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Abstract

Avareness of pressure distribution around a bullding is particularly impocrtant
when determining infiltration and on purpose ventilation through the envelope
as well as induced air flow pattern within the building. The issues are
multiple : occupant’s comfort, energy consumption, indoor air quality and smoke
circulation.

A number of multizone models have been developped but they all requited the
knovledge of the pressure coefflicients €p on the bullding facades. These
coefficients depend on the =site configuration (location, size and nearby
obstructions), the wind direction and the size and shape of the building
itself. Therefore, it will be desirable for every bhuilding to evaluate the
pressure distribution. A bibliography reviev is presented for the determination
of Cp : experimental vind tunnel measurements, regression analysis of previous
experimental data, numerical simulation...

In the second part, we focuse our attention on the numerical evaluation of
these pressure coefficients with the use of PHOENICS. We choese a k-t model
vith a staggered grid. For a typlcal building configurations on an open site
and for different vind directlons, ve compars thie numerical and the wind tunnel
results. They are in a £airly pgood agreement. This success will allew us to
consider more complex and realistic building site and tc compare vith cp-site
measurements in the rear future.
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Contentsg
1 - Objectlve of vork

1 - Objectives of work

The pressure distribution around a building is essential to determine
2 - Bibliography review infiltration through the envelope and to calculate airflow inside the building
and therefore to evaluate the quality of the interior environment. Many
2.1 - Experimental wind ¢t parameters are involved in the evaluation of the pressure distribution
2.2 - Regression analysisunnel AeShUETHETES building geometry, environment (trees, other buildings...), topography, wind
2.3 - Numerical simulation direction and speed.

In order to determine the pressure coefficient distribution for a building on
its particular location, we can choose bhetween a wind tunnel test or a
full-scale experiment. Full-scale experiments do not allov parametric tests for
optimisation studies and more critically have to be conducted a posteriori and
can not be considered as a design tool. Model-scale in boundary layer wind
tunnel allows this evaluation but at a high cost. A compilation of many various
sources will be presented in the first part of our study. The scattering of the
results is so large that a systematic approach would have to be initiated. So,
we propose to include the numerical methodology in the approach. Vith a
turbulent flovw model, the velocity and pressure fields around the building
facade are determined knowing the boundary conditions. Then, we can calculate
the pressure distribution at a specific location such as the facades.

3 - Description of simulated phenomenon

3.1 - Model equations
3.2 - Boundary conditions
3.3 - Mesh distribution

4 - Presentation of the results

4.1 - Simulated cases

4.2 - Typical input and out
put
4.3 - Grid independence

5 - Discussion of results

The results that wve present here are limited to tvo single parallelepidic
buildings on an open site. The mean pressure coefficients obtained wvith the

5.1 - Mean pressure
e coefficiont PHOENICS code are compared with the bibliography data.

§.§ - Contours of pressure coefficient
-3 - Comparison of the calculated Cp vith the wind tunnel Cp

6 - Conclusions 2 - Bibliography review

7 - References
T 2.1 - Experimental wind tunnel measurements

8 - MNomenclature

Wind tunnel tests have been realized all over the world. In France, the CSTB
published cartographies of wind pressure coefficients for many types 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 wind direction (table 1).

