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ABSTRACT

The high speed flow leaked from cracks in gas pipelines can lead to severe explosion
accidents. Therefore, detecting the location of leakage flow early and precisely is important
to reduce the damage from leakage flow. The three-dimensional probe array using the
acoustic intensity signals is one of the useful leak detection technologies. In this study, the
CFD/CAA hybrid method is used to investigate the flow and acoustic characteristics of
leakage flow. The features of leakage flow, including turbulence scales, roll-up pheno-
menon, strong shock waves, and Mach disk are predicted through the large eddy simulation
(LES), and the far-field noise is calculated using the Ffowcs Williams-Hawkings (FW-H)
acoustic analogy with permeable surfaces. The parametric study is performed in terms of
the internal pressure condition in the pipe (10, 30, 50, 100 bar) and the size of leakage hole
(5, 8, 10 mm) to analyze the flow and acoustics characteristics of the leakage flow. The
strong Mack disk expands widely as the internal pressure and hole size increase while
screech tone noise at specific frequency is observed as the internal pressure and hole size
decrease. It turns out that overall sound pressure level (OASPL) of leakage flow increases
about 15 dB when screech tone noise occurs.
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mfo| Lo Agtof| A TR = 52 rlclrTt 10] His 255 AE 5 2 &5 5482 1l ik 2254
O] EAofl= 7 =8H4-2{(Turbulent Mixing Noise)t A= &= one Noise), 12|17 3t &4
(Broadband Shock-associated Noise). 2.2 7 H Tt R 231422 4 -#-5°] SEi(Downstream) ®FO 2 7
o} == Tt R 0] JFo & Idsh, v o] WEshe obR ke & Hutel= 54e 7t
2] B A2 A EolA ol WRke=s A f-so] MupEdA dgshs EQPute] bR
Hydrodynamic Fluctuations@} -7 Upstream) B30 2 Zute] = Acoustic Fluctuations 2] S-&= W45}, 5
o] I A5l= Fulp= A Standing Wave) 2] Gk W=t B 54 232 Aek3olA PAYeH 3 Roll-U
Ayo] Botguto] 9712 Z7HA|A, Sheck-Cell Structure@} £FF-0] A0 AFR-© & t)7] 3717} b=t A8 HhES
AITH 7). 115, B4 a4 Discrete Frequency) S 7= A3 2] X] £ A3 54 FakrolA] 743 E(Tone)
O] A E A} ek 7|50 2 A7 Weko = Mk B g2 x50 2841 Jka & 7 210l 5-251tH8,9]. T3k 3
JNHIAEIE o]-85to] 2-H2] YAE BAlIsh= SHollA 73t QIEIAE =
g g F|ZE WA Powell[10]2] A Ao =W, ~52]7] & 432 255 AE WHoA E¢-gut
(Instability Wave)2] 437, EQH 1kt Shock-Cell Structure 7H] AAS7HY, led S0l A REALER= Sattof] oJgH A28
wete| g o= o] Foizl wEul v US| ofsto] TRt o] %, ofe] AeS Fall 272 E Aol Wt A7t
=]l Umeda[11]& rE2 58 WErh= 2393 & 420 o ¥t A8-S 43851810k Panda[12]9}
Raman[13]-2 &2 WA 2719] 235 A| B0l 23 8|2] = 4-3-0] /41 Ao ¥t 45 Al o= 45t
Ak o] AAE Foll 225 AE Q] A% EAS AR A7 EASIAIRE, AA EHE ] =4 9V

oAl Fes7] o7] whiRol] Z4k3-A] 8K Computational Fluid Dynamics, CFD) s} 22 424] 3

4
12
e

rlo
Am
o,

A
[
|
> B
lo dlo

L)
Wi
ul

o P
djo

&

[¢]

&
=
3
l..

=
rzmﬁn

ofl
P
o nZ g do rok

s

o b
ol o

[¢]

E

7V oM T e 50 2 542 ERlstke wgo] B astiti14).

mfoliof] A7 Agte] A5 HAIsH] fl5] A W bshA A A5l WARRE 4P= U, Ebrahimi-
Moghadam[15]+= T} O] W7t 20] 3~5 bard o Y1 B3] Aol 27| mheE w4 50 £ oh-fde Hoks
2SI Wei[16]+= o] o] UlHeleo] 1-4 bard w) A9k =27] 9 A7} 4o vl e e 2453
Qingqing[17]-> B33t 2 415.9] 52 54 24T 4= = 1H5 151 M3k (Wave Packet Transform)< o]-§-51o] 2
=] HAE "AIshs A5 eI B4 Tl Aol HAShs A8 & 45l e 2 A 2S5 )
ofsl7] Qlet 4=2] oA At Tt 4= =] {rt. Han[18]2 k-e ‘W RHE-S AAIRE B/ Reynolds-Averaged Navier-

