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Experimental investigation of surface pressure spectra beneath turbulent
boundary layer over a flat plate with microphone
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ARTICLE INFORMATION ABSTRACT

Original Research Paper Surface pressure fluctuations beneath turbulent boundary layer on a flat plate have complex physical
Received 26 October 2016 behaviours and due to its importance in acoustic noise generation, extensive studies have been devoted
Accepted 24 December 2016 to predicting or measuring the surface pressure behavior. In the present study to investigate the surface

Available Online 15 January 2017 pressure fluctuations under zero pressure gradient, a flat plate with a chord length of 580 mm has been

used. All experiments were carried out in a subsonic wind tunnel and at three free-stream velocities: 10,

gjﬁfﬁgﬁi‘%wm fluctuations 15 and 20 m/s. In order to measure unsteady pressure fluctuations, a condenser microphone is used as a

Turbulent boundary layer pressure transducer. Moreover, various parameters of turbulent boundary layer are measured to provide

Pressure spectra the input variables of semi-empirical models. A single constant temperature hot-wire anemometer has

Semi-empirical models been used for boundary layer measurement. Surface pressure spectra has been measured at various
velocities and their collapse on a single curve by normalizing with different variables of turbulence
boundary layer is studied. The results show that the best collapses in low and middle frequencies can be
obtained by using mixed variables. However, in high frequency range the pressure spectra collapses
when it is normalized by inner layer scales. Finally, after ensuring the accuracy of surface pressure
spectra results, the efficiency of semi-empirical models for predicting turbulent boundary layer wall
pressure spectra is evaluated. The results show the effectiveness of the Goody’s semi-empirical model
for prediction of surface pressure spectra by using turbulent boundary layer parameters.
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Fig. 2 Microphone used in this experiment and its schematic installation
under pinhole mask.

DB 525 53 589, e 055 5 ool S50 5 Son 5l s 2 JSCB

ol 00l Gl S s (6T 05l 0955 g 4995 Ko gl IS

ol figi -1-3
O905) o prlaw olul 45 03¢ cfed b Sl g5 5l oo eoliiul ol Jigs
sy o Slo 0 el 120 €M) T Jsb 4 46 (€M) X 46 (€M)
5 g o8 .l 0.37 51 jieS ol5T by iV e ol 25 MUS . figs
SIS 5 55 45 03 lr 41 5, s b ntiss S)s 5 35 5 55
o eagll e @y 0525 (nl b agled go Sl 1) lansgie b (s 0l (g
slooylgd 53,5 (Rl b o Jig aie g b (rban jLa3 laJlSm
ool @il 2alS 15 0B b B die) g5 e J5lsiio olge b b5 L3
50 Sligles] saled ( igs dine; g5 wgllael Il zals jelate a4y ogdlay
alols Judo @ a5 ols lias Slioles] .ol a8 5 alxil Jig 9,5 ailas
Ol 59 e ngh oml 9 Vb loojlgs S92y pas g g (8 5] e

Jue -2-3

oo b 255 anio S | g 128 Sl (gt 51 55l allon o
el 00 oolazwl 8 MM cwles 3 460 MM L ailes 580 mm 5,
A8 e 512MM S5 8 s b pan o S)ge @ o alesald
Aol 5 285 31 bl sl e ol 00 ails 4 MM S5
Slp By ool s . ol oads il poaiagdl 51 Joe 2] a3V
Sl ol g 0090 2751 1S o iolej] (oled (gl 56 amino Jow
b omizmed J15] conl 5zl oo (s uSojlail polie g9, g sloo,lgno
il 55ye Y Sgzs il pliabl jshiie 4 Jos Jsb Cudgaze 4 4z
b @) wasl @ el obyr 5 g Jul sly sl ang Sl
Sy dbox ad Cend (ol 3 o Blye 4 ool ISl (e gran
sl 00 oolaiwl g Job a0 10 G5 o alols jo Jaw oYU mhaw
el 2o a0ls ol "1 S jo Joe 5l Soless poles

Joe o1 Lagygdg Ko o 092 -3-3
sloogdy Sas 5l s Jlid GLLL Sllogs ¢ pSojluil g1y pol> adlllae 5o
5 kb ol bayshy S cl el ou sslinl FG-23329-P07 S8
e ol el 0.8 MM las ' s 4ol s g 059y 2.5 MM glis|

/
//// ~
Uo “2~  Eliptical

leading edge

gt

Fig. 1 Schematic view of model including its dimensions, microphone
position and trip shape

o SS9 99 ,See Camdga o Joe olal ol Jow Sslets sles 1 S

2 Pinhole mask

1 oplaid 17 0551396 (33,5 8 ()0 Suille i

! Sensing area

266


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.41.1
https://mme.modares.ac.ir/article-15-8508-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-08 ]

[ DOR: 20.1001.1.10275940.1396.17.1.41.1 ]

