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ABSTRACT

2

o Wy rd
, EXPERIMENTS ON WIND ENVIRONMENT AROUND ISOLATED

) . s e TALL BUILDINGS
Waman Parshionikar

T,aH bui]dings‘ in urban ;ettings almost always produ‘ce' an unpleas.-
ant wind environment at the plaza level. This is a result of complex
interaction between wind and buildings. Different. building config\.n---
ations may create zones of overspeeds and vortices. at plaz lgvel.
Co'nseque'ntly, 'an accep'table wind environment is> a ma:jor design consider-’

- . -

- ation for new and existing buildings.

An approach to look intg the br"oblem of adver‘ée wind conditions is
presented. Experiments co‘nducted on different building configurations
in thf: 'Build'ing Aerodyrnamics Laboratory of the Centre fbr' Buﬂding’
Studies, Conco}‘dia’Univ‘ersity,‘ Montreal are c]escribed. lExper.iments have
included square and kchamfere? tall builgHrgs of/differ;ni: heights in an
open environment. General" trends plaza level wind environment
‘observed fro,m a number of model studies are discussed.\ Exp'eriments
”conducte'd on tall chamfered buildings have shown.a significant reduction
in' adverse wind region at pedestrian level. Wind tunnel test results
highlighting 'wind environment around square and chamfered building
configurations are présented. The application of results to provide
statistical predictions of the plaza levlel wind environment by combining
wind tunnel data superimposed with. the statistics of local wind climate

[N

is described.
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- CHAPTER 1
) X
INTRODUCTION » : L3
AN

N \ ~ r 4 b -
In the last three decades, corfigurations of grouped Jbuildings of
‘more or less uniform height have been replacéd' by tall buildings through
changes in style and construction techniques. A random spread of tall

buildings rising out of a matrix bf smaller buildings is not new in many

- modern cities. These tall buildings have been erected for both prestige

a

and intensive site exploitatjion. In fdct, in many cases the presence of
tall buildings has' created ihhos-pitable and even dangerous ground level
wing condi“tions. In some cases these -conditions have proven detrimental

a

to the creative and financial success of the new buildings.

The wind environmer/\‘t at” ground level around buildings is a result

5

( .
of complex “intéraction between wind and building. With certain combin- "

b . - ’
ations of shape, height and open space ébnfjguration, tall buildings may
create zones of overspeeds and vortites in the plaza a‘rea’s. Adverse
1
— .

changes in plaza level winds can make pedestrian activities uncomfort-

able, difficult and even dangerous.. As af@u]t an acceptable wind

- -environment in these areds has become a major design consideration for

- L - L :
new building complexes’ahd(‘u concern for existing areas which have been

found undesirable by public opinton. t -
/

« -t

Recognizing ‘the possible environmental impact, many cities now.

require some sort of pedestrian level wind evaluation. The seriousness

of the matter is.demonstrated by proposed guidelines far the development
0 . o “

e )
! -t
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-of thé city core area which include pedestrian 1&vel wind considerations

(16). An asseséme'ntof pro’s{pective environmental wind conditions at the
pedestrian level is carried out "to safeguard from further’ detevlibration
. for virtually aﬁl\m,é}jor. building development in Austrah’a (25). It is
2 _a]so necessary to demonstrate the wind environment around any new tall . ; /
building as defined by_]oca1- building by-laws to acquire a building
f)ermit in a number of cities around the world including Boston, Calgary,

London and Tokyo (13, 17). ‘ ; F .

-

‘ Wind environment as a design criterion in plaza areas around

' building requires.the following information:

1. Prediction of magnitude and frequenfy ‘of ground level

/ . r . viind speeds erlﬁy to be encountered; “and
| 2. Evaluation of the acceptat;i].ity of particular: wind
conditions based both on physical danger as well as on

‘user comfort.

i
|
t
i
. | : .
) ' Such informaiion\eqnes fainly from wind tunnel tests on models, with
me‘asur;ed wind speed in the vicinity of /@ building being expressed in’
. térms of the free wind speed on an open unobstructed’site. ‘The frequ-
_ency of océurrem:e of free wind speeds can be found from local rﬁeteoro-

N ) logical data, so that the frequency of high wind spéeds around buﬂdingjs

.can be estimated. [t is much easier to evaluaté the acceptability of an

” N
environment from values derived through experimentation than from .
v ’ . / : V.
; questioning people in the field.

b

¢ 'S

il
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iith no general, theory avaﬁab]e for predictigg the flow field
around buildings the wind environment has, to be stu.died in a wind
tunnel.‘/ Hd}vever, with the growing experience in the field, general
guidelines are ‘beginning to emerge. Some conclusions aof geneWJe
may be drawn fr"om. case studies of which fairly large number have'tileenf
reported in the literature. Theoretical model studies have def‘iﬁed the
aer:odynanic effect for various building configurations. Very few
studies h;ve emphasized reducing” strong vertical flow and promoting

lateral flow on the windward face to improve adve}se wind conditions

around a building ‘of fixed dimensions. The suggested configurations of

building par/e,ameters through the studies carried out in the wind tunnel €.

may not be direct]yS applicable to new designs in urban .areas p_ecausel

they are specific and precise in character:

The objective of the present work is to study the problem of

adverse wind conditﬂions‘at the pedestrian level by experimenting on

. building models of fixed cross-sectional d{mensions. The work attempts

to provide design guideh‘neb’ to reduce the possible existence of zones

in which high ground wind speeds wolld cause unacceptable discomfort to

’ .

,
- users. The suggested design guidelines may be applied directly in new

design in urban areas without major -modification in cross-sectional

-

configurations of the building geometry.

Tests were carried out’on building models in a boundary layer wind
tunnel to investigate the effect of chamfered building corners on

'adverse_ wind conditions yat the pedestrian level. The experimental work

i
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Pl . w,
was carried out in the Building Aerodynamic\s f’aboratory of CBS. In the
¢ ) » o ‘

experiments barameters such' as the height of the building, the wind
attac:k angle and the hei‘ghi of measurement above ground were examined.’

. 'The general application of test results is described and an example case

is illustrated for a particular location (Montreal).
» . '
~In Chapter 2, the literature s reviewed briefly . and the scope:of
the gest experiments is described in detail. Chapter 3 'deals with the
general dg%cﬁption of wind effects on peqple. A comparison‘of comfort
cri‘téria f;r var:iéuuﬁ pedestrian activities is also present"ed.‘. Chapter 4
describes the experimental se\’b-up_n and the test programme. Chapter 5

presents .and discusses the test results and their ap.pli'cation.. Chapter

A v

demonstrates the gppliéation of the results for a particular location °

~

(Montreal). . Finally, Chapter: 7. sgrm@rizes the experimental‘ work and

recommem"s the study to be carried out in tne future.

4



CHAPTER .2
LITERATURE REVIEW ‘

2.1 GENERAL

Adverse ground level wind conditions are most frequently. asso-

ciated with buildings significantly taller than their surroundings (2,
- 16,22,26,36,37). Some éxamples include iso1afed tall buildings or

roups of tall buildings surrounded by open plazas in an urban. environ-
o

ent or even modest height buildings located in an open environment.

The general flow pattern around tall buildings and the main

regions at their bases where accelerated wind flow is likely to be found:
1

L]

are of primary interest. It is also important to -know the mechanism

-

which induces windy conditions at the base of \tall buildings.

. 2.2 GROUND LEVEL H!ND CONDITIONS AT THE BASE OF TALL BUILDINGS

There are two tybes of air flows which cause adverse wind condit-

>

ions at the base of a buj]ding.' These flow fields also generate turbul-

ence depending on the building geometry and surrounding conditions.‘

a
.

- The first typé of flow is caused by the pressure’ distribution on
the windward face of a building. 'The pressure distribution is directly
related to the local wind dynamic pressure which increases with height.
The resulting pressdre gradienf induces flow down the face be]ow'fhe

stagnation point {(2). The sfagnation point is found at abput 70 to 80

- i
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[l

per cent of the-building height. The fastMving air from higher
. . \

levels is drawn downward. The downward flow iﬁcreases’the speed of the

accelerated flow around the sides near the base of the building. Tjn's .

',efféct is found to be stronger with higher buildings. The downward flow

4

rolls up into ‘a standing vortex system at the base of the building as

shown in Figure 2.1, causing high wind velocities in- adcade and around

L]

carners.

1

«

Curved or cylindrical buildings promote lateral flow and do not
produce strong vertical flows. Co'nversel.y, rectangular and concave
buildings do produce strong vertical flows with consequent high wind

conditions in the standing vortex system. The flow separation for

’

forms ndrma]]y occurs at the upstream edges.

Ground level flow may be further accentuated in constricted areas such

’

as narrow passageways betvieen adjacent buildings, through openings, or

a
sharp-edged bui]d%ng

in open spaces” if the building is elevated on colupns. Buildings

”

different flow fields around buildings. /.

The second ‘type of flow which creates adverse /wind conditions. is

caused by the -pressure differences between low pressure wake regions

(Yeeward face) and relatively high pressure regiony at the base of the

windward face. Flow directed between these two regions through arcades

or around corners can cause very high local wind velocities. The low

v

wake pressure tends to be dependent on the ve¢locity along the free-

‘stream velocity at the top oOf the buildings. The taller the building,
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the lower the wake pressure and higher the velocities induced through
arcades and around corners for a given aspect ratio. In general this
phenomenon is hard to control because wake pressure cannot easily be

modified.

The juxtaposition of buildings may form deflectors for the wind
and also channel the air through narrow zones. .Different types of flow
can be combined while, at the same time, they depend on the character-
istics of the oncoming wind. This gives a particularly complex result-
ant which makes wind tunnel study necessary for calculation of overspeed
for various building shapes or groups of buildings.v The solution of the
aerodynamic problem, namely the definition oﬁ\locaY speed amplification,
is principally based on wind tunnel simulations. A wind tunnel study is
necessary to quantify the flow around ﬁ building in a complex urbaﬁ

environment or even in an open environment.

Wind tunnel model studies offer the principal means of providing
quantitapive predictions of wind speed environment around buildings.
Results of wind tunnel studies -can be rused to predict the relative
increase ands decrease of wind velocities in terms of a dimensionless
ratio. This ratio'can be calculated for any azimuth by measuring wind
ve]ocitie§ as affected by the presence of the building and dividing them
by velocities ﬁeasured at the same point in absence of the building.

Similar ratios can be established for turbulence.
v

N Y

e T T VS-S, . St e lgn e Argor vt ek

z




- 10 -

2.3 BRIEF DESCRIPTION OF PREVIOUS STUDIES

Only a small anoupt of research on wind condition§ around tall
buildings at plaza level has been done.in the last few yearg. Since
full-scale studies-are expensivé and time consuming, and cannot be done
for new buildings, wind tunnel model studies are essentially the only
means for the estimatién of wind environment around buildings. Earlier

)
studies were mostly carried out in q{ aeronautical wind tunnel without

: " .
‘the appropriate simulation of the wind profile. More recently, studies

have been carried out in boundary layer wind tunnels. The most signif-

icant of these studies are briefly reviewed in this section.

One of the first studies in tnis area was carried out in the
sixties by Wise, Sexton and Lillywhite (37) who tested a rectangular

buifding and low rise buildings of different configurations in a. low

turbulence wind tunnel. They used a model scale of 1/120 which did not

adequately simulate the natural wind characteristics. This study found

that at the base of the windward face of a rectangular building, the
wind speed exceeds two to three times tne value of the free wina at the
same height between low rise buildings. It was reported that at the

sides of a rectangular building wind speeds were remarkably high. How-

ever, in the area downstream of a rectangular building the wind speeds

were comparatively lower than at the sides.

A few years later Wise (36) carried out tests in a boundary layer
wind tunnel to investigate the wind enviromment around a group of build-

ings. Buildings of up to 100 m in height were modelled to a scale of
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1/120 simulating natural wind chqfacteristics for suburban exposure.
Wise reported.that the group of buildings influences the development of
a steady vortex in front of a taller building for width/height around
one and less. The mean wind velocities may increase up to three or four
times the plaza Tlevel velocity around the sides of the tall building.
Figure 2.3 ;hdws the effect of rectangular building on wind velocities
in front and aroungd corners. An increase in wind speed (measured  as the

ratio, r, of the velocity at a particular point to the mean wind veloc-

‘ ity at the top of the building) of up to 1.6 could be found near the

corner of the building. Wise also found that the velocity ratio r

reaches up to 2.1 in passages and 1.9 in other areas around the group of

. tall buildings. In a similar test, on a square tower 50 m high, Lawson

(21) reports that r at the sides of the buildings may reach as high -as

‘1.3 at about one metre above the ground.

Assessment of flow conditions induced b] full scale building situ-
ations’ from wind tunnel tests by Melbourne and Joubert (26) pointed out
that the pressure on the wake depends on the velocity at the top of the
building and that pressure differential increases with building height.
This was based‘on.experiments with tall rectangular and octagonal build-

ing modé]s carried out in a boundéry layer wind tunnel. This study also

suggested that a rectangular building facing the prevailing wind should

be avoided. An octagonal cross sectton is more desirable than a
rectangular building because it promotes lateral flows and, thus, it
4

reduces vertical flow downwards.