-
Stokes(RANS) W g2la AMgolo] 9 AES] 2323 & 2ga sHASIAH. sid sl B Shock-Cell

Structure”} 9] At} AA|ghe AS517] $15l Ponton[19]9] A ¢ At} vl st e A9 A-E eket Hat

31



NUMERICAL PREDICTION OF AERODYNAMIC NOISE OF LEAKAGE FLOW USING CFD/CAA HYBRID METHOD

A A-] T2 S 7 0 & RANS W7 ALS o853, SEATE AE A3} 242 74 430 T8 439
AgtollA WS B4Rt R 9 oFf f-5017] whzofl e EXol tiet ekt aef7F Hasht ARk
P} £ 55 5k RANS WA 277 1/d tit i QR ot At oFF-5 FHEHA] Foto] fra7d<] Bt B4
= At siAstA] Zoke Tidol Atk olF Heked o Ql= dilA7"H 9 2+= Direct Numerical System(DNS)}
Large Eddy Simulation(LES)©] 31Tt. DNS+ Navier-Stokes ®7d412 5% 214 Aktsto] it E S At oFR
ol iz B AsksA| FLak 4= QA Flo]&=Z 4(Reynolds Numver, Re)E 7|50 2 Re’* o|4F2] Az} 7|45 8
Stof A Hl-go] wol =t olof whet 2| Zell= LESE o851 AlE 450 5= siisle d-50] EsH 28
2ATH20-22]. LES 7'H-2 Navier-Stokes 7440l 4] thiit eF7-o] Wi AR 274 ARl 249 DNS 1474
B} Q)= AR} 77 Ao] A 0 2 88291 sfjA]o] 7155ttt T3, Subgrid Scale(SGS)= 5ol it oFF=
HE] At R0 R RS IS5 5 e 5401 A
SFAGE o]gsto] - X E FAISH | flshAl= 4 f-aell ofel WAshs A5 S4-2 mefsh= Aol Sast
2 oAM= 788 AT E0|9] STAR-CCM+ SRS o851, LES 7[R-& E-8-5to] mpo| . AgtefA ' TAg
k= A Fsoll tigh AAitel A& S=afstsdth. T3 LES aldS Fall AXEE A5 AE-E vl S 2 Ffowces-Williams
and Hawkings(FW-H) 2 A ol-85to] 74 455 dISsI8it 53] 74 159 53 542 mtefshr] fisl ot
o] R oFe, Aete] =17 jizle| ke f-5 2 A 54 vl FAISHI:

k)

-F'rl:H bae /‘é 1= Navier-Stokes 8% éﬁ.—% 213 ARteto] ok, At o] e e REEe Fdl clSchke 71
o]t} Navier-Stokes YA Hdlotal Wi 7-52] FF S B2 5ol 1L2{oh= RANS A8 A1} Bl w gl
o, LES {4792 gtalrt obd £3F BE RS o-8sto] siide 43

Sub-FilteredU} Sub-Grid 231 ¢/-2 AF85te] 4] (1)2 Al 4= qlrk

S
v
R
=)
)
A,
>,
1o
rE
=5
©-
rlr
e
o,
ot
>
)
1
i)

1] gi=H I A, FE, olvA] 55 Uehdnh 37 DE R kot A e 2R 1 0] oFR-E vljAllsto] S

3 Alite] IS Foj<trt. o]2SH ] © 2 LES ] Filtering= Explicit Filtering®]t} Implicit Filtering © 2

= ek B Aol At ARSSEARE AT E 9|00l STAR-CCM+OJA= Implicit Filtering®] AH&-%]11, g

1S 59 sl A2 e == oFFo] 1S 2SIt Implicit Filtering= Explicit Filtering 2T} Sf|4] H]-8-0]
i

o] 9lo1A HES AFA S 7] 11 9)ck o]=]5t Wele] 0 2 Haljs sl ¥4~ Navier-Stokes B 4]

A =et-s 2= = 5 dHe
of chahel WejRE gloll oiish g Ale e 4 ik el ek, e, 72)7 oA Ag Al Al 2-4)
2 Uepd 4= 9l

90 4 G (o5) =

Fra (ov) =0 2)

32



S.U Kang, S.J. Kim, P.S. Ma, Y.H. Seo, R.S. Myong and H. Lee / Journal of Computational Fluids Engineering

d

> Z(p0)+ V-(po®0)= — V-pIt V-(T+ Tsps) + £, )

a ~ ~ o~ ~ ~ ~ ~
g(pE)-i- V-(pEv) = — V-pv+ V- (T+ Tgss)v — V-q+ fv 4)

