creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

AAGEE o148 AL B2 3]

FA-T2 QAN L A A 2E) AR

Development of low-noise composite propeller fluid-structure interaction

analysis and design system using machine learming

20234 29

AEdEa oEed



AATES 04T Adg BHhaA 327
$A-T2 QN 2 A A2 AR

Development of low-noise composite propeller fluid-structure interaction
analysisand design system using machine leaming

A= 25 F A &

o] TE It R s AEH
20234 2¢
AEE e
st
3 aA

HeAe] T} e ISR

20234 14
9 € % zAE Q)
9 494 2 FHE ©Q
8 € AEF (@)
$ 4 L )

2
(o
o)
ot
ofo
o




THoEH

ks

A ZA1717]

51

_(134

A7 7171
2} 2~¥](Carbon fiber-reinforced plastic, CFRP)

Al - TR AN R AA A" g
o ewys Aol AAH7 Wl

2Tk mebA, A

1

3T

=

I

+
57}

2~ [e}Ke)
TEHALESE

&3}

=

.......

K | ol 1
Exow _
[0 = L IHL
f o N ik
o % W prpem
X = 5 s
N o
wo_u ~ M o
= o Mn ®
- x W
ML wjr o
W,_ oy E
Ji o op
o XG4
F 4 Xow
—_ ,W = .
Eow X LB
m. = A B
o o
5 B oo i Wuo
my o] %
oW T om A
= m,% A_w.,_mv g2 ]
A
= o = e HW_
e
T _m_. mm o
N ﬁ = B
oo K B ©

I O B



B =wdAs A gAeA EdaA F371e F8 25A48sE
=

Bk SAsted AASES TR

47 2348 19 53-vEH #HAEHBend-twist coupling) & H#A3H
7 & (nertial force coupling)= I#Hg F+x= EP@I} FW-H, permeable
FW-H 249 S3kaA (Acoustic analogy)S #-83F E3tiaA] F317)
FA-72 A4 Fluid-structure interaction, FSD % A&&3i4 7]
st AHd sArPEe 7o g HolH

A4 HelHE 749 49 dHoleAld 24 H4 o] ik &9
tlolEjAlS SHstal grA sk wHolHAA 45 417 Convolutional
neural network, CNN) ¥18&S 53l 7|AgE 7Id 53 A 945
2do] AT B oF 2ds &8st G FE, TS

=< Hagsb] 98 AA AzEE FEsta 4 Aol g

F8ol: EtaA 7], #A-T7= A, Fd-HEFE AED,

Y AEH, ST, T AFE, A A2H

(i

3} ®:2015-21181



A B 1
L1, G717 B UG s 1
12, T A et 13
FE&AA 327 FA-72 98 € 2184 B, 15
21, ERdAA FF7] FA-TZ QMY B 15
2.1.1. FF B e 15
2.1.2. TFZINA BT s 17
2.1.3 FA-TZ QAN B 46
22, A B 57
2.2.1. FW-H W] et 57
2222 Permeable FW-H 2] ..o 71
23, EFAEA FZI] A B 74
#YF 24 EFLEA FA7] FA-TR2 MY e, 76



31. TUF 24 BFEA FAZ] MATIH 76

32, TUF 2 FA-T2 A s 81

33, TYF 2 A 96
HE9F 28 EFAA F27] FA-72 QBN 120
4.1. HFYF 28 BFAEA F27] AT 120
42. HHYF 2 FA-T2 M 131
43. HITYF 27 AT e 151
44. BF2A FA7] AFAT MAUF .. 166
71AEES o] & BEFaA F7] AA A2® ML 172
51. ALS BEEAEA FF7] AAl AZE . 172
52. Z1ASE 71 BE W oS 2 A 175

52.1 HolE] 5 = AT .o 178

522. A3 2E 85 B A 188
53. BFa2A 071 @ FF HH AA . 199

531, 97 B3F HE AL EF e 201

532. @/ FF HF AAY BEHI e 206



54. BREA 7] AFIHT £F AF HA ., 217

541, @AFNST &5 HE AL EF s 219

542. @AFST &5 AL BEHTh s 223

6. AE H FF FH B 237
6.1, ZAE s 237

6.2. FF T AT 240

ZEIL B s 243
FE A A @7 B8 BT 255
Al T8 &4 A8 S vHAdE LR, 255

A2 A oA A FA A vIAE SELAA . 283
ADSITACE ... 290



Figure 1 General characteristics of composite propellers. ..........covvieiirnieiinnseiseees 10
Figure 2 Deformed blade coordinates with underformed coordinates..............cooevrvriicerennnn. 20
Figure 3 Geometry model for bend-twist coupling validation (Meng, 2011)........ccccovverrenne. 26

Figure 4 Mode shape results of the blade model at (a) 1% bending mode frequency and (b) 1%

twisting Mode fIEQUENCY. .......ccviiiiiiiiiii 26
Figure 5 Inertial reference axes and body-fixed axes for the flexible structure..............cccc.e.... 31
Figure 6 Geometry model for inertial force coupling validation (Tian et. al., 2017)................. 38

Figure 7 Structural acceleration power spectrum w/ and w/o inertial force coupling: (a) harmonic

components of the external force and (b) natural response components. ................. 38

Figure 8 Multi composite layer matrix configuration for 3 stack layer case. .........c.ccoecvrrernnnen. 42

Figure 9 In-plane normal stress for simply-supported laminated plate of 200 mm side length with

cross-ply configuration [0°, 90°, 0. ...veviiiiiiiiiiiiis s 44

Figure 10 Transverse shear stress for simply-supported laminated plate of 200 mm side length

with cross-ply configuration [0°, 90°, 0°]. .....cccvviriiiiniiiiiinee e 44
Figure 11 Stack angle definition for composite propellers . .........ccoovvrvireineininerncrne 45
Vi
-