.
e - lamirez .. s . .
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‘The growing awareness of the problem of adverse wind conditions at

.

the base of existing taH~'bu1'1ding .complexes has raised numbers of

' enquiries by users and designers for comfort and safety reasons. Thi_s -
has in%tiated the study by Penwarden (30) on a group of buildings
suégests that the wind speed amplification ratio, (\-IhP/QhA, measured as
the wind s:peed at pedestr;ikan height with the buildings; to the mean‘wind
speed “at pedestrian height on open site) in the front and around ;.he
sides of tall buildings at least four times higherhthan their surround-
ings‘nﬂlay be };,,5 and 2.0 respectively., Amplification ratios as high as
3.0 have been observed under bu?]dings elevated on-'columns or in‘ narrow
passageways. It has also been fc_;una that the wind amplification ratios
do not exceefi one_for bui]clﬁngs of heights less than 'Ewice that of the

-
—sur:roundmgs. . o . ) r/

»
Isyumov and  Davenport (16) carried out wind environment tests on

some existing tall buildings at plaza level in a boundary layer wind
tunnel.  The mean wind speeds were mea;ured at 2.75 m above ground
level around a tower of 240 m high. Results shpw?hahind speeds may
be\gpgedéd by up to 40 to 50 percent <;f free mean wind spéed for vary-
ing azimuths. They have also reported wind speed exceeding‘ 65 percent
of free mean wind speed around two very tall towers 409 m high Kgf N -

pedesterian level.’ ¢

The studies of specific building configurations cannot adequately
answer the needs of every individual or group of building configur}tions

in view of their aerodynamic properties. Gandemer (10). attempted to.
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define and 6ﬁént1fy -the various aerodynamic effects in the buyilt

~Tontext. He tested models of existing and proposed huildihgs ‘in a

boundary layer wind tunnel for an open country exposure. The measure-

ments were taken at an equivalent height of 2 to 3 m above ground level.
- A

Results were expressed. in terms of a dimensionless velocity ratio,

described as the comfort parameter (yJ, which included a term to allow

A 1

for local turbulence intensity. For an open exposure, approximately 2

to 3 m above ground, the mean level of comfort and discomfort, U, méy,be ‘

equivalent-to 0.6 and 2.0 respectively. Results show.that the maximum
value of the comfort parameter (w) generally occurs with buildings

nigher than 30 or 40 m and ranges between 1.5 to 2.0 or more depend{hg

e T

on the shape, size and general arrangement of the buildings. Especi-

ally, in an enclosure type of courtyard, as shown in Figure 2.4, if the
Tength of the opening is less than 25 percent of the perimeter of court--
A Y

yard, ¢ reaches up to 1.1 for a windward opening or up to an angle of -

1y

2

\figure 2.4 for buﬁ]dings of different configurations .for which y re;ches

A typical example of the wventuri effect is also presented in

up to 1.6 for buildidgs 50 m nigh (H) having very narrow spacings.
/ o o <
«A study of wind environment at the base of rectangular tall build-
ings by Lawson. and Penwarden (22) reported that maximum wind speeds
around the building corners are not sensitive to a wide range of wind
g , o

. directions. The maximum wind sbeeds around corners were varied very
1itt1% with wind angle (typical + 15% during a rota@ion th}ough 360

degrees) although the positign at which the maximum oétqfi!does change.
B [‘ ]. L

This has also been observed by Penwarden and Wise (31), who tested wind
. . - . . .
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conditions around an 80 m tall building modelled in a boundary layer
wind tunnel. Tt;e mean wind speed ratio at a point equivalent to ’10 .m
from the ground to the top of the building was 0.%6. ‘The maximum speed

ratio around the corners of the building was between 0.85 and 0.9.

- Most .of .the studies previously refered to have examined specificg

building configurations. In contrast, very few studies have dealt with

A y
the effects of building geometry on the intensity and the extent of the

adverse, wind region at pedestrian level: -Kamei and Maruta (17} carried

out tésgs' on isolated tall building models in a boundary layer wind °

tunnel to d'efinéf_‘and quantify this“adverse wind region. The effects of

building height and wind direction on wind environment at the base were ~

teslted on a model wmeasured at a full scale equivalent of 10 m above
ground- level. Additional tests were conducted o:n 1/1000 scale models
for evaluating wind environment around bui]d%ng in wind tunnel. The
tests include the variation of parameters such as measurement, height
above grbund level, the size of the building and different wind velocity
p;',ofﬂes. ﬁesults have been pre‘s?nted as contours of the. velocity
veiocity amplification ratio (\—IQ‘P/VhA) where \-IhP is the mean wind
speed measured- at a poinﬁ in presence of the buildidg and \-I,-',A is the
mean wind speed at the same point '1'n absence of the building. ~ Figure
2.5(a)', Tshows typical velocity amplification vratios at different
measurement heights. For the 1'nvest1‘gat1'onﬂof wind conditions at the
pedestrian levﬁe] the standard 10 m meteorological height was used. The

results. also show that the wind velocity and the area of the strong wind
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region around corners of the tall building increase at plqza level with

increasing building height. For a 200 m tall building the maximum véﬂue

of the wind velocity ratio measured was 1.3., The resultse presented in°

Figure 2.5(b), show the variation of the size of the strong winé regibn
for various rgttangu]ar bdildiqg 'geometries. Note that the width of a
building has great influence on* the air flow around that building.
Additional test resu]tf show_that the mean wind profile does not

affect the amplification of wind velocity significantly.

Murakami, Uehara and Komine (27) tested a square tall Buﬂding

surrounded by low buildings in a boundary layer wind tunnel . The

objective”of the experiments was to measure tne influence of a tall
building on wind speed amplification at a full scale equivalent height

of 5 m above ground level in a built up ared. The parameter.s studied

included the height of the tall building, the heights of the surrounding

low buildings, different building shapes,-the width of the street 'and

, ’ . ' .,
* the. wind direction. Results show that the maximum value of the velocity

amplification ratio is 2.5 at the base of the tall building surrounded

by low buildings. - The size of the strong wind area increases at the

base when the tall buildi;\g is six times higher than the surrounding low

bui]dings.' For wedge-type tall buildings the amplification ratio, r,

increases at the downstream corner, as indicated in Figure 2.6. The

figure shows the wedge type of a building 100 m high surrounded by 25 m, -

high square low buildings, The effect of building shapes on the amplif-

i

ication of wind speeds is comparatively low for polygonal buildings.

Sand erosion and flow vis'u]izatilon techniques, as presented in

’

73
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FIGURE 2.6 AMPLIFICATION OF WIND SPEED - ]
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» MEASUREMENT HEIGHT=5 M IN FULL SCAL.E)
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. Figure 2.7 have been used to determine the wind environment arouna
" buildings. ‘Be‘ranek's and VanKoten's (5) results give a p'ictori&l
impression of the wind speeds ar"ound building complexes as they are
_ presented in the form of an amplification fact:)r defined as .gust wind
speed with buﬂ»d,ing divided by gust spéed of free wind. Thg wind speed

at the. base of the talldgbi]dings increases with height, particularly

near t

Dye (9) carried- out wind tunnel tests without correct simulation

of atmospheric turbulence. An isolated tower ty;;e building 69.5 m high

was ma

(1.89 m, full scale) the wind speed may be up to 2.5 times ‘higher than

the sp

while éstimating, pedestrian level winds ardund a buﬂding' ,has been
. provided by ‘Durgin and Chock_‘(S).
buildings surrounded by low rise structures niodeﬂéd in a boundary layer
wind‘tunn;el simulating suburban terrain. . Their résults show thét wind
speeds around the corners of a buildin%at the base increased up td 40

to 60 percent of free wind speed.

layer wind tunnels gives a good pigture of thé wind environment around '
tall buildings at the- plaza level.
effects( for various general model configurations the descrepancies have

. A )
been noted 1in the numerical values associated with the amplification of

4

he building corners.

\
de to a scalé of 1/250.

eed without the building.

A brief teview of some of the techniques and .their 11’mitatb/s

The review dF  these building configuration ‘studies; in boundar’y

b4
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Results show that at the pedestrian level

They have tested 16 and 24 storey

While defining the aerodyn&nic
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SAND EROSION - TESTS GIVE CONTOUR LINES
FOR AMPLIFICATION OF WIND VELOCITIES
£ %
‘ TN
SURFACE FLOW VISUALIZATION GIVES
. AVERAGE WIND DIRECTION
FIGURE 2.7 WIND TUNNEL MEASURING' TECHNIQUES(S). ,
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mean wind speed at |the base of a tall building- ana the model scales

simulating natural wind characteristics,

In urbg}n areas, the geometry of the building is mainly governed by
the site boundaries and local building by-laws. The suggested config-
urations of building parameters through these studies may not be di;ect-
ly applicable to new designs because 'they are specific and precise in
character. They may, however, be easily adopted for fledible site con-
di'.cions. In this respect a renovation of ratio of gross building a‘rea
to site area is expected in Australia (11). It will nelp in reducing

' adverse wind condi'tions, as higher; velocities are induced due to lower

wake pressure ({hich is directly dependent on the height of the building.

Very few s?udies (26,27) have emphasized the reduction of strong
vertical flow by promoting lateral flow on the windward face to .improv"e
excessive wind speeds around a building of fixed dimensions. Measurke-
ment height "above ground level becomes ver; controversial since it has

been pinted out that strong wind region increases in iﬁ_tensiiy and area

. at lower heights of measurement. The exact location and number of

measurement points have not been mentioned in detail in'some previous

studies -and interpol'ation or extrapolation may not be accurate.

In existing plaza building model studies, emphasis has been placed
on only a few points of pr;obletnati\c areas. In fact, generalised aero-
dynamic effects occur in every building configuration.which generétes
its owm flow field. Suggested remedia1'measures are very much localised
(specific) in nature. The findings of‘such studies (16,31) are cert-

ainly good but they are inadequate for application to new designs.

. .
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Studies h/ave not- shown the turbulent character of wind flow in detail
wh1ch 15 an important constraint in determmmg comfort conditions for
pedestrians. Very Few. studies have given a detaﬂed picture of the
extent of strong wind regions and their exact locations from building
faces. These regions however, are considered to be one of the major

criteria for the physical planning of activitiesdat the pedestrian level

in a high-rise built up urban environment.

The knowledée of the phenomena around isolated tall bui"1dings of
simple shape§ provide significant understanding of the behaviour of the
flow field around .buildings. “The résuhs of those dsolated (bu'i1d1ng
model studies ‘(5 9,17,21,27) may be wuseful for app11cat1on in real
buildings. In one of those studies (9) wind tunnel model results have

been compared with full scale data for a suburban type of terrain. A

reasonably good’agreement has been found. The results of sich isolatéd 0

building studies hov;ever, are expected to be different if proximity of

ot her buildings affect the flow conditions significantly (26).
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CHAPTER 3
WIND EFFECTS ON PEOPLE
3.1 GENERAL

The wind environment at ground level around a building results from
a complex interaction between wind and buildings. Different settings of
buildings of differént geometry may cr\eate zones of overspeed and
vortices which result in ar\‘ unacceptable wind environment at the plaza

1,eve1. The wind environment at plaza level becomes a majorjAdesign

con51derat1on for new buildings and a concern for ex1stmg areas wmch

have been found undeswable by pubhc opinion.

TheVost serious direct effect the wind can have upon man is o

blow him over. This can -cause injury and sometimes death. Reports of

accidents due to adverse wind conditions at the base of tall buildings

can be found in the 1iterature and the press. Typical examples include

the following cases:

* Two elderly ladies diéd in Great Britain as a result of sku‘H
accidents received when blown o;/‘er' by wind around tall buildisgs. The
gust speed in one of these cases was estimated at 25 m/s (90 km/h) (31).
In Australia, people were having great difficulties with balance at
wind speeds gusting up to 20 m/s (72 km/h) around an exposed rectangular
buﬂdi;\g. People were also blown over around the same building at a
gust speed of 23 m/s (82 km/h) (26). A report from N>he United States

ment]’oned people being blown ‘over by wind around skyscrapers (23). In
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Japan, display stands, bicycles and motor bikes are being blown down by

strong winds and difficulties are often encountered with opening doors

at plaza level (17). '

.« a

Wind can create annoyances such as turning umbrellas insidé out or
the ﬂa.pping of clothes. It can also make activities such as strolling,
shopping, enterﬁ'rjg a building, or .sitting, uncomfortable, difficult and
even dangerous. North An_lerican plaias have been found hazardous during

winter when icing further reduces balance {16). Criteria for losing

one's balance and even toppling can be based on purely mechanical and

[

aerodynamic considerations. The wind force r:equired to topple a person

varies with surface area, weight, physical fitness, body position and

wind direction.

Additional effects caused by strong ground level wind and havi'ng
indirect influence on people include increased convective heat transfer,
greater rain penetration through the building skin, increased nois;s
level and increased snow drifting. | Problems such as malfunctioning of

LS
fountains, damage to traffic and flying debries are also caused by tne

strong wind. These effects are also impertant for total design.

Acceptable wind speed levels in plaza areas for pedestrian comfort
should therefore be an important consideration. It is difficult to
evaluate the exact wind speed influence below the physical danger thres-
holdusince it deals with the subjective consideration of human comfort.
In general, comfort or discomfort- for partiaﬂar wind conditions depends

on the type of activity and dress, climatic differences, the season and

[ P e R ot
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specific weather conditions, and the physical, physiological' and

psychological state -of the individual (29).
3.2 COMFORT CRITERIA h

Wind-induced discomfort at the plaza level may be expected to occur
with certain frequencies which depend on’tne degree of discomfort, the
)buﬂding geometry and the wind climate at the location. Statements
specifying. the maximum acceptable mean frequencies of occurrence for
various degrees of discomfort are known as comfort criteria. Comfort
criteria should in pr*inciple' be.based on the'knomedge of the'degree to
which pedestrians. are prepared to accept discomfort associated, with

w <
excessive wind speeds at the base of the tall buildings. Attempts have

been made to gain such knowledge by questioning in the field (11).

