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ABSTRACT

Hydrodynamic noise will be induced when the vehicle is moving at high speed,
which will greatly affect the invisibility. Therefore, accurate prediction and analysis of
hydrodynamic noise is of great significance. Based on OpenFOAM, this paper simulates
the radiated noise of a cylinder in uniform incoming flow using the acoustic analogy
method. The large eddy simulation was used to simulate the turbulent flow in order to
capture the flow characteristics. Since the cylinder has no rotation and other motion, there
is no need to consider the influence of monopole sound source. The differences of
hydrodynamic noise with different geometry, different Reynolds number and free surface
are analyzed, which provides a basis for hydrodynamic noise prediction of complex
underwater bodies.

First, this paper introduces the calculation domain and boundary conditions, setting
up three sets of mesh grid for verification, medium density grids were used in subsequent
calculations, with the number of 1232000 grids. The accuracy of flow field and sound
field is verified by comparing with previous work. After confirming the feasibility of
method, the numerical simulation of square column and cylinder is carried out
respectively in this chapter. It is found that the vortex of square column is more intense
than that of cylinder, the vortex frequency is smaller than that of cylinder. SPL of square
column is larger than that of cylinder, and the peak value of SPL is 10dB larger than that
of cylinder.

Then the influence of different Reynolds numbers on hydrodynamic noise of
cylinder is analyzed. It is found that the Reynolds number in the region 3900 to 22000
has little effect on the flow field, but changes the OASPL of the cylinder. For SPL in the
frequency domain, when the Reynolds number increases, the peak value of the sound
pressure level does not change much, but the corresponding frequency will increase.
Because the frequency of the peak value is the same as the vortex frequency of the
cylinder, which increases with the increase of the Reynolds number. Under different
Reynolds numbers, the sound pressure levels show obvious dipole characteristics, and the

overall sound pressure level reaches the maximum in the vertical direction of the
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incoming flow. The sound pressure under the cylinder is slightly larger than that on the
cylinder due to the action of the quadruple.

Finally, the reflection of free surface on radiated noise is emphatically considered,
depending on the VOF method to capture the free surface, considering free surface
reflection effect based on image method. The acoustic field distribution around cylinder
near free surface is simulated, the influence of different depth for underwater geometry is
analysed. The reflection effect of free surface on radiated noise is considered
preliminatively, which provides a basis for the subsequent prediction of hydrodynamic
noise characteristics of surface ships. It is found that the existence of free surface will
disturb the flow field around the cylinder and change the directivity of radiated noise. The
influence of free surface on radiated noise is not only reflected in the sound field, but also
the change of pressure pulsation caused by the disturbance of flow field.

Key words: Hydrodynamic noise, OpenFOAM, Large eddy simulation, Curle integral
solution, Free surface
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Fig.3-1 Computing Domain Settings
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Tab.3-1 Basic information of different grids
RLESES P BETH 25— JZ A% R 5 /m y*
Coarse 693000 1.53310° 0.36
Medium 1232000 1.15310° 0.27
Fine 2772000 7.76310° 0.18
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a) xoy -d b)
a) Mesh generation in the xoyplane of coarse grid b)Mesh detail of coarse grid
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_¢) Mesh generation in the xoy plane of medium grid d)Mesh detail of medium grid
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Fig.3-2 Mesh generation in the xoy plane and mesh in the vicinity of cylinder of different grids
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Tab.3-2 Flow parameters computed by different grids

S St C, C s
Coarse grid 0.22 1.17 0.12
Medium grid 0.21 1.15 0.11
Fine grid 0.21 1.15 0.11

Lysenkot®! 0.19 1.18 -
WornomP! 0.21 0.99 0.11
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Fig.3-3 Image of time-mean velocity of section z=0 for different grids
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Fig.3-4 Isosurface of instantaneous vorticity magnitude for different grids(Q=10)

B 3-4 JEoR T N[RIR IS (R I S AN TR] XU R ) = 4 v i S5 T BB AR 45 R, T
BT Hunt 25 A\ B4R H 1 Q #EIIN(Q-criterion) S 7,Q & =, 3-1 Fix:

Q=%(| W 1) (3-1)
Kb, Wl B
1 pu By
W=="(+—- —° 3-2
S ) (3-2)

S-PAEAAR B

33



FHRGE R AR =1 AEUARARE KB e i 5

s=2 (M. B (33)
2w
R Q=10 FA T, LR U AT . WAoo LA H 458
AR R R A RN R RIS, 2 OLHM AR IRILR, =4
RIIE . WDLA I, R SIS IR IR, BRI e, Ak
N R A 8.

