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Reltable surface preESure and |ndoor Wlﬂd s ged déra from“mode| ‘buildings in boundary Iayer wind
tunnels cap only be expected if approprlaI model;jng. paramefers are consideéred ¢arefully. Model=-
ing parameters rg exam1ne when plan ng,boundary IBVEEHWInd tunnel studies of .ndoor aIrFLOW and
external surface’ pressures due .to wil d ‘are identified, and criteria'for assessment are suggesred
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.Smlrh l19511 was possibly rhe :r%? Qgrson to sfudy ajrflow throu Himode | bUleInQS in a 54mpje
wind funnel. He sfudied alrflow ‘thet gn s¢hoal claSsroom window Opefings. He suggested the use
- of wind speed coefficients referenced to outabor wind speel'for esrlméflng ventilation.. -~ This
work was carried out at the Texas Engineer1ng Experiment Sfaf:on. Simi'lariistudies,were: carried
ouf by Weston 11954I On Facror!es in Australia and by Wannenburg (1957) on school classrooms in
Sauth Mrlca. . 1 AT e e Ppd- o, 4 -

With the. benefLT of nnndslght it is c!ear now rhar fhe wlnd runnel modelnng technrques used
for, ear|ier studies must have caused 5|gn|f|canr errors in the data obtaineds There has Dbeen
rapld davelopmanr of, boundary layer wind tunnel’ techniques since Jensen's ploneer:ng work in 1958,
It is now time that wind tunnels be reassessed as a tool to assist in the esrlmarion of natural
ventilation due to wind and rthe modetlng parameterv necessary for rejlabie data publicized.

Boundary-layer wind tunnels can be Used to dererm|ne . A

1. Data .on local mean hourly wind speeds and. directtons at a site relarlve to Iong—.erm
wind gata from a nearby meleorological recording site. )
¢ 2. Influence bf nearby obstructions, ropographrc fearuras, or vegerar|on on Iocal wind
speeds. ; s = &
34 Influencg. of drchntecrurat features such as extended gaves) 3un-screen ’d vices, or wall
_,prQJqprJﬁﬁs on surface preaayrgip.sfg:gurnop around q&ppuld|ag ﬁﬂdplﬁdooﬂ airflow.
4, Inf}aence|of s;ze, pronorrion, and locatlion of openings in- é'bu!lqﬂng on ,indoor airflow

-parrern anﬁ ex?ernal pressure u|srr|bur|on. . - J"d

Curreq¢ boundary Iayer wtnd tunne! tschnnques are suffucnenrly accurare for venrllarnon des—
ign purposés @ccordlﬂg.ro fabl fascal e aprqplar:on ‘studies by V|ckery (19811 and -are confinually

- being refinedhk Spme Wyjgld tunnel rechmq es for d‘erermmlng influences veg@l‘ahon on- local
winds by Whita (1958) need furrher cotrglation of model and ful l-scald™ studijes - ‘to determine their
order-of .accubhcy. .| S _ Yt 3
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Mode!-ngqparamehers for both the bodndiry Iayer av-flow and the bulldlng“model ‘and - |rs sur—
roundlngs a{e ‘often the determining factdrs .in;’fhe accuracy of datd Fr'om mﬂd. funnel studies.
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Th1s paper 9g§c{|bes boumdary layer wind runpel model;ng paramergrs ?har need ﬁgrele consi-

deraftion when planning a boundary;mayer witnd tunn J study of nétural andocéJﬁﬁnriléilon fo ensure
rellable pressure and vefOC1?y data. —p - | e d 1 L] L
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WIND TUNNEL MODEL ING PARAMETERS FOR INDOOR VENTILATION STUDIES

These parameters can be divided into those rejated fo the boundary.layer alrflow and those rglated
to the model building and its immediate surroundings. Boundary layer modeling involves the gener-
ation of airflow through fthe wind tunnel, where fhe building model is ro be placed,lrhaf reprodu-—
ces at the appropriate scale: ! .