Existing criteria for acceptable wind conditions in outdoor areas
are largely based on physical and thermal comfort co'nsiderations (7,29).
In 1805 Admiral Sir Francis Beaufort encountered the p%oblem of deter-
mining wind speed at sea with some degree of accuracy. He defined wind

speed ranges numbered from O (calm) to 12 (hurricane). A detailed

description of the effects of winds of various intensities as defined by
the Beaufort scale of wind force with factors‘relating to human comfort,
is presented in Table 3.1. Recognition features relating to wind
effects on people have been added to the Beaufort scale by Davenport (7)

and Penwarden (29).

—

Based on the Beaufort sca]e\@r an average mean wind speed V meas-
ured at approximately 2 m above ground, wind effects on people suggest

A
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winds of this force are
encountered dnly in
tropical revolving storms

. L
- 27 =
Description ' ‘Beaufort Speed "
of wind number (m/s) Effects of Lang At Ses
Calm, Jight afr 0,1  0-1.5 Calm, no noticeable wind Sea is’ mirror-smooth;
Small wavelets Tike scales,
but not foan crests
g Light breeze 2 . 1.6-3.3 Wind felt on face . Waves are short and more
leaves rustle - ¥ pronounced .
Gentle breeze 3 3.4-5.4 Wind extends light fla Crests begin to break: foam
Hair is disturbed has ,glassy appearance, not
Clothing flaps as yet white
Leaves and twigs in, "
. motion .
Moder ate bretze 4 5.5-7.9 kaises dust, dry soil Waves are longer: many,
and loose paper white horses
- Hair disarranged
moves small branches ‘
Fresh breeze 5 8.0-10.7 Force of wind' felt on Waves: are more ‘pronounced:
. body . white foam crests seen
Drifting snow becomes everywhere
airborne
Limit of xreeabie wind
on tand
Small trees in leaf begin
0 sway
)
Strong breeze 6 10.8-1.8 Umbrellas used with Larger waves form: foa
B difficulty crests more extensive
Hair blow straight
Difficult to walk
steadily
. Wind nofse on dars
unplusm_!
Windborne snow abave
head height (B1izzard)
Large branches b&yin to
move: telephone wires
whistle
Near gale 7 13.9-17.1  Inconvenience felt whien  Sea heaps up: foam begifs
’ walking . to blow in streaks
Whole trees in motion
‘Gale 8 17.2-20,7 Generally impedes progress Waves incresse visibly:
. Great difficuity with foam is blown in dense
! balance in gusts ’
Twigs break off: progress
generilly impeded ‘
Slignt structural damage *
gccurs: chimney pats '
. . removed .
’ N -
. Strong gale 9 20.8-24,4  people blow over by gusts /
Strong gale 10 24,35-28.40 Trees uprooted: consider- High waves with long over-
. able structural damage hanging crests: great fomm
patches
Storm - 11 28.40-32.40 Damage is widespread: Waves so high that ships
' seldom experienced fn within signt are hidden in
-England ‘ the troughs: sea covered
with streiky foam:
Hurricane 12 > 32.40 Countryside is devastated: Air filled with spray

WIND SPEED AT REFERENCE SEIGHT F 10 M

-

" TABLE 3.1 - "WIND EFFECTS ON PEOPLE BASED

“ .
T

o

!

~

‘ X®

ON THE BEAUFQRT SCALE (1)
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that the following degr'ees*of discomfort are induced 'by ,y_qri"ous speeds

¢

(33)': Y N *' @
V = 5 m/sec onset of discomfort
V = 10 m/sec definitely unpleasant K
V = 20 m/sec _dangerous -

-
LY

- L \
In the®™Meaufort scale, the descriptive specifications do reflect

the influence of -associated atmospheric turbulence (16) but difficulties

P2

are always encountered when using it in an urban environment due to the °

Tocal increase in turbulence intensity.

. ( —
An approach to evaluating acceptable pedestrian ‘level “wind $peeds

g
based on the comgarison of values of publicly acceptable wind environ-

P ¢

ment at a location with values of wind speed considered ‘acceptaql; for

new buildings is used in the wind tunnel. Another wind tunnel approach

is to evaluate the impact of a new building on the wind  environment by

comparing the surroundirig’ wind speeds with and without buildings. Part-
icular values of the threshold of danger, annoyance and/or comfort level
have been sUggested by'various investigators (10, 12,16, 29). The use
of absolute threshold levels, without aéceptable frequ'bnéies of occurr-
ences are difficult for ‘practical evaluation unless only used as relat-
ive indices. R

2

EN

“Criteria which state both the wind speea and its acceptable prob-
ability of /exceedakncé“ have been suggested by many researchers (7, 13,
18, 26). ,I/n all cases some attempt is made to differentiate between the

criteria for danger and comfort. Comfort criteria proposed by Davenport

e
.
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(7). are presented in Table 3.2, which shows the ‘frequencies of wind
. f b : speeds for a range of activities or utilization ' of outdoor ~areas.

, v
§ Although comfort 1eve]s vary with act“wn:y type, the danger threshold

¢

wmch depends only on “wind force consmeratwn is invariant for.all
o " :

act1v1t1es. : -
& |

b

3.3° COMPARISON OF COMFORT CRITERIA

5 . : . .

: T _ It has been discussed and pointed out in several studies/(lo, 13, -

’ »
v 16, 22, 25, 27, 29, 33) that-to estimate the real effect of wind in the

4y {
S . important. Cpm‘pariéon of' ‘var,i;)us comfort criteria based on wind speeds
-is complicated by the use of both mean and gust speed. Difficulties aroe
always ehcountered when usindg “mean velocities characterizing the
. Beaufort scale for 1ncreased turbu]ence level in an urban environment.
. '_ . To overcome this difficulty an effectiivebwind §peed, V&, which results

-in" much higher values than the ‘mean wind ‘speed (14, 27)-is defined as

= ~follows:

- _ ye =¥V [1+K !n@s- ](33) ........ i o [3.1]
N l o . ' ‘ - v ‘ . .
Q) ' ,
. SR "where, V is the mean speed, Vems 1s the rms of the longitudinal ve]oc- )
ity fluctuations, and K is a constant reflecting the degree to wmch' the
‘ =effec'ts{of the fluctuation are sigm‘ficant. .
, RN : o “ (\q , ]

—————— e et e o o o o

Building environment, the consideration of gust with mean wind speed is’

Ay
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The value of the K varies from O to 4 in the literature. A zero

value is suggested by Penw§rden (22), 1 by Gandemer (10), -1.5 by Isyumov
and Davenport (16) and 2 by Feis (20) to 3 'and 4 by Hun.t et al. (13,
, 20). The subjective nature of the' value accounts for the. variation.
Some efforts have been made, however, to arrive at values of K by

3]

ex,pemmentmg in the wind tunnel. A value of 3.0 was derived from wind

tunne] results (13) by evaluating reaction of peop1e to steady 'and
- gusting winds by means of both guestioning and measurements., \Based on
these results various degrees of discomfort and their corresponding V€

(with K approxjmately equal to 3.0) are suggested as follows:

) . ' Ve = 6 m/sec  onset of Idiscanfort ‘
. Vé = 9 m/sec per'for,manc.e of simple tasks’ af_fected |
V& = 15 m/sec control of walking affected " |
Ve = 20 m/sec dangerous - . 1 ' K

~

A summary of values of thre§ho1d of - danger, annoyance and/or

v comfort level” in probabilistic terms inclusive of turbulence ‘level is
prhesented in Fi‘gure 3’.1. The figure.shows four solid lines representlng
Melbourne's criteria (24). The critema range from the maximum thres-
hold of aéceptabﬂity above which all pedestrian activities are danger-
.ous to the thfeshold below which: activjties entaﬂing long exposures are
, acceptable. The various other symbols are those of other investigators

(7, 13 18, 31) with the1r respectwe probabilities for the wind speed

-
w

exceedmg 5 m/s for a given frequency of occurrence. - Davenport’s (7)

) criterla relating activities to frequenc1es of occurrence in terms of | N

W e ’ i o
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PO TR LT TR B NI L M i o - 2
— ooenpraen emetoa o N e s R o T R s S U




g T R T

- 32 -

ONCE ONCE ONCE .~
2 PER  PER -« PER
geor WEEK MONTH  — YEAR o
' = g UNACCERTABLE ;
> , V mjs| paneerous"
Q o 14
W i 13 5 *— .
- &f’ MARGINALLY
? ACCEPTABLE
-3 UNCOMFORTABLE
g ,
=0 '
Z
g ACCEPTABLE
X
. 5
%

Q.0/
PROBABILITY OF EXCEEDING .' HO‘URLY.
‘ MEAN WIND SPEED V *

10 o .00/

r

CRITERIA S¥MBOL
* MEL BOURNE (24) -_
DAVENPORT (7) :
. , ' WALKING FAST wF
: STROLLING ST
SITTING ' S

, SITTING LONG EXPOSURE/ SL
PENWARDEN AND WISE (31) ©

: LAWSON (18) . .
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the mean wind speed shown™ in figure -are interpreted as follows:

. Walking fast L 4f P(V »10) ¢ 0.05

Strolling; skating ©if PV 37.5) ¢ 0.05

. Standing, sitting, short exposure if P(V 3 ¥%.5) ¢ 0.05
S , .

- Standing, sitting, long éxposure ‘if P(V 3 3.5) ¢ 0.05

The wind effect on people at pedestrian level for various activi-
ties based on probabi]itie; of meén Wind speed would be‘ihcomplete with-
;ut turbulence 1evé1. The information on mean'wﬁnd speed’and‘turbqlence
in the prasence of }ﬁe build{ng cbu]d'be derived fran wind tunnel model

tests. Chapter 8 gjves sﬁch”informaiibn derived from a series of build-

o ing model tests carried out 1Q a boundary layer wind tunnel. ' The

description of building model tests is given in the next chapter. W&

. - f
O




. CHAPTER 4 -~

» el .

EXPERIMENTAL WORK

AN . P} -

‘4.1 EXPERIMENTAL ENVIRONMENT

.

The experimental measurjements’%or studng'ithe problem of adverse
wind conditions at the pedestrian level around ta'H Pui]dings and also
experimenting on wind environment around buiidings of square and
chamfered configurations of fi‘xed cross-section dimensions to.reduce
adverse wind conditions were,carried out on building models. The -tests

o were done at the boundary 1ayer wind tunnel of the Building Aerodynamics

labora ory of the Centre for Building Studies.

v

The wind tunnel has a test section 12 20 m long, 1 80 m wide with

a suspeénded roof aHmeg for an adJustable height ranging between 1.40

and 1.80 m. The tunnel”is built in sections of wood supported by Steel
frames placed on casters for ease .of 'remova1. P]exjg]ass windows are
" set on one side of each section and both sides of the most .dewnstream
section. The test area is equipped with a turntable 1.21:'m in diameter.l -
The turntable can be operated either manually or electrically. Figure/
4.1 shows the plan view and the elevatmn of the boundary 1ayer wind

tunnel. ) _ P

A Mark-Hot double inlet centrifugal blower with a capacity of
abodt'40~ m3/s at a static pressure of 4 cnm of water is capable of
producing a maximum wind velocity of 14 m/s. A speed control system
operating manua]ly'can produce a variable speed to a minimun of about 3
/ .

'
!

m/s through outlet volume control.
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Figure 4.2(a) shows a picture of the inside view of the tunnel.

with one of the building models on the turntable while Fhigure 4.2(b)

presents an outside view. The carpet 'on the floor of the tunnel is used

. for the simulation of the terrain roughness of an open country exposure.

More details about the wind tunnel facility are given in reference 34,
1

\

.4.2 ATMOSPHERIC BOUNDARY LAYER SIMULATION

The objective of the wind flow simulation is to reproduce in the
wind tunnel the natural wind characteristics.. For flow simulation
purposes, the mean velocity profile, and the intensity, scale and

spectrun of the longitudi turbulence component are of primary

importance.

’

In the present study, a smooth (opgn country) exposure was simul-
ated in the wind tunnel by using the carpet shown in Figure 4.2(a).
Figure 4.3 shows mean velocity and longitudinal turbulence intensity

profiles taken abave the centre of the turntable. An exponential law

V/Vg = (2/19)°, et {4.1]

in which \-I is the mean velocity at height Z and o is an experimentally
determined constant, agrees well with the measured values. An altern-
ative expression for the ve]ocity profile near the~§urface is the log-

arithmic law .

VNGRS (1/K) €3 10 (Z/20)  vvivvrnrenrereenanns - [8:2]

L

o e e e e ey e =

~a



() INSIDE VIEW OF THE WIND TUNNEL"‘

FIGURE 4.2 (b) OUTSIDE VIEW OF THE WIND TUNNEL

»
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VRMs/ V, LONGITUDINAL TURBULENCE INTENSITY ()
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FIGURE 4.3 MEAN SPEED AND TURBULENCE INTENSITY
PROFILES FOR OPEN COUNTRY SIMULATED
TERRAIN EXPOSURE-.(34)
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‘- where,‘k is the-Von Karman's constant equal to 0.4, Cg is a surface drag

coefficient defined in terms of the surface shear stress T, s ng = 1q/

L} 0

pvs; aﬁd‘?o is the roughness length, i.e..a quantity which characterizes
the‘SUrface>roughness. Typical values of these pafameters measured in
the wind tunnel and in‘fui1 scale for two basic exposures are given in
Table 4.1. These data together with the spectra of the longitudinal
turbulence component presented in Figure 4.4, suggest a geometric scale
of about 1/400 for the simulation of the natural wind in the wind

-

tunnel.

