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Large, mul t
probl ems f
tracer gase
avoided th
of this tec

t-td
(o
bu
(c

icelled and natura'l I
or the measurement o

s. In two previ ous
ese problems was pr
hnique are;
) a sìngle tracer gas is used,
) measurements need only be carried out
Íìding,
) an initially unjform distribution of

needed, and
(d) artificial mixing of the tracer with
air is not essential.
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entilated buìldings pose many
veral'l infiltratÍon rates usÍng
ers, a s'imple technique which
sed. The most salient features

in part of the

traceri s not

the i nternal

In this paper, the simpìe technique 'i s exp'l ored further by
reference to a computer model study as wel I as by fj el d

measurements j n two natural ly venti'l ated of f i ce bui I dí ngs.

Results show that using this technique, the overaj'l jnfjltration
rates of 1 arge, mul ti cel I ed and natural ly venti I ated bui I di ngs
can be qbtajned to a good approxjmatjon.

INTRODUCTION
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e fact that the majgrf ty of buildlngs in countries w'ith
cl jmates, such ôs the United K'ln9dom, are naturalìy

n its predfction ig 0ne of the lnoçt qtfficul t aspects
lng design. In reqent y€ars, rgtqlrch into air
on and ventllatlon has irçrcased, but mainly with
o dweì I i ngs rathêr than m0re complcx þuÍl dinqs 1 fke
specfally if they are n0turally vÇntiJtttd, Prpblefi¡
and I ack of approprl ate teshnl qu0f havF hf ndered

iong of these Þ1gger, multlcellod brJlldlngq.

f i I tr¡tti
spect t
f i ces, e

sçal e
vestigat

Interzonal aír flows in such bulldlngs çan bÇ oþtåined by úsing
multiple tracers gðses (refs. 1, 2 and 3), but the çgst and
complexity of carrylng out multlple tracer meatUretnents 4an be
prohibitive. In many lnstances, lt would be beneflclEl to obtain
I ess comprehensíve but nevertheless useful information using a

single tracer gas.
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In one of these papers (r
to overcome these prob'l e
cons'ideri ng an analytjcal
computer sjmulatjon of a
an office building. A
evaluation of the tech
mechanical ly-ventil ated m

ìarge single-celled han
these tests were encourag
field tests in naturally

Problems arise, however, when conventional singìe tracer gas
99.uy experiments are attempted in I arge, muì ticãl I e¿ buil di nõi.These have been enumerated in a previous paper (ref 4,5). 

'J-'

f. 4), a relativeìy simple technique
s was proposed. This was formulated bv
so'l uti on to a two-ce'l I bui 1 di ng and ärflows in a five-cel'l representat.i on ofìsing from that study, êXperimental
ique was carried out (ref. S) in aItjcel'led offjce bui'ìdÍng and jn aar build'i ng. The results obtained from
ng and gave confjdence to proceed with
ent j I ated bu j I d'i ngs.
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The first part of this paper describes the resurts ofstudy carrjed out on a three-cel'l model . This
determjne the appl'icabìììty of the technique to awhjch the air fl ow patterns are typical of,

1. buoyancy-induced f1ow,

wj nd-i nduced fl ow, and

a combination of both.

a computer
is used to

bui'ld'ing in

2

3

In the second part of the paper, results
measurements of infi'l tration rates in
multjcel'l ed office bujldings using thepaper also discusses the effect on the
of openi ng wi ndows, enhancÍ ng i nternal mtests with partial tracer gas seed.i ng of

are presented from field
two naturaì ly-venti'l ated
simple technique. Ihe

measured ventilation rate
ixing and carrying out
the buiìding.

'SIMPLE. TEcHNIQUE AND t'4ODEL STUDY

The basis of the simple techn'ique
solution to the system of ordinary

1tc(t)] = [v] tal'. tcttt]
governing the dispersion, at time
injtial concentration {C(Ol}Here, IV] is the cell-volume
i ntercel I ai rfl ows.

es in a consideration of the
ifferentjal equations,

t, of a tracer gas at an
i n a mul ti ce'l'l ed envi ronment.
matrj x and tal desc ri bes the

ti
d

It was shown (ref. 4),
eÍgenva'l ues À, the solution

Àttc(t)] = [A] .te J

that if tvl-ltQl has
to thi s system i s gi ven by

di sti nct

where IA] is dependent on Ic(o)J uut is 'independent of timeand that each element of {c(t)} is a'l inear combination
exponenti a'l f uncti ons wi th no polynomi al contri buti on.

