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ABSTRACT: In the present study, far-field aeroacoustic noise emitted due to the air flow over a
standard tall building model at different angles of attack is investigated. The purpose of this study is
to estimate the far-field aeroacoustic noise emitted by measuring the unsteady surface pressures. The
surface pressure data are used as input of a numerical algorithm which is written to solve the Ffowcs
Williams and Hawkings equation. The aerodynamic and aeroacoustic characteristics of flow over a two-
dimensional square cyliner (for algorithm validation) and the main model are presented. The results
revealed that the peak of vortex shedding frequency could be observed in the spectrum of surface
pressure signals of sensors located on the side surfaces of the model. Its frequency is in an excellent
agreement with the signals captured by hot wire measurement. The Strouhal number changes in the
range of 0.08-0.1 depending on the angle of attack. Dipole pattern for sound radiation was also observed
for three-dimensional model which is related to the vortex shedding phenomenon. The sound pressure

level increases with increasing upstream velocity and decreases with distance from the model. The effect
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of angle of attack is also dependent on the reciever’s location.

1. INTRODUCTION

The aerodynamic sound is one of the most important
parts of the noise produced by modern vehicles like
airplanes, cars, and trains. The sound generated due to the
interaction of turbulent wind and cylindrical structures is of
basic importance due to their wide range of application in
the airplane landing gear, pantographs, high rise buildings,
chimneys, pipelines, etc.

Aerodynamic noise propagation from cylindrical shaped
objects received considerable attention from the researchers
in the last decades. Most of the studies on flow-induced noise
from the cylinders have focused on the noise generation from
two-dimensional cylinders. However, most applications of
cylindrical geometries in the real-world applications such as
electronic boards, low-rise buildings, cooling towers, etc. use
finite-length cylinders with different cross-sections. To the best
of our knowledge, few investigations have been conducted on
the sound generation by wall mounted finite-length cylinders.
Movahedi et al. [1] experimentally investigated aeroacoustic
characteristics of the flow over a finite height wall mounted
square cylinder at incidence. They analyzed the influence of
upstream flow velocity and its incident angle on the overall
sound pressure level. Porteous et al. [2] experimentally studied
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the relationship between the flow structures in the wake of a
wall-mounted square cylinder and the radiated noise. Based on
the aspect ratio of the cylinders, four shedding regimes were
identified. Each one was characterized by a progressively
higher number of tonal components in the acoustic spectrum.

In addition to studying the flow structure and its
related phenomena, the results of experiments on simple
and standard models (like Commonwealth Advisory
Aeronautical Council (CAARC) tall building) are required
for the validation of numerical methods as well as calibration
of the experimental equipment. CAARC standard building
has a rectangular prismatic shape characterized by the full-
scale dimensions of 100x150%600 ft. The results of primary
studies on the CAARC building model are summarized by
Melbourn [3].

From an extensive literature survey, it is revealed that
the information about the aerodynamic noise radiated from
free end Three-Dimensional (3D) cylinders, especially
one with the rectangular cross-section, is very limited. The
present study investigates the semi-empirical prediction
of aerodynamic noise radiated from a 3D cylinder with a
rectangular cross-section (model of CAARC tall building) by
measuring unsteady surface pressures. The great advantage
of this method is that it allows acoustic studies to be carried
out in a cost-effective way in aerodynamic wind tunnels.
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2. METHODOLOGY

In the 1950s, Lightheil [4] combined the Navier-Stokes
and continuity equations into a completely inhomogeneous
wave equation. One of the limitations of Lighthill’s theory
is that it only estimates sound waves in interfaces without
boundaries. In 1955, Curle [5] extended the theory of Lighthill
for the presence of solid boundaries. He related the sound
radiated from the objects with fluctuating surface pressures.
Then Ffowcs Williams and Hawkings (FW-H) [6] modified
Lighthill analogy by considering the effect of the arbitrary
surface motion. In the present paper, the FW-H analogy has
been employed to predict the sound pressure level in the far-
field of a CAARC model.

