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WI ND TUNNE L MODEL I NG PARAMETERS FOR I NDOOR VENTI LATION STUD I ES
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d descr i bes the gradua I retard i ng

ion . Th i s relerdat iqn of f lo,w.. =i s

what i s referreð ló as'"the ' "giäd i-
: '" :ì

.t.,

These parameters can be divided into those rejaled to the boundary. layer airflow and,those 'rqlated
to lhe model bui lding and its immediate surroundings. Boundary layer model ing involves the gener-

ation of airflow througn the wind lunnel, where the bui lding model is to b'e placed, ,that reprodu-

ces at the aPProPr i ate sca l e: ì I

-- mean vertical profile of longitudinal velocity t '

-- vertical profile of turbulence intensity, and

-- power sPectral densi iY
of the f ull-scale wind f or a part,i cular dÎrecl'i o I' at a site.: L,

Mean Vertical Profi le of itudinal Vel if
The mean ver ca I prof le o ong I ud na I veloqity of win

nd surface fricteffect of turbulence due lo ground roughness a

greatesl near the;ground and d.êcreases wij'h 'height t'o zero at'
ent heighl." ' '

Th is retar.dat i.oh of wind near groun'd leve'i '(F igure 1) , resu I t i ng in an increage in mea¡ hour-
lywindvelocitywithheightabovegÊor.¡nd,isdescribedb.ythe''Ioglaw.'equalion:

U,

U r

al heighf z

åt gradì enl

(].)

wher e

where

: Mean lTour ly longi'tudinal velociiy 1{m/s)

. = Àlean 'ho.ur. l.y, longitudinal velocity (m/s)

at height z (m) aboVé'grquncl roughness

at reference heigh.t r (m), (.usuallry lOml.

k

z = He ight above ground r,'oughness at wh ich mean hour ly long i tud ina I ve loc i ty' is
measqred. . -'

Zo Roughness I ength of surface (m) .

'q = :;;ï::l^;;,:i;n":ïii;; :i',::ii:i;T:'J;i: 
corio'r is eÉrect; surrace rribrion'

l-n = Natural logarithm funciion.
Roughnqss elements for lerrain on the earth's surface are ap'Pro¡imately.572 lo LOVo cjf the mean

neiint of obstructions above ground. Terrain roughness has beeh classi fied into tour categories
in ïost wind loading codes (standards As.sociaiion of Australia. L9751 . For exa.mplel .. ;..\-

Category I EiposeO open lerra.i n;1,vitn.FeW or no obsl'ruc.t'ions of :mqa'n heicht less lhan 1.5
m (seacoasts and f rut' t.""rãu= pruinsl. 'J :: ' 

.

Category 2 Open country with wel l scattered obstructions of mean herigh't I.5 to lO m (most

airporls). ¿

Category 5 Terrain with numerous closely 'spaceà oÞstf-uciionç of'"ine. n. height 3 !ç29. meters
(wooded s.uburban areas)

Categery 4 lerrain with numerous large" closeIy spaced,'fel-l gbstruc'Ìions of mean "hei9ht

,. 20 to 1OO m ((owntow.l u..t"O of ur-ban ce,nfersl'" 
r.

' :-: : :' ¡ :--
Atthough tþe ,1 log law'r is. t¡eoreticall'y sound, il is -awÈward. to usê. Th.ere is nQw Prèf e.ren-

ce for t¡e wí0e.1 y qs,.eà, more empirically, based.eq-uqtion, ¡eferred to as thq -"power Luï",
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z-s = Gradiênt

Mean hourly longi tudinal veloci ty.

