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Abstract— Failures of smaller structures located in betweehigh-rise buildings due to wind have been observedturther research on
urban wind is needed o prevent further incidents. Tis research aims to investigate the wind flow in atreet canyon of a cluster of 4
simplified symmetrical high-rise buildings with the angle of attack of 0, 3C°, and 45. The study uses Particle Image Velocimeter
(PIV) and Low Speed Wind Tunnel for the experimentThe results show that the flow at all angles can bdefined as interaction flow,
identified by two corner streams at the front passge entrance corner that interacts and merge into aingle wide passage jet. The
angle of attack changes the pattern of the flow ithe cross-area. Before entering the passage, windbbking reduces the wind speed
up to 40%. After entering the front building passag, its amplification rises to 6.9% above its origial value at the angle of 0°, at the
angle 30°, and 45° after entering it did not increse to its original value; the highest amplificatiorrate occurred at @. At the angle of
30° and 45°, an extremely low wind speed region aas in the cross area, which did not happen at 01t can be concluded that more
complex patterns of building clusters lead to morevortex and turbulence in the cross area, which lealto decreasing speed. A
“clashing point” from two flows (left and right passage) in its cross-section also leads to a higherhulence rate in the cross area.

Keywords— angle of attack; street canyon; PIV; wind flow patern; low speed wind tunnel.

Modification of building heights also contributes apward
I. INTRODUCTION and downward flow, which affects wind velocity. Eher

There has been some occasion of failure of Sma”erinve_st_igation is negded. .A St‘!dy by To and _Lam, [2]
structures such as billboard tower in the streatyca modified on the conﬁgura_tlo.n of isolated, perp@uﬂhr, a!‘d
between high rise building in Indonesia caused bg t along the row of two buildings, the studies showattin

change of wind. To prevent a further incident, masearch every_configuratipn, the highest wind speed (wistlie
on wind behavior in urban areas are needed. OneCtondition)occursin the upstream corners.

characteristic that needs investigation is speeglification hA s_tudyhby Blcl)ckefn .et al.f [ﬁ] modifieg. tf\le"mOQel by
factor and flow pattern in a street canyon withfedié#nt changing the angle of view of the perpendiculaidung to

angles. An amplification of windspeed up to 40%ides the wind's Qirection coming_into a convergent andgent
street canyons has been observed. That amplificéictor fqrm. In_ this study, th_e_ dlyerg|ng passage ge.”f‘mﬁ‘s

is typically attributed to the Venturi effect, méag that the hlgher wind speed ampllflcathn than the convergiagsage.
increase of wind speed is due to the flow sectidatzease. Itis als_o shown that depreasmg_ passage mdthq:n_tmal
Although certain conditions could affect wind beigav to the increase of maximum wmd_speed ampll_flcatltin
differently. In this case, sometimes wind speedoals Should be noted that wind speed within the passisgesly
decreases in certain areas affected by wind dine¢tiwards Ezonlt()unced Iat 4the bpedestnzn I(fafvel. ?notn%r_ stut()yy b
the buildings, passage width, buildings arrangemant og.f.er:j etha. [4]. 0 servgdsht ﬁ effect o C\:/\IIZaD tjlflf:] y q
building heights. These conditions have been ingat&d all modified the passage width Dby using L e study
these years. A study by Stathopoulos and Storms [1]showed_ that_ pedestnan_ street level wind could be
investigates the influence of building heights afifferent categorized into three different passage flow paste

wind directions in the passages. The study obsesvend resistance flow, interaction flow, and isolationovil
directions (0° to 90°) while the others azimuth {6°-90°). However, it should be noted that this study onlgesbes a

This study showed that different directions coudadd to pedestrian_ Ieve_l height; Whether_this phenomencso al
more vortices and turbulent intensity change inghssage, _happe_ns n hlghzr dpassage stll a mystery. Further
leading to wind velocity decreasing at certain esgl 'nvestigationis needed.



A study by Santos et al. [5] observed dispersidmaiior
from buildings when experiencing wind fluid flow.hiB
research shows the building's wake area when reddmm
the windward direction; there are very low wind ege with
high turbulence intensity. A study by Li et al. [@jodified
the model by changing the angle of view of the ding to
the wind's direction coming into a convergent ancdjent
form. This study shows that a combination of costezams
mainly determines passage flow. It is also dematestrthat
the converging passage does not always amplifgpgkeed. It
also has a higher wind-blocking effect than diveggi
passages explained by lower wind speed and higtey d
coefficient.