9 - Appendices

Ratlo Rutio Vind Cp for each tace Cp root
"/1 L1 Direction 1 2 3 4
0 0.7 -0.2 -0.5 -0.5 -0.5 '
teLs1<.s| 45 0.6 -0.4 0.6 -0.4 0.5
90 -0.5 -0.5 0.7 -0.2 -0.5
8/1<0.5
0 0.7 -0.25 -0.§ -0.6 -0.5
1.5¢act| 45 0.6 -0.5 0.6 -0.2 -0.5
50 -0.5 | -0.5 0.7 ~0.1 -0.2 Elavegion
| 0 0.7 -0.25 -0.6 -0.6 -0.6
‘ 1<Ls1c1.S 45 0.7 -0.4 0.7 -0.4 -0.6
90 -0.6 -0.6 0.7 -0.25 -0.6 Face 3
JS/1<L.S -
0 0.7 -0.3 -0.1 -0.1 -0.6
1.5¢L1ed| 45 0.7 -0.5 0.7 -0.2 -0.86 Face 1 Face 1 C
90 -0.5 -0.% 0.7 -0.1 -0.1
! 0 0.8 -0.25 -0.8 -0.8 -0.7 Face ¢
) 1<L/1¢1. S 45 0.8 -0.5 0.8 -0.5 -0.7
20 -0.83 -0.8 0.8 -0.25 -0.7 Flan
1.5¢H1<¢6
0 0.7 0.4 0.1 0.1 0. FIGURE 1|  Building geometry
1.5cL/acd| 45 0.8 0.6 0.8 -0.2 -0,7
90 -0.5 -0.5 0.8 -0.4 0.1 ) ]
.
| TABLE 1 : Cp [roam GAUTHIFR 1
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2.2 - Regression analysis

Many wind pressure data resulting from on-site experiments or from tests in
boundary layer wind tunnel are available in the world. ALLEN [3], SVWAMI &
CHANDRA [4], ANSELME {[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, wind profil, and environment.

WALTON [7] proposed a very simple formulation for the mean pressure coefficient
in terms of wind direction © which is a compromise between the
formulation. )

Cp = 0.75 - 1.05 £ pour & < 90°
Cp = 0.45 - 0.15 §§ pour 8 > 90°

The variation of the pressure coefficient with the wind direction according to
the different formulations is presented for a seven-storeyed building in the
next flgure. Ve can notice that all the formulation give different extremal
values and that the curve shape is not in agreement. The scattering of the data
is quite large and some unphysical phenomena happen such as non symetry of the
Cp variation with the wind direction, a Cp maximum at a wvind direction non
orthogonal to the facade.
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FIGURE 2 Variation of Cp with the wind direction
a) Allen, b) Swami, c) Anselme, d) wvalton
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2.3 - Numerical simulation

The simulation of the flow field around buildings with a turbulence model has
been presented in many papers for the purpose of pedestrian’s comfort or flow
analysis but only a few 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 wind directions the pressure coefficients on a building - 50
m x 10 m and 10 m heigth with inclined roof - which is isolated or surrounded
by a group of bulldings 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.

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

MATHEWS [10,11] has demonstrated that the determination of the pressure
coefficient for ventilation studies is possible wvith a numerical code based on
a k-t model of turbulence. lle has simulated with success the flow around a tall
and a long building in a open site but ne validation with the pressure
coeflicients obtained in wind tunnel or in situ for the same cases is
presented.

MURAKAMI has experimented two models of turbulence a LES model which leads
him to conclude at a good correspondance between numerical simulation and wind
tunnel experiments [12,13]. With a fine mesh resolution and a k-g£ model of
turbulence, the numerical simulation reproduces quite well the pressure field
but the prediction of the flow field in the wake is difficult to reproduce
precisely. This code is poverful to analyse the flow field in a complicated
urban site {14] for wind engineering design.

PATERSON [15,16] has compared his k-€ model computation with Castro’'s
experiments. He has concluded that the numerical pressure coefficients are in a
good agreement with the experimental results for the leevard and vindward faces
and that the velocity profiles around the building are similar. On the other
side, the agreement is better with the wind tunnel tests than with the
experimental studies. An important limitation of this code is the restriction
at wind direction perpendicular at one face of the building.