!
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For a building wÍth N-cel'l s, there are N eigenv
of which domj nates at I arge time, t. If trace
wjthin the building, then in the long-term, th
rate becomes constant and approximates
eigenvalue. It was shown (refs. 4 and
well-connected building, this decay rate not on
the dominant eigenvalue but also to the total
of the building, or at least to the infiltratjo
significant portion of the building.
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es the sma'l lest
as is dispersed
measured decay

the domi nant
that, in a

approximates to
il tration rate
ate of the most

ïhese concl usions were, however, based on a study Iref. 4] oftwo mode'l s. The f i rst, a two-cel I ana'lyti cal study, gave a setof restricted conditions under which the dominant ðigenvalueapproximates towards the total venti'l ati on rate. To sñow thatthese restricted conditions can be relaxed in the case of afairer representation of a multicelIed buìld'i ng, a five-celI
model of a partjcular offjce building was consjdered. This
i ndjcated that, provjded the ce'l'l s with'Ín the buÍl ding were
wel I -connected and that there was adequate i nternal mi xi ng, thedominant eigenva'l ue djd approximate (to within rsT") -of the
who'l e-buj'l dìng ventÍlation rate. Ihat study also'i ndicated thatj n such a bu'Í'l d'ing, it was suffjcient to seed part of the
bui ì di ng wi th a si ngl e tracer gas i n order to measure the overal Iínfiltration rate to a good approximation.

In order to test the general applicat'i on of the proposed
technique, a three-cell model (Fjg. i) with three different
a i rf 'l ow patterns has now been cons i dered. rh'i s mode'l can be
taken to represent a buildìng with three storeys. It is assumed
that a'l I interna'l doors withjn each storey are kept open so that
no individual cell-'like structure exists within each f'loor. This
is not an unreasonab'l e assumption as has been shown Iref . 5]
prevì ous'ly and i s a'l so shown I ater j n thi s paper. Each storey
can then be taken to represent one zone of the build.i ng.

rhe zone vo'l umes were each set arbitrarily to unity and the
ai rf 'l ows vlere sel ected so that the whol e-bui I di ng venti I ati on
rate was also unity. Ihree interzonal a'i rf'l ow patterns were set
up to represent the action of buoyancy alone, wind alone and a
combi nati on of the buoyancy and wi nd. To i nvesti gate the
inf'l uence, of l'nterzonal m'ixing, 'mixing' airf'l ows (denoted by p )

were superimposed on the airfl ow patterns (Fig. 1). The mixing
parameter b was set to 0.1, 1.0 and 3.0 to represent poor mix'i ng,
mi xi ng of the same order of magni tude as zone a j rf 'l ow rates and
the whol e bu'i 'l di ng ai rf 'l ow rates respecti ve'ly.

Using a computer
eigen
mode'l
f ol I o

va'l ues were
at each of

wÍ ng f eatures

program (refs. 2,
computed (Table 1) for
the values for the
can be seen:

3 and 4), the three
each case of the airflow
mixing parameter. The

1. There is a

nva'l ue
nval ues,
I ong term.

For the cases when
dominant e'igenvalue
ventilation rate.

nimum e'igenvaiue tr_,-
i ch wi'l'l - domi nate *¿0

, and À2, in dispersing

This is the
the other two
tracer.i n

er 9e
eige
the

ml
wh

À

er
the

there i s wi nd-i nduced fl ows, the
is quite c'l ose to the whole building

The correspondence gets better as the

2
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ìg. 2). When the airflows
yancy, there i s no good
i gh i nternal m'i xi ng. Thi s

eñ commented on PreviousìY
these features are seen bY

rcentage dev'i ations of the
tota'l rate;

Case

Buoyancy a'l one

Buoyancy + wind

|li nd al one

Mi xi ng Parameter, I

0.1 1.0 3.0

IL7

24

33

53

T2

14

26

5

5

4

5

Forthisthree-zonemode.l,theaboveTableshowsclearly
that the simiiä- lãc¡rníque can be used with most

confidence wnen'there is some wind induced ventilation'
In such instanä.t,-tñ. àomjnant decay rate measured from

concentration p.óiiiäi inould be withjn about 30% of the

true tota'l venti'ì at'i on rate for pogr i nternal mi xi ng and

wi thi n l5% w'i th reasonab'ì e i nterna'l mi xi ng ' Thç I atter
deviation.or.ätpãnã; iã inål-iorn¿ pfeviõus1v (ref' 4)

from a representãtion of a real buildìng'

As the internal m'ixjn9 increases' the domi

ei genva.l ue i nl..ur.i sl ówl y towards tl. who'ì e bui'l
venti I ati on rate of un'i ty. ine other two e'i genval

however, in.tãaià 
-.uiiaty 

-which means that t
contribution, unà therefore influence, to any tracer
concentration 

-;;.;ìie- ¿imjnishes' The variation
;ñ;rã ãi genva.t uås 

-wi th Í ncreasj ng j nternal mi x'i ng

;ho;; in"Figure 3 for the wind-induced case'

ues,
heir

gas
of
is

Fìgure 4 shows concentration
thã various cases considered
wi th a'l'l zones i ni ti +1 lY
concentration. It should b

are jnvariant to anY dis
concentrations. The c'l osen
of these Profi 1 es to the th
can be seen qu'ite clearìY a

discussions above.

