing increases above practical levels, all eigenvalues
except the dominant become infinite.

The dominant eigenvalue, however, is seen to increase
slowly towards the building infiltration rate of one air
change per hour (using normalised airflows and volumes) as
the mixing increases. It can be seen that, without any
additional mixing, this eigenvalue was about 15 per cent
away from the final value.

There is a physrcal reason why all eigenvalues other than

dominant) must represent the air movement between the
building and the outside which has been set up by the
external pressure field. If the mixing is balanced, i.e. there

disturbance upon the bulldlng envelope. The dominant
elgenvalue therefore remains relatlvely unaffected with
changes in intercell alrﬁows : o

L

_,-mteract.lon As the mixing gets better, the cells lose their
individual identity and begin to communicate equally well
. with the outside. All eigenvalues, other than the dominant,
“then tend “td” infinity and the bulldmg approx:rnates
towards a'ingle* “cell structure et :
A consequence of better mternal mixing is that the
transition period gets shorter and the ‘dominant’ decay is
established earlier: The -lise* of enhanced internal mixing

whole building infiltration rates are required. .3 ©.-

a4 Vi i T e §=5

44 Effect of a stagnant zone

which are not well-connected with the main ventllated'
‘i -gpace. T illustrate the possible-effect of such:a: space, a

simulaion (Run 4 in Table 1) wds‘carried out by ¢onnecting

ZOne B3 [celhng void) to Zone 2 (¢orridor) with Bg =0.1. -

5|
The poncenht ation prohle generated in Zone 1 (rooms)
from the resulting eigenvalues did not deviate' to any
discernible level from the profile (Figs. 2 and 3) when 8, =

86

the dominant increase to infinity. In any solution to
Equation 1, one eigenvalue (which turns out to be the-

is no net flow in any direction, then there is relatively: little *

.. ; The other: elgenvalues‘ howaver. represent mterceliuiar

(e.g. by -tsingomixing-fans)is therefore justified-wheneven::

In most buildings, there are spaces {sug}). as ceilmg voids)

Fig. 4. Effect of enhanced mixing on Zone 1 coﬁgenfraiioif‘proﬁles.

for the same flow distribution (Run 1). Table 1 also shows
that the influence of the void on the dominant eigenvalue
was negligible.

In conclusion, it is suggested that a stagnant zone,
provided its volume is relatively small, does not to any
extent influence the overall dispersion of the tracer nor the
magnitude of the dominant eigenvalue. ‘

4.5 Effect of an over-ventilated space

Office buildings usually incorporate some space, such as a
foyer area or a stairwell, which is over-ventilated in
comparison with the rest of the building. In such instances
there are-two distinct airchange rates, one characterising
the over-ventilated space and the other the rest of the
building. It is Wsually the latter value which is of use for

‘purposes of either quality of air (1 e. freshness) or, for energy

considerations. ' . e 4

v

To determlne the effect of an over- ventllated space, Zone
4 (stairwéll) was connected directly to the outside with 8
set to 0.2 (Run 5) and 0.4 (Run 6). This meant that up to 20
and 40 per cent of the total inflow of air into the building
flowed into and out through Zone 4.

The 'resultmg eigenivalues are given in Table 3. In both
cases; the dominant -eigenvalie has been reduced from

- 0.840 (Run 1) to 0.756 and 0.613. It can also be seen that

they \tompare favourably with theinfiltration rates of 0.827
and:.0.620 réspectively, into the rest of the bulldmg ie.

. excludmg the over-ventilated Zcme 4.

th 5 shows concentratlon prufﬁes in Zane 1L [w1th tracer
seeding in Zone 1) for Runs 1, 5.and 6. They all show the
steady ‘domingnt’ decay rate emerging after the transition

" peritd. The time, however; at which the breakpomt ber.ween
* the transition ‘and the dominant penoﬂ occurs increases
' thh an increase 111 the over-vedtllatwn 1n Zone 4

5 Conclustons

AT t

5' The ma]or conclualqrrs that may be dra“m from :this study
_-areas follows: ~ 10 L Etovian bl

- {a) ' All: ‘Concentration profilds’/will contain’ irformation

regarding the..eigenvalues characterising. the building

' _regardless of the position of tracer seeding,or the.extent to
.which the building is seeded. . ‘o
(b)), All profiles will consxsl‘. of a. transnt:on,penod and a

steady dominant period.

Building Services Engineering Ré;ééfch & 'feéhnology
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Fig. 6. Effect of an over-ventilated stairwell on Zone 1 concentrations.
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{c) Decay rates obtained during the early transition period
of a traeer-‘decay’ experiment do not necessarjly give any
meaningful information with regard to infiltration rates.
(d) After the transition period, the dominant period occurs
during which the tracer decays at a constant rate.
Monitoring in this dominant period may require a tracer
gas capable of being detected at very low concentrations.
For example, sulphur hexafluoride could be used and
detected at ppb levels using an electron-capture detector
coupled to a gas chromatograph.
(e) The transition region can be shortened and the
dominant period reached quicker by
—increasing the volume seeded
—increasing the internal mixing by opening internal doors,
using mixing fans, etc.

(f) There is always a measurable dominant decay rate"

which characterises a building. In a well-connected
building, this approximates either to the total infiltration
rate of the building, or at least to the infiltration rate of
some significant portion of the building, e.g. the portion
connected to an over-ventilated space.

(g) Measurements should bé localised to the zone of
seeding, thereby ensuring that tracer samples- can be
obtained relatively easily.

6 Future work

The approach presented here is, in principle, applicable to a -

wide variety of buildings whether they are small or large,
single-celled or multicelled, naturally or mechanically

ventilated. Field work -to evaluate this technique will,

however, concentrate on large, naturally ventilated- office
buildings. Measurements will incorporate procedires
ranging from on-line to simple ‘grab’ sampling. If the
results are successful it promises to lead to very economical
methods for measuring ventilation rates with a reasonable
degree of accuracy.
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APPENDIX “
Eigenvalues from a two cell model

Let the two cells 1 and 2 have volumes V;'and Vs and let the
tracer concentration in each cell at time t be Cy{t) and Calt)
respectively.

Let Qi be the airflow from cell i (= 0,1,2) to cell j
(= 0,1,2) where the zeroth cell is the outside air.

If the outside air is at a zero tracer concentration and no
tracer is produced within the cells once they have been
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initially seeded, then the conservation of the mass of tracer
gives,

V,C1 = —(Qi0+ Q12) C1 + Qa1 C2
Q12 C1 — Q10+ Qmn) C:

~ (A1)

VyCa= (A2)
where the independent variable t has been dropped for
clarity.

The solutions to the above equation are given by,

Cilt) = ape*t +.a e’ (A.3)

Calt) = azeMt + age? (A.4)
where A\ and ), are the eigenvalues and the cqnstants aj; (i, j
= 1 or 2) account for initial conditions. -+

The eigenvalues are obtained from the system described
by Equations A.1 and A.2 by solving the characteristic
equation,
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{rz + mo)}? + 4mmy] (A.6)
where r; = Q10/V1, r2 = Q20/Vs,
and m; = @2/Vy, mz = Q21/V2

Equation A.6 can be reformulated by considering the
equations govermng the conservation of mass (neglectmg
small changes in density) of air,

Qo1 + meVy —m,V, (A7)

raVe = Qoz + miVy — myV,

(A.8)

Substituting these.two equations in Equation A.6, we
obtain the solution

szg+m1V1]
Vi V, v, V., .
(A.9)
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