4.3 INSTRUMENTATION FOR WIND ENVIRONMENT AT GROUND LEVEL

~ Wind speed measuring instruments are called anemometers. The
\ techniques and instruments which are generally used for wind tunnel

‘ measurements of air speeds are as follows:

-1, PoiFt by Point Measurement Techniques

Instruments used for point by point measurements of wipd' speed |,
include 5 pitot-stetic tube,(zé). a hot-wire or hot-film anemometer (10,
14, 17, 36) measur%n§ only wind speed, with flags or silk thread mo;nted‘
on it and a black styrofbam ball on a string (16) for measurements of
. wind direction. The instruments such as optigal dynamometer (5), which

,coﬂsists of a cylinder on top of a spring measuring both the wind speed
and diregtion and pulsed hot-wire (3), which consists of two parallel

oo sensor wires and a pulsed-wire equispaced between them giving a measure

e : e e e L e e e b - —

T




a FULL SCALE WIND TUNNEL
Exposure Open Country Urban "~ Open Country Urban
Zg (m) 270 515 0.60 0.81
Zo (em)  1-10 100-500 0.0 -  1.20
a | « 0.16 0.40 . 9‘.15 0.38
Cq | 0.042 0.046 . 0.082 0.046

TABLE 4.1 - PARMETERS FOR FULL SCALE AND SIMULATED TERRAINS (34)

N

. P

Y <




.
1
¢
“ e
0.l I - J0 100 n/Vz(Cm)
n S(n) " WIND TUNNEL :
6° 0.3
0.2t
ON KARMAN S\
(Ly~l12m) X ,
W, . O-/ ¢ '\/ ' *
4 *
DAVENPOR'”'S
X . N
0.000! 0.00/ 0.0/ o./\} /

FIGURE 4.4 SPECTRA OF TURBULENC

/
7

~

FULL SCALE n[V3(¢/m)

COMPONENT AT

Z'/ZG=I/6 ( OPEN COUNTRY EXPOSURE J

N\




" thermister anemometers
[

. prove dangerous to the delicate instruments around.

T

N

e

-8 -

‘In . addition,
\ . )
with- single ended cylindrical

of wind speed only are also used for measurements.
(14, 1e, .-27)

hot-film sensors which cannot measure wind direction have also been used

for point by point measurements of wind speed.

.
8 ' ‘
.
. u‘

2. Continuous Measurement Techniques

o

Surface flow visualization and sand eros%on (5) technique; ére
based on interpreting eros1on pétterns, which are formed by the saltat--
ion of fine grain patterns spread un1form1y on a. smooth ground - p]ate.
Other measuring methodologies such as the surface- pigment techn1ques
(Zig have also-been used in wind tunneﬂs Tre friction of the air blow-
ing on the painted surface with pigment *in paraffin leaves chntours of

§

pigments of air-flow direction after evaporafion of paraffin,
® Y
JERVAR

Semi-continuous. techniques-which include smoke (31), smoke wire

*

~

3.

o * ,
v

recording (28) and soap bubbles (5) have been rarely used for recording
. ) , p

wind environment around buildings.

|

8

Poinf by point measurement techniques are most cpmmonly used for

wind tunnel measurements. Continuous’ and semi-continuous techniques

give only a qhantitative descript?%h of the windleffectS‘but they ares
not sufficient for any numerical evaluation of the wind environment in

’

. < \ '
three dimensional flows, especially those around buildings. Accessib-

ility for photographing becomes difficult and particles in the flow may
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. ’ . ’ In the present fwork, based on. the previous comments and. the
ava%labflity of instruments at the time of the.tests,‘a pitot ststic
tube and a hot-film anemometer ygré used for wind speed andpturéu]ence
measurements. . Datg\were obtained as mean and vms values of the,.wind

. e -~
speed at. different points in the building environgent.

3 " ‘ : X ) X
o ) - ' ' . & ]
4.4 TEST INSTRUMENTS .

-

'f 4 The instruments used in the present study were a p1tot -static tube,
o a dyal channel TSI 1056 llnearISed anemometer and a- TSI 1076 digital
' voltmeter These 1nstruments are shown in F1gure 4.5 (a and b).

A p1tot static tube is a dlrect type of measuring 1nstrument t ‘
}5n bé inserted into an ain flow to measure the statlc and the tof;?f

: . o pPressure as shown in Figure 4.5(a). -The pressure in the entrance of'the‘ i
total - pressure measuring tube, js called - total or stagnation pressure.
Ide%l]y it is thé pressure which results when the velocity is brought to

zero and all the kinetic energy has been comverted into pressure energy.

-
’

From Bernoulli's eguation - u .
'Pi + 3 pai = Pp +40 R R [4.3]

;n I G1v1ng ‘“1 = (_lfz_ﬂll_ ;......;..;.....;...f...h [4.4]

or Pp-P1 = % 9612 = q

e
= 0: .

- where, P2‘= ;QtaW pressure Py = static pressuré, up = wind~speed: q =

"dynamic .pressure and p = density of the air = 1.225 kg m-3 at normal \‘
. = temperature and pressure. The dynamic’bressure can be measured directly

using an inclined manometer, .

.
—— ) - P K . O, e e e e -
. ., .
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L4
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. FIGURE 4.5 TEST INSTRUMENTS
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The 'Pitot static ‘tube is -simple* to. operate but cannot be used for
measurements very close to building or ground surfaces. It is not suit-
able for accurate measurembnts of velocity 1r{ highly turbulent f]ows

because of its high damping -characteristics. Also, it cannot measure

hY

turbulence. " J P .
. > L
. o3

In hot-wire anemometer thé sensor is made of tungsten wire with

1
s

thin platinum coating on' surfate and in hot-film anemometer it is
essentially a conductmg film cy\ ! ceramc substrate. A hot-wire
anemometer operates on the principle of the change of resistance of an
Welectricaﬂy heated wire with the ’cemperature._changta7 due to the cooling
effect of the moving airstream over the heated wire. The cooling o'f the
wire by‘an airstream causes a change in its resistance proportional to
the velocity. With appropriate calibration resistﬁance measurement leads
to the ﬂvte)locity .measurement. The hot-film anemometer is rugged, stable
and easy to maintain. It can provide ve.ry accurate results and at the

[

same time i:c is convenient and flexible for wind tunnel meisurements.
4 . :

Measurements made with hot-film sensors may be subjected to devia-
‘tions unless the direction of mean flow is l;nown -and thus separate
measurements for determining flow direction are required. Hot-film
anemometer measurements, however, become inaccurate if the turbulence
1’ntensit); is greater than 20% (3).° The hot-film cannot register the
Verﬁca] component of the wind velacity. The possible accumulation of

dirt on hot-film make its frequent calibration desirable (4).

*

The experimental set-up of the*present work is shown in F\"gjure 4.6.

~ .
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The. pitot static tube was used to measure the average velocity at the

‘ gradient height via an inclined manometer. The gradient height is the
‘ .

height above which the wind velocity is asted to be constant. The hot J

\

‘film probe connected to the anemometer was fixed at the point of
measurement around the building model. The measurements of mean and rms }
S values of wind speed were taken with the digital voltmeter and were

recorded manually. Results are presented to express the relative

. increase or decrease of the mean wind speed and turbulence inkntensity.
Measurements were carried out for A dense~ grid df points and tr;e inform-
ation provided was used to represent -contours of 0.1 equal intervals for
the velocity amplification ratio and..(ontour; of 0.5 equal intervals for
the turbulence data. The velocity amplification ratio and the turbul-

- ) ence intensity ratio are the values measured in the presence of the
building divided by the values measured at the same point in the absence

o/ of the building. This tmype of qutput format is consistent with the

‘1 format used by other researchers dﬁd makes the comparison‘oj\/'Zne results’

easy and convenient,

4

4.5 [INSTRUMENT CALIBRATION AND ACCURACY OF MEASUREMENTS

v

The use of the hot-film anemometer 'requires an accurate calibration
which can be done ,as’ follows: First the Pitot-static tube measures the
mean wind speed at aé‘aﬁient height above the centre of the turntable in
an empty (without models) tunnel. Then the probe with a single horiz-

ontal sensor connected to the anemometer is fixed perpendicular to the

o
o
' +

s

*x 6 . ‘1 .
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¥

wind stream (because of directional sensitivity) at a point very close

to the pitot-static tube. The linearised anemometer is carefully cali-

brated based on the reference reading of the air.ve1oc1‘ty as measured by

the Pitot-tube at the gradient height. More details about calibration
are given in reference 35. The gr‘jd' of measurement locations fis shown
in Figure 4.7. The extent of the measurement 10 tion shown in the

figure was found reasongble from strong wind point‘ of view from the

results of initial measurement locations. Kamei and Maruta (17) also -

used this size of area for their measurements. Beyond this zone wind

conditions are not expected te¥change dras'EicaHy by the presence of the

building.

It was found difficult to measure wind speed and turbulence very
close to the building faces because of the vibrations =of the hot-film
probe in wind flow. The nearest measurement taken from the building

faces was at a distance of 10.mm (4m - full scale). Difficulties of

mé’ésurement at 5mm (2m - full scale) above ground 1level were often

experienced due to frequent breaking of hot-film sensor. In the partic-
ular case of the mode1$’ st{udied the deviation of measurement results for
a difference of t 30° due to directional sensitivity of the hot-film
sensor was fouid to be small - for most points within t 2 to 3%. The
anemometer model used in the present work has reading accuracy up to'o.s

%. The digital voltmeter is accurate for.rms reading as + 1% of the

reading and for mean reading 1§ hd 0\05% of reading. The deviations‘of'

measured values of wind speed due to sensor orientation and exact posi-

tioning and other technical problems occured in experimentation as well

>
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yield a possible error of 3 to 4% as has been estimated by repeatability

measurements. ‘ ) ‘ -

4.6 BUILDING MODELS

Models were selected to represent square (30 m x 30 m) buildings of
different heights. Modern buildings of square shape are often .seen with
their corners modulated as rounded and chamfered. The functions of

i

these corner configurations are mainly justified for aeétneﬁic purposesx‘
Very few cases of buildings with their corners chamferedﬁ‘ve:;;c“ally ‘alre
designed to serve environmental purposes. Square buildings of v\ryi ng
heights with one of their corners chamfered were modelled in the wind
tunnel to 1nvest1’g;':te the effect of ;:hamfering puilding corners on the
wind environment at thé& plaza level. | Une corner of the model was cut

vertically a't 45° to its original faces. The minimum width dimension of

a chamfered face is an eduiva]ent of a sub moduiar dimension of the

~ parking grid (i.e. 3m x 6m) for a building.

The modular increment in the “chamfer width (t) generated a total of

ten building configurations but only six configurations and ,the case of -

the square building were selected for 4ests as was . found appropriate

during initial experimentation. Basic model configurations are shown in

Figure 4.8, They are denoted by numbers, which are used in the test

're‘su‘lts presented in Chapter 5.

Buildings with one chamfered- corner may be ‘seen in the downtown

Montreal area (eg. St. Catherine, Dorchester and McGill streets). This

is an outcome of building by-laws and maximum floor space utilization if

.
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the buildings of corner plot are Jocated on the crossing of the streets.

Penthouses on top of tall buildings or the fenestration of facades méy
” 1
not be modelled as they will probably have a small effect on the

pedestrian level wind environment.

’

The hode]s used in the tests were made of wood to a scale of 1/40}5/.
The model height was varied betweer;"'ISO mm to 450 mm (60 m to 180 m fu:ﬂ]
scale) corresponding to 20 to 60 storeys. The length of the cr]amfer%ed
face (t') varied from 5.3 m to 53 mn (2.12m to 21.2 m). The other

chamfer dimensions, and the various heights of the building for the six

configurations tested are also given in Figure 4.8. Two views of the\\ '

building models used in the tests are shown in Figure 4.9. Experiments

“were also conducted on models of buildings with chamfered roofs to

investigate their effect on wind environment at plaza level. Oetails
about the tests are presented in Chapter 5. Note that the 1/400 geomet-
ric sca1‘e'used for the models is not an absolute figure. Simulation
tests show that similar results can be obtained for buildings made to
1/300 or 1/500 scale. This gives an idea about the tolerance of the

representation of the test results for buildings of different size.

-

1

4.7 TEST PROGRAMME

' . \
The basic model configurations were ‘combined with pdrameters such

as building height, wind attack angle, and two different heights“ of

measurement. Table 4.2 shows the test prog'r'amme for the seven model

configurations and their associated parameters in the tests.
- \
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Basic mpdels number 1 to 7 were tested to investigate the effect of
chamfering a 450 mm (180 m) tall building on the wind environme‘pt‘ at 25
mn (10 m) height above grotnd level. Model number 3 and 6 were found to
be more effective in assessing the effect of the chamfer on wind con-
ditions and were chosen to'investigate this effect at 10 mm (2’m) “above
ground level. Only selected measurements were taken 4t the low -level,

however, as it was found difficult to measure.close to the ground sur-

face. Model number 1 was tested at the lower measurement he‘gight of 10.

mn above ground levél for tall and low building heights to investigate

the effect of different heights of the building on the wind environment.

The.effect of low square buildings on wind environment at the base
. was found quite small in magnitude compared to that of higher buildings.
It was difficult, time consuming and unnecessary to.test every individ-

L

ual building configuration. Therefore only critical model cﬁﬁﬁgun

© | e e ChTr N e b o e Y A e o Yt

ations.were tested as found necessary from earlier test results. Tests

were carried out however, to investigate the effect of building height

and also wind attack angle on wind conditions at the base of square and

chamfered buﬂdings.\

o

The description of experiments in‘ this chapter demonstrates the
procedure to arrive at 'quantitative information of the wind environment
at the base of .tall buildings. The test results of the experiments on
the wind environment expressed as relative increase or decrea‘se in mean

wind speed and the turbulence factors are presented in the next chapter.
i . |
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CHAPTER 5

' . ., o=

EXPERIMENTAL RESULTS AND DISCUSSION | - S

Experimental test results on the wind environment around square and
chamfered buildings are presentéd in this chapter. Comparison tests are
shown to "confirm the validity of the wind tunnel simulation. ~Tne

results are iTlustrated for ty;q""measﬁrement ‘heights, different building

‘heights and wind attack angles. Test res@t.s on the effect of a

chamfered roof building on-the pedestrian level wind enviornment are
also presented.

