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Sunmary

The use of computational methods to predict wind-generated pressure distributions around
buildings is investigated. These pressure distributions were needed for the prediction of natural
ventilation in the buildings. For the example considered, the accuracy of the predicted pressure
distribution was found to be acceptable.

Notation
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B
C1,C2,Cp,Co
div
hnt

constant
coefficients in turbulent transport equations
divergence
height at which V,"¡ is measured (usually 10 m or equivalent height
for scale model)
width or height of building
turbulence intensity
turbulent kinetic enerry ( time-averaged)
sutface friction coefficient
length scale of turbulence
pressure
average inflow velocity
velocity (time averaged)
velocity at 10 m or at equivalent height for scale model
¡ direction
y direction
turbulence property
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Greek symbols
q. mean wind speed exponent
e dissipation rate of turbulent kinetic energy (time-averaged)
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, çffpctive viscosity ( laminar plus turbulent viscosity )
density ;i.:r; : i' t
coefficients in approxir¡ated turbul e nt transpo rt equ atio ns
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xdi¡ection ,,., j..-".
y direction
r.eference ::: ,:t ( )

,,. turbulent ; ;" Ì
main flow direction jj: j r i:.:. .j

pe¡pendicular to main¡flow direetion .ìrrri :,

turbulence prcperty ( &.or e )
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substantial d'eriv ative ;thãt i's ; üiffe¡e ntiatio n followin g the motion
of a fluid particle
úéctör qüâhtitY ' 'r';Ïi'

,-"i i-::,ì; ù. " /.", i

,, ... j: l.IntrOdUgtiOn ' i .'::lrf)Li' 1.1.'i;'

:fi ' tì , ::' : Ç)i-1 : 
"" 

ì 1: 0:f í' ;'

, . u':,ìì ' ',. .fþs,prediction of airflows aror¡r,rd:,bui,ldrn¡is.ahd',the'resulting pressure dis-
:ij. r ;, . tributions,around:,them,are subjects of+gieat i.urpot't¿noä. Velocity f,relds around

" ,:iì jr; '^ buildingË ale; for exarapld ,needediwùlen:airtpolütation from, or the wind envi-
r ,ii: r r-i .",,.i1Ì,i',;ronment arounrl, buildings'''is'studietl' fþs: prossure distribution around a

j r: ¡ i .; i..1. , . , , ,.: . building is oft,Þn: needed for stn¡ctufál design. Furthermore, the wind-gener-
.' . ,,,' r,':, ' , ;,;âtêd preissurr'e distþibution is onè of the¡d¡iving:forces of natural ventilation.

.::,::r. ,, .r: .,¡,,'u, ' .i.',lr.r,'The,presebtrstludyrwas',undertaken,to:clemonstrate the possibility of calculat-
¡ ; r,r:rli .' :,.-,: i:i.;r 'inBthe wind-ge:let¿6çfl:pressure distnibution eouad:a'building for the purpose
: , i ií1,.'i'i,i:,,.r: ,',, ir.,'ì,of calqu,látiilr-gnadumì ventilation:iirside the bUil'ding'.

:', r .t :i..r::,¿-l: li.,.'Àdan5e,researcherls:and designors.'inrthe field:"of, natural ventilation use
- : ,t,,',. '.! ,,1 , . bounda,ry 'layer"wind.,tunnels tg-aaqr.lineÐrÞssure daóa needed for the calcula-

tion of nahrlral,ventilation flow'rates [.1*a]'. Althnugh such wind tunnels are
useful:tools'fo¡:obtaining wind-ir¡duqgd pieristire.distributions for design pur-

: ,.- : i,pos€s,'they ha.ve the following disadvantâges: ;'
' ' 

"t: 
.:\'j .

, ¡ìJ jir'¡ì

(1) They arereKpensir.,e in capital,anc{ runningeosts.
(2) Tests a¡e time.consuminp,:r : ;!;

' . r : .,i . rir - (.3 ) It may .tie diffrtcutrt to simulate"ühd.dttbospheric,boundary layer and tur-
f .:jiii: rr",'bulenge foricomþlex tèrrairls.: :, .:' r.',."''

(4 ) Many designers and researchers interested in natural ventilation do not
have access to boundary Iayer wind tunneis.

