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Awareness of pressure distribution around a building is particularly imrortant 
when determining infiltration and on purpose ventilation through the envelope 
as well as induced air flow pattern "!thin the building. The issues are 
multiple • occupant's comfort, energy consumption, indoor air quality and smoke 
cl rcula t ion. 

fl number of mull 1 zone models have been devel 01>ped but 1 hey f\ll required the 
knouledge of he pressure coefClclents Cp on the building facades. These 
coefficlents depend on the site conf l~uration (location, size and nearby 
obstructions), the " i nd direction ;md the size and sh;ipe of he bu ilding 
Itself. Therefore, it Yi 11 be desi n•ble for every hui ld\ng to ev;ilui\te the 
pressure distribut.ion. /\ bibliography revieu is presented for the determination 
of Cp : experimental uind tunnel measurements, egression analysis o[ previous 
experimental data, numerical simulation ... 

In the i;econd part, '-'e Cocm:e our ;illentio11 011 Ihc n~rneri ca l •:;o l uaticm Q [ 

t h se neJ<:::t:tl? coeH!ci e nts "i:h lhe use of rHOENJCS. e c hoos• a lc.-c model 
vlth a stn.gge;ed grid. FOL a typical building con fig urati ons on an open ~lte 

;wcl tor dlfferent '-'ind di rec Ions , ve comp.ire hP 1111meri c:il ;ond t he ~·ind tum1el 
results. They 3te in a foirlr geoc i\greement . This success :.:ill a llo·.o us to 
cons i der more cor.>plex and rea!istlc building sit e and to compa.e vi th or-s.i e 
measurements in the near future. 
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the wind tunnel Cp 

The pressure distdbution a rou nd ~ building is essential to determine 
infiltration through t he envelo pe and to calculate airflo11 inside the building 
and therefore to evaluate t he •wall ty of he interior environment. Hany 
parameters are involved in the evalm1 ion of the pressure distribution 
building geometry, env I ronmen t ( t reel', other bo ild i ngs ... ) , topography, v ind 
direction and speed. 

ln order to detennine the pressure coefficient distribution for a building on 
its p;irtlcu lar lo·cation, ve can choo>;c hetveen a vine! tunnel test or a 
full - scale experiment. full-scale experiments do not allov parametric tests for 
01>elmlsation studios nnd mora critlcilll y h:we to be C!o nducted" pos eriod and 
can not be considei: d 11s n 1lesign tool. Hodel-scale .In b.oundary layer vind 
tunnel allo••s this evalu11tlon but nt a high cost. A compilation of many various 
sources 1.1111 be presented in the first pnrt o( our :otudy. The scartedng of the 
results is so large that a systematiC! appro·acll vould have t o be initiate·d. So, 
ve 11ropnse to include the numeric;il methodolo,p;y In the ;ipproach. Vlth a 
turbulent flov model. the velocity and ptessurc fields around the building 
facade are determined kno..,ing the boundary conditions. Then, ·~e can calculate 
the pressure d.istrlbution at a specJ fiC! location such as the facades. 

The results that ve present here nre limited to tvo single parallelepidic 
buildings on an open site. The mean pressure coeff!clents obtnined vith the 
PHOENICS code are compared vlth the bibliogrilphy data. 

2 - Bibliography review 

2.1 - Experimental vind tunnel measurements 

I/ind tunnel tests have been realized all over the vorld. rn France, the CSTB 
published cartographies of vind pressure coefficients for many !ypes of 
building in different surroundings and for three vind directions [1). GAUTHIER 
[2] summarizes the mean pressure coefficients resulting from these tests, in 
terms of building's shape ratio and Yind direction (table 1). 