A study by Allegrini and Lopez [7] shows that buriig
passageway and angle of attack contribute to diftewind
amplification flow patterns in the street canydrsHows that
converging shaped passage tend to have lower Imbaizo
velocity and higher upward velocity. Meanwhile, &liging
shaped flow tends to have higher horizontal vejoeind
lower upward velocity. However, further investigati is
needed. A study by Igbal and Chan [8] proposed theat
configuration with squared central space with pilevg
wind direction towards the windward open side faffers a
better pedestrian level wind environment because th
configuration contains airflow movements more effey.

A study by Tse et al. [9] observes the effectsvabted
wind flows on wind conditions in passages between
buildings. It shows that passage width has moreifsignt
influences on wind conditions in passages in thestéd
wind flows. It shows that twisted wind flows create
substantially smaller k values in wide passagehiwishort
buildings than in narrow passages of tall buildangays.

A study by Kuo et al. [10] observe the effects ofljum
height and approaching wind directions. The studgws
that higher podium height contributes to higher dvapeed
in the street canyon, while lower podium heighttdbates
to lower wind speed. This study also indicates that
approaching wind directions to different heightdafldings
with podium leads to different wind speed patteimghe
street canyon. Other studies about urban wind at th
pedestrian level around buildings are reviewed lyalland
Sharma [11]. These studies show overall subjeaslat: to
understand wind behavior around the buildings sash
height and width variation, modification of crosston,
modification along with the height, lift buildingedign,
usage of podium structure, different passages lestvieo
buildings, the effect of buildings group patterndaeffect of
twisted wind flow.

The experimental method used in this study wasidkart
Image Velocimetry (PIV). A study by Allegrini andopez
[7] shows that PIV has non-intrusive propertiedoes not
interfere with the wind flow. Besides, this methiaais high
directional sensitivity and spatial resolution. wver, this
method is not suitable for measuring the boundaygi area
and on more complex building clusters. It reliestmating
particle as an observation tool, while tracing pagticle is
difficult to see in the area around the boundaygilaear the
building model. Therefore, this method is appragri@ use
on a simple model as done in research but not atcwhen
used for more complex models.

In the past studies, many cases of the undersigagigle
of attack effects on the building have been dorawéver,
most of the past studies mainly focus on pedesteapl
winds (1.75 to 2 m above ground). In contrast, vitle
many observed failures of pedestrian bridges atidolaird
towers in vastly developing city landscape, thera heed to
understand the behavior of wind at the height eftipical
pedestrian bridges (5.1 to 6.5 m above ground). [&jile
also researching about the angle of attack effectvind
speed behavior. These studies' goals are to uaddrshore
about wind mechanism between buildings at pedestria
bridges height and begin with an experimental study

Il. MATERIAL AND METHOD

A. Experimental Setup

The experiments were conducted in a low-speed wind
tunnel (LSWT) with a maximum wind speed of 45 mis i
Puspitek Research Facility BBTA3, Tangerang, and th
wind tunnel length 8.9 m from intake section toidly
section with a contraction ratio of 9. This testtgm length
is 1.25 m, with a rectangular cross-section ofrd.% 0.5 m
at the inlet becomes a 0.51 m x 0.51 m at the keitta

Wind flow above the suburban terrain was simulatét
a turbulence intensity of 10% using spoilers angghmess
elements, and a Constant Temperature Anemometek)(CT
was used to observe the resulting flow. Wind spiepdt
from the intake section use a turbulence generébor
simulate Atmospheric Boundary Layer (ABL), which
approached by power Law equation as shown in the
following equation:

1)

Variable from the equation above defined as speesuh f
observed heightl;,), reference speedJfs) from reference
height (Z.7), observed heightz(, and power exponent used
in the equation ().

B. Experimental Model

In this study, a model of four symmetrical higheris
buildings with the same width, height, and distanes used.
The model was observed from three different angldsch
consist of 6, 3¢°, and 45. Building configurations used in
the experiment can be seen in Figure 1.
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Fig. 1 (a) 3-D view of schematic of simplified fotwigh-rise buildings
configurations, and as (b) seen from above
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Fig. 2 Workflow of PIV [13]

The basic principle of PIV measurement is by retmyd
photographs of microscopic particles (tracer phasic that
move along the fluid flow. Moving particles areuithinated

buildings L of 70 m which observed at angle 0°,3@Fd5°.
The height of the building is 100 meters, and théttwof
the building is 32m. A list of all the different y@aneters
investigated in this study can be seen in Table 1.