NESS. :

= Mean hour. I y long i tud ina I veloc i t'y

(m/s) (m) above sur Éace raugh-

I

h:eig.!t. (m)' character ist i''c o

f.'. =- An; exp,gnenr'f Chêra^clerìg'l'ic Of lerrai.r'r lrqughnes's; i 1ì'' -'¿

lypìcdil '.values for gr'ad-i ent.height Zo and e,xpone.nt "-'r for',4 rahge'oÑ tdrì-ain1 roughness€¡s'a-re i'n-
di-ca,iê.d in -fiable l. llnstrpower law""is no¡ as well'suited'tqrdeSciiÞing the mean úei'tid¡il ;prÔ-f-

i,i e of longi:.tucl.i nal velocity'i,¡'r. the lower. part of ihe-ear'th's bôundai'y lay.er äs thê-"log láw" but
dif f er.ence.s Þ,efween pr.of Íles f r'om each law is. sma:l I (Ayns.l ey et a l.Ig7'1 1.. Wiih ttÍe excepf ion of

' 2,..' = Heighi above:,rough surface. Jm).



single isolated buildings on flat open terrain, neither
'Sfruclionb-wher'e airf l'õw is'detèrmin'ed by geometric con

,: 'i i . ! -

,r' ,'lt isesseriì,i al ín theCase'of ta'l lbu.i ldings'or I

that the length scale (height) of the mean hourly verli
bui ldiñg model being studied. .ii

Iaw"is appIicablè oelow the height of cjb-

The case of low bui ldings closely surrounded by simi lar sized bui ld:ingS or roughness elem-
enls is less clear. Ful l-sêale studies suggestr,rthaf löcal flow fiçlds associated with adjacent
bui ldingjs or roughness elements dominate flow around such bui ldings, and the influence of the mean

velocity profile is less detectable.

Turöulence lñterlsi fY'

f iguration of adjacent obstruct,ions.

ow isolated buildings in smooth ,terrain
cal profi le match 'the length scale of the

.-- r..i

' i I'

dary layer.air:f loyv is thp ratio a,t ajìy Point of.the--root
f f low, /Ú'2, lo l'he mean velociiy, [i, measured in - ihe
ce intensity is most commonly indicaied forwiird tunnel
heig'ht above'typical .suburban,terrain f.rom apProximate-
at.a he:i ght of ,,1OO m (Figure l). . 

l

above ierra i n roughness, bu f are
intensities (Figure 1) (Aynsley et

, Th i.s cheiróctêri ist ic of turbu lent boun
mean square of Ìhe fluctuating component o
same direction. The longitudinal turbulen

'bounUar.y 'l ayer ,;f ¡6¡,,. ' .:Th,i s ,decreases wirth.
ly 0.5 close lo'the surface l'o about O.15

Verfical turbulence intensi ties also decrease wi th height
fypical ly less than the corresPonding lonþitudinal,tunbulence
al , L977 , p. 731 .

ure 1) .

Power Spectra I Dens i ly
:@nsity,Su(n),r,is,'ameasureQ:flheflUc|uationcharacteristicSoftUrbulence
.ex,pressed.- in ferms of ìhe porver specirum-_of turôulence.and the associated probabilify distribu-
tions. Spectra for vertical and longiiûdÍnal components'o'f t.uþOulence:''¿ltbse to the earth's surf -
ace during strong wincfs' have been fitled to universa.l functigns suggested by Davenport(1961) {Fi9-

"j: n Su(n) 
'; )nLt t ,' \

t"ú:
n Su(n)' :' power per un'i-t iint'grval,, of: frequency n of

'1 .
mean square va lue of the -f 

I uclu.at ing' componénf of ve loc i,ty u'.(m/s )

- length. scal'e (m).

(3)

wher e

lheir lnrmediate' round i n

i,hei,r,re,l.oc i ly u,.

fun

ú
.u
L

u (m/s).

Model in ame ers f
These parame ers an eg roupéd n O SIX o

-- :Wi.rid tunnel. b |,ocKôge

-- 'Length scà le '

- 
Abi I i tv to reoroduce smal I archi tectural deiai ls

-: mäcelingtsur'ibunoirrg¿enviroàmê¡t " i j ' ,, ,'
-- Reyno.l ds numb-er. i n f .l uencês 

.'-" -tteu=rrtgments " ' ': i

;;.; i:"::î åÎ:"1ï".="ii"lä=','¡-no' ri"ed cri teri'ä rdr w¡no
centace of the cross-sec t i ona I a(ea ol lhë enc I osed w