I 
Rarlo P.atlo Vind Cp for- u1:h hce Cp coot 1-----1 
ft/l Lil Dlr•ction l ] 

DI· D D. 7 -0 . 2 -D.5 -o.s -0.5 
l<Ul<1., 45 0 . 6 -0.4 0.6 -0.4 -0.S 

90 -0 . S -0.5 o. 1 -0.2 -0.S 
B/l<O . S 

0 o. 7 -0.25 -0.6 -0.6 -0.S 
l.5<L/l<4 45 0 . 6 -0 . 5 0 . 6 -0.2 -0.5 

90 -0.S -0.5 0. 7 -0.1 -0.2 tle•ntton 

0 o. 7 -0.25 -0 . 6 -0.6 -0.6 
t<Lll<l.5 •s 0. 7 -o.• o. 1 -0.4 -0.6 

90 -0.6 -0.6 0.7 -0.25 -0.6 racw ] 

. S<.H/l<LS 

~ 1 .... I D o. 7 -0.l -0 . t -0,, -0 . 6 
l.S<L/l<f 45 0 . 1 .o .s 0.1 -o.i -0 . $ 

, 
90 -0 , 5 - 0.5 0 , ) -0.l -0 . 1 

0 o.e -0.25 -0 . 8 -o .a -0. 7 rac• 4 
1<1.11<1.5 45 0 .1 -0. 5 o.e -0 5 -0. 7 

~o .. a . I -o .a o.e -0 , lS -0. 7 Pl.an 

l.S<H/1<6 
0 0.1 -0. 1 -0., -0 . J -0 .; FIGUH I Bui ldln.q geo111r1ry 

l.5<l./l<4 45 o.e .1). 6 0.8 -0 . l -0 .1 
90 -0.S -o. s o a -0 . l -0 .l 

T71!1U: 1 Cp from C..f.lITFIJtR 
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2.2 - Regression analysis 

Hany vind pressure data resulting from on-site experiments or from tests in 
boundary layer vind tunnel are available in the vorld. ALLEN [3], SllAHI & 
CHANDRA [4], ANSELHE (5,6] have conducted regression analysis and curve fitting 
in order to obtain analytical formulation for the pressure coefficient in terms 
of shape ratio, wind direction, vind profil, and ~nvironment. 

\/ALTON [7] proposed a very simple formulation for the mean pressure coefficient 
in terms of wind direction e which is a compromise between the 
formulation. 

e Cp - 0.75 - 1.05 
90 

Cp = 0.45 - 0.15 
9
g 

pour e < 90° 

pour e > 90° 

The variation of he p~essure coefficient '-'ith the vi nd direction >1<:<:ording to 
the different formulations is r resented for a seven- i;toreyed building in the 

11 xi figure. lie can noti ce that ;,ll the formulnilon give rliffernnt extrem:\l 
values nnd rl1;it the curve shape ls not in agreernent . The SC"1rtering of the dat01 
is qui~e large ~nd some unphysical phenomena happen such as non syme ry of the 
Cp v"nation vllh the "ind direc tion, " Cp maxi mum at a "!nd direc:Hon non 
orthogonal to the facade. 

\ 
b 

c 

FIGURE 2 : Variation of Cp vi th the "ind direction 
a) Allen, b) Svami, c) Anselme, d) valton 
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2.J - riumerlci\l .simulatlori 

The simulation of the flow field around buildings vith a turbulence model has 
been presented in many papers for the purpose of pedestrian's comfort or flow 
analysis but only a fe" studies have been conducted to calculate the pressure 
distribution on the building. 

Al-SANEA [8), using the PHOENICS code and a k-£ model of turbulence, has 
calculated for two vind directions the pressure coefficients on a building - 50 
m x 10 m and 10 m heigth vith inclined roof - "hich is isolated or surrounded 
by a group of buildings of the same type and spacing. This paper demonstrates 
the feasibility of computer determination of the pressure coefficient but no 
validation of the results is exposed. 

HXGGKVIST [9) studing the pressure field around the same building vith the same 
code concluded that the differences between simulation and wind tunnel test are 
essentially quantitative because of the uncertain and not well controled 
boundary conditions - velocity and turbulence intensity - . The pressure level 
on the frontal vall shows a strong sensivity to the velocity distribution. 
However, the pressure field is generally good from an engineering point of 
vie". If an exact value is expected, it is necessary to improve our knovledge 
of the boundary conditions. 

