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St,MMARY

There is very littlc quantitativc docunpnt¡tion of ¡c-t¡al imprcvcrnents resulting from thc
ins¡all¡tion of new gcncral vcntilation sysæms in industrial scüings. Thercfort thc performancc
of the common mixing dcsign principle was compared to thc displaccrrcrit dcs¡gn principle
by rncans of an intcrvcntion study in a wortshop (V=12.000 m3), whcrc thernroplastics wsrr
moldcd- A complcx mixù¡re of ai¡ cont¡minants msy cvolve ftrom thcr:nrally sE€sscd
thcrmoplastics. For thc prtscnt study a simulåtcd mixû¡rt (uaccr gas) was sclectcd as 8 conta-
minanr

Contorn ploaing of c:rposure lcvcls to contaminanß was usod as I "hot spot" idcntiñcation
tcchnique. An cxpcrimcntal signal-responsc tr¡ccr gss Echnhue was usod for chancærizing
flow ñclds of air and contariinsnts. In t€rms of supplying ftesh dr to thc zonc of occupancy
thc displaccmcnt systcm was bcüer than thc mixing systcír by a factor of 2. In tcrnrs of
cxPosure to a simulatcd oontsminant (traccr gas) thc dþlacenrnt sysEm was bcncr by a
factor 1.5-18.
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INTN.ODUCTION

A number of gcneral ventilation systcm dcsigns a¡e in common usc and, qualitativcly,
thc parcrn of air flow can vary from onc cxücme (short citcuiting) to thc other cxt¡cme
(displaccmcnt flow). Betwecn thcsc theæ is pcrfcct mixing. Gcncral mom ventilation
systcms havc traditionally bocn dcsigncd ûo providc for acccptable air quality and
tl¡crmal comfort in the zonc of occupancy undcr thc assumption that srryplicd air is
pcrfcctly mixcd in the roorn Thc advcnt of dþlaccmcnt ventilation sysûcms havc
brought thc uscfullncss of thc pcrfeÆt mixing assumption undcr question [1]. Thc
fean¡¡cs of thc two dcsign princþlas a¡c summ¡¡izcd bclow.

From the mixing dcsþ principle air jcs oftcn a¡c supplicd at cciling lcvcl with a high
momcnh¡rn Room air is cntaincd into thc jcts so gcncrating sccondary recirculating air
flows in thc room. This mixing proccss diminishes a spuial non-uniform air tcmperaturc
and contaminut disEibution in thc roorn Supply air is thc main sor¡rcc of momentum,
and thc¡pforc mixing vcntilation rnay bc c¡lcd high momcntum vcntilation [2].

In rpcent yean vcntilation sysEms using displacqncnt air flow have bccn installed at
a growing ratc. In Scandinavia the prcscnt markct sharc of displaccment systcms for
indusûial ventilation was cstim¡tcd to b 50%- t3l. Ide¡lly displaccment flow involves
ft,esh air displacing contaminaæd air wittrout mixing. cool air is supplicd with a low
momennrm thrcugh largc inlet dcviccs near thc floor. The cool ai¡ is hcatcd by hcat
sor¡ltcs in thc roonr, and convec'tivc plunrcs a¡e formcd abovc thc heat sor¡rccs.
Convcctivc air flow rnsy sct as s carricr of cont¡minu¡ts ¡€lcsscd ftom hcat sourccs [4].
The vcntilation air is both a so¡¡rcc of monrcntum urd buoyancy. Thcreforp displaccrncnt
vcntilation may be c¡lled low momcnû¡m ventil¡tion [2]. If convective upcurrcnts
lcaving the occupicd zonc at! not bal¡nccd by thc supply of air and high lcvcl cxtract,
a layer (a "ft,ont") of heatcd and cont¡min¿tcd air ¡t the cciling stsrts ûo dcsccnd" Thc
front sops whc¡c thc air flow ratc of convcctivc t¡pcurcnts equals thc supplicd air flow
r:rta I2l. Thc lwcl of thc front in a ¡oom is an important air quality paramct€r [5]. As
a dcsign goal the ftont should bc locatcd abovc the zonc of occupancy.
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Kccping mixing flow systcms ¡s a r¡fcrencc it is of intc¡est to validatc thc poæntial of
displaccrnent systÊrns for improvcd air quality. Data on air flow ñclds of mixing vcrsus