""."pË ¡orsay it shou-l o. Üe. as q.." ..I, às :possi.o t'e.' Mos

wh i ch causes i ncreaseË 
'i 

n i i¡oi'a?ot"to I eewa¡d þressur

ind tunnel test section occupied by, models,
.t 'experis recommei.nd blockage less'"lltan 37o,

e d i f t'erehces' óf ''approk"i'ma ie l y lOy''. Blockä'qe
of l0% causes pressure difference r ncrease errors in the order of 5070. fulany recent wind tunnel

and Melbourne 1971). Some wind lunnels havesliud ies keep b lockage down to L.570 or 2% lWcKeon
test sect i on roofs that can be ra i sed lo compensate for tuänel blockage, o( parlially open test
sections wifh no roof at al I as in the case of blower lype wind tunnels

Ì,i . i .:: _ ''::

Data from some studies in the early 1960s where blockage c¿in be seen,from photographs to be
in ihe order of 3O.%.!? 40%.,?{g now ç.ons-i dered, i¡,va.l id., 

.

Lenqth Scale Críteria. From the previous discussion:rof b,lockage; it can be seen lhere is
good reason to keep mo!.e I.s .sma I l_., ..

i tectura I f eatures th'at 'are -known i
We¡f ing aga in-st- -tif is is Jhe- need tq, oe aÞ le ,f o reProduce arch*
o lnf luence surfaêe f lows arotlnd bui'l di'ngs such as sun shades,

screens, projecting columns, beamgi;, and eavès." The resu'lt of ,,these opposing'requiremènts has been
.a gr,owLi,g :number of, large,boundary lpyer' wi'nd tunnels. with cro€s 5€ct ions o.f 5 squor.e meters or
rlorf , which, allgw large c"i''ly buil-di:ngs and theirfr Surrourìdings to Þe,:node.l ed ati scales , bq'i.ween,
tr-:20O an.d 1:5OO a,nd..small'err res:i dent-i a,l ,Þuildings to scal€s ,þelween 1:10O,rand: 1:15O while, r:emai+.

"ing,,-wiìilhi,n aoeeplaþle.bl'þckage level.s.'- Ihis chose.¡ lengtfr s.cale:-for'the m.odel..musjt c-pr.Ìr:;e€pond
wilh the height scale of lhe simulated boundary layer flow in the wind tunnel, as discussd prev-
iously.

3



One'situation in which much smal ler scales, of gay 1:2OOO, are
for correlating data from exislîng long-lerm meteorological recordin
erence locatíon closer to projects to be studied (Holmes et al. L979

u

I
I

topogr ap h i c.mode I s
a: teriìpor

icu I

ensu
iob

Where flow data are required
Number--(ependent, d istorted mode I

Model in a Buildi 's lmmediate SurroundÍn Airilow patterns adjacent lo bui ldings', part-
a( y near ground I eve uence y sol id obstructions in the immediate vicini ty. To

in wind tunnel studies, these obstruct ions need
th is mode I Ì ng vary f,rom. a rad i us of 10 bu i l:d'i ng

n

re thai s imi I ar f I ow pat terns are reproduced
e modeled. Recommendations of the extent of

heights in low-rise bui ldings to approximateiy 7OO melres radius. in the. cOSe of t¡l I bui ldings
suriounded by generally lower buildings (Vickery. 1991 ). Circular bases: for..'this .detailed local
environment model are convenient, al low-ing iis roTation in the wind funnel to simulale a range of
wind directions.

Outside this local environment model, upstream in lhe wind tunnel, roughness elements on the
tunnel floor often do not reflect the physicãl obstructions on the ground, but only the 9e!'ìeral
roughness needed ìo reproduce lhe boundary layer flow characteristics for each terrain over'+¡hich
the wind from a given direction approaches Ihe model undei'test.'