HATllEllS [10,111 has demonstrated that the determination oE the pressure 
coefficient for ventilation studies is possible 1.1ith a numerical code based on 
a k-£ model of turbulence. lie has ~imulated 1.1ith success the flov around a tall 
and a long building in a open sitP b11t no validation vith the pressure 
coefficients obtained in wind tunnel or in situ for the same cases is 
presented. 

HURAKAHI has experimented t1.10 models of turbulence : a LES model vhich leads 
him to conclude at a good correspondance bet1.1een numerical simulation and vind 
tunnel experiments [12,13). \Jith a fine mesh resolution and a k-£ model of 
turbulence, the numerical simulation reproduces quite 1.1ell the pressure field 
but the prediction of the flow field in the 1.1ake is difficult to reproduce 
precisely. This code is po"erful to analyse the flov field in a complicated 
urban site (141 for "ind engineering design. 

PATERSON [15,161 has compared his k-£ model computation vith Castro's 
experiments. He has concluded that the numerical pressure coefficients are in a 
good agreement vith the experimental results for the leevard and wind1.1ard faces 
and that the velocity profiles around the building are similar. On the other 
side, the agreement is better 1.1ith the wind tunnel tests than vith the 
experimental studies. An important limitation of this code is the restriction 
at vind direction perpendicular at one face of the building. 

lie notice that fev studies have tried to tackle this difficult problem. 
Previous successful attempts lead us to conclude at the feasibility of solving 
such a problem vi th a k-~ model. Uo1.1ever, a research effort should be initiated 
to give experiences and to derive a numerical guideline to solve various 
configurations. Our study us part of this effort. After a study of the grid 
dependance, ve focused on the determination of the pressure coefficient 
distribution on a simple building vi th various 1.1ind directions which are not 
perpendicular to one face of the building but 1Ji thout success at the present 
time. Ve hope to present sucessful results at the conference. 
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3 - Description o[ simulated plicnnmc11e>11 

The flo11 around a building is supposed to be turbulent, incompressible, steady 
and 11ithout temperature gradient. The building is an obstacle that can't be 
crossed by the £1011. \le consider that all the random fields - pressure and 
velocity - can be severed in a mean component and a fluctuated one according to 
the Reynolds decomposition. 

3.1 - Hodel equations 

The equations governing the flo11 are obtained from the equations established in 
fluid mechanics by using the Reynolds decomposi tlon. The continuity equation 
for the mean movement ls • 

The Navier-Stokes equation is noY : 

- aUi i a? a'Ui au1uj 
UJ VJ • - p ax! + \J axJ axi - ax;--

A turbulence model ls required to calculate the Reynolds stress tensor Yhich 
appears in the Navler-Stockes equation. This term associated Yhlch the 
fluctuation motion represents the Interaction betYeen the mean and fluctuating 
flleds, The turbulence viscosity Is introduced in order to evaluate th~ 

Reynolds stress tensor in terms of gradient of velocity : 

UiUj 

k = U!Ui -2-

aUi + aui ~ k 
vr ( VJ ax 1 ) + 3 °' i 

\/hen the Reynolds number of the Eloc• is high, the turbulence viscosity can be 
exprimed in terms of turbulence kinetic ernegy and dissipation rate : 

c 
\) 

c - ::i_ ( dlll + ~ )' 
2 VJ ax1 In the gencrnl case 

if the Reynolds number is suffisnntly high 

The closure of the system of equations requires the determination of equations 
for k and for £. These equations introduce neY terms vhich are modelled in the 
zone Yhere the Reynolds number is high (17]. 
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-- ac ( vr ~ ) + C1 
UJ VJ • VJ oc ax1 

2 
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- C2 k 

Near the wall, the Reynolds number is low Rnd particular phenomena appear such 
a laminarization of the floY. "\/all function" are also used to simulated this 
effet, and the constants which have been introduced are expressed in terms of 
Reynolds number (18,19). 

This equations s~stem is solved by using the general computer solver PHOENICS 
(20), based on a control volume technique developped by Patankar. 

