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ST'MMARY

A new ventilation solvcr was dcvclopcd thu is capablc of dct¡rrnining thc disributions
of a timc-avcraged flow ficl( thc cfrcctivc ¡¡¡öulcnt difrusion cocfFrcient, and thc stcady-
st¡tc or tfuncdepcndcnt contaminant conccntr¡¡tion distibution within isothcnn¡l indoor
spræ. Thc modcl was wriücn for a pcrsonal corrputsr ¡nd thc compuûational spccd is
cxferncly fast (a fcw minuæs) with rcasonablc accur¡cy so th¿t cnginccrs can usc it as
a tool o cvaluatc vcntil¡tion pcrfonnancc in i¡rdoor space yet !o bc bùilt

Vcntilrtion performanæ dcpcnds on noom gconæFy; vcntit¡tion nretho{ opcruing
cordition; and location, sùength, and typcs of conomi¡r¡nts. C¡sc sn¡diqs urcrc pcrformcd
using a uscr-friendly indoor air quslity (IAQ) modcl. Tbe vcntil¡tion pøformrnce was
carriod out using thc proposcd ncw scalas csllcd "Ventil¡tion Horm¡ncc Indiccs" (VPII,
VPI2, and VPß): (1) averagc cont¡rninant conccntr¡tion or docay rarc (\fPIl), (2) avcragc
oonlaminant diffr¡sion cocfñcient (VPD), s¡rd (3) sycr¡gp contrminant conce¡rtradon or
dccay rræ at thc brpathing lcvcl (VPI3).
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ININ.ODUCTION

Indoor air quality is increasingly bcing recognized ¿5 s¡¡ sssç¡ti¡l factor for ovcrall hcalth
and comfort bccausc pcoplc spcnd a largc fraction of thcir timc indoors. Inqeascd
as,alrlness of thc poæntial hcalth risks associatcd úth indoor air polluans has stimulatcd
intcrcst in impr,oving our knowledge about how vcntilation air is distribuæd and
transPortcd in indoor Ðacc. An cffcctivc ventilation tool is necdcd !o hclp dcsigncrs
choosc the optimum design from many possiblc altcrnatives.

Most of the nunprical modcls dcvclopcd to computc airflow disribution and
conccntration profilcs within ¡ooms requirc eithcr a mainframc or I supcrcomputcr [1-6].
Howeycr, thesc modcls havc limitcd usc bccsl¡s€ most cngincers lack acccss to
mainfrarncs or supercomputcrs. Evcn the most complcx modcl contains assumptions
atrccting thc accuracy of thc prcdiction and may not adcquarcly account for the dcta¡ts
of ¡oom configuration, sup'plytheom air duct loca¡ion, sor¡rce location, a¡rd inflow
vclocity.

Our goal was ¡o prcvidc sofnva¡c tools for cvrluating thc cffccts of indoor gc,omctry,
supply/r,euun duct placcrncnÇ difiuscr dcsign, and opcrating conditions on vcntilation
pcrformrncc that ca¡r bc us€d by cnginccrs rasponsiblc for indoor ai¡ quslity. Thc
softwa¡¡ was dcvclopcd for pcrsonal oomputctl that now arc readily avail¡blc. By
making somc compromisas with rcspcct ûo thc dcail of the compuutions, it was possiblc
!o cnsurr compuutional tùrcs practical for the capacity of pcrsonal coí¡putcrs, while still
bcing ablc to predict the gcneral bchavior of contamin¡nt dispcrsion in a room, ûo dasign
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a veiltilätion systcm, br to'i¡ib-lvc'sick"builtlfuig-Þroblcrß.' fFöts'àrrvide rangc of practical .

situations, personal computcß tiavc deqrilræ.biipacityj i{ : :

