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NEAR FLOOR AIR MOVEMENT IN AI{ ENCLOSTJRE WITTI
MIX¡NG TYPE VENTILATION

Yuzhou Jin and John R Ogilvie
Univctsiry of Guelph
Guelph, ON, Canada

STJMMARY

Thc mcan air vclociry, and the RIVÍS value. of thc rwcrsc f,ow in the zons up o 0.62
o abovc ¡hc floq of a 4.8 m (long) x 3.E m (wide) x 3 n (higl¡) building wcæ ocas¡¡td
wi¡h a hot-wirc anemomÊtcr. The isothcroal expcrimcnt was conú¡ctcd for 35 inlct
conditions in a full-scalc slot-vcntila¡cd ¡mm" The vcnical disuibutions of avcrage tioc.
mcan vclocity, RMS value, and ¡¡rbulcncc inænsiry a¡c shown at five hcizontal positions

along thc flow di¡rction u thc f,oor. Thc mcan vclociry disributio¡s u thc oid floor ægioo
showed a simil¡¡ form and approxinarcd a jct profile. At ¡he cor¡c,rt, the oain mtary flmr
was deflccrcd urd rhe s¡¡all reci¡cutuion flows werc fotued" cauing high flow ¡¡rb¡¡lcncc.
Analysis of variancc indica¡cd that thc same vcntil¡¡ion ratcs, arising Ênm ditrcrcn¡
combinarions of inler op€ning hcight and incoming air velociry, rcsultcd in sig¡iñca¡tly
differcnt vclocities in thc mcas¡¡rement zone. Thc rcvcrsc flow vclocitics weæ not t
fi¡nction of vcntilation flow ¡a¡s alonc.
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NEAR FLOOR AIR MOVEMENT IN AI\ ENCLOST.JRE WTTH
MTXING TYPE VENTILATION

Yr¡zhou Jin, John R Ogilvie
University of Guelph
Guclph, ON, Can¡d¡

INTR'ODUCTION

Air d¡afs in thc hr¡m¡¡r or animal occr¡picd zone due o inappropriarc air vclociry
disribution nuy causc discomfon and coqlaint in vcntilated ø ai¡-conditioned spaccs. For
orample, Fangcr et al. [U showed tha¡ thc pcrccnürge of dissadsfaction of pcrsons cxposcd
to thc samc mcq¡ air vclocity was higher whcn flow turbulcnce inænsity was high than
whcn u¡¡bulencc inænsity was low. Air movemcnt in an enclosr¡¡p is a combincd ¡rsult of
dynamic, thcrual, clinadc, mcchanical a¡d sm¡cu¡ral influcnccs. No gørcral mcthods c
sys¡crus can be used to describc thøoughly this coøplicatcd proc-ess. Undcrstanding on this
issuc is still inadcquarc.

Airflow p¡¡ttcrr¡s aad airspccd in ùc occupicd zonc havc bccn invcstigatcd by many
¡esca¡chers. Nielscn et at [2] and Gosm¡n ct aL [3] r¡scd a snall physical modcl to
invcstigarc two and threc dimcnsion¡l airflows. Thcy found that air at the botton of üc
modcl flowcd in a dircction opposirc þ tbar at the top whcre üre jet was cæsrc{ and callcd
this rcvcrsc airflow or rcu¡m flow. The maximum vclocity in úe ¡wcrtc flow occr¡E€d
close to the floor at a dis¡ance of Z3 rooo lcngth from rhc supply opcning. Nielscn [4]
suggestcd a formula with thc sanc fo¡m as thc cquation for thc cen&rline vclocity of a
plane wall jct and wiú a¡ ¡d¡li¡is¡¿[ constant, Þ calculats ¡he maxim¡¡m velocity (UJ in
rsvcrrc flow. Skovgaard and Nielsen t5l us€d two simplificd relationships for Un, i.e., Un
æ Q and Un n jo', whc¡e 0 and j arc thc ventila¡ion flow fatc and the momenn¡m flow
tbrough thc inlct, respectivcly. Ti"""ons ct al. [6] and Timnons [7] also rceoræd
experiments on roo'm airflow. Phoographs and mcas¡¡¡ements shoìvcd that there was a
th¡cshold Repolds nr¡mbcr (R¿) above which thc flow pattcrns and dimensionless vclocity
becanc independcnt of changes in R¿. The th¡eshold R¿ was proponional to thc physical
dinension of model. lfanzzwa et al. [8] and Melikov ct al. [9, l0] invcstigaæd practical
ai¡flow cha¡acæristics in the occupied zone in spaces with mechanical ventiladon, hcaæd
without mcchanical vcndlation, and with displaccmcnt ventilation. Thc main flow
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cha¡acrcrisdcs, including Eean air vel(rity, ¡nrbulcncc inænsiry,and their distributions,
spcctra of the tu¡bulcnt kinctic ensrg'y, and length scales of lubulence, were rcported