3.2 - Boundary conditions 

The wind profll at the inlet oE the simulated domain is considered to be 
steady, the vlnd direction is parnllel to the floor. \Je impose the wind proEll 
reproduced during the Yind tunnel tests. So, the vertical profil of the 
horizontal velocity follows a logarithmic laY of an open site (21)• 

u. z 
DO~ 0.202 Log ( O.Ol ) 

and the turbulence intensity can be approximated by 

So ve 

r. = 0.202 Uo 
u. 

deduce that : 

k ~ (0.202 Uo 

z 
t & 

kl . 5 
K 

>' 

-- 0.5 
UzUi: 

- -u-.-

I 2 

On the floor and on the wall of the building, Ye imposed a no slip condl tion 
and a Yall condition. Out of the simulated domain the wind floe,. must be non 
disturbed by the obstacle, so ve impose a zero gradient of all the fields at 
the side, the top and the outlet exepted for the wind velocity in the vertical 
direction. 

3.3 - Mesh distribution 

The calculation domain is so lnrge that no interaction het1Jee11 recirculation 
zones <lnd the boundary conditions can exist. It is about 5 building heights (II) 
in height, 1.65 building length (L) in the perpendicular direction to the vind 
direction and 8.5 building Yldth (1) in the Ylnd direction Yith 0.625 1 before 
the building and 275/40 1 after it (cf. figure 3). 

Three meshes have been tested in our studies : a regular spacing mesh (l), and 
tYo irregular spacing meshes (cf table 2), in order to determined vhich mesh 
dividing realizes the better compromise betYeen accuracy and lov CPU time. 

Ye did not take in account symetry because Ye wanted to test the capability of 
the code to handle such symetries. 
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FIGURE 3 Calculation domain 

Number of discretisatioll points Smallest mesh Largest mesh 

Mesh 1 20 x 35 x 51 3m x 3m x 3m 3m x 3m x 3m 

Mesh 2 36 x 24 x 34 0.45 x 1. 31 x 0.9 0.9 x 11.375 x 

Mesh 3 46 x 48 x 43 .225 x .656 x .45 0.9 x 5.6875 x 

TABLE 2 Mesh spacing characteristics 
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'• l'rr~u·nlnllon nl tlu~ 11"~1ull!1 . ~ ~ .. ~-

4.1 - Simulated cases 

The simulated building is a seven-storeyed building vlth a flat roof, 2lm high 
and 1Bmxl8m in plan, in an open site. Only tvo vind directions are studies - 0° 
and 45° - because of the symetry. A model of this building nt a 1/150 scale has 
been studied in· the boundary layer ,,ind tunnel of the CSTB vhere a vind 
characteristic of a vind of a open site has been reproduced by using a subtle 
dosing of the ground roughness and of the vortex generators 1211. Tvo facades 
of the model have been equipped vi th scaniv;dves which perm! t the measure of 
the pneumatic average pressure coefficient on a area. 

4.2 - Typical input and output 

In appendix listings of a typical input and of the corresponding output have 
been reprinted. The methods o[ pairs is used so that it is easy to change the 
mesh dividing. The pressure coefficient is calculated by using a spec:ial 
function in ground. To simulate the vind profil special [unc.tions are used : 
GRND2, GRND3, GRNDl1, included in ground. All the listings of the functions 
vritten for our study have been reprinted in appendix. 

4.3 - Grid independence 

The comparison betveen the results obtained with the three mesh dividings let 
us to consider that a regular spacing of the mesh give no satisfying values for 
the pressure coefficient. But the pressure coefficients calculate with the mesh 
2 and 3 are similar (cf Table 3). So ve can conclude that a very fine mesh 
dividing is not necessary in order to obtain good results. The computation 
effort for the mesh 3 is about 6 times the computation effort for the mesh 2, 
vhich is about 2.5 CPU day. 