TABLE |
LIST OFPARAMETERSUSED IN THISSTUDY

camera (Charge-Coupled Device camera). The recorded
image data is divided into small sub-areas (intgtion
window). By using the cross-correlation method, aloc
vector displacement particles in each interrogatiomdow

can be calculated so that the velocity in the mesmseant
plane of each frame. As long as there are enoudltiea in

the stream being observed, the flow velocity in thser

No | Parameters Value sheet can be known. A list of PIV parameters usethis
1 | Distance Between Buildings L 70 m study can be seen in Table 3.
2 Height of Buildings H 100 m
3 Width of Buildings a 32m TABLE Il
4 Angle of Attack e' 303' and 48 PIV PARAMETERSUSED IN THISSTUDY
5 Freestream Wind Speed Urer 15 m/s No | Parameters Value
6 | Freestream Height Zer | 126m 1 High Speed Camera 100 Hz
7 Power Exponent 0.28 Frequency
TABLE Il 2 Field of Vllew . 400 mm.x 300 mm
SCALED PARAMETERSUSED IN THISSTUDY 3 Interrogation window 64 64 pixels
4 Laser light sheet thickness 2.2 mm
Scaled Parameters | Value - -
- 5 Tracer particle size 0.5-1.5pum
Distance Between L 166.68 mm
Buildings
[ll. RESULTS ANDDISCUSSION

Height of Buildings H 238 mm
Width of Buildings | a 76.2 mm A. Boundary Layer Profile
Freestream Height | Zi 300 mm Power Law equation is used to simulate scaled

In this study, the buildings are scaled at 1/428 thuthe
size of the wind tunnel. However, all the resultsnf the
experiments are taken at a normalized value foh e@nd
speed. A list of scaled parameters can be seeahieD.

C. Particle Image Velocimeter (PIV)

Measurements were taken with a Particle Image
Velocimeter (PIV), which is an optical method obul
visualization which used to obtain instantaneouboity
measurement in the flow of the fluid. The fluid it
entrained particles is illuminated so that partickee visible.
Workflow of PIV can be seen in Figure 2.

Atmospheric Boundary Layer (ABL) flow in the tegicsion
of wind tunnel. Reference speedJ.§) used in this
simulation is freestream wind speed of 15 m/s, rezfee
height Z.) of 300 mm, and power exponent) (of 0.28.
Simulated flow used in the experiment can be sedfigure
3.




300 same heightl,.r) defined as 11 m/s and turbulence intensity
of 10% can be calculated from the flow.
250 B. Flow Field and Sorting of Disrupted Data
Results from the PIV captures the flow of the flaideach
200 grid, where the wind speed and the direction ofvéneor for

the whole time of the fluid flow can be investighte-or
each point at the grid the flow of the wind candbserved.
Using this data, the effects of angle of attackamis the
flow of fluid is investigated. A view of top viewnd sample
of vector field of the experiment at one pointiime can be

height (mm)
2

a N seen in Figure 4.
“‘A(i:)ﬂ‘ Power Law Equation From top view we can see a shadow line falls fromn t
50 wut A4 Experiment building. One of PIV's drawback is a susceptibility light
‘“‘}“:‘A N obstruction which can affect the measurement resdlo
. s avoid disruption, all data on area covered by shadare
0 3 6 9 12 15 18 removed. A view of shadow line and sample of olusé&d
mean wind speed (m/s) wind speed at one point in time can be seen inreigu

®) From Figure 5 it can be seen that five shadow liiads

Fig. 3 (a) Turbulence generator used in the expertngb) Atmospheric ff9m the building and aﬁeCt the resu'f[s by Steaf_nfj of
Boundary Layer Profile wind speed. Therefore, disrupted data in the loaatiwhere

shadow falls must be removed to avoid miscalculatifter
From Figure 2, wind speed profile based on power la shadow line data is removed, then wind speed can be
equation in the test section can be calculated.e@bd observed.
height in this experiment is 100 mm, mean wind dpsgtethe
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(f)

Fig. 4 Comparison of different angle of attack aptared by the PIV device from top view as capturgdamera (a) angle of attack = 0°, (b) anglettafca =
30°, (c) angle of attack = 45°; vector field captiby PIV (d) angle of attack = 0°, (e) angle ¢ekt = 30°, (f) angle of attack = 45°
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Fig. 5 Effects of shadow line to data disruptiomagle of attack = 30° (a) top view, (b) normalizegberiment results