displaccment systcms s¡e available from the laboratory t2l and ftom inù¡sfyr[5,6].
Howevcr, flow fields of air a¡p gencrally not idcntical ûo flow frelds of contaminans Fl.
Theneforp an intervention study of air and contaminant flow ficlds of mixing vc¡lus
displacement vcntilation has bccn rn¡de in a wortshop wherc' thcrmoplastics wcre'con-
vertcd, into producs by injection molding. A complex mixture of air contaminantsmay
evolve from thcrmally strcssed thermoplastics [8]. For the prcscnt study s simulatcd
mixtr¡rc (traccr gas) was sclcctcd as a contaminanL Thcory on which the present study

is bascd (agc analysis) is summarizcd finr

Age enalysis

,MATERIAI,S AND METHODS

Ftow frclds of alr urd cont¡mln¡nß in a conñned spacc is very complic¡æd and diEcult
to charactsrisc. Conccpts of age disribution thcory providc r¡sefi¡ll tools for quutiñca-
tion of flow ñclds [6]. Considcr a vcntilatcd n¡t¡m (volunr V m3) wittr one or mcrc flow
inlets;and ouüets.'Air is supplied'at s oonstant nþ Q- (mt minu) by a næchanical
ventilation systcm, and infiltration adds b this at I constant ra¡c q (m3 mif). Air is
cxhausted at a constant rarc q (m3 min{), ¡nd it is assumcd that g4-aq. Fbid
clcnrnts of air or cont¡minants cntcring I nrcm rernain in it for some timc and thcn
lcavc: thcir agc is cqual b thc time spcnt in lhc roorn ltr¡cc diffcrcnt populations of
fluid elcments rnay bc dcfincd f9l: (a) total population of all fluid clcnpns of air within
thc Íiom, (b) locnl population of fluid clcrncnts of air at an aràiaary point p within thc
room, and (c) population of fluid elcments of air lcaving the room Each of thc
populations mcntioncd is cha¡actcrizcd by a statistical cumul¡tivc agc disribution F(t),
which is, for any Ç thc ftaction of.fluid clements youngcr tlun t F(t) is dcfincd ovcr
(0,-) so that F(0H and F(-þ1. The concsponding agc frequency disnibution f(t) is
dcrivcd as:

fit) - q;:, oÍ .F(Ë) = [o'ttt,,)dlr (1]

the mcan of the disuibution is p wheru:

r, l¡ E l:ttttt dt. = f tr-rt Ê) I dË

i""'

The age disfübution rnsy bc dctsrmind orpcrimCntally by,labclling the air using a
stimulus-respons€ traccr gas tcchniquc" Thc stimulus is.a E¡per signal inputand ths
rcsponse is thc n¡casr¡rcd mccr gas conocntration eiths at sclcctcd points within the ,

room:or at the flow enit In principle, 8ny type of ûaccr signal may be used- llowever,
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the most common sigaals in vcntilation studies are [9]: dccay ("stcpdown"), continuous
injcction atra:constant ratc ("stq>up"),.¡nd pulse injcction. C-ontinuous injcction rvas
applied in the prescnt shrdy. Tracer gas rcspons€ may be measuredrat,givcn loqations
wittiin the'room or at the flow cxits. In this study thc rcsponsc u/as measurrd only at
locations .lvithin thc ¡ooin. A rccordcd curræ of traccr concentration: against.timc
rcPr€scnts an agc distibution. The equation of thc agc distibutionrdcpcnds onrthe.Eaccr
signal used'and on the population of rfluid. elements considerpd.:In::thE following;only
continuousinjectionandresponscswithintheroomarpdiscusscd.ii ,. : ,...,,, t,

