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ABSTRACT

Thi¡ paper g,ives a presentation of the cUrrent re5earch being carr.ied.out at
nStB wíth [Èe ãim of eiploring the effectiveness of ventilatìon systems in con-
trol 1 ìng contaminånt I evel s'
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The key Çoncepts used for quôntilying the performance are; the age

tjon of ¡ätf, Air and contamlnants. The åìr-exchange effectiveness and

agð vÀntiiatiön efficielqy are deriveil from the age distributions' Mea

õÉ-tt ã perfgrmance qf dif?erent ventijation systems are-gìven, express
ierrs oþ the key conÇepts above, Results frcrn Þoth ginEle room applìca
whole houses or buildlngs are reported,

I NTRODUCTI ON

The volumetric flow rate of outdoor air suppl'ied and the 'air-exchange rate''

the latter conmonly defìned as the flow rate of outdoOr air divided by the

volume venti'lated, have been the parameters commonly used fOr assesSing the per'

fornlançe of generaì vent'ilation, The appljcation of the flow rate and the'air-
exchange rAte'aS parameterS is baSed On the aSSumptìon that both ajr and rhe

contaminants are unjformly d'istributed throughout the whole venti'lated space

(complete mjx'ing). However, this assumption is not always fullfilled, nor is

compìete m.ixìng in general the most efficient prìnciple of ventilation. The prob-

lem of quantify'ing the performance of ventilatjon systems raises the question of

in what terms to express the followìng factors:

1. The distrjbution ot- the ventjlation aìr in the room, i'ê'where does it go'

how fast and how much.

2. The tìme it takes to replace, i.e. exchange the a'ir present 'in the room'

3, The factors that determine the dilution, djstrìbUtion' and removal of a con-

taminant released in the room.

4. Expressions for the effiCiency of air-exchange, dìlution, and removôl of con-

tami nants '
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A theoretical framework that deals with the above questìons has been deveìoped

at NSIB. Details are gìven in ref.l and ref.2. The approach appìied is based on

the fol 1 ow'ing keY concePts :

The distribut'ion within the room of the outdoor air supplied is quantifìed by:

* The local net flow rate (purging flow rate) of air at an arbitrary po'int

w.i th'i n the room.
* The age dìstribution of the a'ir at the same po.int as represented by its sta-

tistìcal age di stribut'ion'
The distribution of a contaminant released rvithin the room ìs quantìfied by:

* The local flow rate of a contamìnant at an arbitrary point within the room'

ïhe age distributìon of the contaminant at the same poìnt, as represented by

its statìstical age dìstribution'

only the mean value of the age distrìbut'ion, i.e. the mean age, has any dì-

rect physìcal interpretation. The mean age of al'l air present in the ventilated

space and the mean age of the aìr (or the contamìnant) at a point within the

space are relat'iveìy easy to measure w'ith tracer gas technique' At present we do

not possess any practical methods for measuring the local flow rates of a'ir or

contaminants. However, the local flow rates are amenable to theoretical anaìysis'

and by knowing the mean age, the magnitude of the flow rates ntay sometìmes be

estìmated, see equatìon (7). Furthermore, one can expect that the flout rates can

be pred.icted by numerical models that solve the flour equat'iohs. '

DEFII'IITIONS AND BASIC RELATIONS

The nominal time constant of a ventialtlon system is defined as

(1)

Qt = the total fIov¡ rate of outdoor a.ir entering the ventiIated space

ri = the total vol ume.

ThephyS.Ícalmeanìngofthenominalt.imeconstant.is]imìtedtobeequalto
the average resicjence ijme in the room of the a'ir suppììed. Ihat js to say'

thal each unit of volume of the supplied flow rate qt will on average stay ìn

the ventilated space for a time perìod equal to the nomìnal time constant' How-

ever, this does not imply that the air present jn the room ìs replaced (ex-

changed) at the same rate. The time,.r,it takes on average to replace the air

present in the room is equaì to (ref'1, equation (69)):

(2\

V_E
q

tn

T r =2 G)

il

(t) = the mean age of the total volume of air present in the ventilated spacê'
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The reciprocal of the nominal time constant

n = qt/v = 1/ryt (3 )

is often ca'lled'the air-exchange rate"
In view of equation (2) this is a misìead'ing terminology' The phys'ícal mea-

ning of n is, as'is l'iterally expressed in the right hand side of equation (3)'

the total flow rate of outdoor air (m3/fr) per total volume (m3)' Tne'efore' there