]

5.1 / COMPARISON TESTS
o .

o

The objective of the comparison tests was to reproduce experimental.

results provided by other researchers before proceeding with the présent
study. Agreernent//betwéén these results and those of the present experi-

. , H
ments would confirm the validity of wind tunpel simulation and output.

a

" It was decided to ca?ry out some of the experiments reéported by
Kamei and Maruta (17) on wind environment around rectangular buildings.

The decision was based on- the simplicity of building model configur-

_ations and the similarity of other test-para@ers with)these of present

study. The scale of the building models was 1/300 and the measurements

" were ‘taken at 10 m full scale equivalent height above ground level.

‘Unfortunately, the experimental work of reference 17 provided data for .

mean wind speeds only with no informdtion about turbulence conditions.
Y ) ~ »

.

"

P T U



A .

» < -
Therefore comparisops were made for mean wind speeds only. The effect
of square buildings on the strong wind region in the corner streamn with
different exposures in both the crosswise and streamwise directions: is

presented “in Figure 5.@.:1. Velocity ampification ratios {IhE/\.}hA and

"the location of their occurrence do not véry much between urban and open

country expostlres.

’

oy ‘ “

In the present work, building models of the same geometry weré made
to a scalé czf 1/400. The measurements were taken at locatiops shown in
Figure 4.7» at 25 mn (10 m full scale) above the ground level for an
open countr_y exposyre. 'The results shown in Figﬁ;e 5.1.2 are contours
of the ratno of wind velocitles affected by the presence of the buﬂdmg
over those measured at the safe'point in tne absence of the building to

express the relative increase or decrease of mean wind velocities.

'
o

¢

' _“‘The maximum values of ‘.’-IOP/UIOA and the variation of wind flow
pattern of the strong wind region ar\)und buildings. of ‘different heights
measured by Kamei and Maruta\show good agreement with the experimental‘

results of the present study. Th1s confirms the va]1d1ty of the wind

‘_],;un-nel data and also increases conﬁdence 1n the simulation of the

atmosp'herﬁ: boundary layer wind characteristics in the wind tunnel.

13
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| ‘ . ., a=0.25 o = 0.14

, “\ |

.\ (@) EFFECT OF POWER-LAW EXPONENT OF

, VELOCITY PROFILE ON WIND ENVIRONMENT
MODEL HEIGHT H=20 CM(60M),WIDTH W= 10 5M(30M)

(17)
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5.2 WIND FLOW FIELD AROUND BUILDINGS

’

Experimental results for mean velocity. and turbuience conditions of
the flow field around square and chanfered buildings of 180 m heignt are

presented in tHis section. . J

5.2.1 Mean Velocity Conditions
‘i r
Figure 5.2.1 shows the experimental results for models of 180 m

tall square and chamfered buildings exposed to wind. Contours of 0.1
- equal inté;va1s represent‘the velocity amplification ratio GloP/GloA
(mean wind speed in the presence of the building/mean wind speed in the
absence of the building) at 10 m above ground level. The wind flow

field around the building can be divided into three basic regions,

namely:

1. Low velocity on windward side;

2. Very low velocity on leeward side; and

3. High velocity in the corner stream of a building.

For a square building glOPJVlOA reaches a maximum value of 1.5 in the \
corner stream, a minimun value of 0.3 on the leeward side and a minimum

value of -0.6 on the windward side. These values can be explained by

_ considering the flow épproaching a building. This flow is diverted both

over the top as well as around the sides of the building with separation

normally occuring at the leading sharp edges. Furthermore, the pressure

]
”

e
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difference§ between low pressure wéie regions (leeward face) and the
re]ative]y gigh pressure regions at the base of the windward - face
accelerate the flow around corners. fhe flow directed between these two
regions around corners induces very high wind velocities 1in’ the corner
stream. For a square 30 m x 30 m building 180m highf the mean wind
speed in the corner stream increases ub to 50 percent, as already
mentioned. Similar results of velocity amplification for’ square build-
ings hav€ been also found by Kamei and Maruta (17) (Figure 5.1.2) and

discussed by other researchers (5,10,16,26).

v

The chamfered building does not reduceN the maximum value of
ratio VIOP/QIOA much. This ratio reaches a maximum value of 1.4 for ;
building model of maximum chamfer face length. The reduction of the
width of a building results in the location of the high velocity region
¢lose to the corner stream face of a building. - In general, chamfering
of a building corner reducet the width of the region of high velocities

close to the corner stream face of a building.

The high velocity region around chamfered buildings may be explain-

ed in terms of pressure. The low wake pressure on thé leeward side of

the building depends on the velocity at the top of the building and

therefore, no reduction of high velocities occurs for the same building

height.

The gradient of the velocity amplification ratio for square and
chamfered buildings is high very close to the corner stream face of a

building. Figure 5.2.2 shows the variation of the velocity amplific-

~
[

1\ ,[
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' ation ratio in a crosswise direction from the building face for the
square and chamfered buildings. Maximum values of QlOP/VloA are found
very close to the corner stream face of the chaﬁfered building c&mpared
to square building. The maximum value of 910P/910A is very low for the
square model but reaches up to 1.6 fot chamfered model No. 3 and drops
gradually for higher chamferé. The effect of chamfered buildings on the
hig% veloéity region is seen to be approximately equal té 1.25 W from
the corner stream face in a cross wise direction. The highest values of
the velocity amplification ratios in the streamwise direction.for square
and chamfered buildings are shown in Figure 5.2.3. The effect of
chamfered buildings on thé high velocity region also may be pointed out
by compq:ing the peak values of a square building with chamfered
building models at axpo{nt the same distance from the.buildings face.
The peak values which are found very low' for square buildings have
increased drastically for chamfer model Wo. 2 and become maximum for
model No. 3. These peak yalues are found very close to the corner
stream face of the building. The figure also shows the negligible
effect of higher values of chamfered lengths on velocity amplification

on windward and leeward sides of the buildings.

5.2.2 Turbulence Conditions

Motion of fluids in which local velocities and p}essures fluctuate

irregularly, in a random manner, is known as turbulence orzturbulent

flow. Turbulence is characterised by its intensity which is defined as
™

the®root mean square (rms) value of the wind velocity at a point divided

by the mean wind velocity at the same point. "

#
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Turbulence conditiens around models of 180 m tall square and

'
chamfered buildings arquresented in-Figure 5.2.4 in the same format as
in Figure 5.2.1. Contours here represent the ratio TigP/TipA, i.e.

turbulence intensity in the presence of the building divided by tur-

bulence intensity in the absence of- the building, and they are given-in . -

0.5 intervals aiong with the contour corresponding to the .lowest value.

The turbulence around square and chamfered buildings as observed in

Figure 5.2.4 can be classified into three regions, namely:

1. Low turbulence in the corner stream region;
2. Higher turbulence on the windwardgside; and

3. Very high turbulence on the leeward side.

For a square building the ratio TyoP/TijpA reaches maximum values of
approximately 2.0 on the windward sidé, and 4.0 on the leeward side. A

minimum value of 0.6 is reached in the corner stream.

$ .
The turbulence Lna{he windward face of a square building joining

2>

the higher intensity turbulence on the leeward side, wrapping around the

corner stream face of a building is directly associated with-the inten-
sity of the velocity flow field around the building as described in
seqtion 5.2.1. The spread of this joining passage around the corner
stream face of a building depends on the high velocity flow fields in

that region. -
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For a square 30m x 30m building 180 m high, the turbulence inten-
sity on the 1eewérd side increases up to 4 times the value without the
pui]ding. Comparison of these results with other studies is difficult

because very few such data are available in the literature.
CV

Similar results of turbulence Tonditions have been found for
chamfered buildings. For higher values of chamfer length, some -
reduction in turbulence is obferved close to the corner stream face. As
the original width of the face reduces, the shape of a building changes
considerably for higher chamfer lengths. This is easily understood a& )
wider chamfered faces will be more sensitive to the vglocity, of the flow .

instead of turbulence at the base of the building.

Figure 5.2.5 shows the variation of turbulence intensity in the
«crosswise direction from the corner' strean face of the building. The
effect of the chamfer is seen only very close to tpe building face in
corner stream. For example, for a square building the maximun value of
T10P/T10A reaches up to 4.1. A considerable reduction is seen for the
chamfered buildings (models No. 3 and 7). Chamfering does not have any
effect after approximately 0.5 W from 'tne building face in corner
stream. After this length from the face, the turbulence intensity

varies within a range t 20%.

Peak values of T1gP/TjpA are often abserved near the corner stream /ﬁ
face of square and chamfered buildings. Fi/g»re 5.2.6 shows those values L(
on the streamwise direction, which are quite low for chamfered buildings

v



oAt v e b fopbon 5 0 L

rd

( €X'~ SIXV) ZQtQm.EQ JSIMSS0YD V¥V NI 3ov4
INIGIINE 3HL 01 3S0719 MZOE.\Q\ZQU JINIINgYNL 6¢2'S mtbgk

mix oe Y o7 G0
lr‘l 1 T T
- ”.!..IH\HP\.H“NI-
1
oL
O
4
e Pxee
| L
m/xOE 02 O 00
| 1




-70 -

P .

v
g9

; SIXV) zo:omma mmi:ﬁuﬁm Y Nl 3ovd

. 9Nigung 3HL 0L 35079 SNOILIONOI JONIINGYNL 92§ FHN9I4

A ot - e- -0l - 00 : o1

olh oF B A . 00
a - ) . co
.., ol
= G
" €02
B ’ . 462
» R 035
|

" L£e
.I;,\X@.m, Aww Q-x va \S\J , —

-,

o o e T f . . % @ iy




—— i n v e s b e g marm e - -

. .
— ‘ - 71 - ' 3
compared to the square buﬂd?ﬁg,\m{c found to be high on the corner
i s;rem face of the buildings downstream. : )
) ’) It is interesting to note that higher vglocity amplification ratios
' 2 ! - are always -associated with low turbulence ratiosfP Figure 5.2.7- shows
- - the areas of velocity ampliﬁcatiorl ar\U turbulence reduction fbu\ijd
' around square and 'chamf'ered buildings 180 m high. The contour of 1.3
: for '\-lloP/\-lmA represent8tive of higher mplifﬁaﬁon, in a corner '
‘ stre'm), is g\wa;s a§sdc1ated with the contours of 0.6 or 0.7 for T10P/
’ “ g ' TigA. This has been observed for both square and chamferaed buﬂding’sy.
‘ Simﬂar results regarding turbulence around buildings Qin general, have
r : been pointed out by /ﬁavenport (16) and are also discussed- in other

_studies (15, 25 and 27)

. ' \ o
v >

‘Chamfering a corner of a bu11d1ng .does not affect the. flow much on
- the windward and- 1eeward s1des¥:f the building bt Slargely reduces the
extent 9? htgh veloeity amplification in corner “stream. Chamfered face .

\ ' . lengths. of a higher value than approximately 0.15 W do not show a

.

significanq Ceduction in the maximum value of velgcity amprication 1n
?

‘the corner stream except shifting those areas downstream close to the

e e b

. %

{ building, face. Areas of velocity amplification are always areas of !
< ' ; turbulence reduction. '@,gher values of turbulence 1ntensity remain very
Py 1'2 . close to the corner stream face of the 'chamfered‘ buildings. The effect

P | of t&e buildings and ?nmfer geometry on wind conditions at the base as

poit‘tep out in this secti!on'suggests the need for further investigation.
It' also’ suggests .

df only specific ca‘.sés of| chaafered buildidg geometty.
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b L

- the need of more experiments on wind emviromment for different ‘test

par 3meters.
¥

5.3 EFFECT OF MEASUREMENT HEIGHT ABOVE GROUND LEVEL

| -

‘ ' Effegt‘ on pedestriaﬁ level wind envirc;nment should be measured at
Zm ,abové'\ground level but only specific tests were carried out-at 2 m
level. However, it was found technica]l} difficult to measure very
close‘ to the ground surface and therefore tne bulk of’ the‘ measurements
were carHed' out at al0m equ1va\th full scale heigh;‘l.

. . {
Measurements at a 2m equivalent full scale height were doge only

/
for characteristic cases and respective results were compared. This

practice has also been applied in similar works as described in r:efer-

enges 17 and 27.

Figure 531 compares results of the tests for a square btp]dmg
and two chamfered buildings (No. 3 and 6) for measurements made at 10

and at 2 meters above &ound level. Contours of 0.1 equal intervals for

V1gP/V1gA are shown in the Teft half and for VoP/VpA in the right-half

. of each sketch.

Turbulence contours around the same buildings are shown in Figure
5 3.2 in which all the parameters remain the same as in Pigure 5.3.1.

TheSe contours are shown in 0.5 equal intervals and also cé)rrespond to

lowest values as indicated for TjgP/T1pA in the left ‘half and for

TZP/TZA in the right half of each sketch. .

-

P iind
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It has been observed that for a square building, VIZP/GZA increases
M o

up to a maximum of 1.7 in the corner stream' and thé areas of nigh veloc-

)

ity amplification expand in the crosswise and streamwise directions more

than for the ratios \-lloP‘/d\;loA. The values of low velocities on the
windward)'and leeward sides do not change much from those measured at 10
m heighi. The turbulence on the windward and in the corner stream

appears similar for thé’ two measurement heights with a little reduction

on the leeward side of the building at the 2 m beight.

