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Summary

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

B constant

C1,C,,C,,Cp coefficients in turbulent transport equations

div divergence

= height at which V. is measured (usually 10 m or equivalent height
for scale model)

H width or height of building

I turbulence intensity

k turbulent kinetic energy (time-averaged)

kq surface friction coefficient

L length scale of turbulence

P pressure

Us average inflow velocity

Vv velocity (time averaged)

Vet velocity at 10 m or at equivalent height for scale model

x x direction

y y direction

z turbulence property

Greek symbols .

o mean wind speed exponent

€ dissipation rate of turbulent kinetic energy (time-averaged)
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; u , .effective viscosity (lammar plus turbulent viscosity)
Ko . p .5 density L ps
{2 =i Ok O coefficients in approxunated turbulent transport equations
i} Ll i
Subscripts -
1 x direction y
2 y direction
ref reference = . ( :
t -, turbulent TR s S
x main flow direction .+ -+ - 4
y perpendicular to main flow dxrectlon FTL
z turbulence property (k-or €) .
Other i F
- v del operator . e
DO substantial denvatxve ’t:hat is, differentiation following the motion
Dt, of a fluid particle :
- - vEctdr quantity R
SEIISTEN 5 &
1. Introduction g TR
e Te e =t BT
cooo o vprs.t % The pred&ctlon of airflows arou;rrd buxldmgs -ahdithe resulting pressure dis-
sle . 1.+ tributionsareund:them:are subjects of:great impertance. Velocity fields around
cni; .~ buildingg are; for example needediwhen-air.poltution from, or the wind envi-
: a0 v o w.ssoronment around, buildingsis: studied: The pressure distribution around a

B sionere oo, - building is often:needed for structural design. Farthermore, the wind-gener-
T i, IR .»,-;aated pressure distribution is one of the:driving-forces of natural ventilation.
nee oo hewy o oo The- presentistudywassundertaken to demonstrate the possibility of calculat-
' 'ing the wind-generated pressure distribution around a building for the purpose
.. wof caleulating natural ventilation:inside the building.
it .. Many: researchers-and designers-irithe field of natural ventilation use
, © o'uuo7 o boundary layer wind tunnels to acquire pressure data needed for the calcula-
stgme oo, w0 o0 tion of natural ventilation flow rates [1+4%. Although such wind tunnels are
S useful tools forrobtaining wind-induced pressure-distributions for design pur-
<. . oposes, they have the following disadvantages: -

. N .
4fJ NI S - - ~

é 'A'U

(1) They are expensive in capital and running(costs.
. L (2) Tests are time-consuming.2- =
RPN P ~ (3) It may be difficult to sxmulate the a'tmOSpherm)boundary layer and tur-
T IR (Yo (o ’bulence foricompiex terrains.: :. o »”
(4) Many designers and researchers interested in natural ventilation do not
have access to boundary layer wind tunnels.
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Because of the disadvantages of wind tunnel studies and due to the recent
prominence andirapid development of numerical techniques, the use of numer-
ical methods to obtain pressure data was investigated [5]. Great effort is pres-
ently devoted to the development of computer hardware and software for the
numerical solution of fluid flow problems [6, 7]. These methods have already
been successfully used to calculate flow in and around buildings [8-10]. Pos-
sible advantages of numerical flow analyses are the following:

(1) Once a computer algorithm has beén 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 methods than in the wind tunnel.

(3) The problems3 of scaling effect arid building expensive models for wind
tunnel testing are eliminated.