Figure 12 Fluid-structure interaction algorithm for strong coupled method............cc.coveurnenne. 49

Figure 13 APC 12x4.7 MR(P) propeller geometry model for fluid-structure interaction analysis

validation (Tinney and Sirohi, 2018). ......cccuvrirriiiiiierserrese e 51

Figure 14 Fluid-structure interaction analysis domain with boundary conditions for APC 12x4.7

MR(P) propeller MOdEL. ..........cceiririiiiiiiiiiee e 51

Figure 15 Thrust of APC 12 x 4.5 MR(P) for rotation speeds on the uncoupled and coupled

17 T VU () 0 FA RO 54

Figure 16 Blade deformation at 120 rps on the (a) uncoupled and (b) coupled conditions....... 55

Figure 17 Pitch angle for radius ratio(r/R) after deformation on uncoupled and coupled

CONAILIONS A 120 IPS. weuvviieiirieiirieisiee ettt e 56

Figure 18 2-D blade section shape at tip after deformation on uncoupled and coupled conditions

AL 120 IPS. 1ottt 56

Figure 19 Sound pressure results of APC 12 x 4.5 MR(P) on uncoupled and coupled conditions

with the experimental results (Tinney, 2018) at (a) 90 1ps, and (b) 120 1ps ............. 61

Figure 20 Velocity fields around APC 12 x 4.5 MR(P) on the uncoupled and coupled conditions

AL 120 TPS. 1ottt 64

Figure 21 FW-H source strength(thickness and loading noise) on the uncoupled and coupled

CONAItIONS At 120 TPS. 1evvevieiieiieiieiieie ettt sreenes 65

vii



Figure 22 OASPL directivity results on uncoupled and coupled conditions with the noise

standard (EU, 2019) at (a) 90 rps, (b) 105 rps, and (¢) 120 1PS ...covvvrrerererenerreennen 68

Figure 23 OASPL for rotation speeds on the uncoupled and coupled conditions. .................... 70

Figure 24 Composite propeller analysis model configuration with developed nonlinear and

acoustic solvers considering multi-layer composite and large deformation. ............ 75

Figure 25 Concept of acoustic analysis for rotating composite propellers including deformation

10 UNIFOIMATIOW. 1viiviiiiii e be e s be e abe e e 79

Figure 26 Acoustic analysis procedure including fluid-structure interaction analysis under

UNIfOrmM-fIOW CONAILION. .....vveriiiieiieeirese e 80
Figure 27 P5479 propeller geometry (Young, 2008). .......ccceivreirerireneienieenieeseresesee e 84
Figure 28 FSI analysis domain of P5479 propeller with boundary conditions............c...cccce..... 84
Figure 29 FSI analysis grid of P5479 propeller: (a) fluid grid, and (b) structure grid............... 85

Figure 30 P5479 propeller propulsion coefficient results from advance ratio J = 0.5 t0 0.9..... 88

Figure 31 Uncoupled and coupled mode frequencies for P5479 propeller..........ccccooervvvrrennnen. 91

Figure 32 1% and 2™ mode shapes for uncoupled and coupled modes of P5479 propeller. ...... 92

Figure 33 Pitch deformation of uncoupled and coupled modes for frequency ranges. ............. 93
Figure 34 Deformed shape of P5479 propeller with undeformed shape. ..........c.ccccoevniininn. 94
viii



Figure 35 Pitch-and-rake deformation results of P5479 propeller for thrust with the experimental

results (YOung, 2008). .....ocevreiieiieiserieenre s 95

Figure 36 CFD analysis grid of DTMB4119 propeller. ........ccoceoierieniienisineiseseseesieeeee 99

Figure 37 Converged data of DTMB4119 propeller at J=0.833: (a) pressure, (b) velocity..... 100

Figure 38 Sound pressure level of DTMB4119 propeller with the experimental result (Ebrahimi,

2019) for advanced velocity J=0.833. ..o 101

Figure 39 Converged data of P5479 propeller at J=0.66: (a) pressure, (b) displacement........ 102

Figure 40 Non-dimensional noise level results of P5479 propeller for pitch deformation at tip

with the experimental result (Krejsa, 1990)........ovviiniiiiinnicncccee 103

Figure 41 BPF noise analysis results of P5479 propeller for frequencies at n =26, 28 and 30 rps

WIth JZ0.00. ..o 107

Figure 42 Noise source strength variables(vorticity and flow kinetic energy) on rigid and flexible

propellers(same geometry of P5479 propeller) at n =30 rps......c.cccereivrervrerieennas 109

Figure 43 Total BPF noise on rigid and composite propellers(same geometry of P5479 propeller)

for various flow velocities With J=0.66. ..........cooviivieiiriiiiiicie e 110

Figure 44 BPF noise difference between rigid and composite propeller(same geometry of P5479

propeller) for pitch deformation with J=0.66. ...........cccoeiiriiininiiniceee 111
Figure 45 Changed SPL1000 propeller SE0MmEtrY. .........cccvvrirrirririniireiriniseeinisreeese s 114
ix
-



Figure 46 Pressure load comparison between rigid and composite propellers(same geometry of

SPL1000 propeller) at tip of each blade............cccveivriiiinicee 114

Figure 47 BPF noise comparison between rigid and composite propellers(same geometry of

SPL1000 propeller) in uniform-flow...........ccoouriireiineinenceesesesee e 115

Figure 48 Cavitation noise comparison between rigid and composite propellers(same geometry

of SPL1000 propeller) in uniform-flow. .........cccveiniiniinnincineeseeeeee 116

Figure 49 CIS comparison between rigid and composite propellers(same geometry of SPL1000

propeller) in UNIform-floW...........ccooviiiiiiiniinese e 117
Figure 50 FSI and acoustic analysis procedure under non-uniform flow condition................. 122
Figure 51 P5475 propeller geometry (Chen et al., 2000)..........ccoeireiineninenieenieineeseeeeenes 124
Figure 52 4-cycle wake distribution for FSI model validation. ..........ccccocevvvrnveicinnicninnn, 124
Figure 53 Pitch angle difference with the measurements (Chen et al., 2000)...............cccevnee. 125