Face 1 Face 2 Face 3 Face 4 Roof 

Mesh 1 1.18 -0.20 -0.28 -0.30 -0.32 

Mesh 2 0.62 -0.21 -0.36 -0.36 -0.45 

Mesh 3 0.65 -0.21 -0.36 -0.37 -0. 48 

TABLE 3 Cp values calculated vi th the three meshes 
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S - Discussion of results 

s.1 - Hean presSU[e coef [ici ~ntq 

\le V:Jr!ty that l:&e mcf-!n :~re~~111·~ C"Jr"l.[fi~~iz:nts ;"lre syml'?iricnl. So in the f1;i_1ire 

ve \JOl!ld rcd1....r.i;-·e ;.he simuJntion .'.r.i~;i.i11 ~iY using the .--:yrnetri::~l pro;1i:o; tlP~ o[ the 
case. T}1E: m0r:r. pt·e.:;c::ur~ ccetf!1..\ci1t. j.s tllr...r••Y-5 in the r::np:e l•f t; c: hibl~G?;1::irhy 
vaJ:JC$. This cot:.fro~:~;:r 10;1 d.~1.:::=:n' t 3.llr1\J us t..o µropose a C(~;·.1.:j:.J.s:icn b~ca: 1 se vt 
the Ji45persi~11 of tlie va.1ues (cf Table 4). 

Incidence vent 0 L:<;ade 1 jr'1<;•,<Je 2 I Fa<;adc j r-a.~ade 4 l ,. 
I Simula•ion (! .62 -0.21 -0. 30 -0.36 

Ga uthLer 0.7 -0.25 -0.6 -0.6 

I 
Aunal!:!:s ITBT? 0.60 --0. 1.0 -0 .80 -0 . 00 
s~a:;:i 8.91 -0.6U -1. 01 -J . . Ql 
Walton 0.75 -·O . 15 -0 • . "!O -0.30 

' 

Frcm th(~ :~fjnf:d rnC'!shinv, iOO poit1ts of d~-:;cr~tis;;tion !..'e r::rn p:t~t thQ 
distriGuticn n,f pre!S!;ii!."€ cce(~i'.!ic:,ts till n·./2r the [J.cade and ;:. sptclfiC". area 
cf the bl.ddli1ig, ;:}, ''pnvii•J;:',. Th\!~ ~nf0rmat}on i~ rP.qnire~ be1:::n1s.e dl:-.~ng .: •!11<l 
tunnel 211:-;.ly:d.s ·~ g~r 01!1'/ the: press'Jre c::'2ffic.it:~nc or. :;. 11 r-:?. 1itn~(' t!i=-d us~;:o.il).1 
cor t:cspnil.ds to ;; ai1~H' tinE:~n t. 

Figure /;. is t'1e plot ti~~~ of r1ess;,..1r0 Cf'.·~tficie: · t <.:::.'Jl\Ol:r-:: ',.!e !10i.:~ ! 1= ~h!.t d1P 

fl;zu;:~ !~ s·,·rr:-:_:tric;i.J :ind ~/i.1.i ! '. ; ~ C<"'!'.1.nur~ ;irp l'flnC:'1i:'iPd ::l··~~:- !_[1-0 C?dp,->:"':; ::ft\;!·! 
b11iid~!1f( !;;cad;._="':. iht> !1: ... -=::;u:C' i.- ,,,.Ltici1:n.t i::~ !i:<~.r;t ~;;:i;1.c:i:~i~ · ~ ; :,·11'"' i, •._j~.i.~:1,it· .~)' 

po$l ti on l\i:\ii 0~( th~ helr:;1t. 

',.! l 11 d t t ~ ;l ·~ !.! j ,~ .. 

~~ ~ ~ "~,,,~ h~,,:~.:;•;c; .t (·~~ ~•;etl~~:i ::~:~".,'.':\~ '~c~~£/;-ri cAi:iQ~~': :;~,~" !~~ ·~i~/l'; "~'~ p ~~'~:·~~':',~~-~';. r.;,r "~ 
the sevc:l flo"Jc:::; .J( thP: bujlcling:. ~'-= c.or~p~re ti:(· me:;\;rerl C;') en:-. "p:;.v5.1£:: vith 
th~ c:dci:lai:ed on~ on th::: mid<llP pcL-.t Gf th·~ "p=3.V);tg:i. ;,,;e t:o11::.!der that thE 
p:-ess~1::~ has i)11ea:y v;.rin(io::s i:1 2a.:.h d ... r:-~ction o[ rliscr;2.1 i:)<.i.ii::ii 

