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Computational Evaluation of Wind Effects

AL/

A computer simulation of wind flow around a block-shaped building has been attempted by using
3-D turbulent flow conditions. The Control Volume Method is used for numerical discretisation.
The SIMPLE algorithm inter alia fulfils the continuity condition. Results have been compared
with previous computational attempts and also with data obiained in boundary layer wind tunnel
tests. The inclusion of modifications in the standard k—e model improves the prediction of pressures
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NOMENCLATURE

ap hybrid difference scheme coefficient at node P
b linearised source term
B width of building
C», mean pressure coefficient
C,, Cy, Cy, CY, C7 turbulence model constants equal to
0.09, 1.44,1.92,2.24,0.8
G turbulence generation term
h probe height from ground level
H height of building
L length of building
k turbulent kinetic energy
constants equal to 0.27, —0.49
n streamline co-ordinate
R, radius of curvature of streamline
s streamline co-ordinate
S source term of the difference equation
S,s shear strain
U; velocity vector
u;, w; mean velocity components
u, velocity at gradient height
x,y,z distance along the coordinate axis
z; gradient height

Greek symbols
o, § constants equal to 1.5, 0.6

y; rate of production

I', diffusion proportionality factor of ¢

8;; Kronecker delta (=1if i =j; =0ifi #j)
¢ dissipation of turbulent kinetic energy
v, turbulent viscosity

g., 6, universal constants equal to 1.0, 1.3
dependent variable, i.e. u, v, w, k, &

INTRODUCTION

WIND VELOCITIES around buildings and wind-
induced pressures on the building envelope have been
considered as important design parameters. These are
measured either in full-scale or in boundary layer wind-
tunnels constructed to simulate the natural wind con-
ditions in a laboratory environment. Results of such tests
are utilised for the development of specifications required
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for wind standards and building codes of practice.
However, problems of simulation and the increasing
cost of wind tunnel testing are disadvantages in the
experimentation.

Advancements of Computational Fluid Dynamics
(CFD) and computer simulation techniques on the other
hand, provide new approaches for the evaluation of wind
effects on buildings. When comparing the speed and cost
of computation, the latter appears to reduce by a factor
of 10 every eight years (Fig. 1 [1]). For a 2-D problem
requiring the solution of Navier-Stokes Equations
(NSE), Table 1 indicates the significant decrease in com-
putational time achieved with the progress in computer
technology [2]. However, attempts to model the turbulent
wind flow conditions around buildings have been made
only recently.

Vasilic-Melling [3] first attempted the numerical mod-
elling of wind both in 2-D and 3-D flows. Even though
a good agreement with experimental data was found
for 2-D flow over fences, the 3-D flow around surface
mounted cubes was underpredicted, particularly at the
downstream side of the obstacles. Hanson et al. [4] used
the Random Vortex Method (RVM) of Chorin [5] and
the Control Volume Method (CVM) of Caretto et al. [6]
for wind flow simulation over a 2-D building model.
Summers et al. {7] found that the RVM is not compatible
with turbulence models and it also appears inefficient and
expensive for the flow over 3-D sharp edge buildings.
Using CVM, Hanson et al. [8] reported the 3-D simu-
lation results without inclusion of any standard tur-
bulence models. Comparisons between computed results
and experimental data obtained in the wind tunnel were
extensively made by Summers et al. [9]. It was concluded
that the deficiency of the simulation—mainly its failure
to represent the characteristics of the wake—could be
improved by the inclusion of a detailed treatment on the
turbulence.

Paterson [10] has attempted the solution of the 3-D
Reynolds equations. The effect of turbulence in the flow
has been accounted for by means of k—¢ models. The
discretisation of non-linear PDE's and the solution of
linearised equations were obtained by following a pro-
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Fig. 1. Trend of relative computational cost for numerical flow simulation on large computers [1].

cedure similar to that of Vasilic-Melling [3]. Comparisons
were made with wind tunnel experimental data as well
as with full-scale measurements for an isolated building
exposed to normal wind direction. Mathews [11] and
Mathews and Meyer [12] made 2-D studies for the
numerical modelling of wind loading on two different
building geometries.