Reyno I db Number Cons i deraf.i ons ' fhe Reynol(s Numbei at a point i n fluid'flow is a measure
of the ral i.o of " inert ia f orce" to '1v iscQus lor cèi' in the f Iu id at that po irì t ( Ayns'l ey el al. 1977 )

PULHe=-
u

where
Re = Reyno I ds Number '
I = f luid density (kg/m3) .: .. :..
U = f ree .stream velocily (m/s)

. . L 1 characteristic.l'ength {m) (crosswind diriension)

Thiè raiiq can,be used'-to.'iden,tify Íldw c'ondi'tions as incr:eases in,.velocity cause t.hé boundary
layer f'low to chan$e, ,Ér.,om laminar at'lôw vel.ociliês where viscous:forces'dominat'e;-ihrough. a

transition condition where bursts of turbulence occur, to ful ly turbulenf flow. Flow patterns
-,qver à smooth curved.gu¡f ac'e, such as a.circular rod, and corresPonding drag coef f icient,s, 9D,
change significantly with Reynolds Number lFigure 2). Ihis is due I'o the shifiing of points ol
separat'ion of trhe boundaiy layer on. the.surface of ihe object with chdnges. in velocity., SharP
corners on objecls wi I I cause separation of the surface boundary layer ön fhe surface of the ob-
ject wi I I continue to occur ai the sharp corners. This means that for nr¡sl bui ldings of rectan-
gular form, the relative velocities within airflow patterns and their associated relai.ive surface
disiributions remain constant over a wide range of velocities. 0r in other words, f I'ôw patf'erns
around 'typical f lat-surfaied, sharp-gdged bui lding Éorms (bluff bodies) and thei¡ corr:esponding
drag.coef f icients do-rìgt change signif icantly w.i th large changes. in Reiynolds Numbers^1F.i gùte.2).
It is lhis flow oenavTõF ihai permits useful pressure and velccity data io,.be obiained fromboun-
dary lëyçr wind tunnél studies without oper:at.ing,the-tunnel al.the.very nigh speeds nécessary for
strict simi l itude of Reynolds Numbers in the model and ful l'-scale f]lows. As the kinèmatic vi5co-
sity and densi ty properties of air in the tunnel and around the bui ldings are I ikely to be sirni l-
ar to lhe wind tunnel aìr, "velocity" is the only parameter avai lable to adjust fo malch iul l-
scale and model flow Reynolds numbers.

(4)

largely ÎnflUenc-
faces of blufï

. - lf an. attempt was made io mainta'i n Reynol.d,s number, the..air. ve,1 ocity in lhe w.i nd tunne.l
woul'à need to be Ìncreased from The f ull:scale velocity'.of inlerest;.._by a f actor 

",f.,..uy, ..29O,
.equal io the invèrse of lhe moðel 3cale, whichnwì ll'pio6ably be t:25O,, , Such an air- v.elocity'
wau.J d normally'be bèyond the.operating'speeds'öf a,boundary lai/er v,i.ind iunnel ano.í n ány case
woutd also be àbove the threshoid'ol f lovi distortioiì,i du€ io compression +f-f ectS 'in the .t lo,üv

(approxÌmately 0.3 of Mach L). 
.

'As a result of the.considerlations above, it is accepted'pr-actice to te$t bluf f .bod-y.models.
in boundêry layer aii¡iów velocitíès significanily lower'tnaÀ tngse:re{uireu to mainlãin slricl
similitude with respect Ìo Reynolds Number. These distortions f,rorn str-i cf simi-l itude make it
èssential that all data f rom such stud-í es'be in the f orm of diniension.less r'atios "('pres.sure and
v:elocity coe:rf icientsl'based on à r:efrêqence,tha;t can uå i-aiated lo fLjli-scale cbn'o'itioos.

e lement5 that are known tó'.be Re-yno lìds.
used. An example is lhe use of Íul l-scale

insqct sçreening on-wind tunnel house models destribed by Vîckery ('l-981)
,. i

' ' tire scalìnq. . Preèsure fluctuatÌons on windward faces of'brl,uff bodies are'-
eo Uy turOutence in the approaching airflow. Pressure fluctuatiohs on leeward

around smooth curved
sca I es are somei i mes

lt



bod i,es are ' inf I ue
sca I i ng .l,s nec"ss
i i ons of appropr i

(reduced vortex s

U.

from ih the time scale ratio is

'f

Lr

úr.
' f., ¿ f ime ratio of model 'to-frÚl'l -soale

= length scale ráiio, modê:l to f ull-sca'l e :' :.

