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Summary

This paper addresses the numerical computation of 3-D wind flow conditions around a building.
Differential equations are discretized into difference form using the control volume method.
Boundary treatment is one of the major issues during the computational process. This paper
examines the current boundary treatment methodologies and it proposes a new procedure for
boundary treatment with two variables involved in the computation. For most of the cases in
which the new method is employed, computed results agree well with the measured wind-tunnel
data.

Notation

ap hybrid difference scheme coefficient at node P

B building width

C, mean pressure coefficient

C,,C,,C1,C1" turbulence model constants: 0.09, 1.92, 2.24, 0.8 respectively

dp distance from node P to the solid boundary

D wall dissipation

E boundary layer constant: 9.0

G turbulence generation term

H building height

k turbulence kinetic energy

kp turbulence kinetic energy at node P

Resks turbulence kinetic energy at the edge and within the viscous
sub-layer

L building length

m. modified rate of dissipation term

n streamline co-ordinate

np number of nodes surrounding P

p fluid pressure

R, radius of curvature of streamline
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s streamline coordinate

S source term of the differential equation

St linearized source term

Sos shear strain

U; velocity vector

Up velocity at node P

U* friction velocity

u,u,Ww mean velocity components along the x,y,z directions

u'v'w' fluctuating velocity components along the x,y,z directions

U mean velocity along streamline co-ordinate

Ug velocity vector with two components

U, velocity at gradient height

Ux mean velocity at roof height

x,Y,2 distances along the coordinate axes

Y+ normalized wall distance

Greek symbols

I, diffusion proportionality factor of ¢
dissipation of turbulent kinetic energy

€ dissipation of turbulent kinetic energy within the viscous sub-
layer

K Von Karman constant: 0.4

v kinematic viscosity

Ve kinematic viscosity at the edge of the viscous sub-layer

Vv, turbulent viscosity

P air density

Oy, 0, universal constants: 1.0, 1.3

T shear stress

i) dependent variable, i.e. u,v,w,k,e€

1. Introduction

Building engineers often need information regarding the wind-induced ef-
fects on buildings during the design process. This information is available
through wind loading standards and codes of practice, which are compiled based
on data from various systematic wind-tunnel experiments, sometimes con-
firmed by full-scale measurements. However, improvements in computer re-
sources offer a new and feasible tool for the evaluation and understanding of
wind effects on buildings.

Table 1 taken from Wacker [1], compares the improvements in the com-
puting time for an elliptic boundary value problem. It is clear that the com-
puting time decreases by one to two orders of magnitude within a span of 20
years and it is reasonable to assume that this trend will continue. However, it
was only recently that some studies have attempted to simulate the 3-D tur-
bulent wind flow conditions around buildings through computers. This lack of
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TABLE 1

Estimated computing time for the elliptic boundary value problem (after Wacker [1])

Year Dimension Nodes
10 100 1000
1968 1 0.01s 0.6s 40s
(IBM 360-91 2 0.03 s 40 s 10h
2 MFLOPS) 3 0.6s 2h 5 weeks
1987 1 0.0002 s 0.01s 1ls
(Cray-2 100 2 0.0006 s 0.7s 12 min
MFLOPS) 3 0.01s 2 min 15h

FLOPS is floating point operations per second.

utilization of the booming computer resources by the wind engineering re-
search society is probably due not only to the complexity of the problem but
also to the difficulty involved in the numerical modelling of the turbulent pro-
cess, as explained by Hunt [2].