I-ct tracer-gas be injectcd at a constant ratc q (cmt min'r¡,.from t{), into,an.air supply
duct and mixcd honngcncously with supply ai¡, q, bcforp enæring thc room. Norc that
infilhatcd air, q, u,as not labelled s,ith tr¿ccr gas. By this approach estimaæs of thc
mean age of ai¡ wcne obtaincd for only a subpopulation (QJ of the total air supply
(Q-+Q). Supply ai¡ traccr gas conocntration is denotcd Ç. Gíncentration of tracer gas
at a location p within the room at time t is dcnotcd Ç(t). Sæøy-staùe concentration is
denoted Ç(-). I-ocal mean agc, ¡r' of air o¡ contaminant at a position p is [6]

= !lætt,,dt, = [n-ro(r)]dr = Jî ,r-# tor'i:ti 
,

'' i.

Local mcan age of air is a vcry uscful paramctcr in dctccting stagnant rcgions in aroom.
In stågnar¡t regions thc local nran ageis clcvaÈd compared to wcll vcntilatcd rcgions. '

At a point .p within the;room sorne: of ri" ioppliø aii rnay 
"o-"lto- othr, ,o,*., l'

than the air supply duct considcred-.The proportion., P\, dclivercd by Q- can be .¡

cstimatcd ftom [6] , ) ,:. 
:

I

In rccent rescarch t10l P\ h¡s bccn Errncd the "outdoor air supply indiccs'l (OASI),: ,

Notc that a.=øq. r' 'r¡ :,.,

Description of tbe workshop

In thc workshop thermoplastics wcre convertcd into pnoducs by injcction molding. A
widc rangc of injcction-molding machincs (Nos. 1-16; Fig. 1) wcrc installcd in the
workshop. In thc fint pcrioa of the shrdy the worlshop was vcntilatcd from thc mixing ,

dcsign principlc. lryout and cross-scction of the wortshop (V=12.000 m3) arc shown
in Fig. 1. Frcsh air (no rccirculuion) was,supplicd st I const¡nt ratc by two ducts
locaæd 5.0 m above the floor and dclivcrcd through grilles at the s¿mc lcvcl @g. 1).
Throughout the æst pcrid thc air supply tsrnpcrannc varicd bctwccn 2O.5 and 2O.9oC.
For practical re¿sons it was not possible fo obtain thc tcrnp€raturc at the exhausL Based .

on workshop floor a¡ca the.gcneraæd hc¿t load was appr,oximaæly lG15 W m'2¡;Thc
main hcat sor¡rce's werp located at the machines. Somg:machincs (Nos. l'5,,7) wen on.
stand-byr Dàta on individual heat so¡¡rccs s,€rc not availablc; No local cxhaust systcms rj
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wcrc installed at the mirchines. Hcatcd and contaminatcd air was exhaustcd by a duct
locatcd 7.5 m abovc the floor (Frg. 1). Vcntilation was designcd for an unbalanced
systcm, Q.>q, to kccp an inwanl air flow through two permancntly o¡æn doors (2.2x2.4
m, each) to othcr hcatcd, dcpartrnens of the factory.

Secùoñ A-A
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Fig. l. kyout and cross scction of the wortshop dcsigned for mixing ventilation (not
drawn to scalc).