Figure 54 Model geometry: (a) DARPA suboff AFF8 (Groves et al., 1989) and (b) INSEAN

E1619 propeller (Di Felice et al., 2009)........cccccomiiniiirineieneneeseeeeneeenes 129

Figure 55 Resistance results of DARPA suboff AFF8 model with the experimental results (Chase,

Figure 56 DARPA suboff AFF8 model with P5475 propeller. ..o 132



Figure 57 Computational domain and CFD analysis grid for DARPA suboff AFF8 model with

PSA75 PrOPEIIET. ..o 132

Figure 58 Computed wake field for DARPA suboff AFF8 at x/L = 0.78 with experimental results

from Crook (1990) and Chase (2012). ......ccervririninienienininesesesesesesesesesesiens 133
Figure 59 Initial shape for undeformed composite propeller with target shape.............c........ 136
Figure 60 FSI analysis domain of P5475 propeller with boundary conditions....................... 138

Figure 61 Computational grids of FSI analysis for P5475 propeller: (a) fluid grid, and (b)

SETUCHUTE GIIA. ..ttt 139

Figure 62 Blade position in regions 1 and 2 of DARPA suboff wake field. ............c.coceeenne. 143

Figure 63 Pressure load at tip for rigid propeller in regions 1(red) and 2(blue) of DARPA suboff

Az (I 4 =) o RSOSSN 143

Figure 64 Comparisons of angle of attack results between rigid and composite propellers at n =

12.5 rps in regions 1 and 2 of DARPA suboff wake field..........c.ccccooevieniiininnnen. 144

Figure 65 Deformed composite propeller shape with rigid propeller shape at n = 12.5 rps in

region 1 of DARPA suboff wake field. .........ccocooniiiniiiiiicesee 145

Figure 66 Deformed composite propeller shape with rigid propeller shape at n = 12.5 rps in

region 2 of DARPA suboff wake field. .........ccocooiviiniiiiiicceee 145

Figure 67 Comparisons of pressure load between rigid and composite propellers at n = 12.5 rps

Xi



in regions 1 and 2 of DARPA suboff wake field...........cccoveniiniiniiiicnce, 146

Figure 68 Sound pressure for rigid and flexible propellers at n = 12.5 rps in region 1 of DARPA

SUDOTT WAKE fIE1A. ...vvi it ba e 147

Figure 69 Angle of attack and the difference between rigid and flexible propellers at n = 12.5 rps

over one rotational cycle of DARPA suboff wake field..........ccccovvvririiniicniennn, 149

Figure 70 Thrust of rigid and flexible propellers at n = 12.5 rps over one rotational cycle of

DARPA suboff Wake fIeld........coviiiiiiiiiiiiric i 150

Figure 71 Receiver locations(0.41, 0.55, 0.91 m from propeller axis) for acoustic analysis under

non-uniform flow CONAItION. .....iviiiiiiiirie et 153

Figure 72 Comparison of acoustic analysis results between rigid and composite propellers at

receiver 1(0.45 m from propeller axis). ......cocvevereiinerinieneereerese e 155

Figure 73 Comparison of acoustic analysis results between rigid and composite propellers at

receiver 2(0.55 m from propeller axis). ......cocovevereiinerineneeneere e 156

Figure 74 Comparison of acoustic analysis results between rigid and composite propellers at

receiver 3(0.91 m from propeller axis). ......c.ccoeivreiniriinnee e 157

Figure 75 Comparison of difference of angle of attack between rigid and composite propellers at

n=12.5 rps under 4-cycle wake field. ..........ccocooreiniiiinin e 161

Figure 76 Comparison of pressure at propeller tip between rigid and composite propellers at n =

Xii



12.5 rps under 4-cycle wake field. .........ccovviiiiniiiiii 162

Figure 77 Comparison of cavitation volume on rigid and composite blades in high pressure

region of 4-cycle wake field...........cccooriiiiniiiii 163
Figure 78 Cavitation volume on composite propeller wake of 4-cycle wake field. ................ 163
Figure 79 Nuclei placement(blue) for cavitating noise analysis on propeller wake. ............... 164

Figure 80 Comparison of cavitation noise between rigid and composite propellers at n=12.5 rps

under 4-cycle Wake CONAITION. .....oovcuireeriiiisenieerieese e 164

Figure 81 Comparison of cavitation noise between rigid and composite propellers at n=12.5 rps

under DARPA suboff wake CONAItION. ........covvveieieiiiiiie sttt 165

Figure 82 Noise reduction mechanism using composite propeller under average thrust

MAaINteNANCE CONAITION. .....vveveiireiieceiecteeeteetie et e cte et e ete e re et e ereeeteereeeteesteeseesreeneeeneens 168

Figure 83 Pressure difference between rigid and composite propellers at n = 12.5 rps over one

rotational cycle under DARPA suboff wake field...........ccocooeriiniininiiicince, 169

Figure 84 Composite propeller design system using deep learning-based objective parameter

Prediction MOAEL.........coviiiiieeiiree e 174

Figure 85 Procedure for development of deep learning-based objective parameter prediction

Figure 86 Reference propeller geometry (Chen et al. 2006)..........c.cceevviviieinnicnnsenien 181

Xiii



Figure 87 Training output dataset containing the cavitation volume, adaptive deformation, and

failure index data for reference propeller EOmMetry. .......ocoovvvrvvereeneieneineree 182