—— mean vertical profile of Iongifudinal velocity,

-— vertical profile of fturbulence lnfenstfy, and

—-— power spectral density 'y
of the full-scale wind for a parflcular dlrecflon ar a sites g !

Mean Vertical Profile of Longitudinal Velocity 2 : %

The mean vertical profile of longiftudinal velocity of wind descrlbes the gradual retarding
effect of turbulence due to ground roughness and surface friction. This retardation of flow ~is
greatest near the ‘ground and decreases wnrh helghf ro zero af what is referred to as’the "gradl—
ent height.’ ‘ ‘ co . M ‘ vomem :

This retardation of wind near ground level (Figure 1), resulting in an increage in mean hour-
ly wind velocity with height above ground, is described by the '"log law" equation:

T ;
z 1 z
. == = = Cqdn = (1)
U k 79 o)
where _
' u, = Mean Hourly longitudinal velocity {m/s} at height z (m) aboveé ~ground roughness.
Ur = Mean hourly longitudinal velocity (m/s) at reference height r(m),(uéuaIFYtIOmL
3 = Von Karmian's constank (0.4 when using natural logarithms). :
z = Height above ground roughness at which mean hourly longitudinal velocity  is
measuyred,
Zg = Roughness length of surface (m}. }
Cg = Geostrophic drag coefficient determined from coriolis effect, surface friction,
. and mean, hourly velocity at gradlenr helghr. . .
dn = Natural logarithm function. ' ’

Reughness elements for terrain on the earth's surface are apprOX|mafer 5% to 10% of the .mean
height of obstructions above ground. Terrain roughness has been classified into four categories
in most wind loading codes (Standards Association of Australia 1975). For example: )
Category 1  Exposed open ferraln wifh -few or no obsfrucflons of mean he4ghf Ie ﬂhanflfS
m (seacoasts and flat treeless plains). N
Category 2 Open country with well scafttered obstructions of mean helghf l 5 to lO m (most
airports).
Category 3 Terrain wifth numerous closely spaced obsfrucrlons oF mean height 3 ro2O meters
(wooded suburban areas).
Category 4 Terrain with numerous large, closely spaced, faII obsfrucflons of mean “height
20 to 100 m (downtown area of urban cenfers) b

Although the "log Iaw” is.. theoreflcally sound iﬁ'is,awﬁwarq:fo use. There is now preferen—
Ge for the W|dely ugsed, more empirically based equation, referredfro as the Vpower Iaw”'

U, 2 (20
<= 1]
Ug 9.
where .
U, = Mean hourly Ionglrudlnal VelOCIfy {m/s) at height z (m) above surface rough-
ness. : W ‘ : . '

Ug = Mean hourly longitudinal velocity (m/s) at gradiénf height.

Zie = Height above. rough sur face. 4m).

;g = Gradient helghf (h}'characfer»sflc of terrain roughness.

w =. An exponent characteristic of ferra|n roughness. . o yrsle 'eﬂ,'~v5

Typicdl values for graddient -height Z, and exponenr M=l for-:a range -of térraint roughressés dre in-
dicated in Table 1. The "“power law" is not~as well suited.to'describing the mean vertfical -prof-
ile 6f longltudinal velocity im the lower part of the earth's boundary layer as the-"ldg law" but
differences between profiles from each law is small (Aynsley et al.1977). With tHe excepfion of



single isolated buildings on flaf open ferra|n neither faw is applicable below the height of ob-
'sfrucflons where a|rf|ow is- defermlned by geomerrlc configuration of adjacenf obstructions.

