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Abstract

A scale model wind tunnel test of the apartmentsa gfoposed
high-rise building in Melbourne, Victoria has besarried out to
obtain predictions for the internal pressure flations when
windows in the external building envelope are ofére effect of
varying the window type and opening area in bothtre¢ and
corner apartments were investigated and comparéuetoalues
predicted in AS/NZ1170.2:2011. Results indicatedt tlihe
standard predicts the positive internal pressurdl, weith
measured values being within 9% of the standardedas
predictions. However, large differences between rreasured
results and the standard were found for peak negatiernal
pressure coefficient ratios, with measured pressaties being
approximately 30-50% less than those predicted gusin
AS/NZS1170.2. The study suggests that negativernate
pressure may be overestimated in the standard.

Introduction

An opening in a building envelope, is considere@d ddominant
opening” if its area is greater than the sum ofléa&age areas of
the other faces (AS/NZS1170.2:2011). In such a,dhsédnternal
pressure may approach or even equal the exterressyme
experienced on that face. The effect of varying idamt opening
size on the internal pressure has been studiedebéfp Woods
and Blackmore (1995) and Guha et. al. (2012) whadaoted
experimental wind tunnel testing in order to detieerthe change
in internal to external pressure ratio as the apprsize was
varied. These studies consider the dominant opsrasgcircular
holes in the windward face. As such, the effectddferent
window types on the wind induced internal pressuie
Casement and awning windows) has not been invéstiga

Experimental scale model wind tunnel testing of th&ernal

pressure of buildings has been studied for a nurmobegrears.
Holmes and Ginger (2012) summarised the previouk wothis

area, focusing specifically on the case of a domtingindward

opening, as this is considered the critical desigae in most
instances. In order to accurately account for ttedisg of the
frequencies related to internal pressure in bujslithere are
scaling requirements that must be fulfilled. Theidgt also
suggested that in addition to the approaching fltve wake
turbulence influenced the behaviour of the Helnthodtsonance
and that using realistic turbulence intensities imgsortant when
measuring internal pressure. Most studies conduatédis area
consider only low-lying buildings.

The Australian Standard that establishes the deprgssures
applicable to internal partitions as a result ofdvactions on the
building fagade is AS/NZS 1170.2:2011. Table 5.1{®)m this

standard indicates that for openings in the extefagade that
exceed openings in internal partitions by a facof or more,

internal partitions must resist the full externedgsure. However,
standard based internal pressure coefficientsetermined using
simplified quasi-static theoretical analysis, folimited number
of cases (Holmes and Ginger, 2012).

The objective of this study was to determine by esxpental
methods the internal pressure of a high-rise amartrand the
change in internal pressure experienced as thendgmmopening
size was varied, using two different types of wwdand
apartment configurations. These results were ttempared to
those predicted using AS/NZS1170.2:2011.

Methodology

The tests were carried out using a simplified madfeh subject
apartment at a scale of 1:20. The full scale apantrhas a floor
area of 39.4 fand was approximated as a 6 m x 6.5 m
rectangular plan, which was then scaled by a faaftdr.20. The
wind pressures were measured on the surfaces singultne
exterior facade of the proposed building model. Tihernal
pressure was also measured. Pressure measurenmartsaken
with a multi-channel pressure transducer array. oelel was
tested at the Vipac Melbourne Boundary Layer Windrel.

Model Requirements

Dynamic similarity between the model and full scakcessary
for internal pressure measurement was achievedj usitume
scaling. This is critical for obtaining the correettural frequency
for Helmholtz resonators and ensured that the stdle
apartments were accurately approximated by thesdcalodel.
This scaling requires that:
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where V is the volume, L is the length, U is thdoedgy and
subscriptm denotes model scale and subsciptenotes full
scale. To produce this effect, the volume of thalext model
needs to be augmented by a factor of J{Uwhere is the full
scale to test scale velocity ratio (Holmes and &in@012). As
such, with the U of 1/3 used in this test, the volume was
increased by a factor of 9.