(4) Flow calculations may be less expensxve than experiments. Pletcher and
Patankar [11] point out that the cost’of performing a given calculation
decreases tenfold every eight years, while the cost of performing expenments
is steadily increasing. - §okg

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

Although numerical studies of wind flow and the resulting pressure distri-
butions around buildings are important, it seems that little work has been done
o oorzga Cradl vin this field. Researchers such as Frost and cé-workers [12, 13] and Yeung and
cuute s T i 1Y Kot {714 hused theworticity-stream:function fermulation of the Navier-Stokes
Gy oo 0 équations tor establish flowdields -around twe:dimensional rectangular blocks.
i~ 1 However, they donotgive the restilting pressure distributions around the blocks.
i o7  Hansofi et al. [10} . used-both the.vorticity-stream function formulation and
.1 tar - the primitive. variahle formulation of the Navier-Stokes equations to obtain
3 " .0 2o the velocity fields, but:notsthe pressuré distributionsiaround two-dimensional
~.dr ooy blocks.rAn excellent-discussioniemnthe use of computational methods in fluid
flow for'thermo=fluidproblems related té buaildimgs:is given by Hammond [9].

sraner ¢, However] calculated:pressure distributionsaroundbuildings are not given.
(PR ;Although the vorticity-stream function approachiseems popular for obtain-
2 = - ing flowfields around buildings, it has'the disadvantage that pressures are not
s o~ ¢ . determined.duringthe solution of the flow equations. An additional procedure
is needed to solve for 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 formulation of the Navier-Stokes equations can successfully be used
to predict wind-generated pressure:distributions around buildings for the pur-
pose:of caleulating natural vertilation flow rates. A computer program which
embodies a particular numerigal te¢hhique has beenideveloped [5] and is dis-

1] PN 2 35 i

“ = it 4 YA
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f"iequatlons in vector notatlon are ,grven by
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: cussed Althouvh the. potentlal use of ’qh1s procedure for the calculation of nat-

ural ventilation is not fully explo,lted by the program, work in this field is
initiated. - .

A two-dimensional flow approach is followed Bu1ld1ngs in general are usu-
ally long and narrow for reasons of natural ventilation, thermal performance
and natural lighting. In many cases therefore, buildings have one predominant
length dimension. In a city most of the buildings tend to be tall, therefore also
having one predominant length dimension. For long and for tall buildings, a
twe-dimensional flow approach could, as a first approxrmatmn produce useful
information. The computer code can however be extended to three dimensions
with minimal modification to the basic code.

2. Basic outline of the numerical procedure

2.1. Partial differential equations
The partial differential equations that govern the movement of a viscous

- fluid are the Navier-Stokes equations and the ¢éntinuity equation. In the case

‘of incompressible flow:the primitive variable formulation of the Navier-Stokes

it
-

DV

~ pﬁ_ = —gradP—*—uVZV | ki “ : (1)

HI R Pyt

‘while the cont1nu1ty equation in vector notation js: gwen by

le V— o .~ Bk ¥ o -t K (2)

. For the simulation of turbulence in the flow, the k¢ turhulent viscosity model

is employed The time-mean partial dxfferent al equation for the transport of
the turbulenee- property z, where z zcan denoterelther lz or.g, is given by [15]

p%z = div (“— grad z> [cl  (diy V2 - BCZ-E} : (3)

where y, =C,pk? /e is the turbulent viscosity. If the turbulence property z in
eqn. (3) is the kinetic energy k, the valueof C;'will be equal to unity while the
value of B will equal 1/C,. By substltutmg the dissipation term € into egn. (3)
the transport equation for e is found. The value of B will then be unity. The

values of’ the constants o, Tk Cus C and C;’depend on the particular flow

being investigated and may therefore vary for different flow applications. The
following set of turbulence constants for the atmaspheric boundary layer, pro-
posed by Yeung and Kot [14], were used for the purpose of this study: .=
1.0,0,=1.0,C, =0.03, C, =1.54, C,=20. =

- 2 2. Finite dlfference equations and solution procedure

"The finite difference equations for the nitmerical procedure are derived by
integrating the partial differential equations over control volumes surrounding
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 agrid point {5]. These equations are then solved by a line-by-line solution
"> method. Urtknown variables along each grid‘line are calculated by the appli-
catioh of a tri‘diagonal matrix algorithm. To‘maintain stability, the variables
are under-relaxed. The converged solution provides mean values for all the

| R A 7
-

variables. N ¢ ‘

2.3. Boundary conditions 27l
] AE
(@) Inflow boundaries
For béundary layer flow conditions, the power law is used to simulate the

i

inflow V, velocities of the atmospheric boundary layer. The power law is given
by [16]

Vilyh) _ \:Zl]a ! (4)
Vi(2) Yo
where V,(y,) is the mean wind speed at a height y;. The exponent & is the
mean wind:speed exponent andis deépendent on upstrearh terrain roughness.
Values of ‘o for different terrain-categories are widely-published [16].