MEASUREMENTS

technique is
rate to be

having to,

nant
dr'ng

i ntended to al I ow a

measured' to a gooc

EXPERIMENTAL DETAILS OF FIELD

As alreadY noted, the simP'l e

wñol e uui t ai ng venti I atj on

approximation without either
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seed the whole building
ensure uniform initial
the buÍlding, or
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wi th trace r ga s ,

tracer concentration throughout

at low concentrations and

3 artÍficia'l'ly mix the internaltracer'decay' experiment.
aír durjng the course of a

It was suggested Iref .procedure for this
poì nts:

1

4 and 5], however, that thetechni que shoul ¿ máke ,r. -är experimental
the f o'l l owi ng

tracer to be localised to the zone(s) of

volume seeded and opening all jnternal

Sampl ing of
seeding.

Increasing the
doors.

UsÍng a tracer gas detectableover a wide measurable range.

2

Measuremen
two natur
the Bui'l di
tests in o
here. Eac
hÍghì ight
part jcul ar
described
15 mi nute
monitored
of the two
durjng the

t-s- using the simpis. !echnique have been carrl'ed out ina1ly ventjlated multjcel'l ejng Research Stat.ion, Garstone building and one jn theh of these field measurea djfferent aspect of tventilation condition. Durhere, the mean wind speed and d.i rection (averaged ove.rinterval s) and the outside- ai;-';;-perature were3t.3 heisht of 10 m at a nearbv open titå rwii¡rin öõ ;buildÍngs). Tabre 2 gives ine weather conditionsfour tests.

Buildings

BuÍlding A (f
bui'l dÍng with a
(+O m x 11 m) andlocated near onestorey. FÍgure 6

Bu'i'ld'ing B (Fig
4840 mt. It
containing a mievery floor (

over the whole
ceilìng is 3.
throughout that

four-storeys high and has a vol ume ofs of several linked structures, eachoffices and some laboratory space. 0nthere is a 'false' cejling which extenãl
!9..y. The height from fl-oor to falseAbove this Ís-a void whÍch also extãnãi

ïests were carried out when these buil ding0nly i n Test A1 was the heati ng i; tñe Ouj I d
l,h. exceptì on of Test A3, al I wíndo*i *ur" kethe measurement periodé. Al I inierñal ddoors, were kept open. Doors.l eadirõ-aä theshut.

7) is
compri se

xture of
Fíg. 8),
of that s
02 m.

zone.

s were unoccupied.
ing turned on. l,iithpt closed throughout
oors, including fire
outside were kept
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ïracer gases and Ínjection strategy

ga s .

Fi gures 6 and g show the r ocat.ions of !h. sampr i ng po.í ntsfor the two bui r di ngs. sampr es *".ã iui.n from each poi nt usi ng30 m ìong 6 mm ID nyion tu¡.r. All tubes, from thb buììdingunder test, were bróught back to indiviãral so'l enoid valves whichwere under the control of an ITr Dire.iò. microprocessor unit.using this unit, every 4s seconds each iampte r.Í ne was connectedi n turn to a duaj -channel sF6/Fr.oniã41 Ieyool d-Heraeus jnfrared9as analvser. To mirimise the de'l ay-in-ottaini;õ;-i..rh sampleat the analyser ggch time, : 'p.rrl.;'nürp was set to draw on al Isample I i nes ggntr'nou sìv nl tl'' .t¡.'ã^.ãilion of the r i Àe current.ryc0nnected to the analyser (which hai--its own internar pump).Each lÍne nas^ resampled at five minute intervals. ïhec0ncentration of the tracer(s) preient in eucn- iampte wasrecorded on magnetic cassettes'for: prr cessing later. ïheautomated system is described rnor. ruity l'n Reference z.
The infrared anaìyser was caribrated before and after each testus'i ng 'zero' gas (nitrogen) to-iãit-iol ,.ro-of f sets and ,span,gas to test for'l ínearity with^the ipan- gu, chosen to gìve areadins approxìmately g-or" of futt iããì. írão;;;¿i"p.. million).ïhe accuracy of analy!is is estimated ui approximately L7" of furrscale (i.e. tt.5 ppm).