The background leakage was simulated using a airdumped
leakage opening with an area of 0.5 coorresponding to a full-
scale leakage area of 0.0 uha et al. (2011) has shown that
a lumped leakage configuration resulted in 2-5%héignternal
pressure fluctuations than the equivalent uniformistributed
porosity. The model was sealed thoroughly to enshaé there
was no additional leakage via openings other thenltmped
leakage area specified.

In order to approximate the “worst case” scenatie,apartment
with the smallest floor area was chosen as theestibpartment.



Approach Wind Simulation

The tests were carried out in the 3 m wid@ m tall, 16 m long
Boundary Layer Wind Tunnel owned and operated bya¥i
Engineers & Scientists Ltd at Port Melbourne. Theppsed
development is in the centre of the Melbourne CBB. per
AS/NZS 1170.2:2011 the surrounding Terrain Catedpatyveen
3 and 4 (Cat 3.5) was used in this study to detegrtiie expected
velocity and turbulence at the full scale heighthaf apartment.

The wind tunnel V/V; at the height of the opening was 0.884 to

simulate the full scale velocity at the top of thalding and the
turbulence intensity was 14.4%. The mean velocityd a
turbulence intensity profiles used in the study ahl®wn in
Figure 1. During the testing these profiles weraenitawed at two
points — one at 1.25 m height and one at 0.55 ghhei
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Figure 1. Mean velocity and turbulence intensityfites.

Pressure Measurements

Four scenarios were investigated:

1. Apartment situated on theentre of the fagade, with
casement windows

2. Apartment situated on theorner of the fagade, with
casement windows

3. Apartment situated on theentre of the facade, with
awning windows

4. Apartment situated on theorner of the facade, with
awning windows

In each of these configurations, the windows wepened in

increments of ~1.2mm to a maximum of 6.25mm (125fuath

scale) to investigate the variation in internal gstge as the
opening area was increased. The physical detathefuilding

model is shown in Figure 2.

Pressure measurements were taken over all surkacesating
external facades of the rigid model representinggertment of
the high-rise development. The internal pressure maasured

on the four inner walls of the apartment model. Meang at four
locations was thought to be sufficient to determiime internal
pressure, as indicated by Guha et al (2012). P\M&stuwith
1.5 mm internal diameter linked the taps to a pnesgransducer
array using a digital correction to remove the @feharmonic
fluctuations in the connection tube. Pressure nreasents were
obtained for 36 wind directions for a full 3%@ircle. For each
tap, the pressure fluctuations were measured thuration of 60
seconds. Statistical analysis was carried out ersignals and the
mean, standard deviation, and peak (i.e. maximund an
minimum) values were obtained.

Casement window
Pressure taps

Foam blocks
Augmented | —7 to simulate

volume apartment
configuration

Figure 2. Test set up - casement window in corpafiguration (left) and
centre configuration (right)

Coordinates and Measured Parameters

Figure 3 is a test set up showing the plan cootémaThe
reference axis for the wind direction is the diretnormal to the
facade containing the window. The wind attack asigheere
described by 0°, +10°, +20°, +30°, +40°, +50°, +60° +170°,
and 180° corresponding to a full rotation from 6°360° in 10°
increments.
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Figure 3. Test set up of the model, showing therdioate and
measurement parameters (casement window on cqagnaent)

Four pressure taps were installed on the four invedts of the
models for the internal pressure measurements, esnatant
pressure was expected for the entire internal veluRor the
external pressures, 16 pressure taps were instatiethe front
facade of the test apartment. For the corner cordigon, an
additional 11 taps were installed on the side facad

The pressure coefficientsGy CrextsigedNd Gin Shown in Figure
3 are the average values from these taps.

