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ABSTRACT

In general, the prediction of underwater radiated noise requires source level information. This study
proposes a method for the source level estimation of propeller cavitation based on the beamforming
method. The proposed method obtains the source level information by determining the source strength
corresponding to the estimated cavitation position. As the solution of the minimization problem can be
determined analytically rather than numerically, it has the advantage of fast computational time. The
proposed method is verified through a model-scale test conducted in a large cavitation tunnel of
Korea Research Institute of Ships and Ocean Engineering. The estimated source level of the propeller
cavitation matches well with a transfer-function-based method in the frequency band that satisfies the
far-field. In addition, another method for reducing the computational time is considered through de-

termining the source level from the cavitation position and sound pressure level.

A2 FPALES A 2T 5 o, A

1.8 2 Hold Adole Zrdelo oF3ds 3 2

Al Aol Jggh JRE E3slar glo] A=

Mdukel th& sl @ 1dsl FAllo)] wiel Tede] £ A Aso] F99 34 v A7 e B4
v T =g eyt sheiAaL, ole wE A W IS Wkt ey FHE AT
Higold e 23 g8 At 8 UF & o A dF RIfAVR Autesagol 944 £F
g A Aoz AFHa olnk AnjEelde] # olshrt HAE AlFstar d7]el dut FHenk: 2

—-

Corresponding ~ Author; Member, Department of Mechanical

Engineering, Changwon National University, Professor

E-mail : jhoonlee@changwon.ac.kr

Member, Department of Mechanical Engineering, Changwon National

University, Student .

Member, Advanced Ship Research Division, Korea Research Institute # A part of this paper was presented at the KSNVE 2020
R . . . Annual Autumn Conference

of Ships and Ocean Engineering, Senior Researcher i R ded by Editor Han Shin Seol

Advanced Ship Research Division, Korea Research Institute of Ships ccomment Yy or nSeo

and Ocean Engineering, Researcher {©) The Korean Society for Noise and Vibration Engineering

Trans. Korean Soc. Noise Vib. Eng., 31(2) : 133~141, 2021 | 133


https://crossmark.crossref.org/dialog/?doi=10.5050/KSNVE.2021.31.2.133&domain=http://journal.ksnve.or.kr/&uri_scheme=http:&cm_version=v1.5

Yong-Hyun Kim et al.; Estimation of Propeller Cavitation Source Level Based on Beamforming Method for Prediction of...

Aol srjs= FAY. FedAkagold A Wel o ARtARte] MERR feiAbeEe] AATE oS

oM B L5 R o] R WAEE & Ee RYEYC A3 A2 5 3ok

T wekr, a7 =z ] s TAsh= of dAyelMe Z=A fHlEolde] FUE

o] AL Ao Hups= A5 e €9, S A B¥ o2 sl dxstaL, el

5 2gdo® A&EH ) 2f A5 Aelle] Aol gig) Zlsdth Al &
A @7l Z2Ae el del odk =5 WS ol &dle] AL SUEAE ATt XA

AMags d5 3 ZUEHS] dsiMe T 8 AYs B AESeE o9 V€ e E

of =84l S9FH(source level, SL)o] AH7F 2 Ade} v, %ﬂﬂ%(far-ﬁeld) AEZAL T

FAolt. dRtHom= ) By e A3AS, Fohks Tk gYellA 5dB oule] Afolz F A3}

i) A2 b o] &9k e "l Y] SUE=H T el dARe 1"—&%‘ = AT

77, i) A SAR) &, iv) FEAeEeS o

Zo] H4E& AR F, HEe] A9 A5 9 4 o, Z2Hy FHu|Eo|M SUAZS =HE

AAA wlAe] gelel A Bgolehs BaAy @ o3t B o|=

aE EoFePA Hed, vrep Sxlzdo] dew A

1S S A R AR S BB B o g e gl zegd A

£t} Bk o]—qa} 5]% ?—:}Xé T’:O]ZOH’H KH"I‘E]T: O]TT O]/}j i%% 74]%{% /‘L %%agi i%-ﬂ% Aﬂ}‘i

5 Z2ZEULAL O 23} 73 .

S el I FEYALE SEF BASE yorn v ke 910 2AlEl @AY =

S el LA AS AN GE AW g qero) ot 2R Aol 2805 )