We mnotice that few studies have tried to tackle this difficult problem.
Previous successful attempts lead us to conclude at the feasibility of solving
such a problem with a k-£ model. However, 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, we focused on the determination of the pressure coefficient
distribution on a simple building with various wind directions wvhich are not
perpendicular to one face of the building but without success at the present
time. Ve hope to present sucessful results at the conference.
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3 - Description of simulated phenomenon

The flow around a building is supposed to be turbulent, incompressible, steady
and without temperature gradient. The building is an obstacle that can’t be
crossed by the flow. Ve consider that all the random flelds - pressure and
velocity -~ can be severed in a mean component and a fluctuated one according to
the Reynolds decomposition. 2

3.1 - Model equations

The equations governing the flow are obtained from the equations established in
fluid mechanics by using the Reynolds decomposition. The continuity equation
for the mean movement is

aux
TR
The Navier-Stokes equation is now :

Ur
X3

Lt

L _1ap i w 0T _ duiy;
p dxi

Us 9Xj dxj ERS|

@

A turbulence model is required to calculate the Reynolds stress tensor which
appears 1In the Navier-Stockes equation. This term assoclated which the
fluctuation motion represents the jnteraction between the mean and fluctuating
flieds, The turbulence viscosity 1s introduced in order to evaluate the
Reynolds stress tensor in terms of gradient of velocity :

—— aur | aly 2 .

uiugy = - vr ( 5;; + e + 3 k &ij
uiui

k = 3

When the Reynolds number of the flow is high, the turbulence viscosity can be
exprimed in terms of turbulence kinetic ernegy and dissipation rate

v = G —
v E
v Jut Uy 2
£E=3 ( Tl * ST ) in the general case
dui Juj i 2 s
RS ST if the Reynolds number is suffisantly high

The closure of the system of equations requires the determination of equations
for k and for e. These equaticons introduce nev terms which are modelled in the
zone where the Reynolds number is high {17]).

e
) X4 s

2 i . Al

= 3k ] 3k
Us ax4 = 9x4 ( gk dxj I+ %3 * ax1
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Near the wall, the Reynolds number is low and particular phenomena appear such
a laminarization of the flowv. "Wall function" are also used to simulated this
effet, and the constants wvhich have been introduced are expressed in terms of
Reynolds number [18,19].

This equations system 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 profil at the inlet of the simulated domain is considered to be
steady, the wind direction is parallel to the floor. We Impose the wind profil
reproduced during the wind tunnel tests. So, the vertical profil of the
horizontal velocity follows a logarithmic law of an open site [21]:

U
Uo

’

= 0.202 Log ( 6"%7 )

and the turbulence intensity can be approximated by :

_0.202 Vo _ Gzuz 7
- Ue U

Ie

So we deduce that
k = (0.202 Ua )2 7/ 2
7

e  K'®

On the floor and on the wall of the bullding, we imposed a no slip condition
and a wall condition. Out of the simulated domain the wind flow must be non
disturbed by the obstacle, so wve 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 large that no interaction betveen recirculation
zones and the boundary conditions can exist. It is about 5 building heights (H)
in height, 1.65 building length (L) in the perpendicular direction to the wind
direction and 8.5 building width (1) in the wind direction with 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 (1), and
two irregular spacing meshes (cf table 2), in order to determined vhich mesh

dividing realizes the better compromise between accuracy and lov CPU time.

We did not take in account symetry because we wanted to test the capability of
the code to handle such symetries.
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FIGURE 3 : Calculation domain
| Number of discretisation 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 18
Mesh 3 46 x 48 x 43 .225 x .656 x .45]|0.9 x 5.6875 x 18

TABLE 2 : Mesh spacing characteristics
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4 Fresentation of the renulisy
4,1 - Simulated cases

The simulated building is a seven-storeyed building vith a flat roof, 21m high
and 18mx18m in plan, in an open site. Only two vind directlions are studies - 0°
and 45° - because of the symetry. A model of this building at a 1/150 scale has
been studied in’ the boundary layer wind tunnel of the CSTB where a wind
characteristic of a wind of a open site has been reproduced by using a subtle
dosing of the ground roughness and of the vortex generators [21]. Tvo facades
of the model have been equipped with scanivalves wvhich permit 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 of pairs is used so that it is easy to change the
mesh dividing. The pressure coefficient is calculated by wusing a special
function in ground. To simulate the wind profil special f{unctions are used
GRND2, GRND3, GRND4, included in ground. All the listings of the functions
vritten for our study have been reprinted in appendix.