Druing fhe scc,ond ¡rrirxt of. lhe, sfirdy thc workshoçr was vcntilaterl frrom the dis-
placcmcnt design principlc. Layout urd crossscction of thc workshop arc shown in Fig.
2, thc only diffeænce frorn Fig. I bcing a re-arranged ducting of thc ventilation systcm
ûo scrr¡c air supply tsnriinal dcvices at floor lwcl. Fresh,ai¡ (no recirculation) was
intoduc¿d at û aonstant rrtË inûo ürc zonc of occupancy through large arca tcmrinal
dcviccs (sørni*ylindrical:2.1 n hcight, 0.4 rn dia). Thrcughout tl¡e æst period thc air
supply æmperanne varicd benvcen 15.2 and 16.0'C. Gcneratcd heat load,was approxi-

-2ar-nÂü:iy 25-30 'rV m-'. Sore m¡ehines (b{os. i and 2) werc on starid-by. Veniüation was
dcsigncd for an unbalanccd systcrn !o kccp an inwa¡d air flow thrciugh the.opcn doors.

ri : i , , r:

I
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Fig. 2. Layout and cross section of the worlshop dcs¡gfied for displaccment ventilation
(not drawn to scalc).

Experimental procedure

Scvcral traccr gascs havc bccn used in thc past for cha¡actcrising vcntilation prcccsscs i.i,
in buildings. For this study SFo was choscn as it has dcsi¡ablc cha¡actcristics in tcrms
of dcæcability, safe$, and cost, and has bccn uscd succcssfully in scveral vcntilation
sn¡dics [5;6]. Traccr Sas (SFJ was injcctcd from a prcssurizcd bottlc at I constant flow
ratc of 10 crn3 min-r conbolled.by a calib,ratc¡trct¡[nctcr at an cstim¡tcd.accuracy.of
ùi%. lVhen næasuring the local ¡ncan sge of ftesh air, the mccr $'as injecæd into thc
air supply ducts st a distance rnore than 80 timcs duct di¡mctcr ftom an inlct lVhcn it
entcn the ¡oom the Eacer may bc considcred,homogcncouslyrmixcd, with supply'air , ,

[11]. To:simulate;aitruc contaminant rvith n ,traccr it is important that.thc,tracer.'isr,,.r.i,
dischargcd in,a patærn, simila¡ to thc êona¡ñinant origination pattcrn [tr2]r'Density of' ; .
thc tracer,isr.of-importancc if un'dilutcd traccr is:injcctcd as a sinrulaæd Òontaminant: :r

from a local,sor¡¡cc [9, 13]. With a rtfcæncc to air ncat SF" has arelativc dcnsirylof.5.0. ,

To cnhancc thc mixing of tracçr and air a largc a¡e¿ dcyicc was uscd for cmitting thc
traccr at a low flow ratc (10 cmt mint¡. Thc taccr was crnittcd into ttrc convcctive
plumc abovc thc hcatcd banËl (0.15 m dia-, 0.5 m long) of thc injcaion unit locatcd at
machinc No. ll. Surfacc tcmpcraû¡rr of thc bancl w¡s 65 oC.

Traccr gas conccntrations, at an accrracy of. t5%, wc,¡e collcclcd scqucntially with a 9
s sampling intcrval using a rapid responsc multipoint mcasuring systcrn [14]. Thc
dcrcaion limit of thc system (a putablc gas chromatograph) was 0.03 ppb SF..

Conccntrations and air æmpcraturcs werc rccorded at two tcst rig positions (Nos. A-B,
Fig. l) in thc room. At tcst rig No. A a propcllcr fan located 4.5 m abovc the floor was

blowing air downwa¡ds for cooling of rmldcd products. At cach tcst rig data wc¡c
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obtaincd at the following fivc diffcrent levels (givcn in m) abovc the floor: 0.5,1.5,2.5,
3.5, and 4.5. Daa wcre also obaincd from thc air supply ducts. For practical rsasons
data wcre not obtained at the cxhausL At stcady-statc (sccond tcst pcriod) thc conccntr¿-
tion of simulaæd contaminant was measurc4 by travcrsing, at 52 differcnt locations in
the workshop. The locations qrsr€ sclectcd ûo construct a horizontal grid covcring the
workshop at a lcvcl 1.6 m abovc thc floor.