Thc'modcl dcvcloped is a twodimcnCional k-e n¡rbulcnec model that was spccifically
deVeloped for use on a pcrsonal com¡íutcr. The Navier-Stokcs cquations and Reynolds
stnéss equations can be expreSscd in the form of a vorticity-stream fr¡nction to reduce thc
govcining equations: sream function, vorticity,i turbulcnt kinetic . Gr¡crg:f, cnergy
dissipation raté, and contaminant diffuúon equations. Thesc equatiôns'are cxprcssed as
a finia differencè form urd solved simulancously with appropriaæ bôundary conditions.
This model is highrly interactivc, pcrmiaing thc uscr to control thc flow of thc program.
Menus displù the choiccs of the room confrguration$ and operatinþ parameæn along
with sevcral lincs of æxt on the screen and a flãshlng cursôr.[7]. The-computational time
is vcry fast (a few minuæs) and thc results arc reasonably accu¡atc. In this model, a
meshrþoint of 25 x 2l (grid sizc of 6 by 6:in.; or 15.24 x 15.24 cm) wasrusedr, Thc
dctâilcd compútational proccdures, and the arguments rclaæd to the'mesh' sizc,for-thc casc
of point source in a room, havc bccn describcd.prcviously [7].

Sevcral conccþts tò definc the ventilatiori ¡Ítrformance alrcady had becn discussed at tlrt:
time this model urai ileveloped. Sandbefg and Sjobcrg [8] introdrrccd theridesof "th$Áge
of 'ai¡", iñ room, i.e., locål:.mcaä agc-of-air añd,room-averagc age-of-ai¡.in order to
cvaluatc ventilation pcrformancc. Mr¡¡akami and Kato [9] discr¡ssed Scale of'Ventilation
Efñciency: SrÆ,tr,'SVE2, and S\rE3. H'ôwcver; no def¡nition of ventilation pcrformancc
has bccn fully cxplorcd or accc,ptcd up to this poinr Wc now prcpose a ncw scale callcd ;

"Vcntilation Pcrformancc lndices" (VPII, VPI2, and VPI3); (1) avcrage contaminant ,

conccntration or dccay ratc (VPI1), (2) avcragc contaminant diffusion cocfficicnt (VPD), 
'

and (3) avcrage contaminant conoentration o1 dccaf ratc at the breathing lcvel (VPEI). '

Figure I "'shows the room configuration for which the supply (B} and exhaust (I),.'
dimcnsions, locations (A), room widrh (lV), room hcight ([I), and inflow vclociry (UJ
can be spccificd. For this casc study, r#=12 fr (3.66 m), H=10 ft (3.05 m), T=2 ft (0.61
m), A=l ft (0.30 rh)i 5 ft (1.52 m), 9 ft (2,74 m). For Uo, t0 fVmin (3 m/min) ütd s0
fVmin (15 rry'min) wcre sclcctcd" Thc ñnit casc is whcre the continuous contaminant
genctàtcs unifornly throughout the'roonn"' Thc'sccond case is whcrc 'the room is initially :'

unilormly contaminaad and noothcr sou¡cc is generatcd thcrcaftcr. The timcdcpendent '

concentration dccay was;computcd.' The cffccts of thc placcnrcnt of,thc supply,air duct :

and''inflow vclocity on vcntilation ¡rrformancc wcre qualitativcly evaluatcd .,,

iJ

NTJMERICAL RESTJLTS.AND DISCUSSION

.:. : : , , .t(. ,

rilhen ä supply tluct is placed at the cutcr of the cciling and an exhaust duct is loca¡cd,
at thc boüom of the sidc wall, the tinrc-avcragéd airflow strc¿mlines in.a room aæ shown
in Figur€ 2, Tlte diagram shows two largc,rccirculation zones with ncarly cqual stncnglh,
one on cach side of the main airflow'path. .:lhcsüength of,'reci¡culadon indicatcs an
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indcx of how snongly.contaminu¡rç,oî,e¡bc cp.fqi4cd,u¡C trapp,c4.in the rcCiçL¡l¡çiqq
zone. Flow ¡ecirculation clearly is no¿.a f,qV,o.Rble conditipn. ..,,. ,. .- :,:;, :Å?:..ì(,