Figure 88 Data scan grid (30 x 30) on the propeller blade of normalized skew S/S0 = 1.2 for

training INPUL ATASEL. ....c.viveeeireieereirreese e 184

Figure 89 Normalized pressure for the propeller blade of normalized skew S/S0 = 1.2 on the

data SCAN GIT. .. e.veveeeiireeieie e 185

Figure 90 Normalized twisting displacement for the propeller blade of normalized skew S/S0

= 1.2 on the data Scan rid...........coeiireiiiiiieere 186

Figure 91 Product matrix(Normalized pressure x Normalized twisting displacement) for the

propeller blade of normalized skew S/S0 = 1.2 on the data scan grid................. 187

Figure 92 Architecture of CNN model for development of prediction models. ...................... 189

Figure 93 Visualized feature maps of convolution layer 1 for training predictino models...... 190

Figure 94 Visualized feature maps of convolution layer 5 for training predictino models...... 190

Figure 95 Prediction accuracy of various machine learning models including present deep

learning-based prediction model for cavitation volume. ............ccoceoervvreiincinnenn. 192

Figure 96 Prediction accuracy of various machine learning models including present deep

learning-based prediction model for BPF noise.........c.ccoviiiniiinenniniincinc 193

Figure 97 Prediction accuracy of various machine learning models including present deep

Xiv



learning-based prediction model for adaptive deformation at tip. ........c.ccceeervrinnnes 194

Figure 98 Prediction accuracy of various machine learning models including present deep

learning-based prediction model for failure index maximum...........c.cccveevreiennne. 195

Figure 99 Comparison analysis procedures using full FSI-acoustic analysis and deep learning-

based prediction MOAEL. ......coviiiiiiiceee e 198

Figure 100 Propeller case classification according to failure index constraint satisfaction with

adaptive deformation. .........coccvreireiiien s 203
Figure 101 Propeller cases satisfied failure index constraint with adaptive deformation........ 203
Figure 102 Optimization results of objective parameters for cavitation minimization. .......... 204

Figure 103 Adaptive deformation at propeller tip of original and optimized propellers over one

rotational cycle in 4-Cycle WaKe. ........cccovvveirinieiinnceesree e 208

Figure 104 Cavitation volume of original and optimized propellers over one rotational cycle in

4-cycle wake under PS = 70 KP@ ..ccccoovioeniiincineiceee e 209

Figure 105 Comparison between B1(blue) and original propeller: (a) suction face, (b) pressure
front and (c) side view, and comparison between the final optimized composite
propeller(red) and original propeller: (d) suction face, (e) pressure front, and (f) side

172 1S3 /8 210

Figure 106 Comparison between B1(blue) and the final optimized composite(red) propellers: (a)

XV



suction face, (b) side and (C) tOP VIEW. .......ccecvriririiriniireeiniseeesee s 211

Figure 107 Composite lay-up sequence results of the (a) original [20°,20°,20°]s, (b) Bl

[90°,75°90°]s and (c) final optimized composite [78° 85° 20°]s propellers.

Figure 108 Deformed shapes of the (a) original, (b) Bl(blue), and (¢) final optimized

composite(red) ProPEllers. ........cvreireireicerisere e s 214

Figure 109 Adaptive deformation results of the (a) original, (b) B1, and (c) final optimized

COMPOSILE PIOPCLIETS. ...t 215

Figure 110 Cavitation volumes of the original, B1, and final optimized compoosite propellers

under (a) Ps =50 kPa, (b) Ps = 60 kPa,and (c) Ps =70 kPa.............. 216

Figure 111 Optimization results of objective parameters for BPF noise minimization............ 221

Figure 112 Adaptive deformation at propeller tip of original and optimized propellers over one

rotational cycle in 4-cycle Wake. ........ccoeieiiiniiince s 226

Figure 113 BPF noise for original and optimized propellers in 4-cycle wake..........c...cccoen.e. 227

Figure 114 Comparison between B1(blue) and original propeller: (a) suction face, (b) pressure
front and (c) side view, and comparison between the final optimized composite
propeller(red) and original propeller: (d) suction face, (e) pressure front, and (f) side

172 1S3 /8 229

XVi



Figure 115 Comparison between B1(blue) and the final optimized composite(red) propellers: (a)

suction face, and (D) tOP VIEW. ....covveviiriiineirecsee s 230

Figure 116 Composite lay-up sequence results of the (a) original [20°,20°,20°]s, (b) Bl

[45°,38°43°]s and (c) final optimized composite [88° 85° 35°]s propellers.

Figure 117 Deformed shapes results of the (a) original, (b) B1(blue), and (c) final optimized

composite(red) ProPElIers. ........cvrveireireireeere e s 233

Figure 118 Adaptive deformation of the (a) original, (b) B1, and (c) final optimized composite

PTOPCILETS. .. 234

Figure 119 Euler angles and deformation for flexible blade............c.ccoveiiiniiniincinin 259

XVii



Table 1 Research trend of acoustic analysis methods for composite propellers. .............ccc.c..... 11

Table 2 Research trend of composite propeller design methods............cccoveviniciinicnnennn, 12

Table 3 Mode frequency results of the blade model for uncoupled and coupled conditions..... 27

Table 4 Overall sound pressure level results at 105 rps on uncoupled and coupeld conditions with

the experimental result (Tinney, 2018). ........coveiirriiiiinieeeee s 62

Table 5 Difference between OASPL and noise regulation value (EU, 2019) for rotation speeds

on uncoupled and coupled CONAILIONS. .........oviveerirriieirinieee e 70
Table 6 P5479 propeller offset information (Young, 2008). ........ccccvveernneeinnierensreeees 83
Table 7 Numerical settings for FSI simulation in uniform flow. .........cccocervvvniiincinennnnennn 86
Table 8 BPF noise analysis results of P5479 propeller for flow velocities. .........c.ccoeevncennnne. 108