= mean velocity ratio, model to full-scale

nced,m?inly'by per:igqic voriex shedding associated with the wake. Where time
ary to'evâLuate f iuctuatiñg components of surfaêe préssures, or for 'considera-
ate áveraging periods for pressure data, this is done via the Slrduhal Numbers

hedd i ng frequencyï aèsoc i ai'ed wí t¡ o I uf f shapes r'

':.s

_-ú
S:trouha l¡ Number .,-"
?reQuency òf 

.vortex 
shedd i ng. ì n wake ( number/second )

characiei i 5 t'írc ' I englh . ( ct'oss' f low d imens ion Im] t

mean vélócity (m/s) : ':

IS

wher e

a vari,et,y'of reas.ons, i-ncllding lhe charqcteristic time s

hourly velocities and Pressures are lhe cömmon'staridard
ca le d istr: ibutli o-n of ...ryi.¡q energy,
ior infiltration oi ventilaiion

For
mean
stud i es i n wi nd funne I s.

FLUCTUATING COMPONENTS OF INDOOR PRESSURE AND VELOCITY

] NF I LTRA r0N

OISCUSSION

abl ishments

!r
ur

Where there is little indoor resistance to airf low, the f luctuat'ing c.om.P-onsqt of. velocity can be

measured in coefficient form using a fast response anemometei, such as ã hot w-ire -or hot fì lm

type; :lnlerpreting.the, time scal.e.of..t.he.velocit.y f luctqal-ions is done ,using tn9-. jimg 9cal.i ng

. rat ios de,sérlbed above. Pressure Í. l,.uctuet ipnS indogrs. cA,n be measure.d' .u_litg- 
-:.en-si 

llive -capacit-
ange-type..prressure. transducers ref erenced l'o a coqvqn i,9nT. externàl pr;,esF-uret. , - .

where therè: is high indoor;resistance io uì¡irl.*.0ùt signif icaqi ogåni1.gs 
'on lh,e-. windwarrd

fÞce of a b¡¡ildiiìó; pressurization of -índoof ai-r: will .oocur. -The les.ulting pressure f lÚctuatíons
wi tl follow:'ihe f luc.fûaf ions in the dynamic pressure,.of the approachi,ng-wind (Holmes 1978).

_.; -_r'ì : : . :

':-1. , . :j,ì 
:: ;.. ..,,, :Ì ,..

àrå mace to sfudy iniil:tration direcily i,n'sma.l-[.-scale- mode¡s-, tnq Problçms.of' mai,n-

olds .nu¡ber of f iow- througÞ sma-l I cracks" ,ire encguntered. -,To avò id' ihese prgb l.pms

'S,luðies are usuêlly .u..,i"å.oqi usi:ng.-su.rf ace pressur--es melasured of f soti'ç winii ttìn-
oge.theÈ.ìwl.th êmpirical l.y,based digcharge,.coef f iqients in.a diècharge equation (Vick-

I

8ou;ndary_'l ayer.wind. tunnel:'hgvg,been buili, ai fnany..ulìiversi.ties and research est
.since f hà'early téeOs, i¿lost: of these tunneis.are ,l argerenough lo b9., suited to verÍ i

. ies of ibuild'ings an¿ òf fea:ópportuni:f ies,¡oi. frlequenily,usè-q for. estimating r¿entila
wi¡d. . l provemj?nf s in wìnd.' tun0eI technrq!..¡eg over tlg p"e.t tvto dgcqdes ¡ave been d

,velopment of a lheors-tical þase.fçr boundary layer an3 bui.l ding modeling and cofrél
trom model and ful l-scale studies.

derir¡ed, f rom wind tunn,el stuQies can be e¡pecled to be wit
.AppeileyL9J3t. : ,.,,, :.,