Figurc 3 shows the airflow distribu¡ion whçn the supply dnct is placcd $ the lcft, side of
the room, while othcr parûmetcrs are unchanged .Thc airflory distribution is compleæly
modified; one large recirculation is obscrvcd at the upper ccntcr of the room and onc.-
small rccirculation is at,the left side of tl¡ç ftorV cntry ducl The ai¡ motion in the ugpcr-
right sccdon. is very small, indicating poor mixing, rilhcn.thc sgpplylai¡ duct is at thc
right side, thc active'flow ñcldris striftcd right and a largc portion of thc room is occupicd
with flow rrci¡culation, as shown, ln Fig¡¡E 4. Thc flow bwass results in poor
ventilation. Notc,.$at airfl-ow streaÍilines for¡a highcr flow rate (Jo= 50 flmin, or 15
nr/min) a¡e omittcd:hcre'but arc almost idp4$cal ì _ .ir

Most indoor cnvironmcnts ar! not *"u -i*å uut rather are finiæly mixcd. Thereforc,
it is imporant to undcrstand horv well thg room air is mixcd" Becausc thc effdtive
contaminant difft¡sion cocfñcicnts, (D6p rc,prescnt air mixing, a highçr ,çontamþant,,
mixing takcs placc at thc r€gion of highcr diffusion. Thc contaminanr diffusion
cocfficicnt,consists of,thc:diffusion due tq Brpyqien motion and,thg flifñrsion due !o
turbulcnt tfnetio.cncrgy. Figr¡rcs 5, 6, and,7 show.tho distributiop,of nondimcnsionalizcd,, ,

D.6 when the flq\r, cntryris'¡t thc-ccntcr, lcft, and righq rc¡pectivcly. The aotual tr¡rbulent
diffusion'cocffrsicnts can bc obaincd by multiplying UoB by rhe valucs shown.in thcsc.,
figures. .âs shown, thc'highcst dififr¡sion takcs plapc 4 tùc flow cxit arca ¡rn'd thc next
highø diffusion appeårs in thc vicinitics of thc:inflow,and m¿in flow süeam rcgion. As
distance from thc main airflow puh inøeascs, thcr conl¡minant diffusion decrcascìs.
Gcnêml practicc is !o considcr minimizing zones of low contaminant diffusion or pqrr
vcntilâtidn. This scale rnay bc uscd as onc rncasurc qf vcntil¡¡ion pcrformancc (VPI2).,
For thc casc of highcr inflow vclocþ (U"d0 ftlmin, or 15 m/min), thc distribution of
D.6 is almost idcntical to Nhe casc for lower v.clocity but.thc magnitudcs vary;witlr thc
prodrct of U. rnd B, . , ,ì , ,"

,,-'; :' .i" !..
Figure Sshows thc contours of contamina¡rt conccnt¡afion tl¡at occr¡¡ when thc pupplyduct
is placcdat the oentcs of thc room. NoE ßha+üç,contam.inant lpvcl shown høo rs.t
relativc valuc¡ Thc contaminant conccntra,tion is significarrtly highcr on thc uppgr-lcft s¡d
right=hand sidcs of lhe ¡oom,.:Placing,tlrc supply ¡ir duct at thc lcft sidç,of:thcr,¡eoûn,.
crca¡cs thc conaminant conccntration distributions shown in Figruc 9.:r Thc avettler,:
contaminant conccntadon'isrsigrrificantly inprov.cd. , Shown iin Figruc lO,is,thc,,.
contaminant disribution whcn the supply duct is at thc right-hand sidc. Thc conraminant
lcvcl for half of thc room is very high duc to poor mixing. when uo increascs 5 tfurcs
(50 ftlmin, or 15 m/min) for lhc centcr cnry configuration, thc vcntiintion pcrformancc
is significantly improve( as shown in Figurc 11.; ' ,l