Table 9 Comparisons of FSI and acoustic analysis methods for composite propellers in uniform flows. ........ 119

Table 10 Propeller coefficient results with the experimental results (Chen et al., 2006)......... 125

Table 11 Main particulars of DARPA suboff AFF8 (Groves et al., 1989)........ccccccevvivriinnne. 128

Table 12 Acoustic analysis results for INSEAN E1619 propeller with the experimental results

XViii



(Yeo et al., 2022).....cuiiiiiiieiiisieee e 130

Table 13 Numerical settings for FSI simulation under non-uniform flow condition............... 140

Table 14 Acoustic analysis results for rigid and composite propellers at 1%, 2™, and 3™ BPF under

NON-UNITOrmM flOW CONAITION. .....viiiiiiiiiicrie sttt sre e s be e saee s 154

Table 15 Comparisons of FSI and acoustic analysis mtehods for composite propellers in non-uniform flow. ... 171

Table 16 Composite propeller geometry and lay-up parameters and range of variations........ 181

Table 17 Root mean square error(RMSE) values of proposed prediction models with various

machine learning MOdelS. ..o 196
Table 18 Design, objective, and constraint parameters for cavitation minimization. .............. 200
Table 19 Design parameters of original and optimum propellers for cavitation minimization. ........ 205

Table 20 Average thrust of original and optimized propellers for cavitation minimization. ... 208

Table 21 Objective parameters of original and optimized propellers at Ps = 70 kPa......... 209

Table 22 Design, objective, and constraint parameters for BPF noise minimization. ............. 218

Table 23 Design parameters of original and optimized propellers for BPF noise minimization. ...... 222

Table 24 Average thrust of original and optimized propellers for BPF noise minimization.... 226

Table 25 1%, 2", 31 and 4™ BPF noise of original and optimized propellers...............cc.evve.e. 228

XiX



Table 26 OASPL for BPF noise of original and optimized propellers..............cccevniiviininnnn. 228

Table 27 Comparisons of composite propeller design methods for propeller shape and composite

JAYET PATAIMELETS. ......vvieieieiiscsr et 236

XX



T8 R W&

1 AE

1.1.

o)
ojp
~d
=K
Ho

‘KA
)

L
o

3L

< (Machinery noise),

F &

WAL 2 5(Underwater radiated
=

o] FQ9Ao] tFEa Atk(Carlton,
TEEh

2 /d(Stealth)?} A & (Survivability)ll
(Propeller noise), 7|7l

[e)

=

el
27 &

Ll
(Hydrodynamic noise) 2. =

[e)

R

4ol A

1

noise, URN)

2018). £73],

4
B
N
KO
TR

wK

71 =7}
g]

1 TH(Huse, 1972).

A

of wpe} FZ7)oA LAYS= F5(Cavitation) H A
o

3}
=

7}

A B A

[}

=

S

i<k

=
5

Aoz
A7}

=
=)
U

2

‘.a

AAZIe FEdozn AAHIL om



ol

g E3daA F7]= Fig 19 2L 54L& 7 doh 71E9
MAB(Manganese-nickel-aluminum-bronze) %+ NAB(Nickel-aluminum-bronze)
dwo® AFE F7e= 7HEde 5% A S(Strength), W A4
(Erosion resistance) &9 S JHAAR T, I Z(Fatigue), I
% 2)(Cavitation damage), = 4w 74 E4J(Poor acoustic damping property)
o AV A&KHer TAsy Ao HIALA FUe= T v
2 A5 AAE 7He w2t 71E F317] tihl 7 A 7bo] 7hsshH
TEF AFeEHYH FxI7] FA i HA AFE FEI wet
FAEITH Hes FHHOE FIANF F Utk dste, HEdAAE

AFOEA FF A oA, N2 D BN A PP, FARSF WE

ro
e
<
=

8.
<
Q
=3
[\O]
(e}
<
I
o
o8
2
1
2
N
fo
X
dlo
o
or
o2t
oy
2
=
r

A A (Cavitation volume) A7l thet AFEL EdsiA TP Sttt

Sept ¥ % SME ATEBelM BgaA /e A 4L

Ol

ik

g8t F37] FH Fese dAY F A< B3 HMotley and Young,

2011; Koko et al., 2012; Huang et al., 2016; Liao et al., 2021). T3}, ThFsH



ATEANA FIa2A  FAVY HE SAHSERE  FE A
< 5 (Cavitation inception speed, CIS)E S7HAZ F U&= B3 TH(Zondervan

etal., 2017; Hong et al., 2017).

Mg Fe A Fuwslolor Bk BaA FAsle A% 4
gasl B AsiAE T G5 o9 wEe ksl

Hrreta s Wl o8] wWalsle ASES EZdof Ith B3 i

r]

2719 WBS WA AAAE fA-FE AgsNel BEHoE
Sursolor gl wel fA-TE A4St Tikd sHSel

M= AT AT Young (2008)2 74 A 84K (Boundary element method,

rl

BEM)3} 32 A H(Finite element method, FEM) 14& &&3% fA-7x

AdaA 7S A-Sa B WS A8t T OFRY HEAA
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+ Composite propeller characteristics

(1 Weight Saving
@ Adaptive(Flexible) Characteristics

3@ Reduced Corrosion

@ Improved Fatigue Performance

(® Reduced Cavitation Damage

Contur Propeller

(Kokoet. al.. 2012) () Lower Noise/Vibration

Figure 1 General characteristics of composite propellers.
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Table 1 Research trend of acoustic analysis methods for composite propellers.