Recently, the unsteady wind conditions around build-
ings were studied by Murakami and Mochida [13] by
means of supercomputers. The large eddy simulation
technique is used to induce the necessary turbulence but
computed parameters have not been compared with
experimental data.

A general purpose computer program, named PHO-
ENICS, has been developed by Spalding et al. [14] to
provide the numerical solution for a variety of partial
differential equations. Jansson [15] used this program to
carry out 2-D and 3-D computations of wind flow around
a square building of different heights. Computed pressure
distributions on a flat roof were compared with measured
wind tunnel data, as shown in Fig. 2. Although there is
some general agreement between measured and com-
puted pressure coefficients, the overestimation of com-
puted suctions at the roof edge is clear. Differences
between experimental and computed results may be

Table 1. Comparison of computational times required for the
solution of NSE in different computers {2]

Computer CPU-time
UNIVAC 1106 100 days
1CL 2980 25 days
CDC CYBER 175 4 days
IBM 3081K 3 days
CDC 7600 2 days
CDC STAR 100 1 day
ICL DAP 13h
HITACHI S9/1AP 10h
FUJITSU 7890 10 h
ILLIAC IV 6h
CRAY-IS 4h
CYBER 205 4h
CRAY-XMP 3h

partly due to different velocity inlet profile conditions.
However, it appears that more emphasis should be given
to the turbulence model and the appropriate boundary
conditions used for the solution of such problems. Similar
discrepancies have also been reported by Haggkvist et
al. [16] who actually found only qualitative and non-
quantitative agreement between results obtained through
PHOENICS and experimental data.

This paper presents the necessary mathematical equa-
tions that can adequately describe the 3-D turbulent wind
flow conditions around a building. Computations have
been made by including the standard k—e turbulence
models of Launder and Spalding [17] and two modified
versions as well. Comparisons with experimental data
have been made and significant improvements, at least

Jansson, 1987 (Computed)  Jansson, |1987 (Measured)

Fig. 2. Comparison of the computed mean pressure coefficients

for a flat roof with the measured wind-tunnel values. The length

to height ratio is 3 [15]. Note: pressure coefficients have been
multiplied by — 100.
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for some cases, were identified when the modifications of
the turbulence models are utilised.

COMPUTATIONAL METHODOLOGY

In developing the finite difference version for the
Navier—Stokes equations it is more convenient to deal
with a single general equation for any dependent vari-
able. A compact form for the necessary differential equa-
tions can be expressed in cartesian tensor notation as:

¢ 0 ¢
"fa*a—)@[“éﬂ”- &

In this equation U; denotes the velocity vector. The left
hand side represents the transport by convection of any
dependent variable ¢. On the other hand, the first term
on the right hand side of equation (1) represents the
diffusion of ¢ with proportionality factor I',. The second
term represents the source S, which is related to the
generation or destruction of ¢, denoted by S, as well as
any other quantity (S,) not accounted for in the con-
vection and diffusion expression, i.e.

S=25.+5,. @)

Details of the individual terms of equations (1) and (2)
when the dependent variable ¢ represents the velocity
components u, v and w, the turbulent kinetic energy &
and its dissipation ¢ are provided in Table 2.

Note that dp/dx; is the pressure gradient, G is the
generation term and v, is the fluid turbulent viscosity
calculated by:

Vo= Ci—, (8)

in which C,, o, 6., C, and C, are universal constants
getting the values 0.09, 1.0, 1.3, 1.44 and 1.92 respectively.
In addition to equations (3)—(7), continuity has also been
included to fulfil the law of conservation of mass.

Difference equations can be formulated for the differ-
ential equations by using the control volume method.
Details of the general discretization procedure are well
documented in the literature, e.g. Patankar [18]. Dis-
cretization details for the particular equations repre-
senting wind flow conditions can be found elsewhere (see
Vasilic-Melling [3] and Paterson [10]). The final algebraic
equations take the form:

il = ( » a,-¢.->+b, ©

i=1

in which: P is the grid node on which the dependent
variable ¢ is computed; n is the number of nodes sur-
rounding P; g;is the hybrid difference scheme coefficient ;
b is the linearised source term.