I n al I the experiments, the test zones were seeded by manual ly
Í::ïnå::l'n the tracérs -directiv ;;.;-;i i,.'àà.,.".0å'.ainÍns thä

ïracer sampling and anal S'I S

RESULTS FROM MEASUREMENTS
MULTICELLED OFFICTS

IN THE Tl./O NATURALLY VENII LATED

ïhree tests, Al, Aztest B1 Ín building
and 15 hours.

A3 were carrjed out jn building AEach of these tests I asted betùeen
and

B. wi th
seven

Effect of partia'l ì seedin a bui'l di n (Iest A1)

ple technique to measure the
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computed from the pa rti ae is suffjcienily separate that the internal mix

It js d jf f icul t to expla
GMT_. 0ne hypothes i sbuilding ventjlation isshown in the model snon-perfect jnterna'l mjxdÍfferent zones of the b

oncentration profi.l es forBefore tBO0 cMT, th; -¿eåãy
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Ef fect of increasing internal mixing (Test A2)

BuÍlding A was seeded throutest. Immediately after compì
9as measurements were started at'mixing' fan unjts (plã.ð¿-throu
on so as to enhance the internal
consi sted of two Vent-Axia fanand mounted one above the other

g does not appear to makees (Fig. 10). Ihis indicatesng wjthin the bu.í lding ,forached the overall infiltiationindjcated by the coilapse ofc0ncentration profires in a froor tó-one singr..ùlu. forf I oor.

any
that

the
rate

the
that

Figure 10 a'l so
sets of profí
other for those
one another.
set up one hour
measured from
0.28 h-r respec
the rates mea
higher.

show
I es
in

It i
ln

the
tive
sure
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Effect of opening windows (Test A3)

Another 12-hour
out to determine the
rate of building A.

test, simjlar to the one above, was carried
i nfl uence of open wi ndows on the venti I ati on

windows _yere opened, the wjnd speed
to 2.5 ms ' together with an increase
temperature djfferential from 1.5 to

er simil ar to that when the wi ndows were
show a response within 30 mi nutes and a'l I

become paral i e'l . Ihe new overal I vent j I at j on

Fi gure 11 shows the resul ti ng concentratjon profiì es starti ng at
0830 GMT. They show the prof jl es al'l settl ì ng down to a para'l I el
rate of approximate'ly 0.2L h ^. At 1100 GMT, a small louvred
wi ndow was opened on each of three east-faci ng upstai r rooms.
\.lithjn 15 mìnutes, all profì1es start to dip to a hi9þer decay
rate. In the upstairs region, the rate now-ls 0.45 h-'whilst
on the ground f'l oor the rate is about 0.43 h '.

Five nours after
increased from 1 m

jn ^the inside/outs
4.suc. In a mann
opened, the profiles
curves (Figure_|0)
rate was 0.25 h '.

the
-l

s

i de

Measurement in low wind conditions (Test B1)

Test B1 was carrjed out in building B on a rather stjll
when the temperature differentjal between 'i nsjde and outsjde
about 8'C on average. The profi'l es, obtained jn what
probably a mixture of buoyancy and wind induced jnfjltration,
shown in Figure 12.

day
wa s

is
are

The initial portÍon
region (ref. 5)
transjtion period i
bu'ild'ing. After
externa'l wjnd speed
these prof i1es do
decay rate is about

In view of the anaìysis from the model study concerning rìesu'l ts
obtained under buoyancy-inducing conditions, it is not possìble
to say whether this decay rate describes the overall infiltration
rate of the buildjng.

DISCUSSION

Two previous papers (refs. 4 and 5) ptovided the framework for a

possÍbl e simþt ä technìque which coul d be used to determi ne the
ãverall infjltration or vent'ilatjon rate in naturally vent'ilated,
iurge mul tj cel I ed bui ì di ngs. Thi s pfRer extends thi s earl i er
worÉ by presenti ng resul is from fi el d measurements i n two
naturally ventilated office buildings.

s of the prof i I es, termed the 'trans'i ti
, have different decay rates. This 'l

s indicative of 'l ow internal mjxing w'i thin
about seven hours 'i nto the test, when

( Fí g. 13 ) has j ncreased s'l ì ght'l y ' most
become pEral 1 e1 to one another. Ihe resul t
0.28 h-r during thÍs time.

of
i ng

, a s.impl 'i f i ed three-cel I model
has been used to obtai n some feel

dit'ions under which the simPìe
tive'ly. Resu'ì ts showed that, in a

on'
on9
th e

the

In the first part
representati on o

for the types of
techni que coul d

o f th i s
f a bui

aì rf'l ow
be used

paper
'l di ng

con
effec
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tracer 'decay' experiment, provided there was sufficient
1. wind-jnduced component of jnfiltration and

2. interna'l mixìng,

then the domi nant decay rate approximated towards the overal Iinfiltration of the buildino.