For modelling tall buildings, where only a two-dimensiorial section through
the building is investigated, a uniform V, velocity profile is used at inflow.

In all cases the inflow values of V, velocities are set t?f zero, while the length

scale of longitudinal turbulence L for natural wind at the inflow boundary is
approximated from the following empirical equation [16]:

L(y) =151(y/10)* (heet/10) vl (5)

" 5 iw.’{rﬁé'_1'e"1'_/( ¥)-denotes the lerigth scale of thewelaeity component V; in the x (or
floWw? ‘direction dt height y. The height-at- which the reference velocity is mea-

sured 1§ given by hi The lérigth scale@istribution at inflow can be prescribed
via inflow values for e(y).. The relatiqnshipipgtween e(y) and L(y) is defined
by the following equation { 156]: PR SR e

S

e(‘}’):_»:[(?Dpk(yp)gyz]/L}(&)r; IS T I I Tt (6)

Go <

) wheré_th‘é;vglﬁe;ﬁ'f Cpis féssu}fleq to be unftyfl'T] e
The turbulence intensity I (y) of natural wind &t height y at inflow can also
be approximated by an empirical equati‘gr}l, which is given by [16]

v Iy (6T ) Veae/ Vi () (7)
where V.. and V,(y) are the mean Speeds at heights h.; and y respectively
and where k, is a surface roughness parameter which is a measure of the surface

friction coefficient of the terrain. As the value of k(y) is a measure of turbu-
. lenee intensity at height.y, the turbulepce intensity can be simulated at inflow

R
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by specifying appropriate values for k(y). The relationship between k(y) and
I(y) isgivenby [5]

T A) (8)

(b) Outflow boundaries =2
Zero gradlent outflow boundanes are used for all the variables.

(c¢) Solid boundaries
Both normal and tangential velomty values are set to.zero at solid boundaries,
The boundary conditions for turbulence properties near solid walls are, how-

. ever, more difficult'to prescribe. The k—¢ model is only valid for fully turbulent

flows. A problem therefore arises near a solid boundary where the local Rey-

- nolds number becomes very small, resulting in laminar flow. This effect is built

into the turbulence model by means of wall functions. These wall functions
give a better description of the:shear:stresses near walls, resulting in more
accurate values for k and for tangential velocities near a wall [15].

(d) Free stream boundar:,es ‘

All the. free stream boundaries are placed far enough from the obstructions
so that s1mphfy1ng assumptions concerning these boundarles have no serious
effects upon the flow inside the flow domam ,

Free stream boundaries can be treated in at least three different ways. Firstly,
the pressures and the V, velocities, (velocities parallel to the boundary) can
be described at the boundary,- while- no ﬂow is allowed to cross the boundary.
Secondly, flow can be prohlbltad from crossmg the boundary, while zero gra-
dient beundaries can be: employed for V, velocities. and pressures. Thirdly, flow
can. be allowed to cross the boundary, while V, velocities and pressures are
prescribed [18]. For such a treatment, the exchange processes at the free stream

.-+ boundaries are incorporated in the mathematical model by prescribing free
- stream pressures adJacen.t tothe boundary. Mathematically, this results in cal-
- culatingthe boundary velocities perpendicular to the free stream boundary.