.is a common Scandinavian proposaì to call n the specific flow rate' SI unjts for

n is ((m3/fr)/m3) o. (room volumes/h). The air-exchange effectiveness is defìned

AS:

T (4)
100

cl

n

rT

The theoreticaì upper limit for the aìr-exchange effectiveness'is 100%' com-

plete mixing of aìr gives rise to an air-exchange effectiveness equal to 50?á'

The following relation holds between the statìonary room-average concentra-

tion (C(-)) and the mean age of the contaminant, t!, vihen it leavs the room

( turn-over t ime ) :

(c(-)) = ': i
m = the productìon rate of the contamìnant'

The def.initìon of the vent.ilation efficiency, <.rC, ìs the traditional:

^ C(-)
<r>c = ",: )*1. . '' oo ( 6 )

(u (@/ /

C.(-) = equìì ibrium concentration in the extract duct'

The definitions of the efficiencies given above are in accordance riith those

currently proposed in Scandinavìa.

Atanarbìtrarypoint,p'Wecanexpectthefo.lìorvìngre]at.iontohol d be-

(s)

(7)

ttveen the net flow rate of aìr, U

I page 89 or ref .2 Page 229) .

(when t tn)
p

O, 
and the local mean age of the air, tO , ( ref.

,o t
q

tn

ìo

Thatistosaythattheregionsurroundingthepo,int.iSstagnantìnthe
sense that it .is not 'f'lushed' by the total air flow suppl ied'
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MEASUREMENTS IN AN OFFICE ROOM

Measurements have been carried out in a room measuring (wìdth x length x

height) = 3.6 x 4.2 x 2.5 n. The room was ventilated by a combined mechanical.,

suppiy- and extract system. Both the supply and the extract terminals were lo-
cated at the back wall. The room was both cooled and heated by the ventilation
air. As a'l ight contaminant, with similar propertìes as tobacco smoke, a mixture

(density 1.'14. kg/m3) of NrO and He was used. The contaminant was released in the

centre of the room at a height of 1.2 m above floor level. The performance of

the fol lowìng three principle ventilation schemes were monjtored; supply a'ir

terminal - extract air terminal; ceiììng - ceiling, ceil ing - fìoor, floor - cei-
ling. The results are presented in fìgure 1. The mean age of the ajr (tr), the

mean age of the contaminant (X), and the contaminant exposures (0) are shown.

All values have been divìded by the value recorded in the extract terminal. That

is to say that the mean age of the ajr has been djvided by the nominal time con-

stant, tn, the nìean age of the contam'inant by the turn-over tìme, r!, and finaì1y

the concentration has been divided by the equìl ibrium concentrat'ion in the ex-

tract, C.(-). Each ventilatl'on scheme was tested at three conditjons; isothermal,

heatìng, and cooììng (¿t is the temperature difference (oC) between the suppìy

air and the extract air). The flow rate amounted to 76 m3/h which corresponds to

a nomìnal time constant of 0,50 h and a specific flow rate of 2 room volunlesl'h.

If,we first scrutTnize the age dìstribution of the air ¡re notice that there are

tivo extreme cases. In the first extreme case, ceìling - ceììing system and hea-

tìng gìve rise to a direct short-circuitìng of air between the supply and the

extract air terminals. The time rt takes on average to replace the aìr present

in the roonl is 2 x 0.67 = 1.13 h. The second extrenìe occurs with a floor to cei-

ì ìng system and cool ìng. lie now obtarn a fast evacuation of the aili n the room.

As seen from the fìgure, ìt now onìy takes on average 2 x 0.39 = 0.72 h Io re-

pìace the air in the roonl. The ceiling to floor system gìves rise to a compara-

tiveìy rapici exchange of the air at heating. Hovtever, the evacuation of the con-

taminant is now deìayed. First, due to ìts bouyancy, it goes upwards, and then

it js forceC, due to the location of the extract aìr termjnal, to move dot^/nrvards.

Ref.3 gives, for the same ventjlation systems as above, results front the release

of contamìnanrs wìth both greater and approximately the sarne density as air.