Ve 9 G LI b

g,é,)&y)Io.\Lﬁ.‘imIh;ﬁﬁ«zﬂms,)d&hﬂﬁg)»«ey@nm)wqbu»:’dum)x

20,8 guseal WAl g cads OISl LU sllas (g8 S0 bl (59,
Sz o Gl S 50 gemlplS anTd conl 2y Jlowyl 2> o
syl lamio Syo zse 5 wilize Slalllas 5 Jb ol b 0,8 plov
S5l aalllas ;5 [25,24] ol onts ool jshite ol (sl sl 45 o
51 5,2 100-20000 slS 15 sogame j0 slamias dubw po ol sl p
ol Sy lyan 4 iashos 10 5 5 sia e 110 o L 4y o5,
b s b ol oad ool gy Sn S lyieay Yl kS
Sl 4 b by 5 0 Sso gyl lanl [26] SeugST o9
g dg gl R a5 05 walys glaxio zse Sjso 4 kR < 1.84
Wyl olal 4 azg b cplpls cwl (SiiwsST 2o sac k = w/c
il Ll 6l)s 35, 5LS 20 sq0 LuilS 5 b a8 bl gl IS
ol cea Juo S5 a8 (alSim (999,50 JUl b 0051 Sy s
P9 Py (9 Ses 9 4B 1B s s (59, g5 ) e
0955 g Oyguml S 0018 JolS angy d S aalys )3 glasio agh
s s S @l 59 » JUSl &b Jleel b wats 5 ands
Aeye o hid Dol eolaiul a5 cunl 53 a4 a¥ 0l el
525 om ool T Saalis Gioly 3255 (et 5 (95 50m o9l

089S o 5L FG 9 Sen GsenliddS coz 7ol addllae o
Slyea GRAS 40BP Jar gl ooz St 335 Jloms (5ymilics
i S 5l eolil b FG 585 e ol o oolitias] a yo (y599,5e0
L oylop ools g oads (g3l oly (05 oKiils cslw) allS 10 aiss
plsl DT9847-2-2 Jow allls 2 JUKiw (5315 el S5 51 oolaa!
Shre 4 azgi L) 5,05l 40 L ol slop eols LuilS )8 sl a8 S
4l 20 floy e yo ools 50 800 slaxs ggemme ;o g 035 (ComssSOL
Yol b &> &l ) eslitul b Wosls sl 5JUT .l ond 0,53
e g Sligen 50% ¢ SKicen 0, &l b ecdlie i385 0 pwelch
el 438 3 plonil Sk 2 X 1075 a1

CS g (5 5 031051 -5-3
Shaaal g5 oY Gl sla el )b acule g (5 pSejlail Hekaie &
Ol oS L0 cole) col b Jlae b gom S ED e iyl >
A eSS izl sem i Ol ol g el oul oolatul (Lo
odds 0olatul Z g Y X gz aw ;0 0.01 MM cds b sncas Jliml 5018
by oled 4 g (2 alas j0 ond s Jow 3l oles .ol
ool oas 00ls lzs "4 " o sazes Jlaml o500 5 £ s

S5 880 Syge a4 T Ol 10 s i Gl 5l eolanul I L3
Ontb ikt 5l 55mslS 15 wlad (S 5 4 4z 95 b bl des g ool 0,8
3,2 5L 40 5ls p ools LuilS 3 L aosls adS el ool sols jaue (35
Jolgd 10) Jow o 4y Soop bla o el oo 0,53 108 e o
S o bz oges S Ol pas 4 azgi L (1 MM 1 s
Shesliinl b cr slawg SBlasl coypo 5 bhwge o pw (Jow pdaw &
el o0 dnlone [27] Snallel alayl,

2 power Spectral Density
® Hamming window

267

o3gaze ;3 20 M/S 510 5l ol5T b, e l5l 0 A Fl g B o
(02,0 20 M/S e s 50 Wigas 51p) 28T walys 1312 < dP <22
@d* = duy/v = (0.0004 x 0.84)/(1.5 x 0.00001) ~ 22
aalys Sl Bro BB s Sl g Elige jea 5l (A6 gl cnlple
odd Slpiieny Olbroral waaal Ol momal Co> szl Loy
el wls Sy oSS el ot ol @l 59, » [18] 55 Lawgs
0351 yguanins ;e ax>l glais I a5 ols Sl wr/Up 51 s & )50
&b aS ols las [19] oSiul aalsl jo ol ool olul> ceym U 4
wéb@)wwwﬁ)abﬁ;hﬂyewﬁuw
Ll (J.)F/UC <4 00gdse O d\/b )Lw..a
el s Ehgw Ol 25 ) lapygds S ral 4z ST S )b |
OSan Jl e j0 Ll 00,5 oo YU Gl uilS 3 0 camas Ol S alS
Sy90 (odlS )3 oogasme o \xw oothol oaay ol F) gl
S 4l e slad oz g ol sk @lige k8 0gd dalll
ddllas 0,90 (omilS 3 oogase Ho wais cela &y 5l pleedsl (6l
ol g b S Obkul s 4 B8 eyl cuwl o
a3, alowl [23] a0 40 oads &)l Ll 5l eoliiwl b 59530 (sla el )by
andllas ;0 5653 o el b conlie bl M3 K" @ angs b el

sl 00l 352 gL 20 LuilS 8 L pais oayy 485 pas 4 e Lol

0999550 gl jud 5 -4-3
gy 00 ooliiesl (599,50 Copl o b Sliglejl ol 51 L3
2 0999550 el 4 4295 b (piznan 398 (6 S0l gl IS w153
OF Jlosl g s JUitil @ 3835 (et b Senabiso I 2o Sl 25

20
0L Q) J
@ 40t 1
et
L 50t .
=
= 60 e
=
< Jof
80 B
Ra— e e
10 10 10
Frequency (Hz)
10 T T T
b)
5L .
)
m
=
s 0 '—\\;
1%}
1]
=
,5 L -
A0t .
10° 10° 10°