::; r't '
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Because of the disadvantages of wind tunnel studies and due to the recent
prominence andirapid development of nurnerical techniques, the use of numer-
ical methods to obtain pressure data was investigated [5 ] . Great effort is pres-
ently devoted to the.deveiopment of cortnputer hardware and software for the
numerical solution of fluid flow problems [ 6,71 . These methods have already
been successfully used to calculate flow in and around buildings [8-10 ] . Pos-
sible advantages of numerical flow anaþses are the following:

:
(1) Once a computer algorithm has been developed, a computational study

may be performed with much more speed than experimental investigations [ 11 ] .
(2 ) It may be easier to simulate the full-scale boundary conditions with

computatiOnal riethods than in the wind tunnel.
(3 ) The problemê of scaling effect and buitding expensive models for wind

tunnel testing are eliminated.
( 4 ) Flow calculations may be less expensive than experiments. Pletcher and

Patankar [11] point out that the costl)of performing a given calculation
decreases tenfpfd,gv.pry eighty,pars, wþiie the cost of performing experiments
is steadily increasing. r," , ', ti

( 5 ) Many designers and resegfchergènterested in predicting natural venti-
lation have access to a computer on which flow can be simulated numerically.

Although numerical studies of wind flgw and the resulting pressure distri-
butions aroundbuildings are important, it seems that little work has been done

li, . ::r1?'¿ I --îii.ii;,r ,l'in this fretrd.,Researchers such as Frost andeo¡workers [ 12, 13 ] and Yeung and
: .i,-'rtì '- 

¡ ;ji:' .=i'i¡ 
r-.,1,/ Kot{;14}used,the,voriicity-strenrri'fûnction formulation of the l.{avier-Stokes

ìi:, ' ' , ' ' eqraatioús to'establish floq¡ú.elds ar-ound twordù¡nensional rectangular blocks.
: j ir t t '- '1 i: However; they donof give,{he resûltingpressure distributions around the blocks.

, :, ",.'i..r,.' e'' ,Hansorï et al.'[1O]':used.;both the,vorticity.stream furiction formulation and
'-:.::i;.,í, ' ..-1' Í,r,ry i, the'ptïrnitive, va¡iãhle {ormulatiÖ.n'of ttte.Navier;Stokes equations to obtain

.'i i,ibl:ìì 'i , ,.(i; '''r', the velocit¡r fields,,but:notrth'e:pressut+6 distributions'hiound two.dimensional
"i)i" ' ., .ci' ';: r bloc,ksi¡An exeellènlld.iscussionion.lbhe use of:comþrtational methods in fluid

flowrforltbermo.fl.uidrproble:ns relatsùto.hnitdihgéiis given by Hammond [9 ] .

;' .' 'ì.i ,i'1r1,::' r , Howevericalculatedipressrue distributionsæoundbuildings are not given.
'r. .-,, ! '' .,) : ,Although the,vortic.ity-streamfuncû.ion approactûseèms popular for obtain-

' r,' ing flowfields.atound build,ings, it has:the dieadvantage that pressures are not
: t;.r' ; i determined, durins,the soiution of the, flow'eqr¡atioús. An additional procedure

is needed to solve fór the pressures. Is is also difficult to extend this approach
to three dimensions. The aim of this paper is to demonstrate that the primitive
variable,fo;mulation of the Navier-Stolces equations can successfuily be used
to predict wind-generated pressure:dist¡ibutions around buildings for the pur-

i.:, Popê:of galq¡labing.natural'ventilahion flow rates. A computer program which
embodies a particular numqricalrteehhique'has beenrdeveloped [5] and is dis-

': I --iiì) r:", a,rr., 
, :,., 

t )::;;:,_r,,-,,,,,-t 
" jl



I:L

,r9

: j'.

cussed. Although thç,potential use of ihis p¡ocgcture-f9r.the calculation of nat-
ural ventilatign,is not fully explojted, by the,'progra¡¡¡, '*ork in this field is
initiated. .:ì. :. l , 

-, 
,l

A two-dimensional flow approach is followed. Buildings in general are usu-
ally long and narrow for reasons of natural ventilation, thermal performance
and natural lighting. In many cases there.fore, buildings have one predominant
length dimension. In a city most of the buildings tend to be tall, therefore also

long,and for tall buildings, a
ppro4imation, produce useful
exiended to three dimensions

with minimal modification to thô basic code.

'while the eontinuity equation in vector notation,ig,grven ìry

div ü-0 ." i.i i, ,-r Q)
, For the sim.qletion of trrqbulenc,e in thq flow, the ft=e turb-ulent viscosity model
is employed, The ti-me-mean part-ia\ {iffereptial equ?t}on for the transport of
the turbulene-ç ,prgp e1çy z, where a çan.denote-pither.k ôr e , is given bV [ 15 ]

o"o|:dt,, (f ¿;"a,)+ lr,ur(d¡vlr7, -,"Çt,!:if" , (s)

where þ,:Cppþ2/e is the turbulent v,iççosity. [f the turbulence property z in
eqn. ( 3 ) is the kinetic enerry å, tIe,value -of C;'will be equal to unity while the

he dissipation te¡m e into eqn. ( 3 )
valuêjbf -B will then be unity. The

an'd Cä:jdepend on the particular flow
ary for diffãÍert flow applications. The

following set of turbulence constants for the atmqspheriq boundary layer, pro-
posed by Yeung and Kot [ 14 ] , were used for thq purpose of this study: ø, :
I.0l,op- 1.0, Co =0.03, Cr:1.54, C2-2.0. r' ''' / ;'