50 -

Coarse

—— Medium
Fine

SPL/dB

-100

. al " aaaal i ]
1 10 100 1000 10000
Frequency/Hz

35 F 4
Fig.3-5 Sound spectrum level of different grids
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Fig.3-6 Time history of the lift and drag coefficient for cylinder at Re=3900
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Fig.3-7 Streamwise mean velocity on the center line in the wake of a cylinder
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Fig.3-9 Comparison of sound spectrum level
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Fig.3-10 Mesh generation in the xoy plane and mesh in the vicinity of square
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Fig.3-11 Mesh generation in the xozplane for cylinder and square
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Fig.3-12 Vorticity contours of the flow around a cylinder and a square cylinder at different time
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Fig.3-13 Time history of the lift coefficient and the drag coefficient for cylinder and square
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Fig.3-14 Average velocity streamline of square and cylinder

Cylinder
Square
e ——
_ 0.5 i
=5
= : i
2 e
0.0 F ‘ \ Sl
gé:'.-
1 1 1 1 1 ]
2 0 2 4 6
x/D

3-15 ¢ X p x
Fig.3-15 Streamwise mean velocity on the center line in the wake of columns
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Fig.3-16 Average pressure diagram of square and cylinder
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Fig.3-17 Pressure measurement diagram of column wall
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Fig.3-18 Pressure coefficients on surfaces of square and cylinder
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Fig.3-19 Contrast of sound pressure level between square and cylinder
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I SC A IR 7S ) P R AR I 2 = RS FERVR B YR, BT R 0 kB
AN, AR E et B AR, XEFEI AR RS
(Overall sound pressure level) MES:, 44 AN ML AL BT A2 T 76 R 208 nee >k,
AN S AL a R . Hat S AT AR

OASPL =101g 58 10°7 (3-5)
Ci=l
Horr, P -UL A A F AR R 7R R
n')::g)j?‘é&)‘é\/l\i&o
SXof IR R 7 4 JE R ) 36 /N Al s IR i h 5, 19 3R 48 Rk 3-3 i

3-3 y
Tab.3-3 OASPL of observers around square and cylinder
M i B JitEEF E2/dB AL 5 75 5. 4% /dB

0 62.67464 56.1553

10 62.64056 56.11298

20 62.55769 55.99644

30 62.41286 55.78897

40 62.18325 55.46405

50 61.83762 54.98731

60 61.3406 54.32108

70 60.66417 53.43838

80 59.81914 52.36825

90 58.93485 51.32025
100 58.38679 50.85529

110 58.70587 51.56222
120 59.96207 53.19342
130 61.62747 55.03267
140 63.21559 56.66052
150 64.50751 57.94119
160 65.43629 58.8487

170 65.99006 59.38667
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180 66.17094 59.5621

190 65.98034 59.37789
200 65.4151 58.83132
210 64.47085 57.91598
220 63.15621 56.63009
230 61.53451 55.00471
240 59.8267 53.18776
250 58.54371 51.6149

260 58.25073 50.98472
270 58.86167 51.48594
280 59.80351 52.52521
290 60.68806 53.57133
300 61.38865 54.4294

310 61.89794 55.07366
320 62.24588 55.53091
330 62.46901 55.83805
340 62.59985 56.02874
350 62.66316 56.12903

—— Square —— Cylinder

a) 4 b) 4
a) Diagram of overall sound pressure b) Diagram of overall sound pressure
level for square level for cylinder

3-21 4

Fig.3-21 Diagram of overall sound pressure level for square and cylinder
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Fig.3-22 Spectrum diagram of sound pressure level at different measuring points of square
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Fig.3-23 Spectrum diagram of sound pressure level at different measuring points of cylinder
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X J7ike N TIREUEER MRS, XIRAESER I E 1 =8 A [R5 R RS AT A%
WSS . 25 SRR B = RS O 2 i T H LR, THE TR B S 405
FERZE SO VFIVE TR, BB R AR A1 2 0 A K. X Rk, £ 100-1000Hz
RIS m] DARH A HAH RS T SRA5 2 0 75 IR 25 2R 5 R S8 WA AT XA AN ], T
S5 R AN AR A% 1R 75 2 S A RAE B AR T 2, DLR R S5 R D2 A
P A 35 T OREHT Vb RONERAE, AR REE AR B, 8T
TREEASOK BN 0 7 H S HERA I, #E1T 1 Re=3900 M RS IRIE . AT A
V2 A SRR AR G0 M AL, S0 b R AR SOV ST A5 2R S T &6
KRB T IRUESME S RO R HE Y, A EHUEAI T Re=4.1 A0MF LT
LR BT e s, W R BIASCHH AR B A ISR S iR Y & REf, IRZESE
RVUHENA, FETEITEFEER.