Frequency (Hz)
Fig. 3 (a) Amplitude and (b) Phase of frequency response of microphone
installed under pinhole mask

Eligw 25 00 0ad eal (589 Se (£l 8 sly 5B (D g atals @3 S

! Resonant frequency

1 oolaids 17 055 1396 (133,953 s Suille it


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.41.1
https://mme.modares.ac.ir/article-15-8508-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-08 ]

[ DOR: 20.1001.1.10275940.1396.17.1.41.1]

Ve 9 s LidI Qul..n.:

o,ég)i;,o)'lo.\u.'imlQMWGQ)QMT‘sj)a&_ychm)N&hqbu»:ﬁum)x

e Giali8l b 3l Y la ulie Sl eolaiul b ooas Jb g ce e
alise SRl Ol 4 bgpe yT Cambne s UT pariSle e T Gl >
2 e, sas gl ) [29] s e s b ey ol anglie (yizen
oals ploil 6Lm6}¢fojlx| Coro odipslis (1410 pyange Cawls asly
Gazg b g lawgie ey By 5l ooliiwl b (g5 aY Culs
Gyl )l aalol o el sud acwle JSb oy o] ends ol
ol ol 111 Jgaz jo calizee lacae pu o atid] 65,0 4Y cilise
abl, lowszge (0 e buly, b ol adlas o ead
1 oo bt 4 4295 L [30] canl su sslizal ¢ = 0.025Req "%
Cwls al p jasn; dae Gl 4) weye 2.2 sSlas Gl ol
Ll 00 fl:{u‘l 6L‘°6}5°)“)‘“| S5 oaimolid aS oog (1045 pyoge
9Cr s‘_gld...my Sl [ H sJS‘J [rgw: ulf.uj Qg o;)l.u'
ouds &l "6 J.iﬁa" o [31-34.29] Onddzme plo mls L LmQT A lie
lg Ly Wﬁe 58* u‘,u.’.? »\33) S9>9 u'll l) .«))L) asdS Gladlae
Vhazo! ol ol e s s cisllas a3l axwgs SlS axasl (65,0 4Y ol
k3 ldllas 5l (S p 0 68, G g oo i 5 eolitl LI o
135] el oas 3,158
2l hySee bugs sad spSeial i Sblg Jiaw
50 20 e ps 50 o 4 S (Je Ao 4 51 (5 oo 550 ondse
@l a5 ol asin JSb a0 g b sl oo &l T S o 4l

25 .
—— U, =10 m/s ,Rey = 1045 P
---- U, =15 m/s ,Reg = 1612 3

20 =eeeeees U, =20 m/s ,Reg = 2171

——~— Spalart,Reg = 1410

10° 10’ 10° 10°
y

Fig. 5 Boundary layer mean velocity profiles at various velocities and

comparison with Spalart results [29]

@l b anlie 5 Glides slace pu il & gt cs s S0 5 S

[29] &yl

Fig. 4 Flat plate model installation in wind tunnel jet with hotwire
anemometer and traverse mechanism

ES s b,z olied ) ig 2,5 G 0 CSU axiio S i 4 JSCS
aMQJL&QJ‘P}Q‘&oB

(ku*)?  (ku)®
2 6
Up 5 oo ut =u/u; sy =yu, /v B=50 k=041«

yt=ut+e*B [e"“+ —1—ku?t @
Kol abl, i) 4l g, o ool 3Ll 3k )
zA aY p; 5l G Y (Hlydee Jolt Knallewl o) 0T o cenay
e ] L5>).7u CJL’ZJ LjLJa;l (g ‘S]L: Lgld.‘mb g 099 ‘So.u)lﬁ 4.«.‘>l) (]

128] 00 5 o

W4
aza sl Soye aY 50 5 2 onls (6 S ojlul lasein ol jidw cpl jo
gnew .wlemw)ﬁ;&L&Aoljiohﬁéhda;}wdljlc\goﬁéjﬁszﬁ}a
g oo &3l,] Calizee (slacus ju (15 4 o0 ‘5}?5051,\51@@)@@@_&3
Ue 8" & Jolis g5 a¥ calizeo gla wliio b ol 0,5 LSl 51
Orizead el oals b, Galiee sla uilS )8 50 LbQT gloixl 09w Uy o
b g ceyw bl s § plodl gla s S olwl o jslaie 4
el @l s JLad b st (278 sladae s 5 LS
4 oY Ll oo auglie ool (g S0l o Hlid il il b oy
R20148 az i clio 3800 15 5l oS olod cyidigh gl a5 ol 53
2 S 09995 en Sumdse ;0 (S50 4Y S pu slas S ol (aled
sl 423 5 bl alos ad 5l e o 550 alols ;o 5 Jow ailas des
ol cilize glace s Gl & 550 Y Sy Jdgn "5 ST o

[30] (osyo0 s Ll 5l (glatmgy SIlasl o po Bl il auo ) ol jor 45 (6550 4 calisie sl el )l 1 Jgaer
Table 1 Various boundary layer parameters along with deviation of the measured skin friction coefficient from semi-empirical relations