Vasilic-Melling [3] performed computations for 3-D wind flow conditions
around a cube as an extension of her comprehensive work in simulation of 2-
D flow over fences. Without including any standard treatment for turbulence,
Hanson et al. [4] studied the flow over a building model and their computed
results were validated by Summers et al. [5] by using Everett and Lawson’s
[6] measured data from a boundary layer wind-tunnel. Following a similar
procedure to that of ref. 3, Paterson [7] made a systematic effort to evaluate
the wind conditions around a building and the wind-induced pressure on the
building envelope. His study provides encouragement for further research in
this field. To estimate computing time requirements, Baetke [8] studied the
wind flow over a cube on a vector computer. Another study which used a su-
percomputer is described by Murakami et al. [9], who attempted the numerical
simulation of unsteady wind conditions by applying the large eddy simulation
technique. However, their latter attempts [10,11], to simulate the steady wind
conditions around a cubic model used the standard k—€ model for the inclusion
of turbulence in the computational flow field. Recently the authors [12] com-
puted both the wind velocities around a rectangular building and the wind-
generated pressures on the building after modifying the standard k-¢ turbu-
lence model. The modifications include the streamline curvature correction
(Leschziner and Rodi [13]) and the preferential dissipation correction (Han-
jalic and Launder [14]). Comparison of the computed results with the mea-
sured wind tunnel data indicates significant improvements when the modified
turbulence models are utilized.

Studies have also been made using commercially available software. Along
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this line, Spalding [15] developed and marketed a general purpose computer
code called PHOENICS. Héggkvist et al. [16], Jansson [17] and Richards
[18] predicted the wind flow conditions, for different building shapes using
PHOENICS. Their results are not always satisfactory when compared with
respective experimental data and they generally provide qualitative rather than
quantitative agreement.

In numerical modelling processes, boundary specifications for the variables
involved play a major role in the computed results. This paper reviews the
existing methodologies and suggests a new boundary treatment procedure for
two variables involved in the computation of 3-D wind flow conditions around
buildings. Comparisons of the computed results made with the measured wind
tunnel data indicate that wind velocities, turbulence properties and wind-gen-
erated pressures are significantly improved when the new method is applied.

The paper explains briefly the computational methodology, describes the
boundary treatment method for the six variables involved (w,0,w,p,k,€) and
presents the new boundary treatment method for the turbulent kinetic energy
k and its dissipation rate e. Computed results are compared with the measured
wind-tunnel data.

2. Computational methodology

This section will outline briefly the computational procedure with more de-
tails to be found in ref. 12. In compact form, the necessary differential equa-
tions for the 3-D computation of turbulent wind flow conditions around a
building can be described by

a0_0 (90
Ujaxj_axj <F¢6xj)+s (1)

where ¢ is the dependent variable (u,v,w,k,€) and Ujis the velocity vector. The
following table provides the values of I » and S for different dependent variables.

¢ r, S Equation
u,u,w Ve @_ (2);(3)7(4)
Jx;
k A G—e¢ (5)
Oy
€ vy m—C & (6)
0’5 € 2
k2

and Vt=C,,? (7)
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It should be noted that m, in eqn. (6) is the modified term for the rate of
dissipation of k due to the inclusion of dissipation correction and it is calcu-
lated using the following expression:

me=§ (CLG—C1H 1,82, (8)

In order to include the streamline curvature correction the following expres-
sion is used for C,, instead of its standard constant value equal to 0.09:

k2 aus Us US -
Cﬂ=max{0.09,0.09[1+0.57E—2( an+§;>R—c] } i

The velocity vector U, consists of two components, which may be u and v,
or uand w, or v and w. The combination which provides the maximum vector
has been considered. This is different from the application made in ref. 12, in
which only u and v were used to determine U.. However, no significant differ-
ence in the computed results has been found by considering all three velocity
components.

In addition to eqns. (2)-(6), the continuity condition has also been included
to fulfill the law of conservation of mass. Details for transferring the differ-
ential equations ( (2)-(6)) and continuity equation into difference form using
the control volume method of ref. 19 are reported elsewhere (Paterson [7] and
Vasilic-Melling [3]). The final algebraic form of the discretized equation is
written

av r =(f;; a ¢m>+SL (10)

in which

P is the grid node where the dependent variable ¢ is computed, np is the number
of nodes surrounding P, ap is the hybrid difference scheme coefficient, and Sy,
is the linearized source term.

The well known SIMPLE algorithm of Patankar [20] is used to correct the
velocity field and also to improve the initially assumed pressure field. The
advantageous staggered grid arrangement 18 used. Specification of pressure
values on the boundaries is not required by placing the boundaries of the com-
putational domain and the boundaries of the building envelope on the velocity
nodes of the staggered grid. Thus boundary treatment is required only for the
remaining five variables (u,v,w,k and ¢€), as will be discussed in the following
section.