Tablc 1 summ¡rizcs the averagc contaminant conccnEation in thc room (c.J, avcragc
contaminant at thc breathing lcvel betwccrr 3.5 .ft (1.05'm) and 6.0 fr (l:8 m) from rhç,
floor (C¡rj), maximum aontaminant lcvcl (C6¡")i,fracrion of ,the cqntaminant levcl not
to cxcccùS% of C;¿ (C5), fraction of thc.conraminanr lcvcl not ro excecd l0% of G.r. ;
(Cl0)r fraction ofrthe contaminanr lcvcl hor to cxccêd ,50%" of,€¿ (C50), ¡vcraÈc ,
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contarninûlt diffuslon,,cocffl¡cicnt r(D¿$'rn",m2ls,,,urd:fiirrdmum and .minimum strca¡n
funaÉon P..rr P;¡;), ', "r:" .iì il .: ii ,, ,ì:ir ) i: ..r..

¡ j,rl .. ¡j , : _ ,!ilt. .:\.. : t.. ,...

Bceause G¡;u.5 depcnds on,thc.,ncntilationpam¡nctcrs discusscd and may bc diffc¡cnt f¡om
the avcrage contaminanq it nkcs into account into thc vcntilation pcrformance (VPB) aql
wcll as C."" (VPII) md %n ffPI2). Noæ that C.".0 is always lowcr than C.".. The bcst
ventilation performancc obaincd is thc right flow enEy case for a givcn air cxchange ratc.

:,
The vcntilation pørformansc can be dcfuied as thc ratio of cithcr C¡v, with floVC.""
without flow or C(t)/C(t4), and it can bc argred using cithcr thc co4sta¡rt stcady sourcc .

casc discusscd in the fust half of this papcr or the timcdepcndcnt:conccntration casc
discusscd in the larer half.

Table 1. Sumnury of C."., C."6, Co¡¡¡, C5, C10, C50, DGñ,, P..', Pn'¡o.

i, J:. : i,,.
' I -' .1,¡ J : , '¡ '1,, ;' -'"' :) A¡, I i, i.

Thc ncxt cæc is onc in which the room is initiorlly contaminarcd (no furthcr conråminanrs
are gcncratcd thcrcaftcr), whilc a stccdy-staæ flow ñcld cxiss; ¡nd thc timedcpcndcnt
contaminant distribution is cornputcd as a function of thc nondi¡ncnsionalizcd timc scalc
t=10, 30,60. A tirnot=3() contsponds o,thcocha¡actct'istic timc (c). Noæ tl¡at thc acoal
time is ob¡sincd by multiplying B/Uo. 1; ': ; (

: ,' . I

Fi$¡res l2(aÞ(c) show thc cont¡mintnt conccntration dccay rs a functio¡r of ti¡nc whcn
thc supply duct is at thc ccnEr. Thc valucs of C¡y3, C.rn5, 8îd C-.' are rccordcd Thc

Ccntcr Entry
U-=10 ft/min (3
rrt/min)

I-cft Entry
uo=19 ft/m¡n

Right Entry
U"=19 f!ftnin

C.ri l;333 0.964' 2.824 0.268

C...* t.296 0.917 2.M 0.2û

C-.t 2.6r 2.51', 5.31 0.528

c5 o.0n 0.112 , 0.140 0.030

cl0 0.064 0.lvl 0.18r 0.066

c50 0.435 0.373 0.435 ',;

D.r 0.0095 0.01¿14 0.0080 0.009s

P-.. r.t2 l.l I 1.04 r.t2

P-i. -0.11 -0.ø {.14 -0.1l
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avcragc conccntratioù,decays;cxponcntially, bcc¡usc df 'fitdté:núxing,:" Figurcs 13(a)r(c)
show the timedcpcndcnt conta¡ninant concentration whcn thc supply {r¡qt is,,ç the.Iàfu,: .