Acy /¢y Reg Re, ¢ x 10° ¢ x10° U . 6 s 5 U

Error (%)  U,8/v Upx /v (predicted [30])  (measured) ~ (M/S) mmy mmy mmy /s
22 1045 3.6 x10° 4.40 4.50 0.47 145 159 230 14.36 10
1.0 1610 5.4 x10° 3.95 3.99 0.65 142 166 236 13.42 15
0.3 2170 7.2 x10° 3.66 3.65 0.84 140 165 233 13.01 20

1 oplaid 17 0551396 (33,5 8 ()0 Suille i

268


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.41.1
https://mme.modares.ac.ir/article-15-8508-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-08 ]

[ DOR: 20.1001.1.10275940.1396.17.1.41.1 ]

Ve 9 s LidI oula.:

U,S,)S._n_a)loéh‘ﬁ.wll.!.;dd«zbo‘sg)mTGj)anz_dam)m_ﬁ*bug)qﬁuw)»

G 5milaiS (59,8 Sl oolitl b ol Jigh atee) Sugi el oy ool
2 B re alas YL 0 @8ls GRAS 40BP Jos gl 0k S
o 5l @) oseil ahite ghes S50 5l e shee 250 g35es alols
o0l G55 ojll i wai Bl g o (Jae &S el o (29>
Aok Sl B o 4l p e 10 cepu jo IS5 4 azg b ol
HZ sq0> 5l 5ol slowils 3 0 ail 5 e 20 e j0 4 70 HZ
10 51 oS o Jlad il g ol gt aie) g8 gl (e SD21.150
Slails B osgazs ;0 o gl Jlid b @l cplply el Jo (oo
20 ey 1) 35,2 150 g (4l 50 10 Ce s 515) 55,0 70 YL
@l sl p e 15 ce s Gl 4 Grimen el i 3550 (430 5 e
Sz oS oom Jsd o503, 110 HZ (VL slauils )8 edgamme )
ol 5o ok By ane) ng g mhaw jlid b anlie @l jlaidl cule,
ol oais a5l "8 K" j8 e yuo

Glbse Sl Gl slocs s Sl & glaw jlad b "9 ST o
Sz ab ools by LB jiSu jo aS (5 shiles el oad ool lis
oles (59, [18] (oS 3 angs oas Slpiden gramnas cionss il s
o8 A e Sy GRS @ az g b ol ool Jlesl b
sl ol 5V (glapuils B 4 o JUiil 5 o Lid el

o oled b wmls deosls gloial ogod pwyp jslaie 4 adlel o
by @il 65,0 Y il sl ol 5l oolinul b il slaces pus

80
70} 1
g
T 60t 1
[=-]
=]
~— 501 1
s
<
3 “of 1
N~
S
s0 30 i
=
S 20 = i 1
—&— U, =20 m/s 3 ‘%
10} —9-- Background noise (10 m/s) i i
—&=: Background noise (20 m/s) i
10' 10° 10° 10*
Frequency (Hz)
Fig. 8 Surface pressure spectra and wind tunnel background noise.
S0l By el g olyen a4y Joo s jl2d (2l 8 JSCH
80
751 AA\ i
A
701 ' 1
Ay

65,  Ou, Adaaa,aas’ i
sol ‘""G‘uoc-:)c)(}c:rﬂfcl o000
551

50+

45 i

40l —0— Ux =10 m/s Reg = 1045 \ |
-0=- U, =15 m/s ,Req = 1612

35 —&= U, =20 m/s ,Rey = 2171 1

30+ E

10log,, (¢/pg) (dB/Hz)

25 ] L
10 10

? 10° 10
Frequency (Hz)

Fig. 9 Surface pressure spectra on the flat plate at various free stream
velocities

iz slacee jw sl 4 co8 amin (5, mhaw jlid b 9 IS

269

H (Shape factor)
1.5 1.6 1.7

1.4

300 1000 3000 300 1000 3000
Reg Reg

Fig. 6 Investigation of the trend of shape factor coefficient and skin
friction coefficient compared with results of various experimental
studies, +: Spalart [29], @: Komminaho & Skote [31],®: Simens et al.
[32], O: Schlatter et al. [33], %: Wu & Moin [34] and #:present study

b analie ) (latugy SBaol o o 5 IS5 2o i Wy, (o2 6 S50

W [31] Sl 5 0l alS @ [29] VLl i il 2 lalllas gl

@ 5 [34] se s s H [33] LS 5 oL5 O [32] LSk 5 oienw
ol aslllas

—_
w

-
o O

o

Pressure fluctuations (Pa)

1
0 5 10 15 20
Time (s)

-15 .

Fig. 7 Measured surface pressure fluctuations by microphone at 20 m/s
20 MIS ey 53 (489,500 Jawgi oo (5 puSojluil jLid Slblug 7 S

Loakl, o0 el Cledbl Wiy cos loj 0> j0 jlad Sllug jloges
ey S aadlas pl aalsl o nlply g ssls &l b > LSl
3590 milS 58 0597 4o e lid el s ey oj9> jo jLas Sl
ol 428,518 oy