3. Treatment of boundaries

Treatment of boundaries is one of the most important modelling tasks dur-
ing the numerical evaluation of wind effects on buildings. Figure 1 shows the
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Fig. 1. Boundary locations for 3-D wind flow conditions around a building.

various boundary locations for the calculation of 3-D turbulent wind flow con-
ditions around a building. In total there are ten places where the information
of the variables has to be transformed to the computational domain. However,
based on their characteristics the boundaries can be grouped under three cat-
egories, i.e. free boundaries (1,2,3,4), symmetrical boundaries (5) and solid
boundaries (6,7,8,9,10). In most previous studies a common approach is fol-
lowed for free and symmetrical boundaries whereas differences in treatment
are found for solid boundaries.

3.1. Free boundary

Dirichlet boundary conditions are applied for the air-to-air boundaries dur-
ing the computational procedure. This can easily be done by transforming the
values of the variable from IMAX -1 to IMAX, JMAX —1 to JMAX and
KMAX—1 to KMAX, if IMAX, JMAX and KMAX are the total number of



183

grid nodes in the x, y and z directions respectively. A similar exercise is also
performed for the values of all variables, on the first node.

3.2. Symmetrical boundary
The normal velocity u and the normal gradient of the other quantities
(v,w,k,€) at the axis of symmetry are assumed to have zero value.

3.3. Solid boundary

Researchers follow a variety of approaches for the treatment of different
variables in order to identify the presence of the solid boundaries in the com-
putational procedure. For the velocity variables (u,u,w) Vasilic-Melling [3],
Murakami and Mochida [10,11] and Baskaran and Stathopoulos [12] use the
wall-function approach of Launder and Spalding [21] to bridge the viscous
sub-layer (VSL) with the outer region. In accordance with this method, the
linearized source term of eqn. (10) is modified based on the wall shear stress
(t/p) which can be calculated by the equation

UP 1/4 1,1/2 _l ( le‘/d kll’”)
_’(T/p)w C,/* k¥ _Kln Edy ==
in which Up is the velocity at node P, kp is the kinetic energy at node P, dp is
the distance between the node P and the solid boundary, E is the boundary
layer constant, approximately equal to 9.0 for smooth wall, x is the Von Kar-
man constant, and v is the kinematic viscosity of the fluid.

Equation (11) assumes a region where local production and dissipation of
the flow are balanced, shear stress is uniform and the log-law of the wall

Ue 1 +
(= n(EY™) (12)

(11)

applies. This is valid for 11.63 < Y+ <10? in which Y is the local Reynolds
number or normalized (dimensionless) wall distance given by

—CLM k%)/2

Y+ dp (13)

For 0< Y+ <11.63, a linear velocity profile is appropriate, i.e.

Ur

i (14)

Thus the wall shear stress is calculated based on the local flow behaviour and
its interaction with the solid surface as well.

For the turbulence kinetic energy k, the turbulence generation term G of eqn.
(5) is calculated after Vasilic-Melling [3] by
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vol

vol

G=i J Ti(u2+w2)1/2d(vol) (15)
dy

in which vol is the boundary control volume.

The rate of dissipation of k for the solid boundary is evaluated by assuming
a linear variation of length scale of turbulence with distance from the bound-
ary. With the help of the wall turbulent viscosity, i.e.

W=k U,dp (16)
and by using the above relation in eqn. (7), the dissipation rate becomes:
e Ci/él k 3/2

K'dp

(17)

This approach has been followed by Vasilic-Melling [3] and Baskaran and
Stathopoulos [12]. It should be noted that Paterson [7] has used a slightly
different approach to modify the term S, in eqn. (10) both for velocity and
turbulence variables,