During numer:cal expenmente the seoond boundarv treatment proved to be

" more accurate than the first mentioned. It was also shown [5] in program

applications that the second procedure produced results that were of sufficient
accuracy for the purpose of this study. The boundary spemﬁcahons 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

«2.1. Bragram - - TR |

A computer program, based on the theory discussed was developed. This was
written in Fortran 5 and implemented on a CDC 750 mainframe computer.
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Fig. 1. Predlcted V, velocity proﬁles arounds thodél of a tall building. (Only half of flow domain
shown. ) {

Tests were conducted for all the applications-to determine the dependency
of solutions upon gridssize. Solutions were obtained with successive refinement
of grid size, i.e. reduction in the spacing between grid nodes in the x and y
‘directions. When solutions were observed to be unaffected by further refine-

- m‘e‘nts;<they were pre_su-med to b,.e grid-independent.

v i
) B s RS
3 P as s

3.2. Turbulent flow around a tall buzldmg

Although flow around a tall building i¢ $énsitive to the vertical velocity pro-
file] a two-dimensional analysis can‘present useful design information {19].
"The following data were used to predict the flow around a model of a tall build-
1ng, wh1ch Was‘mvestlgated expenmentalfy in'ref. °19

(1 ) Buﬂdmg dimensions CTS Z o XH
"”( Y. Reyholds number of flow’( Rey;) = 2% 10*
18y Turbulence intensity* - * Y= 10%
“(4) Turbulénce length scales ( (L/H) * v-;'-— 0:67 12w
“(5) Umform gnd &7 = L= 20j>< 30+

Predtcted veloc1ty proﬁles aréund the modef are Jp'yrf‘-:'ssented in Figs. 1 and 2.
The predicted presstne coefficient’distributidn reéstftiig from the flow around
* the model is compared with the mea8tred distrifution’ [19] in Fig. 3. A good

agTEement between measure& and' predié’ted pi*essuré coefficients is found.
Baf .. Ut u

Fig. 2. Predicted V, velocity profiles around a model.of attall l'fulldmg (Only half of flow domain
shown.) P T Ty
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Fig. 3. Meanvpressure coefficient (C,) distribution around a model of a tall building. (Only half
shown.) - ST

3.3. Turbulent flow over a long butlding ...

Important data used for the computation of turbulent flow over a model of
a long building were as follows: L T
‘2HXH

(1)'Buildings dimensions =
(2) Velocity profile = eqn. (4)
(3) Reference velocity ( Vi) = 10ms™*
(4) Reference height (h,) = 2H
(5) Mean wind speed exponent (&) = 0.3
(6) Reynolds number (Re;,L = 7.5x10*
(7). Vﬂlues for k at inflow .7 eqns. (7,8)
(8) Values for € gt inflow : = egns. (5,6)
(9) Value for surface friction

coefficient (k,) ' . =10,08

(10) -Uniform grid... .- o+ =120X30

Predn,ted velomty proﬁles arqund\ the bulldmg are presented in Figs. 4 and
5. The re-attachment length.was. predlcted at a.distance of about 5H behind
the building which is in fair agreement with-that measured by Counihan et al.
[20], namely approximately 6H. The predicted pressure coefficient distribu-
tion resulting from the flow overthe buildingis shown in Fig. 6. The pressure
coefficients are normalized to the dynamlc pressure at the eaves height of the

bmldlng ©RY MR i Bee. amab YO
TR ;I "’J‘L“ " r T ] 3 i ~.Jr t
3\’_4""_:e|,._ -
§ R (e
375f !
_ |
I 250 l
= i
T o125 .
& ] :
0 4

T (xeH)

Fig. 4. Predicted V, velocity. P;lioﬁle over a mg;deliiiﬁa ‘}Bng building.
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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 coefficient (C;) distribution over a model of a long building.

4. Conclusions ,

It was shown that a nufiierical technique can be used to predict wind-gen-
erated pressure distributions around buildings. These distributions can be used
for the purpose of calculating natural ventilation flow rates. Although only
very simple examples were given, the method is very powerful, and more com-
plex flows can be investigated using it. Vast possibilities exist for useful exten-
sions to the computer:code, e.g. three-diménsional analyses of clusters of
buildings. 9

It is evident from the literature that great effort is devoted to the develop-
ment of hardware and software for the numerical solution of fluid flow codes.
“Nurherical Tlow programs miay therefore in futire be used to supplement, or

" perhaps {in some ¢ases) even to gubstitute pressure measurements in a wind
“tunpell 777 TUOYLSERET LA L iy
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