The average conccntration is considcrably improved in comparison with thc centcr entry
casc. Figrucs 14(aÞ(c) show the ti¡ne:dcpcndcnt:contaminant conccntratbn y.vhcn.the:r:;
supply düct is placcd at thc righl Thc avcrage conccntration is thc worst among the th¡ec
cases because a largc fraction of thc roorn is,unmixcd duc to flow bypass. As thc timè
elapses, an cxftemely high concenratioh is obscrvcd at thc uppcr-right corner of thc room ,

wherc the reci¡culation cxiss. Apparenty, thc vcntilation pcrformancc improvcs with
incrcased Uo. In ordcr to increase the vcntilation pcrforrnancc, the valuc of D.e rnust be
inc¡cased by increasing,the gas passage'lcngth in the rcorn Thc highcr D.¡, the beucr
the vcntilation perfôrmancc. The finiæly. mixcd casc shows always less vcntilation .

performancc than a well mixcd case.

CONCLUSIONS

A uscr-iriendly ventilatiof modcl wasì'devclopcd to providc ur anal¡ical tool-for
" cngihecrs who nccd ¡o-cvaluatc indoor air quality enginccring problciru. Thc modcl"..,

opctatc$,on a pcrsonal computcr with appropriaE accuracy and resolution, and providcs '

' rapid analysis of airflow and contaminant concentr-ation distributions: '

Vcntilation cffcctiveness dcpcnds on nþm confrguration; ventilation methods; opcrating
*'conditions; and locuion, süugth, and types"of contaminants. :Ncw scales callcd'

"Vcntiladon Pcrform¡ncc Indices" (ry?Il, VPD, a¡¡d VPB) are propos€d to evaluarc thc' 
vcntilation cffcctivencs3: (l) avcragc contamin¡nt conccriration or dccay raæ of the rcom.

. (VPI1), i2¡ atcrag. contarniri-t¿ifnrsion cocfficie.rtt(VPf¿),and (3) avcragc conuminant ;

concentration and dccay ratc at thc brcutring lcvcl (rÍPül). ,,!
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Flgure 1, Room outllne and verlabl€s. ,.

a¡rllow
enry'.

Flgure 2. Tlme.averaged elrllow
streaml¡nes for lhe center entry.

. ì: l ì :" 
'.

Flgure 3. lme.evoraged
streaml¡ne8 lor the left

Flgure 4. Tlme-averaged alrllow
strceml¡nes for the Íght entry.

Figure 5. Dlstrlbutlon of Dsç for üre
cônter enw.

Flgure 6. Dlstr¡but¡on of D"¡¡ lor the
left cntry.
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Figure 7. Dlêirlbutlon gf Deff lor rlght ng,ll",-8: 
^9on!oqp 

of contamlnant''entry. - distrlbutlon lor the center enEy.

Flgure 9, Contours of contamlnant Flgure tO. Contours ol dontamlnant
dl¡lrlbuüon for the lon €ntry. -di¡lrlbution lor the rlght enûy.

efdùåSn:'conrdur¡ ofcontaniinànt?' rl'fure' 'conÈe¡uatióh tordlstribuüonförtheéehtgrcntrywlthhlgh àt ËfO.
veloclty.
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Figure 12þ. Conteml4ant cgncentratlon Flgure 12c. Contamlnant_Ç,oncsntr-aüon
for ü¡e cËnter ehtiy at tr30. - lor the csntor entry at ta50.¡4 j,,

Flgure 13e. Contam¡nenl concentratlon Flouru 13b. Contemlnant concentrallon- töf'$e^feft entry atl=10;¡.,. ir,o.i,'hlteiiãmry'åt ¡¡pg: ;=.

HgUrp 19,q, .Co traltonr Flgqre 1{_q, Contam¡nent concenlrFtlg.nfÖÌ'tte ''loitherlgh!plrgy"tF10.:,,ri,,,'..¡r,
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Flgure 14b. Contamlnant concentreüon
lor tñe rlght onty at t830.

FiguÞ 14c. Contemlnant concant?atlon
lor the r¡ght cnby at tÉ0.