3.4. New Zonal Treatment Method for Solid Boundary

The k- expressions provided by eqns. (5) and (6) are basically developed
for high Reynolds number flows and they are referred to as high Reynolds
number turbulent models (HRTM). These are used as engineering tools to
simulate only the gross features of turbulence and they do not pay much atten-
tion to interactions between the various scales of motion (Bernard [22] and
Spalding [23]). Moreover, when the flow is not within the turbulent zone the
validity of these equations is questionable. For numerical computation of flows
with low Reynolds number and for reproduction of the local laminarization
phenomenon, the so-called low Reynolds number turbulent models (LRTM)
have been developed by Jones and Launder [24] and Ng and Spalding [25],
subsequently modified by Hoffman [26] and Chien [27]. An excellent review
of the LRTM used for near wall fluids is presented by Patel et al. [28]. Thus
two sets of equations, one for the fully turbulent zones and the other for near
wall fluids appear an ideal solution when the wind flow conditions around
buildings are considered. However, this approach increases the number of vari-
ables to handle and it also demands more computer resources.

In contrast, using eqns. (5) and (6) and modifying the source term of eqn.
10 to account for the presence of the building in the fluid, fails to reproduce
the details of the local viscous effect and also creates numerical stiffness prob-
lems, see Spalding [23 ]. Numerical stiffness occurs when the source term is
forced to take the full burden of transferring the presence of a building to the
computational domain. Moreover, when the grids near the solid boundaries
are not fine enough the computed wall shear stress is not realistic and this can
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induce numerical divergence during the computational procedure. Naturally,
this unwanted situation demands a very dense grid layout near each solid sur-
face which is practically not feasible.

To overcome these problems, a new zonal treatment method is presented for
the solid boundary treatment of k and . In the present approach the HRTM
are used only for fully turbulent regions where they are valid. In order to ac-
count for the thin VSL near the solid surface, the following procedure is adapted
and incorporated into the computer code.

The kinetic energy k for isotropic turbulent motion can be expressed as:

k=1 240 2 4w'?) (18)
and by the Taylor series expansion of the fluctuating velocity components near
the wall it can be shown (see Jones and Launder [24] and Chien [27] that the

kinetic energy of the fluid is approximately proportional to the square of the
distance from the solid boundary, i.e.

kocd? (19)

where dp is the distance of the considered grid node from the solid boundary.
One can then obtain the following expression for k within the VSL:

d
ky= ke‘—ﬁ
in which k, and k, are the kinetic energies at the edge and within the VSL
respectively, considered at distances d, and d, from the solid boundary.

The total dissipation rate is not zero near the wall and as explained in refs.
24 and 29, the wall dissipation D is given by the equation

u'?\ (dw'?
Dzy[( dy )+( dy )]y=o 5

Near the wall, v’ the normal component of fluctuating velocity is presumed
negligible, therefore, the mean kinetic energy can be deduced from eqn. (18)
as:

(20)

utw'?
ko= = (22)
Assuming linear variation of the velocity with distance from the wall and com-
bining eqns. (21) and (22), the following relationship is obtained:

D=2—V2—k (23)
y

Within the VSL, D= ¢ and thus the dissipation rate of k can be expressed by
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_ 20k,

€= ;
8 dﬁ

where vy, is the fluid viscosity at the edge of the VSL.

The algebraic equations (20) and (24) are used to calculate and ¢ within
the VSL. Equations (15) and (17) are used only for zones outside the VSL.
The problem of fixing the edge of the VSL is effectively handled by using the
conditions from eqns. (12) and (14).

Even though considerable difficulty exists for the application of the zonal
treatment methodology in the computation, its utilization has been found ad-
vantageous over the current approach. The new procedure is physically valid
and it also alleviates the source term burden in transferring all the information
about the presence of solid boundaries into the computational domain. Thus
the new approach is not numerically stiff. In addition, improvements are made
in the computed values so that better agreement with the experimental data is
achieved. This will be discussed in the following sections.

(24)

4. Computed results and discussion

In this section the computed results based on the two-boundary treatment
methods (zonal treatment and wall functions) are presented. Compared pa-
rameters include the kinetic energy (in terms of turbulence intensity of the
flow), its rate of dissipation, the pressure and the improved velocity field around
the building.