Results

For each of the configurations of apartment posjtizvindow

type and opening size, the peak positive and negatiessure
coefficients were measured at each tap locatioe. alerage of
the external and internal taps were taken andi@ e&internal to
external pressures was calculated. The ratios atinman

pressure and maximum suction are presented.



Awning Wind Pressure Ratios

In terms of the ratio between the internal and rextiepressure
coefficients, the ratio Bsand Rgcorresponding to the pressures
with the largest magnitude are the most importamt design
purposes. These ratios, as they vary with openieg, are listed
in Table 1 and are also depicted in graphical forfrigure 4.

Centre Corner
Configuration Configuration

Opening Rpos Rneg Rpos Rneg
Area(m?)

0.79 0.97 0.71 1.02 0.71

0.64 0.9¢ 0.5¢ 1.01 0.6€

0.46 0.92 0.53 0.96 0.72

0.28 0.92 0.56 0.99 0.59

0.12 0.84 0.40 0.82 0.65

0.03 0.52 0.42 0.48 0.52

Table 1. Internal to external pressure coefficieatfos (at maximum
pressure or suction) for the awning windows in #iadward wall for
both apartment configurations

Internal to External Pressure Ratios
(Awning Windows in Windward Wall)

Pressure Ratlo

079 064 046 028 0.12 0.03
Window Opening Area (m?)

= Centre - Ratios at Maximum Pressure = Centre - Ratios at Maximum Suction

Corner - Ratios at Maximum Pressure = Comer - Ratios at Maximum Suction

Figure 4. Internal to external pressure coefficratibs (at maximum
pressure or suction) for awning windows in the wiadd wall for both
apartment configurations

It can be seen that for both apartment configunatithe positive
pressure coefficient ratios remain fairly constnvalues around
0.9-1 for windows with opening area 0.79-0.28 ffhere is a
slight decrease in ratio to 0.8 for opening are2 & and a
more dramatic reduction for 0.0F 1w a ratio of around 0.5-0.6.
For the centre apartment configuration, the negapvessure
ratios remain within approximately 0.55-0.7 for diw opening
areas from 0.28-0.79%nand decrease to 0.4 for windows with
opening area 0.12°mand below. For the corner apartment
configuration, the negative pressure ratios remaafatively
constant within approximately 0.5-0.7 with varyimgndow
opening area.

These results generally indicate that there is amhor variation

of the internal to external positive pressure matimtil the
opening area is reduced to 0.03 m

Casement Window Pressure Ratios

In terms of the ratio between the internal and revetiepressure
coefficients, the ratio Bsand Regcorresponding to the pressures
with the largest magnitude are the most importamt design
purposes. These ratios, as they vary with openieg, are listed
in Table 2. The internal to external ratios at maxin pressure
and maximum suction are also shown in graphicahfor Figure

5.

It can be seen that for both apartment configunatithe positive
pressure coefficient ratios remain fairly const@intalues around
1 for windows with opening area 1.35-0.08, mihere is a slight
decrease in ratio to 0.8 for opening area 0.85then 0.65-0.7
for 0.03 nf and a more dramatic reduction for 0.02tm a ratio

of around 0.3. For the centre apartment configomatithe
negative pressure ratios remain within approxinya@eb-0.65 for
window opening areas from 0.29-1.35, mnd decrease to 0.4 for
windows with opening area 0.02nFor the corner apartment
configuration, the negative pressure ratios remaiithin
approximately 0.65-0.75 for window opening areasmfr0.05-
1.35 nf and decrease to 0.5-0.55 for windows with openirega
0.03 nf and below.