When the flow around the bluff bodies is investigated,
dipole sources of sound are dominant in comparison with
monopole and quadrupole ones. In this case, the FW-H
equation can be simplified as follows [7]:
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where ” 'is far-field pressure fluctuation, ” is surface
pressure recorded at the location of each sensor, x and J are
receiver and source locations respectively, 7 is the distance
between the source and the receiver and 7=t —r/c, is the
emission time. The sound pressure level is defined as:

SPL =2010g( Py / Pr ) 2

where p,,, is the Root-Mean-Square (RMS) of pressure

fluctuations and P., =2x10° Pa. The model used in this
study is schematically shown in Fig. 1.
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Fig. 1. (a) Schematic drawing of the model; (b) surface pressure
measuring points on the middle height belt.
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All measurements are performed in the acoustically
improved aerodynamic wind tunnel of the Yazd University.
Twenty one pressure taps are imbedded on the five faces of
the model.

3. DISCUSSION AND RESULTS

Surface pressure spectrum of the side faces and velocity
signals in the wake region show nearly the same values for
vortex shedding frequencies. This frequency increases with
upstream velocity and has a higher value for the angle of
attack «=90 in comparison with a=0. The results are in good
agreement with previous studies. It should be noticed that
surface pressure taps which are located on the side surfaces
of the model can show a sharp and clear peak of shedding
frequencies in the pressure spectra.

After validating the analogy used in this paper for
the far-field aeroacoustic noise prediction from a 2D
square cylinder, noise radiation from the CAARC model
is investigated. Directivity pattern of noise level from
a XZ plane at different distances and for two angles of
attack is summarized and plotted in Fig. 2. The directivity
patterns at this plane show the dipole characteristic of the
sound pattern. The effect of the upstream velocity on the
predicted far-field noise in YZ plane is shown in Fig. 3.
It can be observed that the higher noise amplitudes are
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Fig. 2. Directivity noise patterns for CAARC model for U =17.5
m/s on the XY plane (Z=0).
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Fig. 3. Directivity noise patterns for CAARC model on the YZ
(X=0) plane (=2m) and a=0.
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located at the opposite points near the bottom plane and
the lower one right above the cylinder. On the other hand,
the directivity plot on the YZ plane presents much lower
sound pressure levels in comparison with the XY plane.
Also, the noise radiated increases with upstream velocity,
as expected.

4. CONCLUSIONS

Flow-induced noise from CAARC building model was
predicted semi-empirically. For this purpose, the unsteady
surface pressures were measured and then the far-field noise
was estimated by using FW-H equation. The results showed
that there is a sharp peak in the surface pressure spectra
obtained for sensors located on the side faces of the model.
The Strouhal number obtained from both unsteady surface
pressure signals and hot-wire measurements were equal to
0.08 and 0.1 for 0° and 90° angles of attack, respectively.
For the CAARC building model, dipole pattern for sound
radiation was observed. Also, the Sound Pressure Level
(SPL) increases with upstream velocity and decreases with
distance from the cylinder. Due to the asymmetry of the
cross-section of the model, the angle of attack has a complex
effect on radiated noise level. By changing the angle of attack
the predicted sound level can be decreased or increased,
depending on the listener’s location.
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Fig. 1. far-field pressure prediction method flowchart

b LS P ainy 90 50 (Fgo jlid Slilug Pl o a8
€, oxigid SlKe Slaise x g B e )0 0l Eud
Jop 7 edisid 5 Do pin o aol 7 g 0 Sse Sy
e e Y kel ooy 1= b e, Wy gte p oy
el oz v (59, g0
CeeS oS 4 (SosS Tyl Cobe ity pol> asllls jo
Slalllas 13 g sl el 5 (S igd oo Gl Do Li8 s
Slogi Jlad alos b ol Sgo Jlad (1) ghaw (SetsST
Cwd 50 ,Lid Sllwgs Slas po Jawgio Hedzme (V) abal, 5 Cawd g0
(V) alasl, 51 ool b s ouss oy g0 ,LES s s

SPL =2010g (P / Pt ) )