A similar equation can be derived for the pressure term
of the momentum equation. The well-known SIMPLE
algorithm, Patankar [18], is used to correct the velocities
and to improve the initially assumed pressure field. The
advantageous staggered grid arrangement is used. Speci-
fication of pressure values on boundaries is not required
by placing the boundaries of the computational domain
and the boundaries of the building envelope on the ve-
locity nodes of the staggered grid. The following bound-
ary conditions are used in the computation.

Inlet: a power law profile [u/u, = (z/z,)*] for the x-
component velocity u, whereas the other two velocity
components v and w are computed from potential flow
equations. The initial turbulence properties (k and &)
are computed by using the semi-empirical formula of
Launder and Spalding [17] based on the calculated ve-
locity field. Qutlet, Top and Side: Dirichlet boundary
conditions are applied by using the initially calculated
values. Ground and Building Envelope: perpendicular ve-
locity components are assumed to be zero, whereas tan-
gential velocities and turbulence properties are calculated
by using the universal wall functions of Launder and
Spalding [17].

COMPUTED RESULTS AND MEASURED
DATA

In this section the computed values obtained by using
the standard k—e¢ turbulence models are compared with
the measured wind tunnel values and also with the results
of previous computational attempts. Computations are
made by using the VAX 11/785 computer. Comparison
data include wind-velocities around the building and
wind generated pressures on the building envelope.

Figure 3 shows one such comparison for the time-
averaged # velocity component. Data are presented as
percentages of velocity ratios referenced to free stream
values for a particular location. Results are compared for
a number of points on two locations upstream of the
building for flow normal to the building face. Due to
symmetry, both measurements and computations were
made only for half of the flow domain at two heights of
approximately 5 and 16 cm representing 10 and 31 m
respectively in full scale. Three curves on each set rep-
resent the computed values of the present study; the

Table 2. Terms of equations (1) and (2)

¢ I, S, S, Equation
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Fig. 3. Comparison ol the upstream wind velocities with and without inclusion of turbulence models.

computed values of Summers er al. [9]: and the wind
tunnel data also reported by them.

From the comparison it is clear that the computational
tools can predict the overall nature of the flow conditions.
However, deviations from the wind tunnel values smaller
than those of Summers e /. [9] are noted for the com-
puted data of the present study. A similar feature appears
in Fig. 4, which shows comparisons for two downstream
locations, in the same format as in Fig. 3. Poor agreement
of both sets of computational values is evident near the
building. However, the values obtained in the present
study are generally closer to the wind tunnel data. Note
that the solution grids are slightly different and did not
exactly correspond in the two studies but this makes little
difference in these comparisons. The pertinent question
of Summers er al. [9]: “Whether the most obvious
deficiency of the simulation—its failure 10 reproduce the
compactness of the wake—could be improved by the
introduction of a more detailed treatment of turbulence,”
is considered in the present study. in which the turbujent
nature of flow is incorporated in the computation by
using the well-known k—¢ models. The better agreement
of present results with the experimental data is attributed
to this additional mathematical treatment of the flow.

Figure 5 compares the measured with the computed
velocity fields around a tall building. The measured
values are taken from experiments carried out in a bound-

ary layer wind tunnel by Stathopoulos [19]. Velocity
amplification factors (u,o) P/(u,o) 4, i.e. mean wind speed
in the presence of the building divided by the mean wind
speed in the absence of the building, at 10 m above the
ground level. are presented in contour form. Since both
velocitics are measured at the same height, these ratios
directly provide the changes in flow conditions due to the
presence of the building. Ratio values less than unity
indicate a reduction of wind speed in the presence of the
building. On the other hand, high velocity amplification
ratios arc measured as well as computed near the building
corners. Although the overall trends in both measured
and computed values are similar, some differences
may be explained by the much denser grid used in the
computation.