Seelizogl ol Big yo Sliglesl plnil 4 azgs b Koo Sk
a4 phw lad b mls @) 1 L8 el Y wy dRidls oud sl
axl .ol sleel B wslS 3 03500t 5 g & JUSws Cornd (omy
S o 355 gm0 LU b (6,50l syt o b 5 583 Sm
15 s Slilvgs alaslyy o W) Jow gelans (53, ,Lid Slblugs ggaze |
sl B 5o bz 5l B0 9 ok B ane) gt g (k] g5 4
chows oobe loslainl 4 axg b Ko Bk 5l (Juw jea> e
Sllowg Jleo gl asl aisls g2 Hlad Sllug olx! ain g0 axili>
o311 ,51 o(loms Senlisogiem Lis Slilugs 5 ol Ligs 095 51 50 ,Las
Wil 50 a5l 2555 b e 1005 G mie SO jlas wlileg
ond g pSojluil jled Bllug 59) 652l Jlom b 5555 ate joa>
Sblog lode bl doles co ol lid jgucw dzul CiS ()lg5 oo g aldls
e eilS 5 osgima ol 4 48 (Il el 55 e L
ey po 5l i hgws 10 Blas xlaw [las il oS sgad slazel
sl ol iy

o a5 (5 o slos 550 Cradpa ;5 elaws Lid Cil "8 USE" o

Ol a4l p 51020 510 Caeyr 53 53 b Jig aine) g olyed 4 Joko

! Signal to noise ratio

1 opleis 17 0531396 (12355 8 ()0 Sl i


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.41.1
https://mme.modares.ac.ir/article-15-8508-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-08 ]

[ DOR: 20.1001.1.10275940.1396.17.1.41.1 ]

Ve 9 G LI b

U,S,)S._n_ajloéh‘ﬁ.wll.!Muboﬁg)mT&)ﬁqN@aan)m_ﬁ*bd)qﬁuw)»

» g [lad Gl polie (Sl Wl 8 o b tal boyls euds
3 o3l wlsico Gl ) el YLy s 8 g0 4o 5l alllas
Sl oads oolaiwl b ye (NS oll jelaie 4y 4 WSl g e
1371

5o adl 550 Y (S 5 sloulide b oad Jloy mlaw jLid il
S oolial b gl o5 _olSim o JS5 4y azg b el o asl)) 12 s
sloizl Giloas Jloy ([9] (6055 Loy ool slgiin) oS 5 sla wliie
cowlis Hlaw She 60 Y Culbs wl n Jlag sl slael jo o jlagal
azx g baiie 1oy liees YU sla il )8 50 ools 0g2g ol bl
olael jo jlad cllugs Wl jo pga o ynin [38,8] L3 Slalllas 4
g 009 soi, 8 Al o b sbojlisle 5l a6 Sl g sl
Gl @ )8 Al 5o (g0 4Y Ce g Jdgn o S (nlpl
b slaools glazzl Lol Ls cosl (Sae B US3) cilises slacas
A3l Sl s ulS B osgase (o mhaw Hlad

oo #| prlans Lid il oy dass sl ko <83 5 5 aalsl o
Lo gas ol &b gl axsliz ool €85 )13 iyl 090 2 iy
I, e g9y slid b izl 55,0 aY ol Slasie 5l sl
@l b bdae il 5l Jols @l "13 S s anleie Sote
odgaze ;0 20 M/S Caepw yo Hlid Gllug pedies (g pSojlul
03gdmme ;0 S 4 ax g5 b .l oo awolie 150 HZ oYL sla ,uils )5
5955 Logann 5 [14] 351, Jyad J10] el Jao 4 sln (slo S 3
3 ol s jled b &l Wy, el Bind o i (9]
0dgame 4o jlid b Ol ol [13] glam wl> Jow a5 ol )90
Ol 3 Oeimes el 03908 (di iy 0>l G |y Sl slauS 8
Iy G yeS Hlaie K00 sla oy o [10] el Joao ¢ il )3 055000
a ;B g8 Jae L Vb Glo il B eogamme o il oo i
b Oeizmed lodged (it |y (658 Hlade o oe plu g 009 ™
150 HZ i a8 slauilS 5 45 yol> aslllas sloosls el pie 4 azss
2 iy, ol C85 0590 50 Glgiged (4l p e 20 cepw sl
o ool S5 @ p3¥ ogdleas (285 Slamt by Sla S B esgue
oogaza 4o Logate Lo weled oambpné 5 xil Jdoa
85 A (g 9 0390 (St ) ST ke (Sl sla S B
Iy 8ly Jlade 5l 2aS (g lade i jeam e j0 oud ol sl Jas a5
e e 45w e (i 398 gl ggeme ;0 bleie (i
Joe (lad (Lol 5 e) o ambo (g9 g HLid cids o oo sl
are) 295 b ol slafigp 092y pas 4 axgi b g 00 (6995 (275 4o
@5k Gan Ul et sl 5l ol )3 eS8 5 ol
sls) s L5 283 L1, o 55, 5128 i o L5 (5o
Pged St (ol addlhae 3 (o3 75 S

S 5 4o -5
ool bl cod mhaw lad Dbl cw)n jshiie 4 pol> agy o
ob By yo lajialesl ads ool oo oolizwl 456 MM L 4ilas
plul a4l 5 26 20 515 10 Ceyu 4w (o g 05 oKy Dgoygole
giwilyz 5l eolaul b axas] g5 4 alite o yiel)l il a8 S