Lo ool JLid cllug Slaye Lawgte jodome P a5

)JLM: 6‘).1 9 YX\’_O Pal; ).v‘).: ‘9.@ 6‘;: 9 009.3 & )L.J Pref
oolicinl 8 y90 w65 LYY 095 o a38,5 JLa 3™V« Pa oYl
Ol VIS8 50 Cewsyed pg St ln ol sl o
6[.1‘5) 9 onL‘ le.bu.c).u o s)..al.‘> axJlas B Cawloalds ool
Lo pmies _cola s 53 LG gty ool L chlieo alos
sLQ)W Lg)j)‘)s J}bc Slaise '39'“6‘ w 9 6)"5")“‘”‘

2 Root Mean Square (RMS)

YAAA

1 Sound Pressure Level (SPL)



VA B VAD Slomias TR Jlo &V )lad OY 653 «yusS pual CSKilSin puoiges &yt

(A

(@

()

39wyl LT o lecs b Jow 51 Silosis 2 yb () fiamwyy 9590 Joo 31 (9 bod () il i 51 S5 o lod (A1) 1 o Kitu o T ol s oY S
(YU 31 Les) alos 4y gl iy ya5 () toolisw! 8 ygo lasitio piwaws 9 Jig9 3031 G
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Schematic drawing of wall mounted CAARC tall building model placed in the test section: (a) coordinate system; (b)
definition of angle of attack (top view)
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Table 1.surface pressure tap locations on CAARC building model at a=0
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Fig. 7. a sample spectra for CAARC model for U_=12.5 m/s and a =0: (a) Fluctuations of streamwise velocity compo-
nent; (b) Fluctuations of surface pressure

Sy (F57 Sl Jro (lelge Wlgs oo 53 52 99 Lags oo
@ Jog yiwl s3e Crized 2Bl iolesl g0 pll ley o cuwsVL
Jio s Oldllae b 093 sl ol anlllas 0 ool s
Slalllas 3 a5 el 5,900k 4 p3Y andls s [¥e] 5 [Ya] aolye
[¥o] sy o Mo oyl glite cigyles Jlng yrol sute cilieo
aS Cowloas &l <[+ ax 0 ho dlem agl) gl Jlog iwl s

Sls ol asllas by pss Sialen

ool pleisbo Jaw Joo by (SwsSTy T el ¥
Sylsbisl plexsl Jow Jo= by 51 56 g 5 cnl o
Sl cessyss g Smiohe Slr 0ede ean el
33 )Lwﬁ G B é}wu;c solazuwl l.;L:L: k_,>.7L‘¢:...a )LMAS 6[&0&‘0
Jdo e 5 5 )0 1) Jow o Coliss 5l sidn  Sanled maw
Ao gt olawi b Jow gl 00 eS (59, jlid sle g
Los sl a3l Jo s 31 6y Sosles b wiloas azd 5
3 e e | 5 ik & L i o (1) ], il
i dlox aygly @ atiy &S o) M, imaw p oges Jlop S
oads (g mSojlal sLLL o Sl ol jen @ o lge oyl D¢ oo
03 4.».,.09_» 4.4[.3).3 L;Lb 59959 ICEN )st Lthb ) G ‘_g‘)."
G 00 d.....uy u.l...a Jam 5 )955M d.al.a).v J—'j-w‘sa ETIWE Y
dwloes LLE JSC0 ) Cewd 90 g8 (V) adasl, 5l oolaial b s
35 0 )18 e Sl Al 950 5 00l

sloosls 3l oslawl b 598 com yiom sl ol dewly ol yo

JESw g ol ools )3 allis amb jo caslio glabals ;o jguicws 5
AL G310 g Sl ey
ol (sl oads odnlie glaals ales a5 sl 53 4 a3
a5 351 Stetuo el JiSws ;0 Al o5 o JLid la gt
ot Ay gy ypoliie W ssalie LuilS 3 Sy o lids Yl
¥ Jsaz 50 565 St Jleg el sas B o als )5 a8 3

D9b ge iy S 4 ST, da e sae leass al)|

rw o)