B ‘It is esseritial in fthe case of fall DU|ld|ngs1or low isolated buuldlngs in smoofh terrain
that the length scale (height) of the mean hourly vertical profile match the length scale of the
building model being studied. =

The case of low buildings closely surrounded by similar sized buildings or roughness elem-
ents is less clear. Full-scale studies suggest::that local flow fields associated with adjacent
buildings or roughness elemenfts dominate flow around such bulldlngs, and the influence of fhe mean
veIOC|ty proflle is |ess defecfable. . { :

Turbulence |nren51ry . foaEr o - P e

Z This characteristic of turbulent boundary layer @lrflow is the ratio at any p0|nr offhe root
mean square of the fluctuating component of Fflow, v U “2 to the mean ve|OC|fy, U, measured in -the
same direction. The longitudinal turbulence intensity is most commonly indicated for wind tunnel
‘boundary ‘layer *f low. ":This .decreases with height above ‘typical .suburban ‘terrain From approximate-
ly 0.3 close to ‘the surface to about 0.15 at a height of:100 m (Figure 1). -- - '

Vertical turbulence intensities also decrease with helghf above terrain roughness, buf are
typically less than the corresponding longitudinal . turbulence intensities (Figure 1) (Aynsley et
al. 1977, p. 73).

Power Spectral Density '

: ~Péwer spectral density, Suln),i:is.a measure af rne fluctuation characteristics of turbulence
.expressed in terms of ‘he power specrrum of furbulence and fhe associated probablllry distribu-
tions. Specrra for vertical and longitudinal components 'of furbulence ‘c(ose t3 the earth's surf-
ace during strong winds have been fitted to universal functions suggested by Davenport(1961) (Fig—
ure 1),

3

n Su(n) nL (3
— _"‘2 - U 4
where
A n Sulny == power per unit intervalk of frequency n of frheirvelocity u.
u* = mean square value of the f|ucfuar|ng componenf of veloc1ry u (m/s)
U = mean value of velocity u (m/s). o ! _
L ?__lengfh scale (m). . _ - S Pooerh
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Mode | ing Parameters for Buildings and their Immediate ‘Surroundings
' These parameters can be grouped into six consnderarlons g T =
-— Wind tunnel. blockage '
-~ 'Léngth scale
-— Ability fo reproduce smal| architectural defalls
-~ Model ing surrounding envirFonment =
—-- Reynolds number influences
- Time scaling “for measuremenfs ff i
Wind Tunnel Blockage. There is no fixed ¢riteria f6r wind tunnel blockage, fthat is, the per=
centage of fthe cross- -secfional area of the enclosed wind tunnel test section occupied by models,
exéept to say |t should be as Smalllas p0551b|e " Most experfs recommend bIockage l'ess than 3%,
which causés increases in windward td |eewar'd pressure difFerences of *approximately 10%. Blockage
of 10% causes pressure difference increase errors in the order of 50%. Many recent wind ftunnel
sfudies keep blockage down fo 1.5% or 2% {McKeon and Melbourne 1971). Some wind tunnels have
test section roofs that can be raised to compensate for tufine | blockage, or partially open test
sections with no roof at all as in the case of blower fype wind funnels. ooy
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Data from some studies in the eariy 1960s where blockage can be seen from photographs to be
in the order of 30% jp_40%$q!e now gonaidered:jgyagid.ﬁ . L

Length Scale Criteria. From the previous discussion:of blockage, it can be seen there is
good reason to keep models small. Worklng against, this is fhe need to be able fo reproduce arch=
itectural Ffeatures that are Known to |nfluence surface flows around bU|Id|ngs such as sun shades,
screens, projecting columns, bedmss;:and eaves.” The result af<:these opposing requirements hasbeen
& growing :number of- large: boundary layer wind tunnels with cross sections of 5 square meters ;or
more, which-allow large ci'ty buildings and theiys surroundings to be modeled at; scales : bafween
1:200 and 1:500 and--smaller residentiad buiddings: to scales between 1:100 :and. 1:150 while remain-
-ing.~ wisthin acceptable blockage levels.  This chosen length scale:for- the model. must correspond
with the height scale of the simulated boundary layer flow in fhe wind tunnel, as discussd prev-
iously.




One~situation in which much smaller}scales, of say 1i2000, are used is in topographic-models
for correlating data from existing long-term meteorological recording sites with ai temporary ref-
erence location closer to projects to be studied (Holmes et al. 1979).