Centre Corner
Configuratior Configuratior
Openlng Rpos Rnag Rpos Rnag
Area (m?)
1.3 1.04 0.5¢ 1.0z 0.74
1.09 1.03 0.61 1.03 0.70
0.83 0.95 0.62 1.09 0.63
0.56 1.05 0.51 1.12 0.73
0.29 1.05 0.51 1.08 0.73
0.09 1.00 0.66 1.00 0.66
0.05 0.78 0.51 0.75 0.64
0.02 0.6€ 0.4¢ 0.6¢ 0.5%
0.02 0.33 0.41 0.30 0.49

Table 2. Internal to external pressure coefficiemtfos (at maximum
pressure or suction) for the casement windows énvimdward wall for
both apartment configurations

Internal to External Pressure Ratios
(Casement Windows in Windward Wall)

Pressure Ratio

135 1.09 083 0.56 029 0.09 0.05 0.03 0.02
Window Opening Area (m2)
u Centre - Ratios at Maximum Pressure  ® Centre - Ratios at Maximum Suction
Corner - Ratios at Maximum Pressure ~ ® Corner - Ratios at Maximum Suction

Figure 5. Internal to external pressure coefficieattos (at maximum
pressure or suction) for casement windows in thedward wall for both
apartment configurations

These results indicate that there is only minoriatem of the
internal to external positive pressure ratios uhi opening area
is reduced to 0.05 M

Comparison With AS/NZ1170.2

According to AS/NZS 1170.2:2011 (Table 5.1(B)) tinéernal
pressure is determined by the ratio of the domingehing to the
total open area of the other surfaces. For the wand case, the
standard states that if this ratio is 6 or morenthhe entire
external pressure is transmitted to the internglitpns. With the
effective leakage area of 0.019° rassumed in this test, this
corresponds to a window opening area of 0.72 Table 3 and
Table 4 present a comparison between the intemaixternal
pressure ratios (peak positive pressure) predicyettie standard
for each area ratio and those measured in the.study

It can be seen that the awning windows resultecasitive
pressure ratios less than those predicted in #relatd, whereas
the casement windows generally resulted in valugiseh than in
the standard. For both window types, as the atéadacreased,
the difference between the measured and standedicped
values increased. Most of the measured pressuias ratere
within 9% of the standard predicted values. Theiceable
exception is the casement window with an area rafti6. This
window resulted in a measured pressure ratio 1% tlean that
predicted using AS/NZS1170.2.



Pressure Pressure Average Standard
Area Ratio Ratio Prmgr]e Predicted Difference
Ratio (Centre (Corner Rati Pressure (%)
. N atio N
config.) config.) Ratio
395 0.97 1.02 0.995 1 -0.5
32 0.98 1.01 0.995 1 -05
23 0.92 0.96 0.94 1 -6
14 0.92 0.99 0.955 1 -45
6 0.84 0.82 0.83 1 -17

Table 3. Awning Windows - Comparison with the im@rto external
pressure ratios predicted with AS/NZS1170.2:20Table5.1(B)

Pressure Pressure Average Standard
Area Ratio Ratio Pres;.lgr]e Predicted Difference
Ratio (Centre (Corner Ratio Pressure (%)
config.) config.) Ratio
68 1.04 1.02 1.03 1 3
54.5 1.03 1.03 1.03 1 3
415 0.95 1.09 1.02 1 2
28 1.05 1.12 1.085 1 8.5
14.5 1.05 1.08 1.065 1 6.5
45 1 1 1 0.925 8.1
25 0.78 0.75 0.765 0.8 4.4
15 0.66 0.69 0.675 0.7 -3.6

Table 4. Casement Windows - Comparison with therivatl to external
pressure ratios predicted with AS/NZS1170.2:20Table5.1(B)

Table 5 and Table 6 present a comparison betweeimtérnal to
external pressure ratios (peak negative pressuveéjgbed by the
standard for each area ratio and those measutbd study.