>

A71A o= TEPHE £, = T @4, 283 7= THZE 5 dxfoltt. oA ZEIHE ¥A4
RANS 7413} 22 P2 APl A 4= AR, 7 821 WA= Subgrid Scale §2.02 EAH. o] g2 7t
it epeb AT A] kA1RE Boussinesq TAMH O 2 AR Aqf L o7 o Ak8-5 4 (5) 2 HEhd 4=

%(ﬂtv 1;)1 (5)

Tses = 215 —
olrf S=HHE &k BN R, 25 E T 5 et U7 HELl 1= AN 580 e 2k ehR-o] e 112
= Subgrid Scale Z2lo] oJaf] 2] Hct, & Ao L85 STAR-CCM+ A8 SWoll A ARgE 4= Q1= LES W el
oJ*= Smagorinsky, Dynamic Smagorinsky, Wall-Adapting Local-Eddy Viscosity(WALE) & A 7}F4]7} it} £ Ao
A= B ZAfA Q] F71AQI 74| g8 816kA] ¢, Mo A5 T Al oA 4 = WALE

Subgrid Scale &2 A8-5FTH23].

2.2 2351 7|
mlo| Lol Aglof| A AL G50 7 Q5] RS 422 odl&5H] Y5 FW-H ®W74] 7[Hko] S AMES o4

} E‘r A1 ()l 71415 FW-H 121 0] Q- Hgtof| = 74| 42 Thickness Noise) ¥} 5}542{(Loading Noise), 18] 17
2o oJgt -F-57]Q14-2(Flow-Induced Noise) o] ZLatE]|o] QlT}{24]. “%i%%‘?l Tﬁﬂii_’ Clraam =
1]14 A F5710452 AS0P ] Sl f-a7gl tieh Ald & Ro] gk e o= A2 FHH R

of H]ﬁﬂ 2 o] Aol Hasith meEba, 7AiM Aol WAk -?r ‘ol ofgh A=AF A
(Quadrupole Source)S T4 07 AklsH7| ¢l F32PH(Permeable) AAIZ 1S 285 FW-H 23 AHHS o] 85
of YA AL ASol S XSt f-57gl thet 59 A H-E Zoet FupHof thelf BH A5-S 5-3to 2n 4=
At IR0l EEok= 2= AKX 4 Qo 24 1] o dlofEli= AIRE G oA olx]o] gleu=z
A o o =

Fast Fourier Transform(FFT)2 4-856}0] £l G4 0 2 HH3lolo] 48 AHE S B M5 TH25).

it rlet) = wx-ﬂV[dl Mw}dv5%17kﬁ%%ifps+§3ﬂw7ﬁ%%fﬂd5 ©

3. TARHA @

LE
»a

R

3.1 TLkoHA RR S = A
£ Aole W 270l 212} 108 mm, 114 mm<l ¥ mho] TS Ftslld] 2 ARSIt AA| 4] 57l
o] X

/\
A ARG Tl S Q17957 1101 Q12 o] gTsjo] L] 450 B8] ZAFRIEE, SHARL B AT A L 5

33



NUMERICAL PREDICTION OF AERODYNAMIC NOISE OF LEAKAGE FLOW USING CFD/CAA HYBRID METHOD

e AT 2318 Fofaklal, who] L Ui o] o] HAE0] == A F] Wzl wte] Lo Hol7t 4 -
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Fig. 1. Geometry of pipeline and microphone array
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Fig. 2. Geometry of permeable surface
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R, 25 sfAsk] el 4 559 578 Eeohs 7MY RS SIS A AR A7)+ 9F B/
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215H 3,000%F 7H, 5,900 7H, 12 2,000%F 7] 2] AXFE -85t Az} /3= SR1I6I31 L, 71 A= Table 1] B S
STt 5,900%H 71 0] A7} A5 713 0 = ARiEe] 0.170 ke/soll HsHAAL S Aol =8 oh= $1A1 &= A7
ZHr7F 19 2,0005F 71 W o] Aot FUstGint o5 Foll 2 ATl =T 5,900UJ W] ARE ARgstoH, 4
214 2A 2] 55 42 s st ] Yall ths E=(Multi-Block) G 5,000%F 7H2] AAE LA

Fig. 3. Computational domain for investigation

VoW

Fig. 4. Computational grid system with permeable surface
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Table 1. Results of grid convergence test

Resolution level Coarse Medium Fine
Total elements 30M 59M 120M
Finest mesh size [m] 0.012 0.01 0.008