Mode!ing a Building's Immediate Surroundings. Airflow patterns adjacent fo buildings, part-
icularly near ground level, are Influenced by solid obsftructions in the immediafte vicinity. To
ensure that similar flow patterns are reproduced in wind funnel studies, fhese obstructions need
to be modeled. Recommendations of the extent of this modeling vary from a radius of 10 building
heights in low-rise buildings to approximateiy 700 metres radius; in the.case of fall buildings
surrounded by generally lower buildings (Vickery 1981). Circular bases. for. .this detailed local
environment mode! are convenient, allowing its rotation in the wind tunnel to simuiate a range of
wind directions.

OQutside this local environment model, upstream in the wind ftunnel, roughness elements on the
tunnel floor often do not reflect fthe physical obstructions on the ground, but only the general
roughness needed fto reproduce the boundary layer flow characfer|sf|cs for each terrain over: which
the wind from a given direction approaches the model under fest.

Reynolds Number Consideratfions. The Reynolds Number at a point in fluid flow is a measure
of the ratio of "inertia force" to "viscous force" in the fluid at that poinf (Aynsliey et al.1977).

Re = — ' ' - (4

where
Re = Reynolds Number ) -
= fluid density (kg/m’ ) ) )
= free stream velocity (m/s) :
= characteristic length (m} (c¢rosswind dlmensnon)
: o= dynamlc V|sc051fy of -fluid (kg/m.s) ) : (T
'Thus ratio can be used- ‘to identify - fldw condlflons as increases in.velocity cause thé boundary
layer flow to change, from laminar at “low velocities where viscous: ‘forced dom|na#e,-fhrough;v'a
transition condition where bursts of turbulence occur, to fully turbulenf flow.” Flow ' patterns
.over & smooth curved surface, such as a “circular rod, and corresponding drag coefficients, Cp, .
.change. 5|gn|f|canfly W|rh Reynolds Number (Figure 2). "This is due to the shifring of poinfs of
separaflon of the boundary layer on the ‘surface of the object with changes in VeIOCITy Sharp
corners on obJecTs will cause separaflon ‘of the surface bouridary layer on the surface of the ob-
ject will continue to occur at the sharp corners. This means that for most buildings of rectan-
gular form, the relative velocities within airflow patterns and their associated relative surface
distributions remain constant over a wide range of velocities. Or in other words, flow patterns
around ’fypical flat-surfaced, sharp-edged building forms (bluff bodies) and their corresponding
drag. coefficients do- nor change sugn|f|carf'y with large changes.in Reynolds Numbers. (Flgure 2).
It ©'s this flow behavior “fhat permlfs useful pres sure and-velccity data foibe obtained fromboun-
dary: Iayer wind tunnel studies ‘without operarlng the- tunnel at. . the.very high speeds nétessary for
strict similitude of Reynolds Numbérs in the model and full-scale Flows. As the kinematic visco-
sity and density propertiss of air in the tunnel and arcund the buildings are likely to be simil-
ar to the wind tunnel air, "velocity" is the only parameter available to adjust to match full-
scale and model flow Reynolds numbers. :

t'f—vCD

.. if an affempf was made to maintain Reynolds” number, fhe»air;velocify in the- wind funnel
would need to be increased’ from the full-scale’ veIOC|fy of. interests,. by a factor ofi say 260,
ﬁequal to the inverse of the mode | scale, which# W|I1 probabiy be 1:2%0. - Such an.air? veIOC|fy
would normally be beyond” the’ operarlng speeds’ of a boundary Iayer wind tunnel and i any - tase
"would also be above the rhreshold of flow dleOFTIOﬂ due to compre55|on e*Feefs #In the ,FLdW
(approximately 0.3 of Mach 1). S : " i Sl

“As a result of fhe: conslderafuons above, it is ‘accepted practice to fesf bluff. body models.
in boundary layer airflow velocities significantly lower. than those reqU|red to malnfaln strict
simi{itude with respect to Reynolds Number. These distortiéns from strict simiditude make it
eéssential that all data from such studies be in ‘the form of dlmensconless ratics «(pressure and