The corr1p0rison ~s diff1~ult b.:ca.ise t~:-:: st;i.=id0; t r1f."!vi;:;;~1· .: :l nf ~he \~'_1•.Lt~ i;: 
i...:inrt \;.111nel is ~==n·ge, sornE"i imes .1 h.~l~ .,( r_hfC- mean v;d:Jc :.i:}d .ir:. :.0:1~~ ... _.!'; t!c-al 
caseg it i.:: ~reater t!1a11 thH n1~3q vaju'.=. The prr-:-ssure {:Oeff5cie;~: Les·1...·lt-!r~~ 

from the: ~irnuJ£1[.i011 l.s ;il'i.r«y·;; in~l~de ~;; lh'.'.""~ inter·J~l of rnr::-~n ·vr1.1u2 - ::::t.andart 
J~vi:'!t ioh, mf'.'.':11 Vrtlue ~ s~;'tnrbn t clevl:ition, e:-i:cepted for tor nf th!~ lut~tul 
(a..;.,. (d Up;ur" 5 arid t;;bl" 5) 
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Angle d \nc1dence 

Et1ge 7 . 
' ' \ ' ' ' I 

I I 
I r 

Et•o• 5 
I , 

I I , 
I 

, 
I 

Et•o• 3 ' 

Etege 
1:-o-l.s 

-1.0 -0.S o.o 0 .5 

Cp mo yen 

Angle Q incidence 90 

Et•o• 7 

I 
I 
I 

Etego 5 I 
I 
I 
I 
I 

Etage 3 I 
I 

' Etege \ 

-1.0 --0 . 5 0.0 0 .5 L O 1.5 

Cp mo yen 

Angle d Incidence 180 

Etega 7 

I I 
Etago 5 I I 

I I 
I I 
I I 
I I 

Et•g• 3 
I I" 
I I 
I 
I --- Valeur moyenne CSTB 

Etage 
--- Slm!Jlat!on nu01erlque 

-1.0 -o .s 0.0 0. 5 
- - ___ Hoy t/- Ec~r~ t~p~ 

1.0 1.5 

Cp moyeri 

F'ICURF. 5 Variation of Cp vlth the heiglh 
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6 - Conclusions 

The simulation of the tridimensional flo.., field around an isolated building 
allo1Js us to determine numerically the pressure coefficients. The pressure 
distribution on the different facade of an isolated building is in a good 
agreement 1Jith the 1Jind tunnel results. A comparison 1Jith the pressure 
coefficient meas.ured in the full-scale test building of the CERUG. 1Jill be 
done in a near future. This building site is a realistic and more complex 
site. 

• CERUO is the r•s••rch c• n t•r ~ r Caz d• rt•nc~ ~itu•t•d at rl•in• Saint D•ni5 

l n th• ~uburb~ or PARIS . 

ex F:tnge 1 F:ti!ge 2 Et age J Et age '· Etnge 5 Etnge 6 Et;tge 7 Tolt -

M cstb 0.58 0.55 0.63 0.69 0. 77 o. 77 0.59 -0.86 

0 a cstb 0.22 0.20 0.23 0 .28 0 . 27 0 . 30 0.25 0.26 

M simul o. 57 0.65 0.68 0.68 0.67 0.66 0.64 -0.45 

M cstb -0.57 -0.66 -0.68 -0.68 -0.70 -0. 71 -0.76 -0.87 

90 a cstb 0.25 0.28 0.27 0.25 0.25 0.25 0.25 0.25 

M simul -0.32 -0.38 -0.41 -0.42 -0.43 -0.41. -0.44 -0.<15 

M cstb - 0.18 -0.19 -0.22 -0.25 -0.24 -0.24 -0.25 -0.39 

18D a cstb 0.08 0.08 0.08 0.09 0.08 0 .09 0.09 0.15 

M simul -0.28 -0.2~ -0.23 -0.21 -0.20 -0 . llJ -0.16 -0.21 

TABLE 5 Comparison of mesured and calculated Cp 
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