1 oplaib 17 0551396 (13355 8 ()30 Suille i

o clalie b oad Jloy o jlid G "10 JS5" s e
Calind 5 @) ] ol Saalies 123 Wen) Sl ol ey Joli
Sl lesls (S 4y azgs b sl sad ool las (8) pluls
5005 1 B 01 Sl o oy sl puils 3 oogazme 1o cwlio gloz!
o @ 057 ol b el 4B g sogame ol o B ST
55 bools cdy e il o5 jebolen oyl slagsbie sl
298 009 Vb oml Sl B 50 odlay ot iy Vb lauls 5
Al ;o bosls glaizl pas a0 g Lo obml 44 jouie g5 diw)
el 0t 53,5 Lo
Olsie 4 Tw Jols (51 (550 Y (slagulie 1 "11 JS2" o
b b 005 o caz ploy el Glsie 4 V/UT 5 Jlad ke
rhw jlid b gbosls glaz| JSo 4 ax g b .ol ooy oolail glaw
ool J2als 55 5 009 8 S 5l e il 4 Vb laguils B o
Slleg como ) lnebl obul jgliie 4 cpizmes ol @70 b conlite
bost Jloy el o s [Lid cinbs bt cond (g S0l sl i
andllas ;o ool ooliiwl Hlid jguiw .Cawl 00l awslio [36] x>, s
b s b o BEK b o5 5 535 o slo i £ 55
55 g 5 b lin lybas g )25 b Sl s, JS

70| ]
g
& 65¢ A B
& A
~60F {4 o oeond 1
PY
“8 s5) ,
~
= 50} ,
S
3 45f ]
e
2 40} 1
on —g— U, =10 m/s ,Rey = 1045
;° 350 —o-. U, =15 m/s ,Rey = 1612 -
= ol A= Vs =20 m/s ,Rey = 2171
2?0'2 16'1 16” 15‘
w8 /U,

Fig. 10 Surface pressure spectra normalized with outer variables of
turbulence boundary layer

aasl 55,0 Y (B Gloplie b oo Jloy mhow jlad el 10 JSCi

1250 9 1
&
o 120+ h.& T
s 1
~
> P
N2 110 - 1
"y
= 105+ . 7
~—~ | Wy,
3 100+ 7
2
S~
E 9B _g— U, =10 m/s ,Rey = 1045 7
S ggl =o-- U, =15 m/s ,Rep = 1612 |
S -a- U, =20m/s ,Rey =2171
851 ..e.. Farabee, Rey = 3386 1
80+ ) ) . 7
10” 10" 10°
wv/u?

Fig. 11 Surface pressure spectra normalized with inner variables of
turbulence boundary layer and comparison with Farabee results [36]

5 a2isl (6jp0 4Y (3l gloalie bond Jloy gl jlad il 11 JS&
[36] )6 gl b awglie

270


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.41.1
https://mme.modares.ac.ir/article-15-8508-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-08 ]

[ DOR: 20.1001.1.10275940.1396.17.1.41.1 ]

Ve 9 s LidI oula.:

U,S,)S._n_ajloéh‘ﬁ.wll.!Muboﬁg)mT&j)an@am)m_ﬁ*bd)qﬁuw)»

(M) glygw kb d
V/Up g soliie Lok Jloyi ¢ygm jlab d*
Mgy SShaol gy ¢
(H2) 355 f
(M) (SoisST g 200
(kgm_ls_z) Olej 03s> 5o lid Bl p
kgm's?) 555m aY ad 5 (Soolips Jlid qe
Kkgm's?) o1 b, Sealus jLed Goo
m) gl gles R
(M) i T >l glads r
Xl p g, oae Rey
0 by » jolsn, s0e Reg
Sl Gl sla mbibie Cos Rr
M) ol bl ey Uc
MS™) (530 Y & )3 copus Ue
ms™y 551 b s U
ms™h) Shol ca U;
M) Sl bl 55 sy u
V/Up o obde boss Jloy s pun ut
M) alem 4 51 5l bl o alolé x
(M) s 5l 5350 alold y
V/Up s olide b oads Jloy (g350s alold yt
Sl mdle
M) 50 aY Cwls )
M) $5p0 &Y S > ol Cwalbes 6"
(M) 550 @Y pytinge Cualid o
(MPS) Seilotw 4555 v
kgm?) Jis> Po
Kgm's?) Jlgs b a5 Ty

Kg’m?s* HZ™h jlas cllog Sy diub J8> @y (w)
(rad Hz) glaysl; Luils ) 1)

P g & 7
Sy dhulia Jis » olfaily SwgsTypl 098 5l (Buy

Aylaly glojad g Sus S Gols Liegh sede g Slss

&ip-8

[1] S. Ghaemi, F. Scarano, Turbulent structure of high-amplitude pressure peaks
within the turbulent boundary layer, Journal of Fluid Mechanics, Vol. 735,
No. 1, pp. 381-426, 2013.

[2] A. Garcia-Sagrado, T. Hynes, Wall pressure sources near an airfoil trailing
edge under turbulent boundary layers, Journal of Fluids and Structures, Vol.
30, No. 1, pp. 3-34, 2012.

[3] A. Herrig;, M. Kamruzzaman, W. Wirz, S. Wagner, Broadband airfoil
trailing-edge noise prediction from measured surface pressures and spanwise
length scales, International Journal of Aeroacoustics, Vol. 12, No. 3, pp. 53-
82, 2013.

[4] T. F. Brooks, T. Hodgson, Trailing edge noise prediction from measured
surface pressures, Journal of sound and vibration, Vol. 78, No. 1, pp. 69-
117, 1981.

[5] J. Mathieu, J. Scott, An Introduction to Turbulent Flow, First Edittion, pp.
73-97, Cambridge: Cambridge University Press, 2000.