IlEASURTMENTS IN A TEST HOUST

The tests reported in this sect'ion were carried out in a test house located

ln the laboratory halI at the Institute. The house and the r'¡easuring system be-

longìng to jt is designed for studies of the performance of whole-house ventila-

t'ion systems. The house has five 'rooms', the total volume is 176 m3, and the

floor area ìs 70 m2. Pressurizatìon of the house to 50 Pascal pressure difference

gave rise to a specific flow rate of 0.8 house volumes/h through the bu.i1dìng
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envelope. Each test consisted of three runs:

1:st rum:

* Measurement of the flow rate of outdoor air to each room by the use of the

constant concentrat'ion method'

* Measurement of the mean age of aÍr in each room and the mean age of a'll air

'in the house '
2: nd run:
*Measurementsofthetransfertootherroomsofashortburstoftracergas

released into the kitchen'

3: rd run:
*l,leasurementsofthetransfertootherroomsofashortburstoftracergas

released into the bedroom'

Immed.iately before and after each run the temperature in each room and pres-

sure d.ifference between each room and the laboratory hall are measured' The flow

of ajr between the rooms through the doorways is visualized by releasìng smoke

around the doorways, see Appendix. Figures 2a and 2b shovr an example of a result

obtained with a combined mechanicaì supply- and extract system in operatìon' The

tests were undertaken with all internal doors closed' The tests were carried out

at a nomìnal flow rate, cl, equal to 88 m3/n, whjch corresponds to a nomina'l

timeconstantof2.0hoursandaspec.ificflowrateof0'5housevolumes/h.The
airwassupplìedtotheìiv-ingroom(about547áofthetota]flowrateandtothe
bedroom. The a.i r WaS eXtracted f rom the ki tchen (about 68;í of the total f l ot^l

rate) and the bathroom. F.igure 2a first gives the jnflow of outdoor air, q*, to

each room as predicted by the constant concentration method' The results'is pre-

sented as a percentage of the nomìnal total flovr rate, Cl' (tt'te flow rate set by

the mechanìcal system). The internal pressure distrjbution is given as the pres-

suredifferencebetu¡eeneachroomandthepressUrerecordedinthehall.
Fìnallythemeanageofiheajrineachroomisgìvenasacercentageofthe

irom.i nal time constan'u. Figure 2b gìves the resu'l ts obtalned from releasing a

contam.inantinthekjtchenandthebedroom.Fjrstìsgivenlherecordedtime
ìntegratedeXposures,oo,o.videdbythetimeìntegratedeXpoSure,D,,ìnthe
source noom. Thjs ratìo is equal to the ratio betr'veen the equilibrium concentra-

tions we should, unde¡i dentiCal release and flow conditionS' have obtained v¡ith

a continous release of contaminant, see ref.1 page 187) ' on the rìght-hand side

of the figure ìs given the fraction (m/m,) of total amount of contaminant re-

leased (mr), that was extracted from the kitchen and bathroom respectively' |¡Je

see from fìgure 2b, that when the contaminant is released in the kitchen it does

not spread to other rooms because alr is directly extracted from the kitchen and

th'e door is closed. 0n the other hand, when the contaminant ìs re'leased ìn a

room with no extractìon, such as the bedroom, ìt spreads throughout the whole

house. Further resultS, from the test house, are gìven in ref'4'
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CONCLUSIONS

The exampìes of the measurements of the performance of ventilation systems,

expressed in terms of the concepts presented in the paper, show that:
* The age d'istributions provide a good insight into how the air and the conta-

nlinants spread withìn a ventilated space. Thìs in turn opens new research
possibìlities for a systematic evaluation of what factors determine the con-
tanlìnant levels in a ventìlated space.

* By applying the concepts, air-exchange effectiveness and ventilation effi-
ciency, we can compare the performance of generaì ventilation systems in
control 1 ing contaminant level s.

This research is in its very beginnìng. A better understanding of the spread
of contaminants'in the boundary layer flow along the surfaces in a room ìs ne-

cessary. A real research chaìlenge remains; namely methods for measurìng the lo-
cal net flow rate of air at an arb'itrary point in a vent'ilated space.
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Fig. 1 The mean age of the air (E) and the contam'inant (x)

p'lus the contaminant exposures (0). All values are

dividedbytheValuerecordedintheextractterminal.
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APPEND I X

Flow visual izatìon. Al'l p'ictures taken f rom the hal I .

b-_*

Door between haII and I iving room

Door between hal l and bathroom