Rcccntly, the inlct jct momentum irumbcr "/ as an index of airflow'pattcrns alrd airspccds
in thc occupied zone has becn reported [1]. The dimensionless jct momenun numbcr is
defincd'"as J = (AUòl@þ, whcrc Q,nd LIo axe respcctively vendlation flow raæ a¡rd
incoming jet air spccd through the inlcq g is rhe accclerarion of gravity; and V is thc
interior spacc volumc. Ogilvie and Ba¡bcr [l] rcportcd linea¡ ¡ela¡ionstiips bcnxccn flo6¡
air spccds and J. Spitlcr ct al. [12] found tþat not-_only bulk air vclocity but also thc
convcctive hcat tran$cr cocfñcicnt in thc room was prcponional to the squa¡c root of ttre
incoming ./. Jin and Ogilvic [l3] examined thc individr¡al cffcct of incoming'air velocity
and inlet slot hcight, a¡rd cstablishcd cquæions for floor mcan vclociry and the RMS value
of n¡¡bulcnt flucoæion wiú "/. . :

M|1f of tlic carly measurcmenÎs wcre conductcd in small-scale physical models. It is vcry
, difñcult or inpossiblc to reproducc ccr¡ain practical flow¡phenomcna by such ¡cduccd sizc

modcls. Some rcsuls and conclusions lack complerc, dctailcd and acc¡¡¡arc information an4
., hcnce, wcre qucstionablc. Limicd cxpcrimental uials or rcsrs Eay not dig out the real flow" info¡oation, and may cven misintcrp'ret if To undc¡srand the tn¡c flow cha¡actcristics, a

comprchcnsive as wcll a¡¡ an acc¡¡ra¡c cxpcrincnt is csscnri¡t

Thc prrposc of this sn¡dy \va¡¡ to dctcrminc the air vclocity distribution in rwenc ai¡flow
'in a full'scalc YcntilÂ¡cd cnclosu¡e. Slotæd inlct and outlet opcnings wcrc uscd- Thc intcrior
airflow was ass¡¡med o bc twodimcnsional (bascd on thc-lcngth to widttr/treight ¡æio of
thc cnclosue), and srcady statc. Thc mcasu¡1c@cnts wcrc conductcd in isottlcrmal an¿
steady-statc conditions urd only whcn thc ñrll rotary flow paucrn was csr¿blishcd tl3]. The
rangc of flow rarcs was 7.5 to 60 air cxchanges pcr hour (AGI) commonly used for
ind¡¡strial and agriarltural ys¡rit¡tis¡ air loading rarcs

i t :.i,

EXPERIMENTAL APPARATUS AÀfD PROCEDTJRE

rÎrc cxpcrinent was conductcd in an cmpty PfotorlTc building located at rhe Univcrsity of
Guclph, Onta¡io, Canada (Figr¡rc l), to simularc a room 4.8 m long (¿), 3.8 m widc (IÐ and
3 m high (I/). An adjusrablc slot inlct a¡d 0.1 m slo¡ outlct cxrcnded thc full width of ùc
room (3.8 m). Thc fixrm was ys¡riletcd by suction furs which could achicve vcntila¡ion
flow ratcs up to 60 ACH by adjusting a vent on the fan box, thc spced of the fan or
coobination of thc above. Ai¡ was cjccæd and exbaustcd cvcnly úrough the slor planes and

$Ê 1111

ir'; :i ¡ ^ J:. .r r:: I l.^ , ,,:r. , 
._ _

.a.r: rì, tì :

ri', .,.ìr nr¡o.dimcnsional flow was cns¡¡¡cd ..:
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Fig. I Dimensions and geonclrics of thc cxperimcntal cnclgrurc and sPParau¡s.