For chamfered buildings, the value of QZP/QZA reaches a maximun of
1.7 for model No. 3 and 1.5 for mode} No. 6. The values of low ve%-
ities on the'windward and leeward sides are not affected. However, a
considerable reduction in the size of areas of high velocity amplific-
ation in thg corner stream has been observed making the patterns
obtained for the two heights comparable. The turbulence intensity
increases to a maximum value of 2.6 and 3@\.0 for ToP/T2A on the windward

~

and leeward sides of the chamfered buildings reSpecti_yely.'

] , Areas of ve_]ocitj amb]\ification ate also areas of furbulence
reduction at 2 m height. The effect on strong wind region at lower
level of measurement in a corner stream of a building fis a]so denoted by
the contours of h\‘gp veldcity amplification ratios, equal or greater
than 1.3. The contour of 1.3.reasonably represents a strong wind in
magnitude ‘and extent in the flow field at the base of the butlding.
This is illustrated in Figure 5.3.3 for building models No. 1, 3 and 6

with contours of 1.0 and 1.3 for \72P/\72A and 1.0 and 0.7 for ToP/ToA.
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Here, the.contours of 1.0 show relatively good agreement, except for a
little deviation downstream in the corner stream region. The higher
velocity amplification area in ;:he corner stream of a 180 m high square
building increases in extent at the 2 m compared to 10 m heig‘ht of
<-measurement. ~ For chamfered buildings, the increase in int‘ensity and
extent of higher velocity amplification area is very small at the 2 m
héignt. The turbulence increases on the windward side of both the
square and chamfeted buildings at lower level of measurement. Simitar

results for velocity amplification for square buildings are discussed by

Kamei and Maruta (17) and they have been presented in Figure 2.5 (a).

1)

Results presented for the square and tw chamfered buildings for a

strong wind area in & corner stream in Figure 5.3.4 show contours of 1.3
and 1.0 for \.lloP/.\-IloA and \;ZP/\-IZA. Contours of the highest value, low-
est value and 1.0 as indicated- for T1gP/TipA and ToP/TpA are presented

in the bottom sketches.

LA : 5 -
A procedure for plotting and comparing the strong wind areas in the

corner stream of a building as outlined in Figure 5.3.4 is presented in
the top sketch of Figure 5,3.5. The sketch shows the notation and
terminology used in this procedure. A similar methodology is used by

Penwarden and Wise (31) .and is also presented in reference 17.

¥ :
Figures 5.3.5, 5.3.6 and.5.3.7 show the relative distances from the
building faces of the.strlong wind.area in the corner stream in the
crosswise and streamwise directions as denoteli by the contour of 1.3 for
\710P/\710A. The values at the 2 m height o‘f measurement for square and

chamfered buildings No. 3 and 6 arg ‘also- shom in the Figures.

1
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It has been observed that at the 10 m height of measurement the
starting point, A of the strong wind area remains close to theﬁ corner
strean face in the crosswise direction and moves downstream /;or higner
values of chamfer length. The coordinates of A, for the strong wind

area for models No. 1,3 and 6 do not deviate much at the 2 m height of

measurement compared to the values at 10 m height.

For larger chamfers the area becomes more elongated in shape. The
centre of the area B, moves in the streamwise direction and remains
approximately constant in the cross-wise direction. At the lower heignht
of .measurement the variation in areas is not much. The end dimension c,
of a strong wind area has been reduced considerably in the crosswise
direction at 2m height up to model No. 3. No further reductions have

been noticed for higher values at chamfer widths.

~:~~ -

v

The width dimension, d, of a strong wind area reduces up to model
No. 3, and then increases for model No. 6. A considerable reduction in
the width of the strong wiqnd area is observed at.the 2 m height‘*‘of
measurement up to building model No. 3. The extent points Ex and Ey as
in Fi re 5.3.7 show significant reduction in the extent of strong wind
afe.aj: to model No. 3, specially in the cross-wise direction at the ém

height of measurement. The higher values of chamfer length do not show

much deviation at the 2 m height of measurement.

L

The chamfering of a corner at 45° to its original faces of a 180 m -
tall square building reduces the strong wind area in the corner stream .
by approximately 75% at the 2 m height‘.f Figure 5.3.8 shows the locdtion

¢ -

i e
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of .the strong wind area in the corner stream of a 180 m tall square and
chamfered building at 2’ m above ground level. In thé crosswise direct-
jon the reduction is approximately 70% (i.e. 1.6 times tne width (W)
dimension) and approximately 20% in the streamwise direction (i.e. 0.4
times the width (W)) ‘for a chanfered width (t), approximately.equal to

1/10 of the original width (W) of a square building.

Lar’z.ger chamfer's do not have great influence in the rﬂeduction of a
strong wind area at the pedestrian level. Chamfered corners of a‘buﬂd-
wg reduce thj turbulence close to the corner stream face of the build-
ing but do not have much effect on the leeward side of the building.
Experiments on wind environment have shown that the reduction in strong
wind area becomes more at lower level of measurement. However, (the 10m

Y
height is mostly used instead of 2 m for most of the tests because of

-~

the measurement difficulties mentioned earlier in the section.

(

5.4 COMPARISON OF COMFORT CRITERIA

Comfort criteria relate with both the wind velocity and the turbul-
ence field around a building, as has been discussed in Chapter 3. This

section presents "the analysis of the experimental data and the results

!

for the comfort parameters found in the corner stream of square and

/

chamfered buildings.

«

The non-dimensional comfort parameter ({) suggested by Gandemer
(10) has been used in the present work. This "parameter includes the
effect of turbulence and is defined ‘as:

‘ : 1.
i
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. : -_35‘._ -~
..‘ P l Jv LY . o ~ - ./.?.1 ,
G gy = P Q‘Vrms.nf’ = Q (1+ TpR) N gfinmmes e (5.4.1] ~
. A KSR T+ ThA , ,
« ] \

confort parameter at height, h, above ground (2 or 10m),

=<

-
=z
4‘
(1]
<
= 4
"

Q = VyP/VpA, velocity amplification ratio, p
' T \-IhP > m;a)y wind speed in the presence of thg building at. ﬂ
T , , xSk . o :
¢ ‘ height h, . .
Vrms P = rms value of wind spe\ed in the presenge of thg bu'ﬁding
at height h, ) . -
. 4 - T . . SR
VpA = mean wind speed in the absence of the building at h AN \
* - he]ght, N “‘ . ) }
' ' Vrms pA = rms value of wind speed in the absence of the building ,
N . at height h,, - r, . ' '
¢ - ' TpP . = Turbulence intensity in the’ present of the building at T
i .4 ‘v . -
| g . height h and y {
. - . ﬁi, .
‘ ThP "= Turbulsnce intensity in the absence of the puilding at ', /I
\ d height-h. -g ' . .
i i N N g ¥
v, A Figure 5.4.1 shows contours of WYy factors for the square and
; chamfered buildings No. 3, 4 and 6, all 180 m hjgh. For the square
. building the strong wind area in cornér stream defined by ¥jy does not
deviate much from GloP/QmA. The contours of high values from ¥1g and
- - . o N N °r
, VigP/VipA are compared in the corner stream region of the building. °

RN . \ €
- Similarky, higher vaTues of strong wind area as defined in the figure do

'

not deviate for chamfered bdildings aiso. o . k)
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~ 1.3 for both 10 and \710P>/\710A. Details abou? the location of the

The differences between {10 and Gle/\hoA _for both squa{e\ and
5 M " N . ~ )
chanfer®ed 'buildings are small because ‘the turbulence in the Flow T10P,
i * N . B 1
in the corner stream of a building is approximately equal to turbulence

f

' T10A in ‘absence of the b%ﬂding*.' A detailed the comparison between wlo

and '\-Il \710A for the strong wind area in the corner stream is preéented

T

in Table 5.4.1.  the strong wind area is represented by the” contour of

’
N

strong wind area from building faces are given in the top sketch of

Table. The comparison shows generally little deviation between strong

1

wind regions defined by 1t)g and \-ImP/GmA. Consequently, the intensity

and extent of the strong wind regton in the corner, stream of squére and

chamfered buildings does “not. depend much on the. turbulence in the flow.

~ -

at 10 m height. . ; .

.

The comparison of comfort criteria at the lower level of .measure-
ment (2m) is presented for the square and. chamfered buildings No. 3 and
6 in Figure.5.4.2. The bardmeters‘ in the \figuré remajn the same as in

Figure 5.4.1. The ;strong wind “area in the corner stream based op WYy is

. again similar toLtF\at ‘defined by \72P/\7‘2A for both square -and 81 fered

buﬂ{h‘ngs.

3

N~ ,
ﬁperposition of strong wind areas denoted by the 1.3 contour ‘for.

both ¥ and mean wind speed is. shown_ in Figure 5.4.3 for the 2 m and 10 m

Y .
heights. Also shown in the Figure is the deviation of y and mean wind

spéeH for contoufs of 1.0 (no influence of the buildings on the wind
4

environment) at both méasuremgnt heights. A detailed comparison of the
\’ ’ i

v

Vi g
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) ) x/w y/w

Model - ,
No. | t/w VigP VigP
| VioA| Y1g VioA| Y10

1 [0.0}0.4 0.4}0.1 [0.05

= /W
Model —
- No. | t/w Z]QP
) VioA | V1o
1 {o0.0{ 0.7 | 0.52
3 {0.1].0.3 |0.17
4 |2 0.35]0.2
6 (0.4 0.5./0.4
d
X /W y/w
Model

No. | t/w|VygP -¥10P

w

0.110.05/0.05{ 0.1 }0.1

3 {0.1{0.45/0.31.45[1.35

0.4 | 0.15/0.25/ 0.35|0.5

4 [0.2}0.35/0.35 1.35{1.5

Mo

6 ']0.4]0.6]|0.5|1.751.7

Model

[ No. t/w V]Qp VIQP '
: VioA| v10{V10A| V10

1 ]0.0/0.7 |0.6 {0.62(0.62

" x/w y/w

No. | t/w [V]gP VigP|
Vi0A| w10 V10A| ¥10

1 |o.0/(1.1 fo.8501.3 1.2

3 10.110.4 {0.3 {0.75]0.65

3 |0.10.5./0.4 11.45[1.4

0.2 10.4 [0.3 |0.75/0.85

4 |0.2{0.55/0.45/ 1.4 |1.5

T
o | -

.10.4 {0.42]0.38[1.0 {1.15

6 |0.4 0.8 ]0.65/1.8 |1.75

Ex, E&

3}

TABLE 5.4.1 - COMPARISON BETWEEN STRONG WIND AREAS IN THE
CORNER STREAM (F TALL BUJLDINGS AS DEFINED BY Vjg AND V1qP/V1gA
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TABLE 5.4.2 - COMPARISON BETWEEN STRONG WIND AREAS IN THE CORNER

. "‘;“ hd » —~
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| T ,‘jw'. ‘| ) /
| SN N
‘ ,) “':-,\ :,' ) $ Iﬂ t1] },? r/\v" °
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w S fw » ‘ d
e I e >
w CONNER
P 2 £ et moex
* Dokl o
- * ol } s:?bmr
“'\c/‘\ £5p ‘;o’;n”rm
= HIBM VELOCITY MESION
IN COMMER STREAM (31)
Tp Va4 313
“PLAN VIEW OF A BULDING
NOTATION AND TERMINOLOGY
e
& : x/W ylw
Model )
No. |t/w VP !LP
VzA . | VA | Yo
1 }0.0 |0.23{0.23]|-0.25{0.02
% 3 }0.1|0.04{0.02] 0.5 |0.5
“‘“‘(
\ = 1 n-1
- 6104101101 0.2 {0:43
( R
F , A
o 4
)  x/w < y/w
Model M -
No. (t/w VP VP
¢ J VZA 11)2 VZA' w‘z
' 1 (0.0 [0.82{0.7 {1.0 {1.02].
. * |*'3.(0.1]0.38/0.3 | 0.58/0.7
a 6 (0.4 (0.4 0.4 | 1.12]1.25]
’ B

STREAM OF TALL BUILDINGS AS DEFINED BY ¥, AND VoP/VoA.

w

d/W
~ MOdEl - -
No. | t/w]| VpP
1 |0.0] 1.45] 1.2
3 |0.1{ 0.524 0.5
6 |0.4] 0.5210.5
d o
x/w y/w
Model] o -
No. | t/w V2P -1 V2P 1
Ton | vy [Toa | V2
1 10.0{2.17]1.4|1.95|2.1
3 |0.1/0.5 0.5{1.53]1.4
6 |0.4]0.45|0.351.95|2.17
C
x/w y/w-
Model : .
No. |t/w VP V2P
s VzA ‘bz leA ‘Pz
'1 |0.0[2.2 [1.651.95]2.15
3 |o0.1(0.7 |0.62/1.6 {1.28
6 |0.4[0.75{0.65/1.9 [2.12
Ex, Ey
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;relg-tivg distances for the extent of strong wind area from &lding face

t

is presented for the square and chamfered buildings in Table 5.4.2 in

.. 'the same format with Table 5.4,1 presented previously. Numerical values

for both the crosswise and streaniwi,se directions in the Table show a

small difference between Yy and VgPNZA in the corner stream of a build-

fing. Consequently, the turbulence intensity-does not influence the

extent of the strong wind region around square and chamfered buildings
at 2 m height. This may justify the use of the velocity amplification

factors only for the definition of comfort criteria.
/ ) e

5.5 EFFECT OF BUILDING HEIGHT S

In this section test resuits are presented for various heights of

square and chamnfered buildings. ,

<«

Figure 5.5.1 shows contours of \.IwP/\-lloA and T1oP/T1pA in top and

bottom sketches respectively for a square building of 30 m x 30 m and

heights of 180, 120, 90 and 60 m. In general, a consistent increase }g"

the magnitude and the area of high velocities can be-observed in the
corner stream of the building as the building height increases.  The
values for V]gP/VigA reach maxima of 1.5, 1.3, 1.3 and 1.1 for 180, 120,

90 and 60 m heights respectively.