Simulation time [hr] 30 70 120
Mass flow rate [kg/s] 0.0168 0.170 0.170

mto] o] ZRITE Uit o] fA]E]7] $15] Stagnation Inlet ZHAIZ7-E, who] Tojli= Wall A2 Hoi513ich
A% S5 3R Y A] W2 Pressure Outlet ZHAIZ S FoI5I3ITE Table 2+= 74 -5 X 225 si4sk] 919t
ZAA| At G0 kel A 2238 eI ool o] iRt Hat e -5 B g S0 rIAl= dRke met
SH71 9181 10, 30, 50, 100 bar?l 7-¢-= A4S, Wi 2= B 300 KO= 27 21460 Hi7] 202 257}
288.15 K w|o] =] % th7] R ARESHAAL, o7 1A= 7PdstGiT). At by &l WA she gt 4
24 &5 Y5l A& 2~FEF Q| o Fuk4E 200,000 Hz 2 A= S|4 ATHFAS 2.5 ps2 AT, &
Ll ZeYstgirt. slffg AlR7HA]

[t

ot Fat S IE( A £, Frequency Resolution) S SHE S 4= Q150,045 s7kA] A4S
15t S1al 495 A7 Intel(R) Xeon(R) Gold 6230R CPU 2.1 GHz 320 cores S ©-85F EAEO 2 oF 704]
| A8 =}, AibsiA At 7-5-0] 54do] F5] 4HRH0.002 s ©]9-2] H|oB & ARESHIH.

[¢]

oL

O

Table 2. Simulation conditions

Flow Air
Temperature(Te) 288.15K
Pressure(Pe) 101,325 Pa
Hole diameter(Dy) 5,8, 10 mm
Reynolds number 2.5%10°, 4.1x10°%, 5.3x10°

12 QoA Mol mo] Astol A A -§5 8 48 S48 B4l i8] Holmo] ungteln} Agte] 2710
sl wh2 wetvi= 2] 7S 5W5HACE Table 32 1412 919l Case W2 2|45k mo] o] Agte] =i7]oh 27] vpict
2 9 25 2ot Case 141 23] 2717 A4 ) UjRI20] MshL, Case 2, 5, 62 o] 0] Upgrelo] 94
& ) A5 27]9) s} e 57 40 ulale PR e Bl

Table 3. Initial conditions of pipeline

Case Dy [mm] Py [bar] To [K]
1 10 10 300
2 10 30 300
3 10 50 300
4 10 100 300
5 8 30 300
6 5 30 300
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Table 4. Computation results on leakage flow on pressure

Py [bar] 10 30 50 100
Velocity [m/s] 369.95 370.82 370.43 370.33
Temperature [K] 231.12 231.22 231.53 231.64
Mach number [-] 1.23 1.23 1.23 1.23
Density [kg/m’] 547 15.40 25.35 50.23
Mass flow rate [kg/s] 0.17 0.478 0.78 1.56
Pressure [bar] 2.60 9.15 15.73 32.26

Fig. 5+ 574 H| W5 -5off o] o] Y Retelo] 24 f-574ol| Rl x| ks 24I5te] Yehisich. 2

=15 ZS A E a2 IgE o] ME S5 2 shRHREe & Mkl 5448 2T, wo] o] 9= §-50]
YA =] o] Q= ZdElo ok wpA] 74 f-Eo] mo] i oJE2 Hupd uf, 4 f-530 t7] 371 1ol S Zjol7dAgRie)
ol wt +4 f5o] Mk sk WFe R %7t tg T A 59 Aol oo AhS(Shear Layer)dt
Kelvin-Helmholtz &¢Hg/do] WAttt Tet, +4 f-50] sk Wdos HupewA waat off7t AdEh=
Roll-Up @4to] =) lHetdo] 2712 24 §59] £5 71 27151 Kelvin-Helmholtz E2Hg40] ©-2
HollA, AekSollx B 2 eFr7H st 2% S Tl A 22 R o] E9Pdute obn Weko = Hubs
o] S W2 o[UAE S4oto] WErith EQPgnte] gako s ieleo] 371 o, 23t S5 =919 He-SollA
ZAute} t2rt g Akgslo] 5o WAt £%51= Circular Wavefront”F W7 FAE A 4 -5 ti7] &
717t 2= w5719 Aol 2Jsto] 7Rt o] A=), o] Aol A oFRE ol HRke = o oFF
of| A 715250 WIS o] 715250l ofste] +A f-5 HPZ O & uishiy | EAYSILLY, mto] Lol UjEefe o] St
5 alshrt B A Ak Qo 4 s ti7] 57] 1He] £k Afol = Qlste] A 1He] F=o] AlsiA, 152
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Table 5. Computation results on leakage flow on hole diameter

Hole diameter [mm] 5 8 10
Velocity [m/s] 373.31 371.24 370.82
Temperature [K] 230.09 230.75 231.22
Mach number [-] 1.26 1.21 1.23
Density [kg/m’] 14.97 14.96 15.40
Mass flow rate [kg/s] 0.118 0.304 0.478
Pressure [bar] 8.81 9.02 9.15
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