[6] M. Bull, Wall-pressure fluctuations beneath turbulent boundary layers: some
reflections on forty years of research, Journal of Sound and Vibration, Vol.
190, No. 3, pp. 299-315, 1996.

271

110+ B
R
%1057 A‘ il
= %
@;1007 B

[{s]
w
T

90

80+
—o— U, =10 m/s ,Rey = 1045
75r —o-- U, =15 m/s ,Reg = 1612
-a& = U, =20 m/s ,Reyg = 2171

10log,o ((Pp(@) U, /T

70

65F. .., ‘ ‘ i

1 0 1 2
10 10 ws/U, 10 10

Fig. 12 Surface pressure spectra normalized with mix variables of
turbulence boundary layer

2asl (550 Y (oo F slauliie bons Jloj glaw JLid il 12 JSCo

70

65 S .
N 60t RSE Ry .
= 0= —0- 00 My
8 55+ : .
S
& 50 & 8
s 4
= 45*A- ; Ay, |
gﬁ 40l Present study, U, = 20 m/s |
= =9= Amiet model [10]
— 35t =&= Chase-Howe model [13] b

& Smol"Yakov-Tkachenko model [14] Y
30— Goody model [9] 1
25 1 ‘ 2 ‘ 3 ‘ 4
10 10 10 10
Frequency (Hz)

Fig. 13 comparison of surface pressure spectra between direct
measurement results and semi-empirical models at 20 m/s

2l g e (5,503l G o e HLad Cads avslie 13 Y&

20 M/S s s 53 (02,25 o Slo o0

chw jlid b cul oad (6, Sojlail coli Lo o b gam SO Els o
wisl e aY dlize slowlie 5l oolitul b calize slacie yu o
as ols plas mls cwl ad 3 18 bl o 00 gleiz] ogou g 0ol Jloy
3 eolazul lsl 4 L;.L..,., 5 omb sl ils B 0 bosls &Lo.:_?‘ e
Seslitul il 4 b lails 2 osgamme )3 5 (oS5 slagsbiie
3 Sliselol 51 dalol o el dles cewsy dS1S (65 50 Y slo wlide
deb 0 e dlide gladue oL gl LS b @S cone
b 2LlS sasmslis b cwl w88 18 Jb5)l 0)se Hleuo HLid
kol S bl cov mha Jlad Cads (w iy )0 (6955 (2,28 ded Joe
2 ol ol @il (g5 Y Gla el Sl esliisl b yae laé
e b plgiee e [lid gpSejlail 4 5l e @)lse 5 6k
ol 0 05 GeesS el Z80 L Juw cpl l eslaal b 1y mlaw
bos 09,5 o3l eolainl b mhaw LLL jlad ollug (s mFesll
g ge Jyono (Soolipognl ol bigs o 50 9 )Lad jguin lsie 4 o))
Sldllas @i b g g95d Sz caslio (g0 ol 4 GLLE SWS
eled )585 53 (9028 SesS g 1

e S 5g8 -6

-1
ms )‘-’9‘0 ] Co

1 opleis 17 0531396 (12355 8 ()0 Sl i


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.41.1
https://mme.modares.ac.ir/article-15-8508-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-08 ]

[ DOR: 20.1001.1.10275940.1396.17.1.41.1 ]

Ve 9 G LI b

U,S,)S._n_a)'loéh‘ﬁ.wllg.;ajd«zbo‘sg)mT&))a«gNz_daan)m_ﬁ*bd)qﬁuw)»

Engineering, Vol. 16, No. 10, pp. 155-162, 2016. (in Persian ...,5)

[24] E. Salze, C. Bailly, O. Marsden, E. Jondeau, D. Juvé, An experimental
characterization of wall pressure wavevector-frequency spectra in the
presence of pressure gradients, 20th AIAA/CEAS Aeroacoustics Conference,
Atlanta, GA, 16-20 June 2014.

[25] Q. Leclére, A. Pereira, A. Finez, P. Souchotte, Indirect calibration of a large
microphone array for in-duct acoustic measurements, Journal of Sound and
Vibration, Vol. 376, No. 01, pp. 48-59, 2016.

[26] F. J. Fahy, P. Gardonio, Sound and structural vibration: Radiation,
Transmission and Response, Second Edittion, pp. 282-315, London:
Academic press, 2007.

[27] D. Spalding, A single formula for the “law of the wall”, Journal of Applied
Mechanics, Vol. 28, No. 3, pp. 455-458, 1961.

[28] F. White, Viscous fluid flow, Second Edittion, pp. 415-419, New York:
McGraw-Hill, 1991.

[29] P. R. Spalart, Direct simulation of a turbulent boundary layer up to R 6=
1410, Journal of Fluid Mechanics, Vol. 187, No. 1, pp. 61-98, 1988.

[30] W. M. Kays and M. E. Crawford. Convective Heat and Mass Transfer, 3rd
edition, pp. 192-244, New York: McGraw-Hill, 1993.

[31] J. Komminaho, M. Skote, Reynolds stress budgets in Couette and boundary
layer flows, Flow, Turbulence and Combustion, Vol. 68, No. 2, pp.167-192,
2002.

[32] M. P. Simens, J. Jimenez, S. Hoyas, Y. Mizuno, A high-resolution code for
turbulent boundary layers. Journal of Computational Physics, Vol. 228, No.
11, pp.4218-4231, 2009.