It is generally expected for any computational procedure, that the larger the
computational domain and the denser the grid system, the better the computed
results. However, the number of computational nodes has a direct influence
on the computing time and hence on the cost of computation. The influence of
the grid distribution on the computed results was examined by considering the
size of the domain and the number of control volumes within the domain. The
decision to use a particular grid is made after several grid refinement tests were
carried out within the available computer resources.

Figure 2 shows the optimum finite-difference grid layout used in the present
study. Both vertical and horizontal sections of the grid layout for a tall building
120 m high, 60 m by 60 m in cross-section are shown. The building in the 3-D
computational domain is also presented. The considered layout appears also
to be sufficient based on the 2-D experimental study by Antoniou and Bergeles
[30] and Bergeles and Athanassiadis [31] and it is consistent with the pre-
vious computational works of Paterson [7] and Murakami and Mochida [10].
By using less grid spacing near the solid boundaries and arranging non-uni-
form spacing for other regions, the efficiency of the present computation
increases.

The coordinate system used in the computational procedure is also indicated
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Fig. 2. Computational mesh distributions and co-ordinate system used (only velocity nodes are
shown).

in Fig. 2. Tt should be noted that the x-axis carries the streamwise velocity
whereas the lateral and vertical velocities are directed in the y and z directions
respectively. All computations have been performed in the Computer Aided
Building Design (CABD) laboratory of the Centre for Building Studies by
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using the VAX 11/785 (1.2 MIPS) computer. A typical run takes approxi-
mately 150 min of CPU time for about 40 iterations.

Figures 3 and 4 present respectively the distribution of turbulence intensity
and the rate of energy dissipation around a tall building. The square-root of
the computed % values normalized with the free streamwise velocity (at the
gradient height) represent turbulence intensity plotted in contour form. Val-
ues obtained using the conventional wall function approach and those com-
puted with the new boundary treatment method are compared. It is useful to
recall that for the wall function method the source term of eqn. (10) is modified
for all five variables (u,v,w,k,€) when solid houndaries are identified during
the computational procedure. However, in the new zonal treatment approach
only velocity variables are modified based on the local Reynolds number. In
contrast, the kinetic energy k and its dissipation rate € are calculated using the

WALL FUNCTIONS
Yk (%)
Ug

Fig. 3. Computed turbulence intensity around a tall building (side view).
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Fig. 4. Computed rate of energy dissipation around a tall building (side view).

algebraic equations (20) and (24) within the VSL whereas for the turbulent
zone, discretized equations are modified by using the wall function approach.

In comparing the turbulence intensities obtained by using the two ap-
proaches (see Fig. 3) it can be observed that the zonal treatment method pro-
vides higher k values near the flow separation region and above the roof sur-
face. In addition, the intensity is also higher in the wake region in comparison
with the data obtained by the wall function approach. The peak value of the
intensity dies down more slowly in the case of zonal treatment and this is
consistent with previous experimental observations discussed in ref. 3. Clearly
the VSL representation in the numerical computation provides more accurate
results. This can be further noticed in Fig. 4, in which the distribution of dis-
sipation rate of k is presented. Increased k near the solid boundary provides
higher € values (see eqn. (24)) and these are found to be more representative
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of the actual fluid interaction with the solid surface as explained by Patel et al.
[28] and Rodi and Scheuerer [32].

Figure 5 shows the pressure distribution around a building exposed to nor-
mal wind conditions, in the format of contour plots similar to Figs. 3 and 4. An
increase in positive pressure upstream and constant negative pressure down-
stream of the building with a zone of zero pressure near separation are evident
from the figure. Only marginal differences are found between the two methods
for the upstream pressure field. However, differences in the generated negative
pressures both on the leeward face and on the roof of the building are clear.
The zonal treatment method yields results showing higher suctions on top of
the windward portion of the roof and constant suctions maintained further
downstream in the wake. This will be further discussed in the comparisons of
computed pressure coefficients with respective experimental data.