-, 
' 2.2. Finite dífference'e:'quøl,tions and solutíon proccdure

,r ' 'u 'fhe finite differeúîe bqriationS'for the niimeribal þrocedure are derived by
integratingthe partial differential equations over control volumes surrounding

2. Basic outline of the numerical procedure

2. 1. P ørtíøl diff erentíøl equations
,-'.: The partial differential equations that govern the movement of a viscousrr fluid a¡e the Navier-Stokes equations and the çontinuity equation. In the case

'ofiircompressible flow,thp,p¡imitive variable fqrmulation of the Navier-stokes
lequations in vecto¡ notation aregiven by i.:,:.

Dl 'j
p#: .*ii*,.".+tv'?û . ,',., , -. : j, ,<. 

(1)

(l

i¡, i:



a gxidpoint [5]. These equations are then solvedby a line-by-line solution
tt. ;;;;;d. Urù;t" rã.f"Ufàs along each gridili.ne are calcuiated bv the appli-

."îkiirã;;ïjãi;";lon"tri* atgärithm. To+.naintain stabilitv, the variables

are under-relaxed. The conv.rg.ä solution provides mean vaiues for ail the

variãbles. 1't,,t.I., ,.' 
',,

' 2.3. Boundary conditionß. ;, , 
1it: 

,. 
t'

(a1 es I

. ir;í ão* õorrditions, the p_ower"law is used to simuiate the

infloú the dtmospheric boundary layer' The power law is given

.i! I

bv [16]

Yt (Y' )
a i

Vt(Yr)
Iv,
lv,

(4)

(6)

can also

(7)

where %(yr) is the mean,wind sp-eed at a height y1. The exponent a is the

;; wúã,rpe,iã*po"."t and'isi dépe ndent on upstrearh te rrain rou ghness'

V"t,r.. ofra fàr different te¡.rain"categories are widely'prrblished [16 ] '

For modelfi"glãif¡"ildings, *he¡ã o*1y a two-dimensional section through

the building is investigated,á un fiie is used at inflow'

In all cases the inf1ow values o t,9zero,_while the length

scale of longitudinãl turbulence ^L for t the inflow boundary is

;;ñ;il.ürd fro^ the following empirical equation [16]:

L(y)-151(Y/10)o(h,"r/10) vI' (5)

f the¡l¿loeity co.¡nponent Vr in the ¡ (or

t at,wtiich the reference velocity is mea-

tttistni'bution at.infiow can be prescribed

,nship,þçtween e (-y ) and L (y ) is defined
,- 

r ."t.1 .- - ... ,.

s "t'" 
íj

..['-. -..:l ..
. ,trl = |-9 

opìn!),n'n )lr,t'i)''' 
'

Ë..1ned T l.
)(y)' da Yatinflow

:ical ch bv [ 16 ]

ìf '-,.,; /(y):,=,(6{.7&.) IV,"r/Vr(y) '::; ,í

where V,"¡ and Vr (y) are the *t"",'åþttds at þgiqhts 
h'"¡ and y respectively

and where å. is a surface roughness pa rameter which is a measure of the surface

friction,coefficient of the terrain. Ås the value of fr (y ) is a measure of turbu-

,t lenee intpnsity "i 
tt.igitr* tþg,turbuiefL-qe ir-rleqi¡tv'gqn 

be simulated at inflow
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by specifying appropriate values for,h(y). The relationship between Þ(y) and
/(y) is givgn þv LÞ I :

(8)

)

(b) Outflnwboundøries ì i

Zero gradient outflow boundaries are used for all the variables.

t

t
s

e

./s
e

'ii:. i,.Ì

the pressures and the V, velocities
be described at the b,qindary, while
Secondly, flow can bè prohibited fr
dient boundaries can be,emptoyäd fo
can,be a$oryed to cross the bound
prescribed [ 18 ] . For such a treatmen

i_,: rr : a4,e .incoryorate_d i¡r tþ
i sures adjpcent_,tcrthe þp

. j gplating'{þe boundar} veloci$es
,..:r,:. Duringnurne¡ical experiment

more accurate than the first ment
applicatio:rs that-thesecend procgdu_tgproduced ¡esuits that were of sufficient
accqracy fgl !.þ purpose of-this study. Jhe bou¡dary specifications of ref. 18

were therefore not implemented in the computer code,"
A zero gradient boundary was used for all the'turbulence properties.