C. Analysis of Angle of Attack’s Effects

First let's observe the change of flow from eachlarof
attack. The flow of wind changes behavior into ¢hre
different regions, between front buildings, at tress area,
and between rear buildings (see Figure 1b forlastihtion).
In all three regions, there is a fluctuation in @ispeed,
which differs between each angle of attack. A view
experimental result along the test section can den sn
Figure 6. To simplify the term, ratio of mean wispgeed at a
certain location between building8J); to the mean wind
speed at the same location without the buildingsgoe

which caused by the reduced speed from wind blackin
effect before entering the passages. In the arfgl8, avind
speed amplificated from lowest value before entgriine
passages WU,y = 0.6) up to 6.9% above it
Meanwhile, in angle 30° and 45°, amplification didt
happen. In these angles, reduced wind speed iscreased
enough to reach itd,es . Which means, angle of 0° produce
highest amplification rate between the anglesait be seen
that increased speed always happens while entdmimg
pair of buildings, then it could be steady spee@xremely
reduced depends on its angle of attack.

From study by Allegrini and Lopez [7], it can be

present () is used to categorize a region. In this case, aconcluded that buildings cluster at angle 30° abd férms

region which U/U,«> 1) is determined as high wind speed
region, meanwhile a region whichl/U,< 1) is determined
as low wind speed region.

From study by Blocken, et al [4], it can be conelddhat
flow at all angles defined as interaction flow whic
identified by two corner streams at the front pgesa
entrance corner interact and merge together imiglesiwvide
passage jet, as the wind speed amplifies whileriegt¢he
front passage. Although in angle of 30° and 4%5ehaves
differently because of existence of rear buildingsd
existing flow from second passages which affectflin in
cross area. Further investigation is needed.

Each angle of attack has different flow patternpefk
and trough. It can be observed that angle of 38°4&1 have
a similar pattern with higher speed between fraritdings
and rear buildings, and extreme low wind speedregt the
cross area. Meanwhile angle of 0° only have stegmbed
along its lane. However, it should be noted thahhiind
speed region almost doesn’'t happen at all becalusénd
blocking before entering front buildings passageduce
almost 40% of the speed before entering the pagsie.
= 0.6). This case happens in every angles.

As for the amplifications rate, it only happensitel in
the angle of ®and does not occur in the angle of aad 45

two converging passage in a region between froiitibgs
which conduce more upward flow caused by the obstnu
by front buildings. It also can be seen that it hdslashing
point” from two flows (left and right passage) it$ icross
section which lead to higher turbulence rate indiuss area
(shown by dispersion of wind speed experimentatiata) if
compared with front passage. Meanwhile rear pasbkage
similar turbulent intensity compared to the crossaa

This phenomenon doesn’'t occur in a simple non
obstructed flow in angle of 0°. Although in angfe08, cross
area still has higher turbulence intensity thamtrpassage
caused by the changing of passage width. Change of
maximum turbulent intensity percentage of wind flow
between every region at every angle of attack easden in
Table 4.

TABLE IV
CHANGE OF MAXIMUM TURBULENT INTENSITY
Region Angle 0° Angle 30°|  Angle 45°
Front Passage 10.61 % 8.18 9 15.79 %
Cross Area 1415 % 26.2 % 32.01 %
Rear Passage 19.85 % 25.09 % 32.28%
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Fig. 6 Comparison of wind speed from experimer{aagingle of attack = 0°
(b) angle of attack = 30° (c) angle of attack = 45°

IV. CONCLUSION

The behavior of wind between a cluster of 4 higteri
buildings with different angle of attack is invegtted. The
results show that the flow at all angles can benddf as
interaction flow which identified by two corner sams at
the front passage entrance corner interact anderieggther
into single wide passage jet. However, angle o#&chtt
modifications on buildings does change the patt#rithe
flow in the cross-area. Before entering the passaged
blocking reduces the wind speed up to 40%, theer aft
entering the front building passage, its amplifmatises up
to 6.9% above its original value at the angle of 0°
meanwhile at the angle 30° and 45° it did not iasee
enough to reach its original value (amplificatioid dhot
happen). Which means, angle of 0° produce highest
amplification rate between the angles. It can beeoked that
at the angle of 30° and 45°, an extreme low windesp
region occurs in the cross area. Meanwhile angl@®afnly
have steady speed along its lane.

It can be concluded that more complex pattern of
buildings cluster lead to more vortex and turbuéefhich
caused by upward and downward flow) in the crogsa ar
which lead to decreasing speed in the cross are#sa can
be seen that it has a “clashing point” from twowio (left
and right passage) in its cross section which teadigher
turbulence rate in the cross area. Further invatstig about
this phenomenon is needed in future research. énntxt
step of the study, a numerical model of this expenit will
be investigated. Also, the results from this experit will
later be used to validate numerical ComputationialidF
Dynamics models.
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