Thc air tcmpcraturc was mcasu¡ed (R 100 transduccrs) scqucntially (9 s sæp pcriod)
using the multipoint mcasruing systcm. Based on tcsts in thc laboratory the cstimatcd
accuracy was t().2 oC. Thc air velocity was measurcd using a calibratcd tcmpcratur€
compensated omnidi¡ectional low-velocity flow analyscr with æchnical cha¡acteristics
meeting an acceptcd standard U5l.

RESULTS

In thc first æst pcriod thc cstimaæd air supply r¡tc u,as Q-=dC.=l¡O m3 min{. In thc
second tcst pcriod thc estinstcd air supply ratc was Q-=dÇ=gZO m3 min't. Smokc
tcsting ût thc opcn doon confirmed that Q¡(L throughout both tcst pcriods.

Thc estimaæd parametcrs characærizing the air flow pattcnis throughout all the cxperi-
mcnts a¡r sumn¡a¡izcd in Fig. 3 Qocal ryEan age of air) and Fig. a @\-indiccs). The
cstimatcd paramctcrs characterizing thc flow fields of the simul¿tcd ai¡ contaminant a¡e
summa¡izcd in Fig. 5 Qocal mcsn age of the contaminant) and Fig. 6 (sæady staæ

conccntration). Daa characærizing thc thc¡mal cnvironrncnt a¡E summ¡rizcd in Fig. 7
(air æmpcranue). A conþur plot of sæady statc çonoçntrations of cxposurc !o a
simulaEd contaminant is givcn in Fig. 8.
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Fig. 3. Spatial distrib,udon of thc locnl mean agc of air.
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DISCUSSION

Data from thc present study wcrc collectcd undcr normal conditions of production with
no attemPt to rcducc distubances causcd by moving machines, trafhc in or out of the
workshop, ctc. In thc fi¡st test pcriod thc vcntil¡tion was designed for a mixing systcm.
Consistcnt with previous freld studies [5,6] and with data obtaincd from an experimental
room under isothcrmal conditions [16] thc mixing systcm suceeded in creating a basi-
cally uniform vcrtical distibutions of thc local mcan agc of air (Fig. 3), thc pR-index
(Frg. 4) ¡nd the air æmperature (Fig. 7). Notc that conditions at tcst rig No. A wcr,e
undcr influcnc¿ from thc propcller fan. As obscrvcd from'Fig. 3 the circulating air flows
wcrE not sufficicnt on thc horizontal levcl ûo crcatc I uniform disribution of the local
mean 8ge of ai¡. In zone of occupancy the air æmperanue complied with thc ¡ecorn¡rrcn-
dcd [l7] thcrmal comfort limit (20-24 oc) for light, mainly sedcntary activity, during
su¡runer. The vcrtical ail æmpctaturc gradicnt did not exceeil the corhfo¡t limit (3 oC m-t). The spatial disuibution of a contaminant and r€sulting concentration lcvels a¡c a
result of properties of the contaminant itsclf and the distibution of thc supplied air
within the room [9]. A vcrtical stratification,o.,f.the cgntaminant conccntration rvas
obscrved only at tcsr rig No. B @g; 6). lt is nåiäá tnar rhc mean age of thc conraminant
was low at floor lcvcl urdhigh at cciling level so indicuing that the contaminants a¡-
rived fust in the zone of occupancy for subscqucntly to risc torvards thc cciling (Frg. 6).
Due ûo the propellcr fan no vefical sEatifrcation was observed at rig No. A.