4.3 - Grid independence

The comparison between the results obtained with the three mesh dividings let
us to consider that a regular spacing of the mesh give no satisfylng values for
the pressure coefficient. But the pressure coefficlents calculate with the mesh
2 and 3 are similar (cf Table 3). So we 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 1s about 2.5 CPU day.

Face 1 Face 2 Face 3 Face 4 Roof
Mesh 1 1.18 -0.20 -0.28 -0.30 —0.327
Mesh 2 0.62 =0. 2k =0.36 [ -0.36 -0.45
Mesh 3 0.65 —0.2177 ;0.36 -0.37 -0.48

TABLE 3 : Cp values calculated with the three meshes
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5 - Discussion of resultls i
1
e §
5,1 - Mean pressure coefficients i
1}
i
]
We variiy ithat the mean pressure coeeificiantz are symnirical. So in the T 5
i ve would roduce the simulation domnin by using the symetrical propestles o i
| case. The mean seura cceffloient | in the range of vz hibileography
aluey. This counfroutntion d Y propose a conciusion becavse of H
the dispersion of the values
i N ,
Incidence vent 0 [Fucade 1 Fagade 2 [Fagade 3 [Fagade 4 i \
- { -
- a g 5 : \
) Simulation ;62 -0.2 -0.3% -0.36 i
Gauthler 0.7 -0.25 ~0.6 -9.6 i
3 Annales ITBTP 0.60 -G.40 -0.80 -0.80 1
0.94 -0.69 -1.01 -3.01 ‘
g 0.75 -0.20 -0.30 i —
{ i
. ] :
‘ S ! o \\ ’/ -
: TABLE & ; Comparison of the differents Cp valuecs ! s ”

-
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-
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From the veflined meshing - 100 points of discretisation - wve rnan goet the e ——— —_— e F
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cf the buldling, a "paving". This information is required hecausz du-ing = wiad } 3
3 4 ; = . T o i)
tunnel apzivsis ve get only the pressuce co2fficient on 3 "pa " K 1 {

:f pressure ceoai
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t
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5.3 - Compariscn of the ¢ vind : ‘ I\ |

cing the viud testz the pressure cf ient on "paviag" repiese

U i

flat was mesared. Zo we have seven Tp for aach wind

the sevea fleors si the building. %o compare tie mes

the caicviated ons on thz middle peint of the “paving®. i

pressura has lineary variations in each dirnction i Face 1

The cemparison }s dilficult becasse the standa:t d Face 2

wind tuanel is iarge, someiimes a hait of the mean X

cagses it iz greater than the mean valu:. The pressure cogfficie SALS ] Face 3 I I

from the simulation lways duclude in (he interval of mean value 3t art '

daviatlon, mesn value + standart deviation, excepted for top of the lateral : Face # -0.16 ~1.40 .

facke. (of figure 5 and table 5) i
Roof -0.16 ~1.20

i FIGURE 4 : Cp Contouts - Yind direction 0°
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6 - Conclusions

The simulation of the tridimensional flow field around an isolated building
allows us to determine numerically the pressure coefficients. The pressure
distribution on the different facade of an isolated building is in a good
agreement with the wind tunnel results. A comparison with the_ pressure
coefficient measured in the full-scale test building of the CERUG will be
done in a near future. This building site is a realistic and more complex
site.

* CERUG is the research center of Gaz de France situated at Plaine Saint Denis
in the suburbas of PARIS.

o Etage 1|Etage 2|Etage 3|Etage 4 |Etage 5|Etage 6|Etage 7| Toit

M cstb 0.58 0.55 0.63 0.69 0.77 0.77 0.59 -0.86

0 |o cstb | 0.22 0.20 0.23 0.28 0.27 0.30 0.25 0.26

M simul| 0.57 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

S0 o 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 (-0.44 |(-0.44 [-0.45

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

180 |o cstb 0.08 0.08 0.08 0.09 0.08 0.09 0.09 0.15

M simul|-0.28 |-0.24 |-0.23 -0.21 -0.20 |{-0.18 |[-0.16 |[-0.21

TABLE 5 : Comparison of mesured and calculated Cp
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