I

t
U

a

I

i

e

t

äi r on siü¿-
o¡ due io

fo lhë de-
an.of. gata

lunne I siud i eS are:

giy.e¡ adequate con
hin-!O7o of .actual

.,-':
s iberàt ion, thenìd'ata
values (Vickerv anc

ir
'-.'::. i. _, : -

Many buitdings d.esigned ¡o taxe'ardv-a.ntege,i!r nui¡.ul ln(oo. lui.rl.o* oue to'wiñ'd'f ort"'fir'älmar
. comfort are relatively'smal I and simi lar in scale to the surrounding bui ldings_ or veQetaiion,
. .Buildings in th.ese.situations ar:e .i.nf l..uenèed p.rincipal.l.y by local f low. withi.n theroughness layer

Th i.s a t lows s..tr ict .,mode I i ng-of .lhe boundary .to be ,re I axqd but p-l aces more i.mpqr:taneê on tlie mod-

5



ruct¡ons such as bui ldings and vegetation. lt is sti I I ádvisable to
le of veloci.iy. ModelÌng of vegetation ís a real challenge. Modei lre-
ve been -tourid satisfactory, but'much more modèl anà ful:l-scale corre-
one. Model vegefation used qn typìc4l architecturflj presentation mod-
is genera I l y too so I id ånd cannot be' reiomrirènded; ;

Where interesi is f qcgssed ori' f lucluating çomponents of .pr:egsure þr vê.locìty, po-l-.ticuiar
care musf be taken io accurately model the ìmean vertical pr"of .l le.oÊ Velocity, ìu" **,ttras turb-
ulence intensily and power spectral density. Fluctuating indooi--componènts-of pressure an.d vel-
ocily measured in models can be exp'ected to be wíthin LOTo of actual values where each qprening
is at i easl l7o of wa I I area in wh ich -i:t occr¡¡s 'f Ayns Ley 1980); :

'' Direcf wind funnel studies of i,nf il-t_ration through small cracks are nat f easiÞle, d..çrè to
the Reynolds number.de'pendence of such oþènirigs and'iñe small scales .of. oui toingj modeis. Wind
tunnels have beén used success.ful ly to eslimale- infi'l fration, bui indirectiy, by. providing sur-
face pressure data from sol id modeis itrat is:t!9n qsed in discharge eqùaiio¡ fvickery fgSit.

Slack effecl h¿s not been discusèèd in this paper because of the major prob.lems i f. poses
Ìn modeling simllituoel D-iihengi.onàlly.i ,i t i.s impossible to inodel atl f he rele.vent parameters
at ihe same .time -in .a wind tunn:el (Rei,nhold 1982|l : Some stúdies haveì.been done usinþ'distort-
ed scales with'some.success but more research is needed. Stack effect can be incorpor'ated in
d i schar-gè ?fúat i gâs mgn¡'i oned i n the prev ibus paragraph , ' :

e I ing of suri'ound ing obst
mode I mean'verl i ca I prof i

es made from wire mesh ha
laiion work'needs io be d

els of bui lding projects

CONCLUS I ONS

otner far
i nc I ude:

Ihere is now a broad consensus on the boundary layer wind
consideralion in order to obtain rel iable'mean hourlv and
suÈè ano w i rìo ve I oc i ti. :(Re i nho I 

'd 
Lgazt..

tunnel modèl-ing parameters rihat
f luctuaïi¡g componenTs of yv.j nd

s tud i ed and i ts surround i ngs

need
pres-

Model ing parameters for the boundary layer airflow in lÞhe tunnel are
vertical profile of mean longifudinal velôcily
vertical proii le of turóulence intensity
pówer speëtra I 'density of the ,a ir f low,

arñeters thai" reIate^io lhe modei of the bui'l ding being

wi,nd Ìunnel blockage .t l
model length s.ca!e l

ab i I Ìty to reÞr-oduce ar.ch i leciur.a I

model ing of immediate surroundings
Reyno I ds number cons i dera I i òns
time scaling for measurômeni'$.

fea-lures smal I scaleat

Prov i ded these paramefers are ca
offer a rel iable source of mean and f
in an ãround-:b,ui ldings.
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