Reference

Method

Non-Cav
. Noise

Cav.
Noise

Noise
Reduction

Noise Analysis ‘

’ Accuracy

Mulcahy et al. BEM-FEM Interaction
(2014) + FW-H Method ® X Low X
Radtke et al. BEM-FEM Interaction .
(2020) + FW-H Method L X Mid X
Kim et al. CFD-FEM Interaction .
(2022) + FW-H Method ® [ Mid X

11




Table 2 Research trend of composite propeller design methods.

. Shape Layer Object
Reference Design Method ‘ Cost ‘ Var. ‘ Var. ‘ Perform.
Lin et al. Cavitation Tunnel .
(2009) Measurement High X o Prop.
Blasques et al. _ . .
(2010) BEM-FEM Interaction Mid X [ Prop.
Guan et al. CFD-FEM Interaction | High ° X Prop
(2022) :
Ebrahimi et al. CFD (Rigid) . .
(2019) + FW-H Method Mid ° X Noise
12
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[oZ
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2~E 2~ (Unsteady Reynolds-averaged Navier-Stokes, URANS) W 41S &&

stglom sig WAgAe ook At
(2.1.1.1)
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5 E(kinematic viscosity)E UWEFHTHMenter, 1994). T&2= FTH <UA

FeFdoZRE WA= FAES & Eq 2.1.1.D)% 2.1.12)ZFFH &4

E=E"h

v}

el e 4 TXERE
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212. FZ3H =g

2121, F9-91E3 #AEZH(Bend-Twist Coupling) =d

ZHEY AZY wde Fig 29 BgaA 7] G #HuEA
QoA =EEHAT B HIFA A" (XY,Z} 9 32> A4 B4

#}3E Z(Inertial reference axes)? W3 Fo EA 14 FHEZF(Body-fixed
axes)& UWEHITE Y 2 FI7] IASFO sfigddrh. 2] ok
HYgogHE 7] 9o M oe X, vV, 25 24 wWdogo WHe u, v, wol
o3 H 0' & olFIITh uve F

Hel, wv WU WKEdgewise) HHE UERATH p & WHIE T 27
Y272 et g Haes Wy A X2 93 HEH H 3 (Twisting

deformation)& Ul3t EEHTY. 5 7 WolA st 30719 45

%
ot
&
]
<

+ W9 L (Flapwise)

HEYES ddoz A HE tivl 719 =7F Fo & =EdAe] =3
HES e B WIS uidn ddse HaA FX7]e g
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ty
(6U — 6T —SW)dt =0 (2.1.2.1)

ty

o714 Ut TE 22 W3 oA (Strain energy)?} & LA (Kinetic
energy)E YEMTH W F3E 7 Y (Virtual work)S UERATE 3| XS
B34 Fx7)e oIk sU 9 6T ol tigh A2 wAdE HIE-HES
A (Non-linear  strain-displacement  relationship)$} &H34A] #j59] Fu
o]/ (Orthotropic) 54<= 7FdT o EH == th(Hodge and Dowell, 1974;
Hong and Chopra, 1985; Castillo Pardo et al., 2017; Shakya et al., 2019). 3] 3}+=
i F7]0 i w9 2 HERE &AL 2de]-H 2ol
B (Buler-Bernoulli beam) 7} ool Egs. (2.1.22)%} (2.1.2.3)3 29|
HAFTAoE T B Ao oig AAF = #AFLES FF A

A= AT,

L
[Elyw” —ed <f szAxdx> + kpqu’
X
2.122)

L !
- <w’f szAxdx> — (2’med) + m(W + ed) = Friviaw

X

18



L !
- [(G] + k2 f .szAxdx> o'+ kpzw”]
X
+ 02pA(k2,, — k2P + pAkZ P
. 2.123)
+ Q%mxew’ + mew — <f .QZprdx> ew”
X

= Friuia-¢

n%

A71M wek ¢ & 247 §¥ Wik MEY WNE et ELE ¥

rr

47d(Bending stiffness), G/ &= HIE" “4/d(Torsional stiffness), e

/R

N

i Lo

]e

-HE

(Elastic axis)e} F-A F4)(Centroid of mass) Aol A, N+ F3

o
oo

=
SR&E, A= 27le) DA (Cross-section area), ky = A 52

AZHol o wY-vIER A (Bend-twist stiffness)= YERATE k,, <

Egs. (2.122)% (2.123)ZFH w3 % vEH HAE 1Y F5#8ol

ols) -9 AZHo| opr)HL &

rO
QL'
}
o
o
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Figure 2 Deformed blade coordinates with underformed coordinates.
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Egs. (2.12.2)¢} (2.12.3)2] &

offt
oZ
)
1>
Lo
:(u)l'_“
rr
Ho
ek
ko
b~
L
=
2.
5
[¢)

o
8

o

=3

method, FEM)S %3l FXHow T3 & gty FREL 2-HAHQ-
noded) 84% FHHAT 7 Q4o dig w3H HEH WAES Egs

(2.12.4)¢F (2.1.2.5) #o] EHHAT}

4
w(x) = ) Nfdf (2.12.4)
2
2
d(x) = Z P?p¢ (2.1.2.5)
i=1

o714 deol7F ad ZF 840 tid dZvE ¥4 3d<(Hermite shape
function) Nf<} A3 2t13A|QF 34 &< (Linear Lagrangian shape function)

PfE= o}l Egs. (2.1.2.6)-(2.1.2.11)9} o] oAt}

N () =1-3 (g)2 +2 (2)3 (2.1.2.6)
X\ 2 x\3
Ny(x) = 3 (E) ~2 (E) (2.1.2.7)
Ny() = x (1~ g)z (2.12.8)
N, (x) = %2(2 -1) (2.12.9)
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P(x) =1 —Z (2.12.10)

P,(x) = g 2.12.11)