The local wind dynamic velocy pressure increases with height.

Low wake pressure is dependent on the free stream velocity at the top of
the, building, as already discussed in Chapter 2. “Taller buildings will
&ﬂ X . .
hav 1qwer} wake pressure and they will directly correspond to the

wind velocities around the®sides and corners (26). Tnhe values of

o
c e e s vn e s e,

RN I R L Y R L S T
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VloP/QloA on the leeward \aqd windward sides reach around 0.4 and 0.6

respectively when varying.the building height. Similar results for

velocity amplification in the corner stream of the square building have

been found by Kamei and M_arutijy/r and have been shown in Figure 5.1.2.

The turbulence is not significantly affected by increasing building‘

height. For the lowest building height, TigP/TjpA reaches a maximun of
3.0 on the leeward side and a m'axim‘um of 1.5 on the windward side. In
the corner stream, the turbulence intensity reduces from 0.9 to 0.6 as

the building height increases.

Typical results showing the effect of chamfered building heignht on

velocity ampl-ification are shown in Figure 5.5.2. Data are presented in

the same format as in Figure 5.5.1 for chamfered buildings No. 3, 5 and

7. Contours of \-/10P/010A are presented for buildings 180 m and 60 m

high. For the lowest building, (60 m), the value of \7103/\710A reaches a
maximum of 1.3 for model No. 3, 1.2 for No. 5 and 1.1 for No. 7. The
values of VlQP/QmA on the windward and leeward sides remain approxi-

mately the same as for 180 m high buildings.

Figure 5.5.3 shows the effect of 60 m high square and chamfered
buildings on velocity amplification. The values of {ImP/Vl_OA vary up to
0.5 W from the .building face in the crosswise direction. The peak
values are very close to the corner stream face of the building.
Furthermore, the effect of greater chamfering on wind environmept is not

noticable after a distance of about 0.5 W from the building face.
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buﬂdings No. 3, S and 7. Data'presented are in the same format with’

those of F1gure 5 5.1. The value of TmP/TloA reaches a maximum of 3.5

for 60 m and 4.0 for 180 m heights on the ‘leeward side. A-small

‘increase in values of TjgP/T1pA was observed on the wjndward sides of

the 60 m high buildings. P

In the’ crosswise direcf:ion as shown in Fiéure 5.5:5, the values of
T10P/T1oA around a 60 m high square building reach a maximum of 3.5 and
dq nc;t differ greatly from the maximum values of around 4.0 for the 180m
high bubdmg. Turbulence intensity is very low in the corner stream
region for both square and chamfgred buildings. " Higher values are often

observed close to the corner stream face for square bui]dmg. Greater

' chamfer lengths do not reduce 'l.’urbulence significantly around a 60 m

high building. The effect of varying height on turbulence cond1tions is

very small on the windward and - eeward sides of both square and

cLamfered buildings.

5.6 EFFECT OF WIND ATTACK ANGLE, 8.

This sectwn presents experimental results for diffgrent wind
attack angles for 180 and 60 m high square and chamfered bu™Ndings.

FThese heights were selected since they were fround to cause quite

I

_ Figure 5.6.1 shows contours of QloP/VmA for square and chamfered

mbuild'ings {No. 3 and 6) for 0° and 45° ézimuths.) 'T‘he maximum values of

Figure 5.5.4 shows contours of turbulence intensity for chamfered .

[ e 0 aes L ey



Y

-99-

L

-~

$1 02

-

r

SNOILIGNOD 3FINIInG¥nl NO o
m.Qz\Q.&bma QWQM&:&IQ 40 LH9IFH O9NIAYVA JO LIO34d43 -GG MQDQ\&,

Yl
1Y) A .

Q—

£

¢l o2 OF




- 100-

{ . ,
. (! x-sixv) moza.:bm MO ..5 ) :
JoV4d 3JHL OL 3ISO0T19 S 20\.:Q200 JONT .Smtbk G6CG mmbwsl ,

m/x 0 .

- .

B S VI
. . _ (e))

[ 1. 4

;\xomom o1 00 .sz.w ’

o’ o e

4

1
+
D L T TP RCE FHps—

e PR

P



(WO0BI=H) §9

7

NG 0GIYIINYHD ANV IFuvYNos 3IHL ANNoyy

ZQE«GP&QQ\:\ \C.\QQ.NWL NO’0 ‘ITINY XOVLILY ONIM O 193443
. \// 90

rl

07

1'9'6s 3YN9ld

< e Ry b~



.

- - 102 - ‘ /"

i ! \ ’ ! ’
.the velocity amplification factors are- almost  independent <of wind
direction, -as can be easily noticed:.from the diagrams. This has also

been found by Kamei and-Maruta (17) and Lawson and Penwarden (22) for a

" number of wind directions for square buildings only.

Figure 5.6.2 shows contours of turbulence intensity TwP/TloA\fdr
the same building models. The magnitude of the maximum value of turbul-
ence intensity depends little on the wind azimuth bnut‘the lpcation 'of

: 1

occurrer'l\ce‘ of t#is value is drastically ‘affected by the wind direction.

This was expected by considering the flow pattern around.a pbuilding

The flow separation occuringA at the "sharp edges on windward side of the.

square builciing has been _fodnd changed for 45° .azimuth. The flow

pattern becomes more turbulent in character, around corners. v

Table 5.6.1 shows the valuss of VlgP(\.{loA and leP/Tl'oA for é:ham-
fered Buixding No. 3, and 6 for varying wind azimuths including 30, and
60°. Measurements taken are prasented Hin'the sketch fﬁ six locations
close to the corner stream face of the 180 n;-hiéh chanfered building.

- - x
The maximum value of VipP/VipA is not affected significantly by wind

- direction. The differences between these values are small for 0°, 30°.

~

45° and 60° azimuths but.the~,iocations where these values occur change
considerably. The values of floP/TldA‘ “also shown in the Table show a

very low turbulence intensity in the areas of high velocity amplifica-

tion,

The effect of building height for 8 = 45" on the wind flow field

around the ‘square building is shown -in Figure 5.6.3. Re\su°1ts are
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o . | . " - 6 . Oo °
| ‘ \L V ] | \ 30 5 .
. \ . Jtl . : ' <v< /// 60
o ‘ w o o
2 i ,
BUILDING IN - r————!—-——b-—-l -BUILDING MODEL - :
PLAN VIEW NO. 3 AND 6 —
: oo b 3w -
’ W - 4 v,‘
. v
w
2 .
S TMEASUREMENT |, .
LOCATIONS
, . '
‘ . . . i ‘
’ . MEASUREMENTS AT POINTS
Building |Wind Attack 1 2 3 K 5 ‘6
Model No.[Angle, © - -

NP, NP | TP NP | B NP | UP Do | TP L | Db Lo
VioA TigA | VioA TioA | VipA  TioA | VioA | }oA VA TiA | ViR Tioh
fix-

3 0 1.3 0.62{1.23 0.8 | .29 0.84 | 1.22 q.78 | l.2l 0.94 ’.1.21,' U.88
’ : 0" 1,27 0.5 | 1.2 0.57 | 1.3 0.53 | 1.26 .54 | 138 0.86 | 1.37 0.6 .
a5 1.3%  0.46 |.1.23 0.53| 1.3 1.04 | 1.35 h.56 | 0.92 z:7§ 1.42  0.65
60 |14 0.57)1.28 0.55] 1.7 1.92 | L3 Ju.54 | 1.2 1.94 [ .42 0.7
[ . .
. A\ ] .
6 0° © {133 0.6 | 1.25 0.64| 1.35 0.9 0.65 | 128 1.0 {13 0.7
30° 1.2 0.6 | 1.12 0.66 | 1.33 0.64 0.61 [1.35 0.83 |1.31 0.6
a5* .34 0.5 | l.2' 0.59 |-1.26 1.13 0.61 | 1.2 1.45 [1.38 0.7
. s'g' 1.4 0.6 | .21 0.57 ‘1.971 2.1 0.65 [1.1¢ 1.88 |17 0.78

TABLE'5.6.1 - EFFECT OF VARYING WIND ATTACK ANGLE, ©, ON VELOCITY AND
: TURBULENCE AHPLI‘FICATION FACTORS ff TALL CHAMFERED BUILDINGS.

)'. /



FIGURE 5.6.3 EFFECT OF BUILDING HEIGHT ON VELOCITY
AND TURBULENCE AMPLIFICATION. FA'C_"I;ORS‘
' AROUND SQUARE BUILDING FOR §=45
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presented for \-Il’gP/gloA and T1gP/T1pA for the lowest and highest build-
ings at a 45° azimuth.
y

For the lowest building (60 m high) the:-maximum value of \710P/\710A

reaches up to 1.2 for a 45° azimuth which is very close to the value for

3

\,1 a 0° azimuth. However, the locations of these values change for varying

,‘azi.muth For the highest building (180 m high) the maximum value of
V\%OP/VIOA for a 45° az1muth' is also close to the maximum value measuyed
fdg‘r a 0° azimuth. The size of the strong wmd area’ 1ncreased on the
leeward side of the building for a 45° azimuth. The values of low

ve1o\;\ities on windward and leeward sides did not change significantly

for v&rying building height. The maximum value of TjgP/TjpA ‘reaches

approxiipate]y 3.5 on the 1e,eward‘ sides of both the lowest and highest

building§. The magnitude and size of the strong wind area in the corner
- 4

' stream of \a building remains independent of wind attack angle, .

+

i .'u Y -

The effect of wind direction for different building heights at the
lower -level \)f measurement (2 m) is presented in Figure“5.6.4. The
figure shows &,esu]ts for square buildings 180 and 60 m high. Contours

of \-IZP/QZA and {pP/TpA are shown in left and right hand sketches res-

pectively for 8= 45°. The maximum value of ;lgP/va reaches L;p to 1.8
and 1.4 for 180 akd 60 m high b-uﬂdings» respectively. This difference
is expected at the\ lower level of measurement as already discussed in

. section 5.3, for a \O azimuth. Higher values of velocity amphﬁcatlon

at the 2 m level may ee noticed by comparing values of V2P/V2A as pre-

sented in Figure 5.3.1\for 0° azimuth. The comparison of VgP/VzA values

‘:1!.



FIGURE ‘5.6.4 EFFECT OF BUILDING HEIGHT ON VELOCITY
AND TURBULENCE AMPLIFICATION FACTORS

AROUND SQUARE BUILDINGS AT LOWER . .
HEIGHT OF MEASUREMENT ( §=45)
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for @ = 45° is not_necessary for chamfered byildings as ‘small differ-

ences have been resulted from the tests at 10 m level as dndicated in

Table 5.6.1. Corpparison of VgP/VzA as values at 45; azimuth’ for lower
and higﬁer buﬁdings shows considera'tﬂe differences in intensity and
extent of the strong wind region in the corner stream. At the lower
level of measurement for a 45° azimuth, a considerable increase in the
velocity amplification factor is found for both, highest and lowest
bui]dinﬁgs. The maximum value of¢turbulence intensit‘y increases up to
2.0 at the lower height of measurement on tht; windwardr face of a low
buildingy “In general, a small reduction in turbulence intensity on the

leeward side of a square building is observed at the lower level of

measurement for the 45° azimuth.

5.7 COMMENT ON CHAMFERED ROOF BUILDING

[l
»

Additional experiments were carried out to investigate the wind

conditions around square tall buildings with chamfered roofs. The model

used for these tests represents a 180 m high square 30 m x 30 m build-

~ing. The ratio of chamfer face width over the width of the building is

0.1. The chapfered face makes an angle of 45°.to the roof and vertical
(windward) face of 'the building.” Chamfer dimensions correspond to

b\uﬂding model No. 3 as they are described in Figure 4.7.

The results are compared in Figure 5.7.1 with a non-chamfered

building of the same height. Contours qf \710P/\-110A are shown in the

-



ROOF - CHAMFER

4

" FIGURE 57.1 COMPARISON OF VE LO,CIVTY AND TURBULENCE
INTENSITY CONDITIONS AROUND SQUARE.
AND ROOF - CHAMFERED BUILDINGS
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f

gg; diagrams Lhile contours for T1oP/T1oh are ‘presented in bottom
- \ .

diagrams. .

,

-The maximum value of VloquloA reaches up to 1.4 for the chamfered

" building, a value not much different from that for the square building.
A significant reduction in the maximum values of qloP/VIQA was observed

- but no specific change on windward and leeward sides was noticed for low

values of velocity and turbulence intensity factors. A considerable
reduction in the maximum value of TjoP/TjgA was also noticed on the lee-

ward side of the chamfered roof building.

Although limited tests were carried out for chamfered roof build-
ings, some conclusions may be drawn. A significant reduction in the
extent of the strong wind area is achieved. However, the Ve]ocity flow

fields in the corner stream region aré changed compared to non-chamfered

roof buildings and they become more élongated in the streamwise direc¢t- -

ion.