Velocity vectors and streamline patterns representing the combined influ-
ence of the streamwise and vertical velocities are displayed in Figs. 6(a) and

ZONAL TREATMENT
-2
P/304 (%)

-10.0

WALL FUNCTIONS
o153 (%)

-10.@

Fig. 5. Computed pressure field around a tall building (side view).
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6(b) for a vertical section passing through the centre of the building. The di-
rection of the fluid and its speed locally are shown by the vector plots of Fig.
6(a) whereas the streamlines presented in Fig. 6(b), show the changes in the
fluid path relative to the computational domain. Comparing the vectors ob-
tained using the wall function approach and the zonal treatment method, more
clear separation from the leading edge and uniform mixing in the recirculation
regions are evident when the latter method is used. It should be noted that
both plots are obtained by using the same grid distributions. The vector plot
based on the wall function approach shows a steep vertical flow behind the
building and a strong reverse flow on the roof which do not appear realistic.
Comparing the computed streamline patterns (Fig. 6(b) ), the length of the

(a)
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Fig. 6. (a) Comparison of the velocity vectors around a tall building (side view).
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Fig. 6. (b) Comparison of streamline patterns around a tall building (side view).

recirculation zone behind the building is larger and the eddies are more uni-
formly distributed in the case of the new method. However, the modifications
on the standard k¢ HRTM relevant to streamline curvature and dissipation
corrections are also contributing to these improvements, as reported in ref. 12.

From the above discussion two features become clear. The first is that tur-
bulence properties seem to improve considerably when the new boundary
treatment is used. The second feature, which is based on the vector and stream-
line plots, is that without proper modelling of the local flow conditions un-
realistic numerical predictions may be obtained. A more instructive picture
emerges when the computed pressure coefficients and turbulence properties
are compared with respective measured wind-tunnel data.
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5. Comparison of the computed results with measured data

This section presents and compares computed velocities, turbulence inten-
sities and pressure coefficients with respective data obtained from various
boundary layer wind-tunnels. Figure 7 shows one such comparison for the
stream wise velocity profile. The measured data have been taken from the
experimental study of flow over surface mounted cubes by Castro and Robins
[33]. Both uniform and turbulent flow conditions were considered in the ex-
periments. However, computations and comparisons are made only for the
turbulent boundary layer profile described by a power law exponent equal to
0.25. The vertical velocity profile normalized by the gradient velocity is shown
for three different locations. The location x/L=0.5 corresponds to the centre
of the roof and the other two locations are in the wake of the building. For all
three locations the computed results agree reasonably well with the measured
wind-tunnel data. The new boundary treatment provides better results in the
near wake region (x/L=1.5), whereas both approaches show similar results in
other areas.

Figure 8 compares computed and measured turbulence intensities in the same
format with Fig. 7. All curves are normalized by the free stream velocity. There
are significant differences between measured and computed results in most
locations. However, differences also exist between experimental results as well.
In order to stress this experimental uncertainty, additional measured data taken
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Fig. 7. Comparisons of computed velocity profiles with measured data.
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Fig. 8. Comparisons of computed turbulence intensities with measured data.

from Hunt and Smith [34] and Hunt [35] are also included. These correspond
to building models of similar dimensions with some variation in the exposure
conditions. The range of these experimental data is highlighted in the figure
(cross-hatched area). Nevertheless it is quite clear that the data computed
using the new zonal treatment approach follow the measured results much
closer than those computed by the wall function methodology. This is partic-
ularly true of areas near the solid boundary such as right above the roof of the
building. Clearly these are the areas in which the considered characteristics of
VSL have more influence on the computation.

Figure 9 compares the computed roof pressure coefficient values with the
available measured data from two boundary layer wind-tunnel experimental
studies, namely Stathopoulos et al. [36] at the University of Western Ontario
and Stathopoulos and Luchian [37] at the Centre for Building Studies of Con-
cordia University. Close similarities exist between geometrical and exposure
characteristics in both studies. The building models used have a near-cube
shape and the exposure simulates open country terrain conditions. The x-axis
is normalized by the building length, and the mean pressure coefficients are
presented in the vertical axis. Since the building is exposed to normal wind,
only half of the roof is considered in the comparison. The four different dia-
grams in the figure correspond to the variation in pressure coefficients along
four locations on the roof. However, experimental data from ref. 37 are avail-
able only for y/L=4%.