AT

g by Wy wlo8 (op, eS8 f VL alaly o a8

Loccwl jasein ¥ Jgux 5l a5 aisSlen s Jow alais
Jow 5l g pinn GulS,8 L baasls 3 ccawoYb ()b, e s ]33
e R D90 onL; M.C)...u 00gde 4O dﬁ sJ.HS‘SA U"’)")
gl s b iz S jalain, oae 5l (698 ol Jlag il
Seals Jow cuag alos 4l glgs @z 0 90 4 oo 5l ales
Sl A0S by IS B ssbise el £yd9n cal Moo
Slodal Cavs @ wlo S B, w5 AT sgd o abaxde by
&.obyo Q_v‘ ol o..\.c] Cewd )J‘)J :L..:).O.s 6)—50)‘1.\-\‘ 09.:..,';3 90 B
Slas JLKw o oulds csslice sloald a5 cl Cllae ol wige
Exose Cnl Gzt s by alo S B oy 4 (e
ly oolaswl oy90 Sliazs o, Sles o (g pSojlail sloogd (s
ol ale,S iy el R e S OS] Cde aws o lis

AT



VAF B VAAD Slxies VYRR L &V 0)loud @Y 0553 S ol SeilSlo puoino 4y

LU oxdans Lz [VE] oo o jo a8 5 & 90 so0e J> ol
blis cnl Cumdge b gl (onpe juidew mhaw (59, abii YV
Clods eols HLas A IS o

sy oad ooy s adass YY p0 LLL e jLid )
Sgo il doles 3 colaiwl b Cawd 90 gl dawlxe gl A
Shodel Caws a0 e eolitul XS gla-jellyy S8
9 SatmgS T Cawdy90 p0 alaii (gobj slaw (gl cudgls il
[Y0] gi5,99 o2y aslllas ;o alai aix (sl ot &l gl 50
355 oawl s @ s WS oo )8 eolatul 050 anslas gl
g Sbeld )l ey gl ol aslllas jo oud axdys
Deee jalen, sae aw gl 4 IS o (Yol & e s
Sealoogpl g loges cpl o Casloals @l FA e 5 F70 -
0sds &l 1YY 100 o) Slaiie 4 0 yS dlaii o o0 o
oy Oy90 ey B3 dw o gl AT 0ad oo alaxde el
8le s st g ol ile e 5ol Caws s bt S
S 72 % RNV FETINC 73 g ICOC QICREN
55 el Gl oy S b goae U 5yl anlllas gl LS
S5 Fee Jeloe ded (989 S Lawgi g5 (0,2 Sl o
dpeimt 190 codle & i g by (SiRS] alex 5 g
S50 355 695 5 o 5 3 i 5 (6ol Sl
sherme Slang plo g ol Jigh diejpm g iper SV 00l
Ll ol anlllas 45 oslical 550 loloians g, ;5 Gosls
e 9,95 1 Jome lao 095 oe ol 51 (o (uizren g ool
Jog gl 4 Jas o5 cusl ol i J3U 5l (255 sloojlgo b
9 Ordse Sud 589,50 bt 6 pSoil 1 g nl osh e
pac 03,5 ood Bl g9550 (nl go0e > 9 pol> s3lu o 5
Lol 3)lge cnl @ 35 g (225 RSl Glalhs g Coalad
olie Lk ol asllas 1 ool Coss 4y 3195 1 gl oo
sl JoST (0,2

o g pol adllas o osel Cavs 4 i 5N calsl o
S ol 55 4 o3 g e dlie L5005y b ciislé J5dle s
oais &l [YO] gisyg0 anlllas o > 565 @ bgr o gl
Re =F7-++ jalgn, 00e lp ,I5 plass Ve IS0 o ol

A (gs 00iuS &l o) odigids g jdidew oo =0 /0 M alsl

YAQY

il 3 LT 59 Lol (xS o ol S :h S
IN el oo

Fig. 8. surface pressure measuring points [21]

——— Analytical Solution (Current)

60 - ——A—— Numerical Simulation [21]
E ——w—— Experimental results [22]
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Fig. 9. Dependency of SPL on the Re number for noise
radiation from a 2D square cylinder
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Fig. 14. Directivity patterns for CAARC model at U_ =17.5 m / and r=0.5m on the XZ plane (Y=0) : (a)(a) a - 0:
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Fig. 15. Directivity patterns for CAARC model at U =17.5 m /s and r=0.5m on the XZ plane (Y=0)
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