Compurisons between computed and measured pres-
sures on the building envelope have also been made to
establish the adequacy of the computational approach.
Pressures are converted into the conventional {form of
non-dimensional pressure coefficients normalized with
the dynamic pressure at the building roof height.

Jansson [13] reported such pressure coefficients mea-
sured at various tap locations on the flat roof of a building
model placed in a wind tunnel. To exclude the errors
induced due to differences between the grid nodes of
computation and measurement locations, computational
grids were placed exactly at the measurement locations.




Computational evaluation of wind effects on buildings 329

® Present Study

H=30m|

’Q_‘Of‘
*g of
o]
¢
.O
[ ]

O Summers et al.(1986) lpmbe

Ce

X
C 2

fay
om0 o el P S
80 ,z‘ﬁ-

Uref (%)

-

© Summers et al.(1998) - measured
A Summers et al.(1986) - computed

o] O Present Study - computed - A
4 — hs=iOm
-==h=3Im
=20 1 1 1 1 I
(o] 100 200 300 400 O 100 200 300 400
¥/ L (%) YL (%)

Fig. 4. Comparison of the downstream wind velocities with and without inclusion of turbulence models.

= et YA e

measured

180 m

computed
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by using the standard k—¢ turbulence model.
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Figure 6 shows the results of this comparison. Values
computed along the centre line of the roof by using the
PHOENICS program (Jansson, [15]) form a steeper
gradient from the leading edge in comparison to that of
the measured data. On the other hand, computed data
of the present study are closer to the measured values on
the windward half of the roof, but this agreement breaks
down near reattachment. Thus it appears that the math-
ematical equations based on the k—¢ turbulence model
are inadequate for the modelling of the turbulence gen-
erated by smaller eddies near the reattachment zone.

In Figure 7 pressure coefficients are plotted against the
ratios of Z/H, where Z is the height of the pressure tap
or the grid location measured from the ground level and
H is the building height. The variation of positive values
of pressure coefficients on the windward wall and nega-
tive values on the leeward and side walls is shown along
the centre line of each wall surface. The measured data
have been received from boundary layer wind tunnel tests
described in Zhu [20]. The agreement between measured
and computed values is encouraging for the windward
wall. The pressure coefficient is maximum at about 2/3
of the windward height (stagnation point). However, in
the case of side and leeward walls, the induced suctions
are significantly underestimated by the computational
procedure.

Thus, it is clear that the separated flows demand better
mathematical treatment in the computation and this is
the subject of the next section.

MODIFICATION TO THE k-¢ TURBULENCE
MODELS

As previously mentioned, the fluid turbulent viscosity
has been calculated by equation (8), in which the pro-
portionality factor C, is equal to 0.09. Based on exper-
imental observations, Rodi [21] reported that C, will
vary from 0.03 to 0.7 depending on the flow region.
An algebraic relation has been derived for the Reynolds
stress with a correction that can account for the variation
of C,. This is known as streamline curvature correction,
Gibson [22]. The algebraic equation balancing the rate
of production (y;;) of the Reynolds stress (%)), pressure-
strain and dissipation can be written, Leschziner and
Rodi [23], as:

iU 1-8

k oE

t

Yy=23 (1—a=p), (10)

in which ¢, is the well-known Kronecker delta. For local
equilibrium of turbulence energy, expressed by y, = ¢,
the constants & and ff are equal to 1.5 and 0.6 respectively.
Converting (i, ) into streamline coordinates (s,n) the
fluid turbulent viscosity can be redefined as:

-K\K, k?

Q)
10575 (04 U\ Usf @ e
T g? R,

=~

R.

where the bracket represents the proper expression for

-

~Cp

X,
o T
i
- L=

& Jansson, 1987 - Computed
& Jonsson, 987 - Measured

O Present Study - Computed

0.75 A
0.50 A
0.25 +
O-OO T T T L] T T T 1 L)
0 10 20 30 40 50 60 70 80 90 100
x / L (%)

Fig. 6. Mean pressure coefficients on a flat roof.
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Fig. 7. Wind-induced wall pressures on a tall building computed by using the standard k—¢ turbulence model.