. .: - ;lrl,. Velocity r¡,as rnca$¡¡Ed by a hot-wire ansnomccr. Four singlc hot-wire Púobes (Da¡tec,

.i,r1rt,".,:;iilr. -.É modtt 55Pll) were Eountcd in a rask on a tcsting rig, movablc in both horizonul a¡d
.: ríL.r (r * .-vèitical aliÍtedons. Vcldrry was-saqlcd at-100 llz over a p€riod of 30 scconds as

suggestcd by Jin tl5l. A mcan and a root-mean-squarc (RMS) value, obtained f¡om thcsc
. 3,000 data (100 Hz x 30 s), werre used o cvah¡ate vclocity charascristics for onc mcasuring

position sincc the stcady-starc air vclocity was close o a Norm¡l ø Garssia¡ disribution

tlsl..1J:.ÌJi ,tt'
A scpanrc hot-wirc probc was øountcd in the centre of the slot to dÊtcrmine the incming
jct air spoed- All da¡¿ wcre sa4tcd by a high spccd analog-tÞdigita¡ data loggcr (IS¡AAC

r:crjìi 5000, Cyborg) comrollcd by a host compuær (tBM XT). Hot-wirc probc calibration was

,1.: ,achievcd by-two dcviccs, a muing dcvicc and a wind onncl fc thc calibra¡ion spccd

:.,r:!: ,'¡anges from 0.1 to 1.0 m/s and fron 1.0 o 15 ds, rcspcctively. fuiy e'ffect due to
:,¡í,r,: tcmperan¡fe diffe¡cncc betwccn calibra¡ion and measu¡cncnt was coÍ€stÊ¿ Derqils sbout
jr ." hot-wirc calibration arc givcn in Jin U5l. )

,Jr -::f.
rüfhcn thc flows bccame fully rotary in the enclosue, thc revgrsc flow velocity at the floo¡

levcl was measr¡¡cd according to thc 4l combinations (35 inlct configurations plus 6
replicaæs) of inlct vclociry and inlet height shown on an airflow rarc plan (Fïg¡¡re 2) and

discussed in Jin and Ogilvic t131. In the floor rcgion, mca¡¡u¡enents wcrr talcn cvcry 0.2ú

l, tl.
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(0.96 m) þsrizs¡rrlly, arid evcry 0.04 m venic¿lly with thc first point at 0.02 m and rhc lasr
at 0.62 E abvc the floor (Figrrc 3), a toul of 80 poins for each of the inlct conditions.
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Fig. 2 Planncd cxpcrimcntal_a¡d rcplication poins bctwccn lowcr boundary of frrll rotary
flow and uppcr limit flow rarc or¡ thc airflow ra¡c plan.

RESULTS AND DISCUSSION

Meen Velocity Distribution in Reverse Flw

:. ', I to get an overall view of thc flow u thc floor region, rbc Ecan vctociry was avcraged orer'-i:.' j'" t the 4l inlct conditions. Figures 4 üd 5 show úc non-non¡alizcd a¡rd normalizcd mcanI vclociry disaibutions (solid lincs) at 5 borizonr
'' ttspccrivcly. The non-notEÂlizcd v

wirh thc same.vcntilæion flow rarc (50 AGI) a¡e

/ , r.l.
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Fig. 3 Dimcnsions and geomecics of vclociry mcasuring positions at thc floø rcgion.