"The model test results presented in this chapter suggest chamfered
geometry as an important criterion to be considered- in the design of new

p[az# areas from the pedestrian's comfort point of view. The applic-

. ation of the information derived from wind tunnel tests for bredictiop

of wind conditions is presented in Chapter 6.
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CHAPTER 6
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’ . APPLICATION OF WIND ENVIRONMENT DATA FOR STATISTICAL L
PREDICTION OF WIND CONDITIONS AROUND BUILDINGS

1}

|

A procedure for evaluating predicted plaza level wind speeds wWith
frequencies. of occurrence to .check the criterion of acceptability for

.varidus pedestrian activities is described in this chapter. Wind speeds -

wi t hout their\frequencies of occurrence would not be useful for evaluat-
ing plaza level wind conditians. ~A]so, the frequency of occurrence of
w'inq within a given azimuth is important at ]ohcations where a change in
wind direction ozlzcurs, locally in the presdnce of other Eui‘ldings. Fc;r
example, different frequencies of occurrence méy be associated with the
same wind speed for different geographical locations. Different expos-
ures within “geographic'a'l locations change the level of turbulence assoc- w

jated with the wind speed.
)’ ',\.

In order to estimate the frequencies of wind speed in a built up

area, one-réquires real wind data as well as wind tunnel findings. The

frequency of occurrence (at a particular location) of wind sp‘(.’em\\;loA

larger than ‘-’IOP from any wind direction, becomes: : .
!
- 16)
] ke )18) . -
P(>ViP) = 1 A(e) e - LV10P/CO)] i [6.1] -
all sectors ,
- 4

il

in which A () = relative frequency of occurrence for each azimuth® by b

-

definition ‘Z._A( 8) =1, C(8), k(g) = Weibull coefficients which can be ? iy
all sectors , ‘ ‘
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evaluated from the relatiwe frequency records of wind speeds atil0 m

- . level provided for the standard sixteen compass directions. ' Y

A useful basis for the estimqﬁon of frequencies of VloA may be
provided by. weather station records of wind speeds and directions
published in local climatological data sheets. lt"i's desirable, in
practice, to consider frequehcy estimates based onisevera] years of dét'a
to represent the correct wind climate. Information on'frequencies. of
wind s;:eeds ‘at a weather station (f \710A) are available for various cit-
jes. ‘They may be presentéd either diagramatiécany or in the form
illustrated in Table 6.1 for the city of ‘Montreal. They may be also
reorg§m'zed in the format of Table 6.l2 including percentages. In
certain épp]ications it may be of interest fo estimate fr"equencies for
individual seasons, or for ;a grouping of seasons. Estimation of such
frequencies of »s\pecific application 13s described by Isyumov z;nd(
bavenport (16). The numerical examples of these application procedures

-t

for exieting aaza buildings are given in references 16 and 31.

-
4
!

Wind climate data emp'hasizing frequencies \of wind speéd versus
jdirection may be used column-by-column for caltulation of wind condit-
ions as a function of the wind direction. In some caées? however, . the
conditions emphasizing frequenc‘es based on wind directioﬁ may be
omitted (33). In the presént work i‘t was felt appropriaté _tﬂg calllculate

' total frequencies without regard to dirgctio}n. This can be justified
since the‘emphasm of this study was on the geometry of «the bui-lding

-

rather than on its interaction with the.,bu%lt-up environment. I?;‘Eas
. ) N
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also been found that the magnitude of wind speed in the corner stream at

_the plaza level 1is not affected by the wind: direction, although the

location of the strong flow fields'Hoes éhange.

. \ .
In the procedure i]]ustﬁated below, the aerodynamic information

used, rather than being a functlon of w1nd direction, is limited to the

: bu11d1ng cases and the w1nd direction stud1¢?//1n this work. Total

frequencies for the Montreal areavare glven in Table 6.2 in the ‘all

directions' column. Based on these data, thd cumu]at1ve frequency

distributfon (CDF function) has begn plotted in Figure 6.1 for 10 m and

‘2 m heights above ground level. The process of interpolation has been

aided By fitting a smooth curve through the points as shown in the

' figure. In order that Qio?.egpeeds 5 m/s (as discussed in Chapter 3,

the wind at the meteorolobical site, VIOA, is calculated as follows

(51):

[

\ - VoA > 5/(V1gP/Ty0A) /s e eeeaaas . (6.2] -

'VIOA > 5/(1.8) m/s (A value to be derived from'wipd tunnel
o ~tests in form of a ratio io express
reTative increase or decrease of wind
speed) ' ' .
Vigh » 2.7 m/s - | '

[

—
Fl

The frequency of such winds can be taken from Figure 6.1. Frequencies

of winds associated with various values of velocity amplification ratio
: ¢

at 10 m and 2 m heights of measurementsmare presented in Table 6.3.

N

,. | N
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VELOCITY IN ORDER THAT V4P 5> m/s,’ FREQUENCIES OF THE
AMPLIF ICATION | & - WIND SPEED . - ., | .
SRUIN VA > 5/ (VP VpA) m/s.(31) - N .
RATIO: VhP/VpA R . VhA > 5/(VpP/VpA)
(Discomfort begins at a mean .[ m/s, from Figure 6.1
h=2or 10m | wind speed of 5 m/s(31)). — -
: Vipn = (%) | VoA = (%)
1.8 2.7 67 56
1.7 2.9 65 )
1.6 ' 3.1 63 *50 -
1.5 . 3.3 60- a5
1.4 3.6 55 40
© 1.3 3.8 53 - | 38 | |
1.2 820 v, 50 30 |
1.1 4.5 - 45’ * T
1.0 ° 5.0 - 37 )
) !
0.9 5.5, 30 15° |
o '
0.8 6.2 23 10 "{
- |
%
. !
TABLE 6.3 - WIND TUNNEL RESULTS COMBINED WITH MONTREAL WIND CLIMATE.
. ' . . ;
- | )
] :
s -
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Any discomfort level can be accommodated with this proi:edure. For

~example, superposition of wind frequencies associated with equal veloc-

ity amplification ratio (\710P/\710A),are presented in figure 6.2. The
contours shown in top left sketch of the figure are for a 180 m tall
square '(3.‘0,m x 30 m) building indicating the percentage of time during
which the wind spemloPoexcéeds 5 m/s. (Montreal location). A .
s?mﬂar bresentation for the 2 m hetight of measurement i% shown in

Figure 6.3.

One may evaluate the areas around the“'buildings at plaza level as
descri’bgd in Figures 6.2 and 6.3 from the point of view of the pedest-

rian's comfort. The suggested plaza areas in the corner stream of a

tall square building, as shown in ‘the top;rjght sketches for different

pgdestrianbactivities, are based on the comfort criteria proppsed by
Davenport (7). Details about comfort crjteria.fc')r pedestrian activities

as walking fa'st,‘stroﬂ]'ng., standing and sitting'for short exposure and
f N

0lor?g exposure applicable to different areas at plaza level have been

presented in Table 3.2.

. 1
RN

Y

The effect of chamfered buil‘ings, on strong wind areas is shown in

the bottom s_ketches of Figures 6.2 and 6.3. These sketches show the

reductions of the areas rated as dangerdus and/or unpleasant for pedest-‘

M .

level

Iz

rian activities. The reductions of these areas at the pedestrian
are demonstréted for a chamfered buﬂ%ing with a chamfered face approx-

imately equal to 10% of the width of the origimal face of. the building.

k]

~
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FIGURE 6.2 EFFECT OF CHAMFER ON PLAZA LEVEL
WIND ENVIRONMENT AROUND A 180 M
TALL BUILDING IN MONTREAL
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FIGURE 6.3 EFFECT OF CHAMFER ON THE PEDESTRIAN
' LEVEL WIND ENVIRONMENT AROUND A
180 M TALL BUILDING IN MONTREAL
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The‘/pgocfed*ufe shows the applica}:ion of wind tunnel results for the

"

/sfagi stical prediction of wind conditions at the pedestrian level around

»
e

("

a tall building. _The utilization of plaza areas for various pedestrian

activities may be estimated for proposed locations as presented nere.

_The procedure gives a detailed picture of thede areas and their

locations relative to the bu‘%lding Qeomet;‘y. Model test results have
“already proved the cnamfere.d corners‘ as “one of the parameters in
design1n§ plaz'a areas f’or acceptable- wind environment. With this
procedure chamfered building geometry usefu]lin reducH'ng strong wind
areas may be e,asﬂy 1nc~orporat‘gd in new designs.

'Y
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CHAPTER 7 ( -

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

{ _—
Based on the experimental results of this study the following

ctonclusions can be made.
<

1. For a tall square building the mean w;nd speed in a corner stream
increases up to A0 perc.ent of free wind speed while turbulence 6rr
the Teeward si;ie increases up. to 4 times its !value without the
Puﬂding. : The intensity and t'he size of the strong wind area
iﬁcreéses_considerab]y for both low and high square building at the

low level of measurements (2m). '

2. Chamfering of a corner at 45° to its origin:ﬂ faces of a tall square .
building reducesVthe étrong wind area in the corner stream by
approximately 75 percent of the area accounted for a square building
at the pedestrian level. A ratio of‘(t.:hamfered width/origing] face
;n'dth) higher than about 0.15 does not show significant reduction in

r

the intensity and the extent’of the strong wind area in the corner

, stream.

.

3. Chamfered buildings a]wéyé have hi.gher values of velocity and
turbu1er;t;e amplification factors close to the carner stream face
than square buildings. Higher values of chamfered’ Tength reduce the,‘
turbulence close to the corner stream face but do not have n'\uch

effect on the leeward side of the building.

4. Areas of velocity amptification are also areas of turbulence reduct-
ion. ' s
4 L

_/
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a

As the building height increases, high velocities and the size of

the corner stream of both square and chamfered buildings increase

consistently whereas the turbulence is not much affected.

B
i

The maximum values of velocity anpljfication factor and the size of

" the strong wind area in the corner stream of a building are almost

independent of wind direction. The maximum value of turbulence
intensity depends little on the wind direction but the location of
1 ‘y

occurrence of this value is drastically affected by the wind direct-

ion. .

RECOMMENDATIONS FOR FUTURE STUDY

4

In the present study building models and some parameters used in the

‘

tests may require further investigations, Based on the findings of this

work the following may be suggested:

1.

a

A study to investigé;e the effect of the sige of the building on the
strong wind area at pedestrian level would e interesting. The
results of" this study may be wused for establishing chamfered
geometry as a design parameter for the comfort of pedestrians ét

the base of tall buildings.
/\

More tests on chamfered building models would be necessary for an

urban exposure. The higher values of turbulence may show signif-

e

icant effects on the size of the strong wind area at the pedestrian

‘level. ’ ‘

[S—— B O
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3. \Resylts of the chamfered-roof model tests 'suggest additional ’

experimentation on the wind environment for a variety of parameters

i'ncluéing low building heig}ut, lower height of measurement and more

values of chamfered-roof width. a

! 3
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APPENDIX I - NOTATION "

.
. .
' - | ~
. ‘

The following symbols are usgd in this thesis:

" ’ »

A‘(k» = relative frequency of occurrence of wind being within the
sgctor; ‘ ) '

C(8) = Meibull coefficient; o '

Cg = surface drag coefficient;. |

F o = frequgncy of w%nd speed,

He - <building height; ' . !

K’ = a:constant reflecting the degree to which the effect of wind

speed fluctuations are significant; * N

K (8) = Weibull coefficient;

k‘ = Yon Karman's constant;

Q ‘= veloc1ty amplification ratio at h he1ght, !

r : = ratio of the ve1oc1ty at a part1cular point to the mean wind
\ veloc1ty at the top of the bu11d1ng,

Tzk\ = turbulence intensity in the absence of the Building at 2 m

!

N )
\\ height; v .

' h !
T1pA \xturbulence intensity in the absence of the building at 10 m

s height;
Th# = turbulence intensity in the absence of. the building at
h height; . '~ /
‘IéP S iurbulence intensity in_the presence o% the building at 2m'
height; ‘ . ) ‘

TigP = turbulence intensity ‘in the presence of the building at 10 m

height; ) -
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' »

.= turbulencé intensity in the presence of #the building at

h height;

width of the chanfered face;

= length of the chamfered face;

11}

effective wind speed;,

wind speed at.'gradient height;

L]

= root mean square value of wind speed; - .. ) .

Virms 19P

Vrms nP

-

= root mean squere value of wind speed at 10 m height in’
» A » \

absence of the building;

root mean square value of wind spéed—' at h height in

absence of the building;

= root mean square value of wind speed at 10 m height in

presence of the building;

L

root mean square value of wind speed- at h height in °

presence of the buﬂdi.ng; ‘ B

-~

= mean wind speed;

= mean wind speed in aﬁsence of the building at 2 m height;
B mean wind speed in absence of the building at 10 m ne’ight;'
= mean wind speed in at;'sence of the building at h height;

= mean wind speed at roof height; C

= mean wind speed 'in presence of the building at 2 m height;
‘= mean wind speed '1n pre;;ence of the building at 10 m height;
2, mean wind speed in presence of the building at h height;

= width of the bui]diné;l 'S I
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| | * ! PEES ' ' ) !
X = 1n;depéndent yaria~b1e s.howing distances in a crosé-sze '
) direction; g | )
1 y = independent variable showing distances in a streamwise | ' ;
! , fdirection; .
oz, = height from gr#und surface; - \
- v Lo = rougr;ness 1éngtn; .
, Zg- _ = gradient height; >
ta + = velocity profile (power law exponent); - ,
0 - angle of. the airstrqani to the face of a building (degrees);
\ i Vh n = comfort parameter at ,néight', h, 2mor 10m above ground (a
| - } dimensionless velocity ratio); and . a
| o = adir density. | N L Co o
| | » J
. i
v , . . -y / '
— ’ N ;
’ \ - | .'
’ / ’
L ' : ' ‘ :
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