Egs. (2.124)% (2125 @83t9 Egs. (2.122)¢ (2.12.3)9

S = [e)
eEUge puE gase Y FAYLSS

=
(2.1.2.12)9] Ay A]2"] =4 2)(Global system equation) 0.2 HIHH T}

[Ms.ll M1 e{w}_l_ K511 Ks.lzr{w} _ {Ffluid.w}

Mgz Mso; ¢ Ks21 Ksz2 ¢~ Ffluid-¢ (2.12.12)
oA7IA A B A8 FEo 4 A2 ofgie}t Zo] xdHEY
Mg 14l j M{N}sx1 {N}" ., d (2.1.2.13)
Mi1,] j me{N}yxa {P}' ., d (2.1.2.14)
M1l j me{P}x1{N}" . d (2.1.2.15)
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[ ;u]::‘prka{Phxlunqudx

a (42N dzN)"
4%x1 1xX4

[ n,
— — x
0 Hldx ax1 Udx)1xq

kel = [ e[S (2
= ei— —— X
512 0 P ldx ax1 WdX) 152

a dN
+f m!)zxe{—} (P}« dx
0 dx)ax1
; f "B {dZN} {dP}T ¢
- — x
0 1 dx2 ax1 dx)ix2

kel = [ aefo) (2
= el— —_— x
szt 0 Y ldx 2x1 Ldx )14

dNyT

a
+ | mO?xe{P {—} dx
L Ploa{z]

+fa3 {dP} {dzN}T d
— — X
0 1 dx 1%2 dx? ax1

kel = [+ amp (i) () 4
= —_— —_— X
$:22 0 M dac) e L)1

a
+ijm@—mmmmwmﬂx
0
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(2.1.2.16)

(2.12.17)

(2.1.2.18)

(2.1.2.19)

(2.1.2.20)



L
A = f 0 pAxdx (2.12.21)

X

Eq. (2.12.12)9] Az 2 A Yo HthZH(Off-diagonal) AH-S +3

HEY AZYId I3t} Eq. (2.1.2.12) $HY FAFSsH gd& ngy
gols=-Hd ynlol-2Ea2~ 94 2(URANS equation) O ZHE At=H
A dHozRE EEHT FAEHSH I WS FA-F2 AAel

o3 AEY ootk Qe BiA

4

ol
filo
4
Og{:",
ok
X
L
ol
2
!
as

W
o

boll 6] AAE JHAEE AAHAUSH 2 kHzZHRA 9] REs|A o]
Vs EE oF 1 ] AAE AAPEH HLHIAT Fig 4= 13 51
Fael 12 HIEY FugoAe BE A (Mode shape)S UFERATE
Table. 3& HI-HEY AZH oo e mos) Axel Ad4x9E

vk ZA3E etk vAA  ZZ(Uncoupled condition)ol] 2] =&

b

)

FHEE Eq (2121209 Btz AR AZYFL Asty =&
%)

(9

rr

ol gt A4 FZ(Coupled condition)o| A8 E&  Fub
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Figure 3 Geometry model for bend-twist coupling validation (Meng, 2011).

(a) I’ bending mode frequency

B

—————

(b) 1st twisting mode frequency

Figure 4 Mode shape results of the blade model at (a) 1% bending mode frequency and (b)

1% twisting mode frequency.
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Table 3 Mode frequency results of the blade model for uncoupled and coupled conditions.

Exp. (Meng, 2011) Uncoupled Coupled

1** Bending
Mode 18.36 18.548 18.462
Frequency (Hz)
Error (%) - 1.02 0.56
1% Torsional
Mode 106.1 111.01 106.79
Frequency (Hz)
Error (%) - 4.63 0.65
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2122, #A4Y #E(Inertial Force Coupling) =2

19 54 FZ2ENA W Z(Translational)?} 3] Z(Rotational) 33 A=

Atolel Ao zREH opHM # AEF oFd WIS AHIY
&

gt B HolA e dld #AY ASH S 1T &R AS =53
Fig. 59 #3A A ="lolA {ng,ny,n3} & {by, by, b3} & 242 B4
ZE = (Inertial reference axes)? EA A HFEZF(Body-fixed axes)=
itk r& F317] s BHub)o ¥AIES YERAT 1y, v 0 7= A
HY £ by FHO 274 HIEE UERAT i WA 2rlelA e Wy

T 9ojo] A 9o Wi x7] 91X WE R = EBq (2.1222)9 2o

T

R; = (r + x))by + y;b, + z;b5 (2.1.2.22)
A71M by, b9t by EA 1 HFA Alzde digh &9 wE ot B

A A £EE Eq (2.1.222)5 Azt A REFoEN EEH

ge3 2.

28



Ri(t,x;) = (%, — 0y)by + [y, + 60(r + x)] by + 7,b3 (2.12.23)

B ool 0iE eEAUAE HHel ASe] td Fo|iA| 9

FHHEM 7 sBEe} Gl tigk FoluAs offel o

T = Thup + Thiades

- 6 (2.12.24)
with Ty = E]hgz; Thiades = Zf PR; - R;dV

o}

A7 J, £ slHe] HA B4 RAEs Yeg o sne Aes

Lo

FAA ATl B ABIS 1A Wk po Vs A 9

dxel i HA 2y AAHs JUEbdS Eq. (2.1.224)F Eq. (2.1.2.23)°l

NAFOTHN Eq (212259 o444 HE £EAUA A& £ 5 o

6
1..
T=-J62 + Z[f p(%.% +y,2)av
2 i=1 Vi
(2.12.25)
+26 f plyik, + (r + x)y,)dV]
\%

i

29



+

2
i

1fVL.p{y'

6
1=

Jn + %

j =

eEhue
HEd oA e ofge} 2ol

&

IRZalany

9|

(r + x;)%3el

(2.1.2.26)