O O 7123} 2= o)

RS T 9 AL AR HAR HsoRE S99

A

(sound pressure level, SPL)7} =
(fluctuation) @7Fe] WAy, ojuf yhy]
A R A ERECR R

= Ak, ShA T
A epATEE B DAS A gags g Auge)d 209 Fie Exoz
o}

oh e, &

A Al i) A 2gAS, i) AP & B §=4o] o3t sl ore RO ygEhA] o
Qe T8, i) TEARLGE AT AN g 4 pam) d@ wAslel Gge 2R
o, ol e WY olEA AR A IS gy el 2008 0o s flmononle
ol 94T FAUOE Ackstaat sk B2 source) 0.2 tiAsle] THe wasGo s, 1
Ao ERE AME AAsE A ofEE dolH, QA= FulElo| Mol A7} = Jdu} ex|shr}a
AR 7 Thsetrete TR ARG oA A 7V43150t. thA] 28l Fig, 1] LERA uhel 7o), o)
Heldd &5 ASE 2712 dmearfield) A5 S g g gz Eajge 2eRdd wAEE TR
& 7hsAdol A7]ol dRbARl AgAR RdS A& 2 MY wY NG ERE)R ASE A9 m
Lol ek A AN R R aagela) A% gegt e 19 Sgreen
AA 5 Be A ayr) éﬁo}‘)r o] Aol A function)(s) B3 Fuk oA A (l)jﬂr o] 1
£ 1% @A A o] A8 PR AFAE oy oo
A hehs sl WIEA U 7] WRES AT
EIEI L exp(—jkr,)

At FAME A SAFEE =JIR A5A 9 In =T e M
HEH Aol oxE AxsgonM 1E WA ’
W 9 gelel JuE F4% 4 Ak Eeh ¢ o/l xPamlE BFEAS] FEl, r, m]E B
Z A (compressive sensing)®® 57} 2 QwbEel  FEAT muAl WA Alolel Agolm, k=Cafc)
Az BARY AT FAH TL WRA PRS [Umls T ST AT R, o=1500
ol 7oA B dA A (analytica) 0= A Y mis)T SES V), 2P e HES UEhTh

134 | Trans. Korean Soc. Noise Vib. Eng., 31(2) : 133~141, 2021



Yong-Hyun Kim et al.;

Estimation of Propeller Cavitation Source Level Based on Beamforming Method for Prediction of...

M7 Aol dete] 7gate] HE = bl
W E](measurement vector) yECYE= 2] (2)9+
a4 sk

(=

-
il

o]

me g1
m _llN'

y=xa+e
exp(—jkr,)
Y h
: . @)
exp(—jkrM)

Y

o714 acsCM= A3 E (propagation vector)©] il

e=[el, ..., en] €ECTE MZ ABAA} = 4R
T24E 7H-A19K gaussian) T E o, § Mz T

+ A X|(transpose)E EFATE

HEA] 1:1163}\61 HHo Fig. 20] kA o2 el
ABT U 7P el dig Tt
s W] ECYE 3H

B yskel WAHHEA 39S Astel
H)

= W} eu%ol S o=y, A wel 0
) wyPh ARgEe S A 02 agdel #
sk oz FHA aeht s WIY ¥

J source,

I o I l—-'sensor

Ym Y N

Fig.1 The noise source described by the monopole
source with strength is x. mth sensor in the
array receives the signal y,

wly
. /TN
> y \
] 0-9, 6
| /

Fig.2 Vector representation of conventional beam-
forming method

i}

xj)q

Al
s 1

28}

o w99
oA B7] W
m]E =QJ g

©)

—

2

AR ) [Pa
S IV e B
minimum cost = L"Y - EzA"2 3)
M? F
AZIA JAl=(I2ae) = BEe A71E Uehlis
T ZHL2A =F(Frobenius norm)o|i, Y(=yy")
[Pa’]eC” M= #=E] o] A8 H(correlation ma-
trix), A(=aa") [I/m’]EC V= AgdE] o] A7ad
< YehiH, 9 "A H= A# A X|(conjugate trans-
pose)& W&}