_veIOC|fy coeff|c1ents) based on 2 reference rhaf can be relafed to Fu||—sca|e cond|f|ons

Where flow data are required around smooth curved elements that are known to ‘be. Reynolds
Numper—dependent, distorted model scales are somefimes used. An example is the use of fulliscale
|nsecf screenlng on W|nd funnel house models destribed by Vickery (1Q81). i

e Time'Sca[[ng.: Pressure fluctuations on windward faces of: Druff bodles are largely influenc—
ed by turbulence in fhe_approach|ng airflow. Pressure Flucfuaflons on ‘teeward faces of biuff



ance—rype pressure. transducers referenced fo a convenient exfernal pressure..

bod|es are.lnfluenced malnly by per|od|c vortex shedding associated with the wake. Where ftime
scaling s necessary . to evaluate fluétdating components of surface preéssures, or for -considera-
tions of appropriafte averaging perJods for pressure data; this is done v1a rhe Sfrouhal Numbers
(reduced vortex shedding Frequency) aSSOC|afed with bluff shapes. : :

S s o= ST A (5
‘ : 0 ‘ ) ; .
where
' '$ = Strouhal: Number ire
‘n = frequency of vortex sheddlng in wake (number/second)
L - = characteristic’ length- (CroSS‘flOW dimension [m])
U = mean vélocity (m/s)
from this the time scale ratio is:
. = . - L,
T, &= — (61
r 0 .
where - ¥ - . : r. : J ]
" T = time ratio of model fo full-scale oy "o -
L = length scale ratio, model to full-scale
U = mean veIOC|ry ratio, model fo full—scale

For a varlefy of reasons, |nc|ud|ng fhe characferlsflc time scale d|sfr|buf|on of.wind energy,
mean hourly velocities and pressures are fhe common “staridard for  infilfrafion of ventilation
studies in wind tunnels.

FLUCTUATING COMPONENTS OF INDOOR PRESSURE AND VELOCITY

Where there is little indoor resistance to airflow, fthe quQ{uafing'cpmponenf of velocity can be
measured in coefficient form using a fast response anemometer, such as_a hot wire “or hot film
type. ‘Interpreting fthe time scale .of the velocity flucfuafuons is done using fhe flme scalnng
cratios’ descr|bed above. Pressure Flucfuaflons indoors: can be measured Msing sen5|r|ve capaCIt—

Where rhereeis h|gh |ndocr resnsrance fo anrflow buf sugnlflcanf open|ngs on rhe :w1ndward

face of a-building; pressurization of indoor air will qecur. .The resulting pressure flucfuarlons
wi fol]ow the Flucfua+|ons in the dynamic pressure.of the approachlng W|nd (Holmes 1978)
i TLoern v s L -k ,
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I'f arremprs are made ro sfudy lnfllfrarlon dxrecfly iin- smalt scale models fhe problems of ma|n—
raining-Reynokds -number of flow=fthrough small cracks .are encquntered. -‘To av01d these problems
infiltration’ sfud|es are usually carrled our using. surface pressures measured offsolld wind tun-
nel models rogether “with emp|r|caily based discharge.coeffigients .in a dlscharge equarlon (V|ck—
- ery 19811. e 2

L < £

DISCUSSION -

)

Boundary layer .wind. funnels have been buitt, af many un|ver3|r|es and research esfabllshmenrs
since theearly. 19605. Most of. these tunnels.are large, enough fo be suited.fo vertilation stld—

.ies of bU|Jd|ngs and offer opporfunlrles ‘not frequently.used for. esfjmar|ng venf|laf|on due ‘to

wind. lmprovemenfs in W|nd tunnel fechniques over the past.two decades. have been due fo th& de-
ve!opmenf of a fheoretical base for boundary layer and building modellng and correlarlon of dafa
from mode! and full-scale studies.