The majn objective of field measurement Test 41, carried out in a
two storey naturally ventilated office buììding, was to show
that, even jf a bui'l ding was only partly seeded w'i th a tracer, a
whole buiìding infiltration rate can be obtained. By using two
tracers, one d'i spersed throughout the buildìng and the other
limited to the corridor areas, thìs thesis was shown to be
correct.

In ïest A2, the adequacy of available jnternal m'ixjng in thjs
office building was examjned by artific'i aì1y enhancing thejnternal mixr'ng in the middle of a field measurement. No changej n the concentrati on profi I es were noti ced when 'mi xì ng' fans
were sw'itched on and the decay rate remained unchanged. Ihisjndicates, that at 'l east for that test, there was adequate
i nternal mi xi ng and therefore the decay rate shou'l d correspond
closeìy to the overall jnfiltratjon rate.

The i nf'l uence of changes i n the venti I atj on f'l ows can be sen
twjce jn Test 43. In the first r'nstance, the overall ventilation
rate was changed by opening some upstaìrs wjndows. In the second
occasjon, the changes were caused by external weather conditions.
0n all occasìons, ìt can be seen that all concentration traces
show a quì ck response to these changes and that paral ì e'l profiì es
with a new decay rate are re-estab'l jshed.

What js possjbly buoyancy dominated infi'ltration domjnates Test
Bl. It is seen that a common dominant decay rate is established
after about seven hours. It was a'l so stated that, jn such
ci rcumstances, the approximation of the dominant decay rate as a
measure of the overall infi'l tration should be treated with
caution.

CONCLUSIONS

In conc'ì us'íon, the study has jndicated the fo1'l owing f eatures:

1

2

In general,'l ocations
to behave in a sim
respect to ventilation
that, pFovjded a'l I

each floor of a buiìding tend
r manner to one another with
nto that floor. This means

i nterna'l doors are kept open, each
as a single zone of a compìex

in
ila

i

floor can be considered
buildìng.

Nejther un'i form seeding
buiìding is essential for
simpìe techn'i que.

nor seeding of the
the correct functioning

.wh o'l e
of the
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3

To summarìse,
simple techn
overal l inf i
Further work'l im'i tati ons o
which it can

quÍckl
tests)
caused

change

Under buoyancy-on'ly conditìons, the simp'ì if ied te
may not provì de a domi nant decay rate ascri babl e
whole buj'l ding rate.

chni
to

que
the

4 Dominant decay rates respond
hour in these partÍcular
ventilatjon of the building
conditions or by some other
as opening windows.

(within half an
variations in thej ther by weather

n ventilation such

v
to

ê

i

thjs study has provided evjdence to show that the
r'que can be usefuììy empìoyed to determine the
Itratjon rates of 1arge and complex buj'ì dÍngs.

is, however, necessary to ful1y identify the
f thjs technique and to determine these occasjons Ín
be used with confidence.
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ÏABLE 1

Eì genval ues obtai ned from three-cel I model study

5 B.
le
nd
s.
on
q

),

Case considered Mjxing flow
þ

Eì genval ues. -r.ml n I
.). -À

2

Buoyancy a'l one

Buoyancy and wjnd

I,/i nd al one

2.17
1. 53
| .26

3.73
7 .07

13.34

2.70
3. 60
5.60

1.11
2 .35
4.33

1.93
4.18

10.12

0 .67
0.86
0.95

L .02
2. r8
4. 14

f.i1
3.96
9 .92

0.1
1.0
3.0

0.1
1.0
3.0

0.1
1.0
3.0

0.76
O. BB
0.95

ÏABLI 2

l./eather cond j ti ons dur'í ng f i e'l d measurements

ïest code Wi nd speed
(m/s)

l^'lind direction
(degrees)

ïemperature
di f f erenti al

(uc )

A1

A2

A3

2.5

3.5 - 5.

(after 1800

(before
2.5 - 3.

1.5
4.5

1.0
2.5

0
1800
5

270

225

45

GMT)

GMT )

9 to 13

0to2
(unti'l
(after

1600
1600

GMT )

GMT)

B1 calm to 1.5 135 6 to 10-
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