g TR AT YE LU, ARE D BIN AEA R A2 AT 1 BB, AT
TR UAAAAES SRR s A P 3 K 22 57t o I bE A B A U (A it i B
AEIEL, ke AR N TR, A R A T IR (0 o AR U SN B . AR
B 2L 9IRS, T 70 Bk Eh LG B SN BH B o D7 A [l gt DX T AR K T [
B, 0 B ARG P A A B T A, 1 BRE R 20 28 AR L T O NS E e . T
FERIZK B 0 P P R AR T AL, P s 0 U (B L T AT K 10dB . 7 AR AT A
FIFEfRRPEEE T 2, IR A BN T ReE, 3BT AR UK TR
JiTey, BRI BRI P AT SV 2 5.
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4.1

E—EER T AR LA RIKB) SRR, AT R 32 B TR v B [ A K B )
MRS S, SEAT T TR RO R, B i S ECR T B b
R . R B AT T VR EO A 7K Bl e A5 B, A B () P R 48 1 e A
L35 7K B e FE AR, I RS T R [ AN [ AT Ak ) 7S T 2 A2 A« 126 B Re=3900., 10000
14000 18000+ 22000 T4~ T.HLHAT BB, 1515 B A A A B I HT SCTH A .

4.2

b) Re=10000
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e) Re=22000
4-1 r = W (Q=100)
Fig.4-1 Isosurface of instantaneous vorticity magnitude of cylinder(Q=100)
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Fig.4-2 Time history of the lift coefficient the drag coefficient for cylinder at different Reynolds numbers
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Rt AT o L 2R AR R T 1) R e Ja i TR, S DU IR e AN R e (e 5 »
XS AR SE Ja HIRE ) SR BN B A BE, AT AR 2R 4-1.

H2 4-1 "IN, BT 5k, By R A EUE 2 B SRR
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WA AR RIREE . SRS, X 3900-22000 iX — Vi 1 & i HOK UL, &
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Tab.4-1 Average drag coefficient at different Reynolds humbers
T c,
3900 1.151
10000 1.156
14000 1.162
18000 1.173
22000 1.181

N ARKERS AR T VN IR AT oM, X A IR AN A AL B R
R, e 4-3 fos

’,.
-

U_average Magnitude
0.0e+00 0.1 0.2 03 04 0.5 6.0e01

- —
a) Re=3900
a) Streamline of cylinder(Re=3900)

=
U_average Magnitude
0.0e+00 0.5 1 15 2.0e+00
— ' "
e) Re=14000
e) Streamline of cylinder(Re=14000) f) Streamline details around cylinder
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U_average Magnitude
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j) Streamline details around cylinder

i) Re=22000
i) Streamline of cylinder(Re=22000)
4-3 F r
Fig.4-3 Average streamline of cylinder at different Reynolds number
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* 3900 = 10000 = 14000 = 18000 = 22000
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W W .y

4-4 X p X
Fig.4-4 Streamwise mean velocity on the center line in the wake of cylinder
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o fE x>2D I, AFEEHHIEELERREADFER, HEREXAAK, XAH
EHH?KEJEEFEE‘JM e A, SFEMREEAERB A TER.

XA K T O A AL B, wT IS B 4-5, R LA 70 ok i XA
FE A A O PR S, A AR S AL R I R e b, X R X . AN
4-5 AT LA B VR B RGN & B U K e MR, (ER X 30 s XA RN KRR
SN o I AKX [ AL B I ) s Sy BEAT 70 #T

a) 4 F W (Re=3900) b) 4 F W (Re=10000)
b) Average pressure diagram (Re=10000)

0) 4+ W (Re=14000) d) 4FW (Re=18000)
c) Average pressure diagram(Re=14000) d) Average pressure diagram(Re=18000)