In the second tcst pqriod thc vcntilation systcm was designcd for a vertical (upwards)
displaccmcnt air flo¡v. F¡om the age psramrtcr of air dclivercd by the air supply
tcrminals, two distinct flow rcgions of thc wortshop was obscrvcd (Fig. 3, rig No. B)
with the front locatcd at a levcl of 1.5 rú to 2.5 m abovc thc floor. Bclòw the front the
mcan age of thc air was l0 min; above thc ûront thc mean age wa¡r 20 min. This finding
of a vcrtical stratification was consistont with rcccnt faccr gù sû¡dies of displaccment
ventilation in workshops [6,18] and in tlrc laboratory t2l. Nolcrtical sratification of the
PR-indcx was obscrvcd (Frg. 4). Thc mcasurcd contariinånt conc,cntations (Fig. 6) wcrc
stratificd vcrtically consistcnt with thc spatial distibution of thc tirc¡l mean age of air.
A subsuntial incre¡scd concenEation lcvcl was obserrrcd above the fr,onr Thii frnding
was consistcnt s'ith &cent data on lhc spatial itistibution of rnre contaminanc in i
workshop ventilatcd from the sanæ dcsign prinérplc tl4j. It is noæd that".the mean age
of the simulaæd conan¡inant in thc zonc of occupsncy \yas elcv¿rcd cimparcd to the
conditions of thc uppør.floù rcgion (Fig. 5). nni nnåing, supporæd by the obscrvcd
conccnt¡ation levcls of thi occupicd zonc indicatc recirculating ajr flow from thc uppcr
flow region down into thc lower region. As obscncd from'thc contour plot of srcøy-
statc oontrations @g. 8) a spatial non-i¡niform air quality was creatcd in thc zone óf
occuPancy. Data obtaincd from a fluid modcl h¿vc shown th¡t the intcrfacc bctween the
uppcr and lowcr zonc scts 8s a lock that will hindcr thc Eansport of contaminants
betwecn thc zoncs. Howevcr, diffs¡cnccs in æmperanuc betwccn thc ftuid and thc
surfaccs wc¡e of imporunce for scting up boundary layer flows. It was obscrvcd ttrat
cool surfaccs locatcd in the uppcr flow region to I degrcc causcd boundary layer flows
from.the upper flow rogion to pcnetiate dowir into the loûcf rrgion:[19]. Basiöhlly thc
recommendcd thcrmal comfort limits we,rc not violatcd in the zone of occupancy (tcst
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rig No. B).

The local mean age,of ai¡ is a valuablc tool for tho cvaluation of the performance of
diffcrent vcntilation syste¡ns. Thc tcchniquc has bccn used in cxperimental,rooms [9]
and in the field [5,6] for cha¡actcrizing flow ficlds of diffcrcnt ventilation design prin-
ciples. Throughout thc study all conditions cxcclt the ventilation proccss may bc
considcrcd.approximaæly constant It is noted that the hcat load in the sccond rcst pcriod
was clcvatcd comparcd to thc first tcst pËriod:';According to this age parà¡nctcr, and
consistent with prcvious ficld studics [5,6], displacerncnt vèntilation wris morc cfficient
in disributing frcsh air from the air supply ducts than mixing vcntilation. Changing the
ventilation design principle from mixing to displacetrrcqt reduccd thc mêd¡i agerof air
in the zone of occupancy by a factor of 2 (æst rig No. B). This impmvementrof the ai¡
rcnewal may not apply if cooling fans a¡e used (test rig No. A). In ærms of air quality
the change in vcntilation dcsign principlc reduced the exposuro levcli o the'$imulaæd '

contaminant by a factor, 1,,6-18,,,,1 t. ' ," I í ' l

CONCLUSION

In tcÍrs of supplying fucsh air to thc zonc of occupancy.thc performancc of dis-
placemcnt ventilation cxcecdcd that of mixing vcntilotion by a factor of 2. ThiS'frnding
did not apply in situations whøe cooling fa¡¡s were blowing ai¡ downwa¡ds. In tcrms of
air qualiE5¡ thepcrfornrancc of displacøncnt vcntilation exccedcd that of mixing ventila-
tion by a factor of 1.G18. Conscquently, the displaccment design frinciple has potential
for improving air quality in workshops with a hcat load.
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