Thcre wc¡r no diffcrcnccs in variations of flow disuibution bctween non-normalizcd a¡d'; 
noroalizcd velocities, cxccpt for diffcrent scales. For the same vendla¡ion flow ratc through

thc inlct, vclociry oagniurdcs werc quiæ diffcrcnt for thc trro inlct conditions (4 = 10 m/s

andd= 0.02 mvs. U, = 2 m/s andd= 0.1 m). Thc non-nqoalizcdluvensc flowvelosities* 
of Uo=l}m/s and d=0.028 ryet!muchhighcrthan thosc of IJo= 2mlsandd=0.1 m
(Figr¡¡e 4). Howerrer, the sin¡ation was rcv€rscd whcn the vclocity was nonúslizcd on thc

inlet vclocity' i-c-, thc nqoalizcd velocitics of Uo = 10 m/s a¡d d = 0'02 m wcrc much

sm¡llcr than üosc of lJo =2 m/s and d = 0.1 m (Figr¡re 5). Thc high % or higb d rcsultcd

in high floor velociry. Howsvcr, thc influenccs of thc ttrro Paramctcrt wGrc not eqt¡at. In
othcr wordg the floc velocfuies wcre diffc¡cnt if onc paramctcr was incrtascd a ccnain

aÍþunt and thc othcr paramcær was dcc¡eascd in the s¡mc ratio, a¡d vice vers¿.

As an cxamplc, analysis of variancc was cond¡¡ctcd on thè floor mcan vclocity and the RMS

, value as affec¡cd by diffcrent Uo and d combinations at the samc @ of 15 and 40 AGI ¡t
- which rcplicarc Ecasr¡remcnts were performcd (sce Figure 2). Both mcan velocity and tbe

Rlvls valuc wcrc diffcrent for diffc¡ent uo aú"d combina¡ions t Q = 15 Ac[I (P < 0'05)

- 
'and x e = 4O ACH (P < 0.01). None of thc.icplicãrc effccs was sigrriËcant u ùc 57o lcvel
' 
t151. As thc rcsult, thc rclæionship Unn Q

', no lonÉer hold sincc thc oa¡rimr¡gr vclociry

tg thc avcragcd mcan vclociry ovcr the

.ih" su-" O. That is, thc normalized revc inlet
'arca ttrc equatiôn Un * ¡os ¡5 Thc

acn¡al rcla¡ionship U- * .10' has g ths
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Fig.4 Thc vcrdcal disributions of uon-noroalized timc-mcan velocity ar fivc floq
posirions for ovcrall4l inlq condidons urd thc Mo qæical senings.
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The mcan airspecddisuibution at th¡ec middle posiúons approximated a wall jct profilc. For
both scalcs, the maximr* velocity occr¡r¡ed at thc locarion ¡ = 0.3L. Vcrtically, thc spccd

'-'' inc¡cased to a nraximum at about 0.1 in above thc floor and then dec¡easc4 resembling a

wall jer A simila¡ disribution was obscrrrcd in the next rwo positions (.r = 0.5L and 0.7I)
down ¡hc flow, but the magriurdc at cach corresponding point was smaller due to thc loss

of kinetic energy as the flow wcnt on. Figrne 6 shows this decreasing uend of ¡he

. nornalized mean airspccds avcraged ovcr diffcrent levels from the floo¡. Although úe
ì avcrage vclociry at a lôwcr lcvel has a gfcater value, the dcctcasing slopcs of the lines are

almost idcntical betwccn thc tb¡ce middle positions. ïlis iñplies that thc mean vclocity
reducing rzt€S; âtìê almost thc same at diffcrent heighs and slightly dccrusc as flow
proceeds down the strcan in the middle sccdon of the room.

.7L .f-
iæm lírgô L - 4.t m

.¡- lL

Fig. 6 Thc horizontal disributions of nomalizcd time-mcan vclocity over diffe,rcnr hcighs
in thc occupicd zonc.