For all locations the new boundary treatment method yields more satisfac-
tory results as far as the agreement with measured data is concerned. This is
justified by the improved turbulence conditions above the roof previously dis-
cussed (see Fig. 8). The analysis based on the common wall function approach
yields significant underestimations of pressure coefficients on most locations
of the roof. However, some overestimation of pressure coefficients produced
by the zonal treatment near the windward edge of the roof may not be real
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Fig. 9. Computed and measured pressure coefficients on a flat roof.

owing to the variability of the measured data in this region at least for the
central roof location, as clearly indicated in the first diagram. It is remarkable
that the new method shows much better agreement with the measured data
also near the edge of the roof (v/L=48%) where the flow is quite complex in
nature.

Comparisons of the pressures on the walls of a 55 m high building with a
square cross-section (60 m by 60 m) are shown in Fig. 10. For each wall three
curves representing the measured data, the computed values based on the wall
function approach and those derived based on the zonal treatment method are
depicted. The experimental values are taken from Stathopoulos and Dumi-
trescu-Brulotte [38]. The values are presented in non-dimensional pressure
coefficient form, i.e. pressures normalized by the dynamic velocity pressure
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Fig. 10. Computed and measured pressure coefficients on the walls of a building.

measured or computed at the building roof height. Each point in the curve
provides the maximum value that has been recorded during the measurements
or calculated in the computation at the considered height level of the relevant
wall. These values can be directly used for evaluation of external wind-induced
pressure loads on the building envelope. These loads are necessary for design
purposes. Windward wall positive pressure coefficients and suction coeffi-
cients on the side and leeward walls are presented in the x-axis whereas the
vertical axis indicates height normalized by the building height. Small differ-
ence is found among the three curves in the case of windward wall. However,
significant improvement in the leeward wall and better agreement between
computed and measured data for the side wall is evident when the new bound-
ary treatment is applied.

In order to validate the zonal treatment method in a general way a more
systematic parametric study has been carried out and the results are compared
with respective measured data taken from ref. 38. As previously, computations
have been performed by using both the wall function approach and the zonal
treatment method, for each building configuration and exposure condition.
Computed and measured pressures are transformed again into the non-dimen-
sional pressure coefficient form referenced to the dynamic velocity pressure at
the respective building roof height. From the pressure coefficients computed
or measured, the maximum value that has been found on each horizontal wall
section is retained. The arithmetic mean of all these values provides an average
critical pressure coefficient for each wall. Thus a single parameter, i.e. the av-
erage critical pressure coefficient for each wall, is obtained by deducing large
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amounts of available data in order to judge the accuracy of the numerical
predictions.

Figure 11 shows comparisons of such average critical pressure coefficients
for all walls of a square building (L/B=1) with different ratios of H to B.
Results computed using the new zonal treatment method are mostly in good
agreement with the measured data. Clearly encouraging improvements are ob-
tained for the building side wall irrespective of aspect ratios. For other walls
the improvements are also remarkable except when the H to B ratio is too small
or too large. Nevertheless, overall the zonal treatment method gives better
results in comparison with the wall function approach.

Further investigation will naturally be needed for the application of the sug-
gested new methodology to buildings of different geometries (shapes) and dif-
ferent wind directions. In addition, appropriate experimental data will be re-
quired for the purpose of validation. This will be the subject of a future study.
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Fig. 11. Computed and measured average pressure coefficients on the walls of buildings with dif-
ferent aspect ratios.
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6. Conclusions

A systematic study has been carried out for the 3-D evaluation of wind flow
conditions around a building with emphasis on the boundary treatment. Based
on the presented results the following conclusions can be made.

(1) Existing wall-function treatment for the kinetic energy and its dissipa-
tion rate is not sensitive in predicting the properties of the near-wall VSL
regardless of the grid density around the solid boundaries.

(2) The new zonal treatment method attempts to solve the near-wall thin
VSL, and hence the fluid turbulence properties (kinetic energy, its dissipation
rate and viscosity ), are predicted well.

(3) Comparison with the measured wind-tunnel data of the wind velocities
and turbulence intensities around buildings, as well as wind-induced pressures
on buildings, shows significant improvements, at least for some cases, when
the new method is utilized.
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