Mode1:ng paramerers mosr commonly overlooked in wnnd ?unnel sfudles are

— .. wind tunnel Dblockage- effects,

w~ . Reynolds number effects,

-~ :inadequate modeling.of surrounding env:ronmenr - ¥ ;
|f these and other parameters described in this paper. .are glven adequafe con5|deraf|on fnen%afa
derived from wind funnel studies can, be expected to be wtrhln lO% of acfual values (Vlckery ‘and
Apperley 1973) . ; o

CRATIN

Many DU||dlngS desngned ro rake advanrage: f na?UraI |ndoor anrflow due fo W|nd For_t ermal
comfort are rejatively small and similar in scale to the surrounding bulldlngs or’ vegefaf|on.
Burldlngs ‘in rhese snfuarlons are |nf|uenced pr|nC|pa|Iy by’ Iocal Flow Wlfhln rheroughness layer.

5



eling of surrounding obstructions such as buildings and vegetation. It is still advisable to
model|l mean vertical profile of velocity. Modeling of vegetation is a real challenge. Model ftre-
es made from wire mesh have been _found satisfactory, buf much more model and fulll-scale corre-
lation work needs to be done. Model vegetation used gn fyp|ca| archifebfural presentation mod-
els of building projects is generally too solld and cannot be’ recommended S

Where interest is focussed on qucfuaflng components of pressure or. veI00|fy, parflcular
care must be taken fto accurately model the'mean vertical proflle of- veIOC|fy, as wel+ ‘as turb-
ulence intensity and power spectral density. Fluctuating indoor components”of pressure and vel-
ocity measured in models can be expected to be within 10% of acfual values where gach opening
is at ieast 1% of wall area  in which Tt occurs,(AynsIey 1%80) . : L

Direct wind funnel studies of infiltration fhrough smal |l cracks are not feasnble,,q@e to
the Reynolds number- dependenfe of such opeénings and the small scales of bulld:ng modelis. Wind
tunnels have been uSed successfully- to estimate infiltration, but lnd|recf|y, by. prOV|d|ng sur-
face pressure dafa from SO|Id models fhaf is’ fhen used in dlscharge equaf|on (Vlckery 1981)

Stack effecf has not been discussed in this paper because of the major problems it poses
in modeting S|mil|fude Dimensionallys; it is |mp055|ble to model all fhe relevent paramefers
at the same .time .in a wind tunmel (Reinhold 1982). Some studies have been done using distort-
ed scales with 'some. success but more research is needed. Stdack effect can be incorporated in
dlscharge equaflons ment|oned ifn the preV|ous paragraph L e

CONCLUS IONS

There is now a broad consensus on the boundary layer wind funnel mode l-ing parameters-that need
consideration in order to obtain reliable mean hourly and flucfuaflng componenfs of w1nd pres-—
sure- and wind veIOC|fy (Relnhold 1982)

Model ing parameters for the boundary layer airflow in the runnel are:

-- vertical profile of mean longitudinal velocity

-- vertical profile of turbulence intensity

-- power spectral density of the airflow. .
Other paraméters that relate to the model of the building belng studied and its surroundings
include:

-=- ‘wind funnel blockage

== model length scale : - . : .

o ablllfy to reproduce architectural features at small scale

-~ modeling of immediate surroundings i

-- Reynolds number consideratidns

-- time scaling for measuremenfs.

Provided these parameters are carefully considered, boundary layer widd fuﬁnel studies
offer a reliable source of mean and fluctuating components of wind pressure and veIOC|ry data
in an around ‘buildings.
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TABLE Qf

Characferlsf|cs of Mean Hourly Vertical Prof|le of Longcfudlnal VnioCITy Reiateq
to Terrain. e :

Terrain Terrain Gradient i o Exponent

Description Category : : Height (m) 28 =

Flat Trealess plain i : } | 250 : T ‘ © 0.1L

Airports 2 0 . ¢ o oL

Wooded §GBgrpaﬁ L i PETRRIN S e - 0.25

Hiéh rise—uréan ’ i .500 | 0.56
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