Comparison with Comrmn Jet hofile

. Since the mean velocity distributions at the middle of the ¡oom havc a sirnilar fum to a

.- wall jet, funhcr comparisons with wall-jct and frec-jet profiles were conductcd Many
empirical formulas expressing thc normalizcd ûrec-jet utd wall-jet profilcs have becn
dcvcloped The most commonly uscd dimensionless form is
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(t)

whclË
UIU* = the afiual velociry noroalizcd by the ccnterline or û¡odmum vclocity;
yllos = the nondimcnsional length scale of aco¿l disance from ¡be ccntsrlhe

dividd by thc 4iq¡¿¡¡ce at which U = 0.5Uj an4
þ = u cmpirical cons¡anl The & values wcre repcncd to bc 0.698 [ló], 0.696

[l7] and 0.937 t181.

However, ¡hc vclocirics mcasr¡¡ed in this study wcre only taken up to 0.62 ú froE thc floor.
The velocity is still sigrificant abovc this hcighr ln ordcr to cxclude the vclocirics in the
top region, a ncw form of equation was defi¡cd as

=!-u1= = Gry[=(J-)2] (z)U-.-Ur ')os"

t -€*,-(¿Fl

r:..1j:!:i-.ii' :::; ::: :: :::::::::::::::::::;:.::::::-::.:;i:.:::-f :

wherc
U
un
un
v
los
k

= the acu¡al velocity, m/s;

= thc maximrrm yslosity in thc profile, ds;
= thc minisuñ vcl(rcity in thc profile, mls, Unshor¡ld occur il y = 0.62 q
= the acn¡al distancc bc¡wecn U md U* tD, ) = 0 to 0.62 m;
= the dis¡ance at which U = 0.5(U*+UJ, m; and,

= const8nl

The ,t value was found through thc SAS non-lincar lcasr squ¡ücs regression [14] to be 0.663
with a squarcd correta¡ion cocfEcicnt (R 2) of 0.9ó. Figure 7 shows thc acu¡¿l Eca¡jurcd
poins at thc middle th¡ee rooo positions and the regression li¡e. Thc t valucs suggcsrcd
by ASHRAE [16] a¡rd Schwa¡z and Cosa¡t [1E] wcre also substitutcd into Equationl and
thc ¡esults a¡t shown on thc samc figue. Thc p¡cseil mcas¡¡¡s¡ncnt is closc to thc rcsult of
Schwa¡z and cosart [l8J at low ylyot valucs and ro rhar of ASHRAE [16] at highytyos
values. Although thcr€ is a differ¡nce bctwecn the dcfinition of the formulas" the velocity
p,rofiles at thc middle of the room do show, to a largc cx¡cnt, wall jet cha¡actcristics.
Howevcr, Equation 2 may not be an appropriaæ cxpression for genenl use. \Èrhcn u =
Un, y should be infiniæ; he,re y was only evaluarcd ûo 0.62 m abovc úrc floor.

" ' Airflow et the Corner of the Occupied Zone
::l

' At the cotnefs ôr ttie inrcrsection of wall and floor, flow was rcstricted by the walls and the
vclocity iü¡cction of'the r¡ain strcam was deflecæd. Flow visualization showcd th¿t the
m¿in flow scþaraæd f¡om ¡hc ro<m inrcric srrrfacc ar a c scparadon point and staræd\' .':.Ì-. c --' ... .:.rr - i...-¡' ,r:'. 

1



1.O

255

0.¡l 0.6 12 1.5

$::

j)

0.9

0.8

o.7

.:0.6

05

O.¡t

ol
l,

:0¿
0.1

o

U Ll rl,

r-4 ì

ti

2 2.1
v/vo5

í.à. .1 t.. l

. t: .\t

Zí: '.''t -

?w.)!,,

itl:..: /,'ü i*.1,;.

:Li.- J

Fig. 7 The similar distibutions of Dcan vclocitics u ¡he mid-floor positions arid thc best

fit regrcssion line compared with common lvaü jct P¡ofilcs.

þ cbange flow di¡ection as it approachcd a corncr. The m¡in pan of the flow touchcd the

"adjacent st¡rface of ùe same oúrsr as it went along thc deflectcd direction. One of thc
main strcanlincs was a bound¿ry bctwccn ¡he mainhow and a "dcad" rcgion in the corner.