2 (3)E SYAEE=E) U W AT U
RE 7PEdol et SRS 9 5 9on,
olE nigo R 549 A= FAHSA "k oluf
o8] 7MY 5 s A Sl sEslr] Wikl
SAFHE ] YalMe 1A S 9AE F
3 5 A geas S9UE ES AYgow
W SYFYE FA43 Fig. 39)E A (3)S o] &3
U= 4 PHS TARR TAEIITE of7]A4]

Measure cavitation noise
with sensor array

|

Calculate the beamforming power BF
and the source strength £
of each candidate sources

l

Find the position of cavitation source
from maximum BF

|

Choose source strength £
that corresponds to position
of cavitation source

End

Fig.3 Flowchart for estimation of source strength
using by proposed method

Trans. Korean Soc. Noise Vib. Eng., 31(2) : 133~141, 2021 | 135



Yong-Hyun Kim et al.; Estimation of Propeller Cavitation Source Level Based on Beamforming Method for Prediction of...

Ex #AA 5 (least squares method)”S F3 2]

@st 2ol 78 5 9tk

tr(A"Y)

E= tr(AHA)

“

A71A tr(A)=Ya,= FEe diZt
Axkatol et

2 @)= A )9 BATFEIV-EAIS)E A (5)9
o] ANete] S Eoll sl HnEe H, 2 (6)
o o] $HE 0oz FiL A=A Y(=Y")7}
Su|Al¢k ¥ (Hermitian matrix) 4= ©]-83}e] Eol
tieiA defshd 9& = A

Fahe

2H(trace) S

[v- E2A||2F =tr(YY" )~ E*tr(Y"A)
®)

- E’tr(YA")+E'tr(AA")
a 2
M =-2Etr(Y"A)-2Etr(YA")
oE (©)
+4Etr(AA") =0
L5

& A @F 4 B9 R g 4 o)
st o] vebd 5
_/’:

er, olg &

A7) S A A e BEojuk o FEs = %}
olmz, 2 (3)S FHislsl] AsiAe

N h)

Fig. 4 Comparison of the positional relationship between
a virtual- and real- source (M=2)

136 | Trans. Korean Soc. Noise Vib. Eng., 31(2) : 133~141, 2021

B9 F 0 ol AARS o} 2
o 4 (el B g A7) A3 BABN
Hgeo] A g9t e GA 9t A9 1

2 ke 7495 Wlus) HA.
Fro9o7 naEly o] Ao9loa WibEE

w42 2709 wiE AXEME ASskE dXE Fig 4
of JepItE o714 A4 de A 298, 54 A2
vale 7t W 2lef o 7SS YRS, - [m] 2+ [m]
2yt 73t wid AAMZE A s vekdith 7
A, 7P A S A wdE A M
Qo izt ASHE  a=[q;, @)= FSHH y=[n
yz]T(:xa)g} A= ggol7lel A (7) e WA &
ERel EAF M= e o] 0o] HH, 4 (3)2 H4
g 7RItk WA, 7RSI A ] SR Y
SHA] ko TEWE a=[cia; ] (, cte)E &
A5} yoh 8ol SR A=A fof ourt 2
2 7P ATk olE ol A (DS ol8a 2%
9] A7} z}z 7PsEs AwE 4 gl
00 gt 4 (7) S
4517} Aok w1 A

48 4829 A4 E 4 o, 40)e 4 @®)

o

¥

223} 2A9} 2ol
Fe4) gk o)

& 44el 9
PSR
o, ool

4B
!

(
=

A
ne

C
[o
o)
il
i’\'—"
2
H?L
2
Bl
By
_VIL
F

,@{o
|
ﬁ.&m

dlo
tilo
oy
N
ol

oo
ES
N
R
e
rle
i

4 g
i
o o
I
v
-

of

o
X
[
dlo
4

© e 4
1

2 O & orfr o> o

Ho
o
o
oL r_‘.\g

2L
2
QL
N
=
&
k1
N do
oz N
[
>
=
12
i
N

-IN
&
il
lo
18 o md g0 M\
MN T o do
o o N

= oo
o
o &

o, mlo o,
o
ofo
rol

)
_k‘i_l,
=P

)