Pressure Pressure Average Standard
Area Ratio Ratio Pres;.lgr]e Predicted Difference
Ratio (Centre (Corner Ratio Pressure (%)
config.) config.) Ratio
39.5 0.71 0.71 0.71 1 -29
32 0.59 0.66 0.625 1 -375
23 0.53 0.72 0.625 1 -375
14 0.56 0.59 0.575 1 -42.5
6 0.4 0.65 0.525 1 -47.5

Table 5. Awning Windows - Comparison with the im@rto external
pressure ratios predicted with AS/NZS1170.2:20Table5.1(B)

Pressure Pressure Average Standard
Area Ratio Ratio Prmgre Predicted Difference
Ratio (Centre (Corner B Pressure (%)
- . Ratio N
config.) config.) Ratio
68 0.55 0.74 0.645 1 -35.5
54.5 0.61 0.7 0.655 1 -34.5
415 0.62 0.63 0.625 1 -375
28 0.51 0.73 0.62 1 -38
145 0.51 0.73 0.62 1 -38
45 0.66 0.66 0.66 0.925 -28.6
25 0.51 0.64 0.575 0.8 -28.1
15 0.48 0.53 0.505 0.7 -27.9

Table 6. Casement Windows - Comparison with theri@l to external
pressure ratios predicted with AS/NZS1170.2:20Table5.1(B)

It can be seen that the both the awning and cadewiadows
resulted in negative pressure ratios less tharetiposdicted in
the standard. This difference was significant; vifth measured

pressure ratios being approximately 30-50% less tteose
predicted using AS/NZS1170.2.

Discussion

The results showed that in some instances, thenaltpressures
predicted by the standard may be conservative.

Considering positive internal pressure, the diffiees between
the standard and the measured values was geneiittiipn 9%.
For awning windows, it was found that at an opendémga to
background leakage ratio of 6, the measured vakee 17%
less than the standard prediction. According tostamdard, at
this ratio, the entire external pressure coefficgrould transmit
to the internal walls. The results suggest that thay occur at a
higher area ratio. However, this was not repeated the
casement window configuration measurements, whechaimed
within 9% for all area ratios, indicating that tkemay be
differences between window type. Further invesiigatis
required to determine the impact of different windtypes on
the internal to external pressure ratios.

When the negative internal pressure is considerean be seen
that all results indicate that the standard basedigtions are
conservative. Measured internal to external pressoefficient
ratios were between 30-50% lower than those predicising
AS/NZS1170.2:2011.

Conclusions

A scale model wind tunnel test of the apartments pfoposed
high-rise building in Melbourne, Victoria has begarried out to
obtain predictions for the internal pressure flations when
windows in the external building envelope are offére effect of
varying the window type and opening area in bothtre¢ and
corner apartments were investigated and comparéuetealues
predicted in AS/NZ1170.2:2011. Differences betwessnsured
positive pressure values and standard -based poedicwere
within 9% for casement windows. For awning windowisis
difference was within 6%, except for an openingaaré 6 times
that of the background leakage which resulted insueed values
17% less than the predicted value. However, laigerepancies
were found for peak negative internal pressurensator both
window types, with measured pressure ratios being
approximately 30-50% less than those predicted gusin
AS/NZS1170.2:2011.

References

AS/NZS 1170.2:2011. Australian/New Zealand Stand&uluctural
Design Actions, Part 2: Wind Actions, Standards thalm
International Ltd. Sydney, AS and Standards Newateh Wellington,
NZ

Guha T, Sharma R, Richards P (2012) Internal presata building with
multiple dominant openings in a single wall: Conipan with the
single opening situation, Journal of Wind Enginegrand Industrial
Aerodynamics 107-108: 244-255

Guha T, Sharma R, Richards P (2011) Internal presdynamics of a
leaky building with a dominant opening, JournaMdind Engineering
and Industrial Aerodynamics 99: 1151-1161

Holmes J, Ginger J (2012) Internal pressures —ddminant windward
opening case — A review, Journal of Wind Engineednd Industrial
Aerodynamics 100: 70-76

Woods A, Blackmore P (1995) The effect of dominapenings and
porosity on internal pressures, Journal of Wind ikeering and
Industrial Aerodynamics 57: 167-