AT K BT U R TR RS /I 4

e) 4 FW (Re=22000)
e) Average pressure diagram(Re=22000)
4-5 F 4 FW

Fig.4-5 Average pressure diagram of cylinder at different numbers
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Fig.4-6 Pressure coefficients on surfaces of cylinder
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MK 4-5 FAT LA IES I KRS SERSE 1K, WK 4-6 FRTLLEH
BB U R 2 R TR ) REN A, TR D BB B/ ME 2 B A TR VR B OR
BN, R RBEA a2 AR EEP. INEIR R LA HAE Re=22000 K&
JIZRBUS B e/ ME, TTE 120° F 240° [#[X [8] 1 Re=22000 & i T ¥ & ) R &K
S PRI BT B T O DR 2 A e 77 R B S /MBS DR, [R] IRt 2 e [ A 5 A 1) e 77 FR K
K. TEAZE P Re=3900-22000 X 8] 1Y, [EFE HIE ) REHC T AL 02k
R XFR

4.3

AT A Bl BT ARIE, el 3-19 Fras, AT 3 R AL
XN . SN M s B AT 0, S O s B B AR 0 15D, UL
I SRR 7S IS REAT PRI F AT A IR 5, ) DS B IR A0 1, ani 4-7 Fir
N
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00
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Fig.4-7 SPL of cylinder at different Re numbers
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g oK) 10000, R A & B 5T, WE(E2909 25dB, XM SR B2
FE K. AT H 2 TR W HOR T 10000 I, 7R VA B0 SO0 7 TR R IEAE I RE AN K,
(B 75 s U ELXT . (KA A A T S, U W A A SR R A ) i 00, i o ol
VRO KPS TR U (S DL AR B K, Bl 2 it i AR 46 K

4-2 F r 4
Tab.4-2 SPL of far-field observer point at different Re numbers

Re 3900 10000 14000 18000 22000
OASPL/dB 4597293  59.59251 63.93566 67.09028  70.02473

N T ERVHIUE BT FE RN, X R AR BB S IS ST IR, 15
FPERWE 4-2 Fron. T ERNFRAFEEEME B HPIRR, KB LK
bt R A 2 ], TS 2 4-8.

SPL/dB

50

40 1 1 1 1 ]
0 5000 10000 15000 20000 25000

Re

4-8 4 0.
Fig.4-8 The variation of OASPL with Re numbers

Pl 4-8 24 F A0y 15D [MEI Ak 5 T 2 Bt R A AR 4k, T DL
RS TR SRR TR VB 3900 18 hn% 10000 ARk i oK, Hhn T 4y 13.6dB; 4E 1A
KT 10000 I, i i L S IR R EAE B W B 2RV Y, B T B RS T 4000,
R KLAINN 3dB. SRR, MER KT 10000 B, T O P U
E SRR, R 2 U 7 T S VG B o0t . A8 s i 5 18 R 2 A i 7 TR 4 1
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BEIE K
TE B A FE LA B 36 AN 55 Ay BT 75 s 2 R g md 4 5 A [R) 78 T8 200 I 5 i) e 7
Pt B AL R UunE 4-3 Fios.

43 F r 4
Tab.4-3 OASPL of observers around cylinder at different numbers
OASPL/dB
(DA TA

Re=3900 Re=10000 Re=14000 Re=18000 Re=22000
0 56.1553 72.79131 78.05587 81.94985 85.52453
10 56.11298 72.73645 77.99704 81.88808 85.46006
20 55.99644 72.58539 77.83505 81.71801 85.28258
30 55.78897 72.31646 77.54667 81.41525 84.96661
40 55.46405 71.89527 77.09503 80.94107 84.47175
50 54.98731 71.2773 76.43236 80.24534 83.74567

60 54.32108 70.4137 75.5063 79.27309 82.731
70 53.43838 69.26951 74.27935 77.98493 81.38666
80 52.36825 67.88235 72.79187 76.42324 79.75685
90 51.32025 66.52387 71.33515 74.89385 78.16074

100 50.85529 65.92117 70.68885 74.21531 77.4526
110 51.56222 66.83752 71.67148 75.24696 78.52926
120 53.19342 68.95197 73.93885 77.62744 81.01357
130 55.03267 71.3361 76.49541 80.31154 83.81475
140 56.66052 73.4462 78.75813 82.68714 86.29398
150 57.94119 75.10626 80.53825 84.55607 88.24443
160 58.8487 76.28262 81.79969 85.88043 89.62657
170 59.38667 76.97997 82.54747 86.66552 90.44589
180 59.5621 77.20737 82.79132 86.92154 90.71308
190 59.37789 76.96859 82.53526 86.6527 90.43252

200 58.83132 76.2601 81.77553 85.85507 89.6001
210 57.91598 75.07359 80.50321 84.51928 88.20603