C,. Note that u, is the velocity along the streamline s with
radius of curvature equal to R,; U, is the sum of the
velocities u and v; and X, K, are constants equal to
0.27 and —0.49 respectively. The expression for C, is
evaluated for each grid node during the computation.
However, the negative velocities at the recirculation zone
produce a negative C, which is not feasible. To overcome
this difficulty, C, is not allowed to take a value less than
0.09 (the same as in the case of the standard k—¢ model).
Similarly, a value of 0.09 for — KK, was used in the
computation instead of the actual value which is 0.13
(Durao et al. [24]). Therefore, the equation used in the
present study takes the form:

0.09
C, = max )0.09, (12)
prosre (2 B\ D
bt 1 k- R.J R,

In addition to the streamline curvature correction, a
modification on the dissipation of k, originally proposed
by Hanjalic and Launder [25], has also been im-
plemented. In equation (7), the second term of RHS
can be viewed as production of ¢ defined as:

€
Ve = CIGEs (13)

where the value C, = 1.44 is used in the standard k—e
model. An increase in C, leads to a direct increase in ¢
and indirectly it causes reduction in the turbulence level,
k. Due to this combined effect, the turbulent viscosity
[equation (11)] will be reduced, i.e. the flow will become
less viscous. In order to enhance the diffusion process by
promoting the formulation of smaller eddies, on which
the normal stresses are more effective than the shear
stresses, Leschziner and Rodi [23] suggested the use of:

&
ye = [CIG=CSal (14)

where S, is the shear strain in the direction of streamline ;

and C| (=2.24) and C{(=C;—C,) are modified con-
stants to be used instead of C,.

The streamline curvature correction [equation (12)]
and the preferential dissipation correction [equation (14)]
have both been utilised in the present study in an attempt
to better represent the separated flow characteristics.
Computations were repeated by keeping the other pa-
rameters of the program constant. The new results were
then compared with those obtained by using the standard
k—e model. Figure 8 displays the side view of the stream-
line plots for a tall building exposed to normal wind. The
building is 120 m high and has a square cross-section of
60 x 60 m. The streamlines are depicted for the plane
passing through the centre of the building and are
obtained based on the combination of the velocity vectors
u and w to identify the flow path. The x-coordinate is
normalised by the length of the building (L = 60 m). The
building height (H = 120 m) is used to normalise the
vertical z-coordinate. Clearly the length of the recir-
culation zone increases when the modifications of the k—
¢ model are utilised. The prediction of pressures on the
building envelope also improves.

Figure 9 presents the newly computed pressure
coeflicients along with the old values and the measured
data in the same format as in Fig. 7. The modifications
implemented in the k—& model reduce the differences
between experimental data and computed values for all
the walls. Although pressure coefficients are marginally
affected on the windward wall, there is significant
improvement in suctions computed on the side wall. This
can be related to the improved representation of recir-
culation zones and involved eddies, as previously shown
in Fig. 8. Improvements in the separation of the flow on
the side of the building, and the modified curvature of
the shear-layer also increase suctions on the back wall.
The suggested modifications provide better agreement
with the wind-tunnel pressure coefficients, but further
improvement is still required.

The inclusion of two additional equations [equations
(12) and (14)] in the computer coding naturally demands
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more computer resources. Nevertheless, the improve- around buildings by using the standard k—e tur-
ments in the predicted pressures would justify these bulence model in the computational procedure
additional resources. improves the predicted velocity fields.

(2) The semi-empirical k—¢ turbulence model along
CONCLUSIONS with its “‘universal constants” underestimate the

. size of the recirculation zones and involved eddies.
The following conclusions can be made from the results

presented in this paper regarding the computational
evaluation of wind effects on a block-shaped building.

(3) Two simple modifications made to the k—¢ tur-
bulence model reduce the difference between mea-
sured and computed pressures on the building

(1) The inclusion of turbulence in the wind flow envelope.
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