Inside the small "dcad" region, ¡ccirculation flows werc formed car¡sing high û¡rbulencc and

vorticiry. Thc magniodcs of thc spccds and thq a¡ea of thc ¡ecirculating region at thc
cornsß wcre a function of the otal cncrgy iontained by thc flow and the enerry
expcndiurre during ùre flowing prcæss. Aftcr thc ra¡¡dom inæ¡actions bctwccn flows, and
losscs of sme en6g:t' at the cornsr, the main flow rcgaincd part of the encrgy and flowcd
in a ncw direction 90 dcgrecs o ia fqocr di¡ection- Thc avcragcd mcan vclocity proûles

..þtose to ôorncn wcrr lcss rcgular and smaller conpared with thosc at thc middle of üc

.¡oom shown on Figurts 4, 5 a¡d 6. 
,...

Turbulence Charscterbt¡cs

The RMS value of thc tr¡rbulcnt fluca¡a¡ion componcns and the tubulcncc inænsity, Le.

the ratio of RMS value ro the mcan vclocity, are,respcctivcly thc absolute and relative
rncasurjEs of the flow u¡rbulcncc. Figrucs 8 and 9 respcctivcly show thc non-nqmalizcd and
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and thc uppcr or outer laycr of the flow. Thc p'rofilcs friom two individual inlcr condidons
a¡e also shown on Figurcs 8 and 9 for comparisons. Thc magnitude of rhe RMS value was
consistcnt with thc mcan vclocity in Figrncs 4 and 5 and was diffcrcnt for thc s¡rirc
ventilation flow ratc. Therefore, it is not a single f¡¡nction of @ alonc.

L-¡lln
A¡'lbffi.r

IL

; frc [¡9 y¡¡r (rV¡]

âã- o:î'ì; ¿ã,¡tt ù!,ür¡ U.-2n/. Uo.-iõ-J¡

Fig. I The vertical disributions of non-normalizcd RI\¿[S valucs at five floor positions for
ovcrall 4l inlct conditions and thc rwo rypica¡ scrings.

0.7l.0.9. 0.i- 0.t

E

o
d

I
,

Figl¡f€ I I shows üre averaged ¡¡¡bulence inænsitics ar 5 ¡ positions. The horizon¡¡l
disributions of at different levcls above the floc is show on Fiine 12. The suull values
occu¡red closc to thc floor in the middlc threc .¡ positions and the large ones wqrc ar up
flow region and the eorncrs. Thc maximum averagcd u¡¡bulcnce inænsiry was lcss than509o. disuibutions thc rr¡rbulencä inrcnsiry wcrevcry . Sincc n¡rbulence inænsiry is a ¡ario of rhc" RMS bc high whcn thc mca¡r is low if thc RMS is
reladvely cons¡ant.
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Fig.9 Thc vcrdcal disuibutirins of no¡oalizcd RMS valucs æ fivc flocr positions for
ovcrall 4l inlct conditions and the two typical scaings.
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CONCLUSIONS

At middle of rhe floor region, the venical disuibudon of the mca¡r vclocity
,had a similE.fqm to.urd approximatcd a wall jet proñlc. The maximum

velocity was for¡nd u 0.3 room lengrhs from thc wall opposiæ to the inlct and

at abut 0.1 m abovc thc floor. Thc dccay rarcs of the mcan vclocity were thc

samc at.thc diffcænt heighs as the airflow procccdcd in the occupied zone.

The actual and normalizcd floor airspccds were diffcrcnt fø the samc

'ventilæion flow rarcs through thc'inlct due to thc differcnt combinations of tbc

inlet velocity and the inlet opening heigbt Vcntila¡ion flow n¡c is inadcquarc

as a singlc indor to dctctmine thc mcan velocity urd thc RMS value in thc

occupied zonc.

-At the comcñ¡; thc main flow sueam was rc$rictcd and thc flow diæction was

, dc.flcctcd. The small ¡csi¡culadon flows wcrc formed in ¡he corncrs, causing
lcss rcgular mcan vetocity and high t¡¡¡bulcncc inænsity.
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