[33] P. Schlatter, Q. Li, G. Brethouwer, A. V. Johansson, and D. S. Henningson,
High-Reynolds number turbulent boundary layers studied by numerical
simulation, 62nd Annual Meeting of the APS Division of Fluid Dynamics,
Minneapolis, Minnesota, 22-24 November, 2009.

[34] X. Wu, P. Moin, Direct numerical simulation of turbulence in a nominally
zero-pressure gradient flat-plate boundary layer, Journal of Fluid Mechanics,
Vol. 630, No. 1, pp. 5-41, 2009.

[35] A. Rona, H. Soueid, Boundary layer trips for low Reynolds number wind
tunnel tests, 48th AIAA Aerospace Sciences Meeting Including the New
Horizons Forum and Aerospace Exposition, Orlando, Florida, 4-7 Junuary,
2010.

[36] T. M. Farabee, M. J. Casarella, Spectral features of wall pressure fluctuations
beneath turbulent boundary layers, Physics of Fluids A: Fluid Dynamics
(1989-1993), Vol. 3, No. 10, pp. 2410-2420, 1991.

[37] M. R. Catlett, W. J. Davenport, R. L. Simpson, S. Glegg, Flow induced noise
from turbulent flow over steps and gaps, MS thesis, Virginia Polytechnic
Institute and State University, 2010.

[38] N. Hu, M. Herr, Characteristics of wall pressure fluctuations for a flat plate
turbulent boundary layer with pressure gradients, 22nd AIAA/CEAS
Aeroacoustics Conference, Lyon, France, 30 May-1 June, 2016.

1 oplaib 17 0551396 (13355 8 ()30 Suille i

[7]1 W. L. Keith, D. Hurdis, B. Abraham, A comparison of turbulent boundary
layer wall-pressure spectra, Journal of Fluids Engineering, Vol. 114, No. 3,
pp. 338-347, 1992.

[8] W. Blake, Mechanics of flow-induced sound and vibration, Volume
2:Complex flow-structure interactions, First Edittion, pp. 497-588, London:
Academic press, 1986.

[9] M. Goody, Empirical Spectral Model of Surface Pressure Fluctuations, AIAA
Journal, Vol. 42, No. 9, pp. 1788-1794, 2004.

[10] R. Amiet, Noise due to turbulent flow past a trailing edge, Journal of sound
and vibration, Vol. 47, No. 3, pp. 387-393, 1976.

[11] W. Willmarth, F. Roos, Resolution and structure of the wall pressure field
beneath a turbulent boundary layer, Journal of Fluid Mechanics, Vol. 22, No.
01, pp. 81-94, 1965.

[12] D. Chase, The character of the turbulent wall pressure spectrum at
subconvective wavenumbers and a suggested comprehensive model, Journal
of Sound and Vibration, Vol. 112, No. 1, pp. 125-147, 1987.

[13] M. S. Howe, Acoustics of fluid-structure interactions, First Edittion, pp. 207-
210, Cambridge: Cambridge University Press, 1998.

[14] A. Smol'Yakov, V. Tkachenko, J. Wood, Model of a field of pseudosonic
turbulent wall pressures and experimental data, Soviet physics. Acoustics,
Vol. 37, No. 6, pp. 627-631, 1991.

[15] J. B. Barlow, W. Rae, A. Pope, Low-speed wind tunnel testing, Third
Edittion, pp. 367-425, New York: John Wiely & Sons, Inc, 1999.

[16] Y. Rozenberg, M. Roger, S. Moreau, Rotating blade trailing-edge noise:
Experimental validation of analytical model, AIAA Journal, Vol. 48, No. 5,
pp. 951-962, 2010.

[17] A. Afshari, M. Azarpeyvand, A. A. Dehghan, M. Sz6ke, Trailing Edge Noise
Reduction Using Novel Surface Treatments, 22nd AIAA/CEAS Aeroacoustics
Conference, Lyon, France, 30 May-1 June, 2016.

[18] G. Corcos, Resolution of pressure in turbulence, The Journal of the
Acoustical Society of America, Vol. 35, No. 2, pp. 192-199, 1963.

[19] G. Schewe, On the structure and resolution of wall-pressure fluctuations
associated with turbulent boundary-layer flow, Journal of Fluid Mechanics,
Vol. 134, No. 1, pp. 311-328, 1983.

[20] S. Gravante, A. Naguib, C. Wark, H. Nagib, Characterization of the pressure
fluctuations under a fully developed turbulent boundary layer, AIAA journal,
Vol. 36, No. 10, pp. 1808-1816, 1998.

[21] M. Bull, A. Thomas, High frequency wall-pressure fluctuations in turbulent
boundary layers, Physics of Fluids (1958-1988), Vol. 19, No. 4, pp. 597-599,
1976.

[22] M. C. Goody, R. L. Simpson, An experimental investigation of pressure
fluctuations in three-dimensional turbulent boundary layers, PhD thesis,
Virginia Polytechnic Institute and State University, 1999.

[23] A. Afshari, A. A. Dehghan, V. Kalantar, M. Farmani, Analytical and
experimental investigation of remote microphone system response for
prediction of surface pressure fluctuations, Modares Mechanical

272


https://dorl.net/dor/20.1001.1.10275940.1396.17.1.41.1
https://mme.modares.ac.ir/article-15-8508-fa.html
http://www.tcpdf.org