3. Numerical flow program and applications

r ?rir' ì&J. BnAg\^llf .:- ,- âii,. ,,.1.... , . l

A computerprogram, based on the theory discussedwas deveioped. This was

written in Fortran 5 and implemented on a CDC 750 mainframe computer.
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Fig. 1. Predicted V, velocity profiles arounilü'rÀodél of a tall building. (Only half of flow domain

shövrn. ¡.',, ;

'. Tests were conducted for ail.lhe applications"to determine the dependency

of solutions upon gri&size. Solutio¡¡s were obtained with successive refinement
of grid size, i.e. reduction in the' spap,ing hetween grid nodes in the r and y
'directions. When solutions were obsejr,\rred to be unaffected by further refine-

, ments,r¡hey were presu.med to be grid"indepe.r-Ident.
' -' i; '-' ,fi-:i ì

3.2. Turbulent flow around a tallbuílding
Although fl.ow around a tall buildirig'i$$ênsitive lto the vertical velocity pro-

file,tu two-dimensional analysis can{þreåênt u$bful design information [19] .

The following data were used to predicf tliè flo'iv atóund a model of a tall build-
ing, which wa* investigated exþerimentalfy in'fbf.?L9 :

.:.i;- ,..J li t. : . li . :') .j"'

i)

lö:

, ':s a,*IxH
j(Èøii) 'i:'^2X104

r, :i ^/-.lUVo
s (IJIH) J rjr i:í '0:67 rî:rr
') ,-:20X80,,.

" 
-' 'i I [siji" '?*")

aiound the mödëtìaæ''þíðsented in Figs. 1 and 2.

cié nt{dfi\tri{jiitiòrí idsti Ftihe fr o m the flow around
the meâiitäõd disdr.íËutiqo t19I in Fig. 3. A good

ô at{d prediëted þidssuré coefficients is found.
' ißüJ ' ".Lr. '] ';-1

,l ri .rvn _11 i '

E

I rifi

t#m0 J- --J. -123 -l:,t --J--J56784

lxlH)

Fig.2. Predicted V, velocity profiles a¡ound a model"ofi-attalLbuilding. ( Only half of flow domain

shbwn.) i ''l lla j. '*1 " L.-l-¡.,.,:.;"
I . ! tii t,
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o Present program

-.x Meaerremenrs I t.sl*

t:â I

, -'2HxH
: eqn. (4)
: 10 ms-l
:2H
- 0.3
: 7.5 x 104

.,.6 eqns. (7,8)
: eqns. (5,6)

s_ç-?-19_ 
--,.9 9e -.9,!'v

(. r l-t- 0 0,5H

1,o .-10

Fig. 3. Meawpressure coefflicient (Cp) distribution around a model of a tall building. (Only half
shown., ,' , .

3.3. Turbulent flow ouer a long buíId)4.g*, -

Important data used for the computatien of turbulent ow over a model of
a long building were as follows: , !:

( 1 flBuildings dimensions
(2) Veiocityprofile
(3) Reference velocity ( %"r)
(4) Refe¡ence
(5) Mæanwin t
(6) Reynolds
( 7 )..¡Velues for Þ at inflow
(B) Values for e 4t inflow
(9) Val,pe for surface.f¡iction

coefficient (Þ.)
(10 ) :Un¡fqrr4.BIid;r r :r, : I'

, i r',ii

,ie "
I'

.,=,lQio3;
,r.'., -,-.'20X30

J I:

. uröoo4ït ó r;irf1q¡o*';re presented in Figs. 4 and
5. h.yap predicted.p¡ a..distance of about 5Ff behind
the building which is in fair agreement with,that measured by Counihan et ai.

[20 ] , namely approximately 6I/. The predicted pressure coefficient distribu-
tion resulting from the flow over,f,b-e;b¡ri.ldr,ng¿s shown in Fig. 6. The pressure
coeffieients a¡e no¡malized to the dynamic pressure at the eaves height of the
building., :ar j 'i,. i:r'i;ir^. -ì:lrl . i:'r,, s: -

t '''ìT{.'.,--" ;[ " tl I i, rr.;r; ,1,.. ; ",.
- I i ll l

J

it
-1

24200

'. .1..- -i .
Fig. 4. Predicted V, velocity.profile over a model of e ìong.building

I 12 16

lxrH)
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Fig. 5. Predicted v, velocity profile over a model of a long building.
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Fig. 6. Mean pressure

4. Conclusions

Scale lor georÍfqtry l,

Ho

-05-1.0 :,:'

coeffïcient (9o) dist¡Uution over s'þodel of a long building'

.'. .: rí : l l (ì:r:fi!
¡.\ 

¿J ¡' ..f 
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The work.described in this paper was S.aifriêdrou.t whilst the author was
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