220 56.63009 73.40675 78.71582 82.64272 86.24762

60



R IE KA AR VR AFETEWECR AR S S 2 B

230 55.00471 71.29985 76.45654 80.27074 83.77217
240 53.18776 68.94463 73.93099 77.61919 81.00496
250 51.6149 66.90581 71.74471 75.32384 78.60949
260 50.98472 66.08895 70.86876 74.4042 77.64973
270 51.48594 66.73865 71.56545 75.13564 78.41308
280 52.52521 68.0858 73.01004 76.65229 79.99589
290 53.57133 69.44184 74.46415 78.17894 81.58913
300 54.4294 70.55412 75.65687 79.43117 82.89598
310 55.07366 71.38923 76.55239 80.37136 83.87718
320 55.53091 71.98194 77.18796 81.03864 84.57357
330 55.83805 72.38007 77.61489 81.48686 85.04135
340 56.02874 72.62726 77.87995 81.76515 85.33178
350 56.12903 72.715726 78.01936 81.91151 85.48452

N T SEE AR AN R B VO R R B 75 IS da m i, H53R 4-3 HR g
s IE N, WA 4-9 s, WEFFRTLUE W, [BEE R 75 I g9E B 2
P B AR R, B AR LA R B AR

K 4-9 S A A d VAR AL AR P TR g 1A 1, ) DA H B o A R [ A
Jo BB P IR AT BT o, (B T T R e 3o 75 I 48 R P AT s, A
FR] DL A [F) o VR 0T P T 2 S I S A e e, AR 3 Ly 7] i 7S
PR B KAE, A B IR R By — A “H 7 B I A A T L [
A _EMIFERS K, 72 100° A1 260° Kb/ 7S I 0B 2l HIME . B E T BIAERIKF
G EIFAKIFR, X2 T BEAE M I EA I B 20, BB AT (7K 3 e R
TSRS, imitissh SRS T FIRE S TAEM . R BLE A R
RIARAL 55 BT ST AT I3 WL 7 IS AR A — B8, Bl 7 v AR B T 1 K
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Fig.3-21 Diagram of overall sound pressure level for cylinder at different Re numbers
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Fig.5-1 Computing Domain Settings
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a) Overall h b) Mesh refinement near the cylinder
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¢) Mesh generation in the z plane
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Fig.5-2 Mesh generation

AR5 TSR PR S) IR P T N T 45 H 1P 8 & 43 T snappyHexMesh kit
17, BTSRRI, N T ARIE y il 2 TR (0.5~1 2 [8]), X A+ A
B RS AT TN HE I T I Z . BT H TR 2 S 8O, X bt
U AR AR [FIREEAT T 0% . ] 5-2a) 2 T S S R XA K1) 43, T R P R s
T 5-2b)Fran, B 5-2¢) s 1 z ST RS R A3, AR T S A A
$°h 3044925,

KT Re=3900 MIEM:SMAT AN C & T2 T./E, Lourencol8I7E 1993 ik
T KT Re=3900 MFAESMAL, 4 TSN IKEES . wmA R @
OpenFOAM H1 {3 fif 28 K FH IR A U V1 BB AL T R S3t, BUAS T ANES R 45
TG DRI 75 e BREE B 45 SR B D, A O%E E B T 7K Bl Wk i v B
RIGH /D2 b, AR HT JE PR AKERTE G T B SE 10 37 K Bk J5 1
P

66



R IE KA AR AL ANEER A R R R A K S e A A

5-1 T f ¥
Tab.5-1 The parameters of the flow around the cylinder compared to existing results
s g, G .. 137 X i
ASCHAA NS 1.08 0.12 1.09D
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Fig.5-3 Streamwise mean velocity on the center line in the wake of a cylinder
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Fig.5-4 Image of time-mean velocity of section z=0
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Fig.5-5 Comparison of free surface of cylinder with different depth
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Fig.5-6 Average velocity flow diagram of cylinder with different depth
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Fig.5-7 Streamwise mean velocity on the center line in the wake of a cylinder for different height
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Fig.5-8 Average pressure diagram of cylinder at different height
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Fig.5-9 Pressure coefficients on surfaces of cylinder at different height
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Fig.5-10 Schematic diagram of observation point
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Fig.5-2 OASPL of observer point
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Fig.5-11 SPL of cylinder with different depth
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c¢) Diagram of overall sound pressure level (H=Infinite)
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Fig.5-12 Diagram of overall sound pressure level with different depth
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Fig.5-13 Spectrum diagram of sound pressure level at different measuring points of cylinder(H=3D)
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Fig.5-14 Spectrum diagram of sound pressure level at different measuring points of cylinder(H=5D)
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