2
1 -
o>
of
()

2,
:Jd
2
(o3
IS
>
ACh
ol
2

>
2,
>~
>
oo
_O|L
2
o
2
o,
(E A
ol
rZ U

2 8 N HE oo

%
ol
N
=~
o
dlo

A @k 4 @)% o4&t
e el FEst WP
ohe, WY A7k AAR

A Aol hesh S

.

kA

ok

X,
i=)
do
il
S
e
2
=
O

JEX

I

=+
o] A& 21 Ad= EE
Aelste] PdB]E YERH HEdE, S5 99
£ A Hdh



Yong-Hyun Kim et al.; Estimation of Propeller Cavitation Source Level Based on Beamforming Method for Prediction of...

w
H
0
rx
>
oo
2
1o
il
ol

tlo W
el
HU
Ar
1

Fol| Agstarzf, dukejdE

A HaolA gl 7t 409 Z2de)r Fatd B
P& o] &3 AulHold

A Eo] A 222 % A

2ES AMESIGlon, A 1o Ao R F 87
o] #jd AAM(Fig. 5(b))2 Fig. 5(a)$} o] ZzAz
- AA el mjgeisith ey $AS A
o7 3 F9 0.15x0.3x03 m’Y 99& 717, A=,
o] 10mm 749 1537671 AAZ H&3le] #=
S7H(Fig. 5(b)) 0.2 AAsH L, o]2 wpgow Ay}
e ag PAstlch

an Interested
4 domain

flow

q

0.3m

propeller - -
ANEN:
|— 0.15m—
(a) Assumed source region
=
<
=]
}% 0.075
7 ® 32 (2z=0.198)
S1 (2=0.194)
FS1 @ ®
_ (2=0.184) Al (2=0.200)
é 0 F1 @ o o
(z=0.184) C0 (z=0.191)
l ® Pl (2z=0.194)
' ® P2 (2=0.198)
a.-0.075
-0.075 0 0.075
bow<——  x[m] — stem

(b) Configuration of sensor array

Fig.5 Test environment

Hd 2 7Tnys, TR A4 44 rad/s
=2 ﬂ?‘éo?%t Obd 2AE TESAAM A& &

7Fsdt e Al 2¥S ovidh= Zlﬂlod%%“’—%
(maximum continuos rating, MCR)<] H|& WH3}E

sl HY W 4ES
Hold A4S MEY T3 262.14kHz 7] 603
st A5Gtk A3 220 Table 13} 21, Fig. 6
ol n&yivEtE - T2y JdrjdA e i
gold 4 Yehidth

MCR®| H]&o] we} 3709 HAEHZ7(75 %MCR,
84 %MCR, 100 %MCR)S A74stelom, 7479 H
g o =3} Ffn]H o)A S¥(cavitation number, o)
T Table 13} 2t} oju] 2 (9= Ao¥= F)ulg o]
A e AHlEHe]de] B s Yehle H=

AR E AU A TR ]

2, o] AE&FE Al o)de] Hol AP S-S 9

w)gke}, weba 100 %MCReo| 7VE 71E8 A8z
o dFEs & 3

o, - _Poh 9

" 0500’ D’ ©)

o714 n [Hz]& T2 29 344, D [m]©
zeAe e A7, P [Pal= HE W 4, P, [Pa]
¥ 31435 7] Y (saurated vapor pressure)S LFERITEH

Fig. 6= A&7MEHE o] 83 4% =74 siulH)
ol # AxE, Ay ¥t ”40}10] CRaR A
DAEAA A el Fefel BE AplEelA
(Fig. 6(a)) ¥} 27l E9-& 9= FHf o lE ZHul g o]
M(sheet cavitation)(Fig 6(b)) | #=5o] Ffu] g o]
o] %H ] [E13=g] }J-g]- Q)

Table 1 Test conditions and cavitation observed by
high-speed camera

Condition 100 84 75
%MCR %MCR %MCR
Cavitation number, o, 2.61 2.82 3.06
Flow speed, [m/s] 7
Propeller rps, [Hz] 44
Tunnel pressure, [bar] 1.68 1.79 ‘ 1.93
Observed cavitation Vortex and sheet
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