4

U=Zf oedV
i=1""1i

A7 o9} e AL i
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Figure 5 Inertial reference axes and body-fixed axes for the flexible structure.
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e 9] (Elastic displacement) x;, v;, z;$} Z+ 1 9l (angular displacement)

6+ 714 &<=(Basis function)S2] TS Z Eq.(2.1227)% Zo] £dHL}

|

N
%6 XD = ) 41,006

j=1
N
Vit XD = ) 420X
j=1

N
j=1

N
o(t,X;) = Z 0, (O, (Xy)
j=1

i=12,..,6 j=12,..,N0<x; <L

DT AF =2gHe e @ RE e AT F Sde 7IA

2T F ASE 7HHSY. Eqo (2.1.2.28)2 1A ¢F g4(Lagrangian
function), &Y AF 3+ (Rayleigh’s dissipation function)2 T4 ¥ WA A4S
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el sid WA o=z RE {3 A 22El(Finite-dimensional

system)®] 0] E17 2] (Ordinary differential equation)©] =Z%¥ T},
d (0L oL aD
7t \ox _ax P = Fi(Fee, Foos Fn, Fep) 1=1,. (2.1.2.28)

AN BaABAN T Le T-UE B@AY A8 24 P& D
A1 ¥ (Centrifugal force)
4 38}2  3(Hydrodynamic force)

F, & EFIT. Fp © 8A4Y 7AZSPo=25YH 2% F71AQd gl

iR 24Z YERIT Eq. (2.1.2.25)-(2.12.28)2 &3t AAY A=Y S

M($, )X + C(d, YIX + K()X = F(Fe, Feo, Fr, Fer)

with F,, = —w X (Q x (R; + X))

Foo = =20 X X (2.1.2.29)

Fh = —MHX - CHX

Fep = _MCIX
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0 ng 1 ng 2 ng 3
Mgg, O 0 0
lngz 0 0 0 J

Mg, O 0 0

with J = J, +6 [, p{y* + (r + x)*Ypip;dV

[Meql]ij = ZJprfl)il/deV

34

PR et M, = B4 ASY] @ AZYh B PP
UEPATE Eq (2.1.229)9] ZF d=Ee giysidoln 2z} PHo] HEELS
o237 o] FdHT.
J 0 0 0
0 M 0 0
M(d)’,(l)): qlql
0 0 M, 0 |
lo o 0 Myl
Cec, 0 0 0
o) - |[0 o O o]|
PV=1o0 0o ¢ o]
lo o o ¢l
0 0 0 0
[o Kgq O 0 |
k(¢) = |0 0 K 0 |
0242 (2.1.2.30)
lo o 0 Kyl



(Mo ], =2 [ pC +0ptyav
14
[th‘h]ij = [MquZ]ij = [MQ3Q3]ij = ZJ“/p(pl(ﬁJdV
€l = 160, = [Cac), = [60] = | ool gpav

Koy = Kawa = ] = [ feo?0)av

AZIM M($,¥), C(dP) S+ K(py) = A2 AA Al=dle] A A%
&) H(Global mass matrix), < 7+4] 3 E(Global damping matrix)Z} A< 734
8 H(Global stiffness matrix)= WYEFAT [];= AE []ol B (i,)) 845
etttk My (o) & B8 AZSH Yol =59 A9 A48 ASH
3) H(Global coupled inertial matrix)= WEFH™ WX 2 3 o] A4
Hthzh g gFow FAET F7H2Q 93 Wy 2 8ld

AEP Ao Y&l AT o9 fiuv A4 F719 19 Hagol| gk
7 9@ A4S Yef= &4oltkSun et al, 2013). Egs. (2.1.2.29)%}
(2123002 3Hste EFLA FX71Y Azl ik Alz=g Ao

st A= HEFEA FZ7]el ik vldAd  EIZ(Uncoupled

g

W

mode)= 2T FH wid AROZHE opjHH A R:s A

e

AEE FEY v BECEREH =Y Eq (21229 ©4
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Figure 6 Geometry model for inertial force coupling validation (Tian et. al., 2017).
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Figure 7 Structural acceleration power spectrum w/ and w/o inertial force coupling: (a)
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Figure 12 Fluid-structure interaction algorithm for strong coupled method.
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Figure 13 APC 12x4.7 MR(P) propeller geometry model for fluid-structure interaction

analysis validation (Tinney and Sirohi, 2018).
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12x4.7 MR(P) propeller model.
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Figure 15 Thrust of APC 12 x 4.5 MR(P) for rotation speeds on the uncoupled and

coupled conditions.
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Figure 16 Blade deformation at 120 rps on the (a) uncoupled and (b) coupled conditions.
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Figure 19 Sound pressure results of APC 12 x 4.5 MR(P) on uncoupled and coupled

conditions with the experimental results (Tinney, 2018) at (a) 90 rps, and (b) 120 rps
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Table 4 Overall sound pressure level results at 105 rps on uncoupled and coupeld

conditions with the experimental result (Tinney, 2018).

Exp.
(Tinney, 2018) Uncoupled Coupled
Overall Sound
Pressure Level 57.02 51.92 55.40
(dB)

62



G

Aoh. 4 =L APC propellersol A
o ASE RdEE vEoE AEH
7] &g vH= S E48IA T Fig 202

_i'_
120 rpsell Al AER 8 FFol W& 7] FH fE5ol i £54e

UebAY. v ZZ(Uncoupled  condition)®] &%= ojH] A4
Z71(Coupled condition)®] £E7o] HAZH 2 F7lelAth Fig. 212 A&
a8 fFo @2 2 W YA FW-H AS9S Hugt AnE
Ueldth FW-H £29<S Eq. 22.1.1) $Ho WA, FHA o=
AR Agd AZIE UEkit #AZdd o3k F712Ql RlEE

Mol oplgel we MAZo] /UL ARACR § BL F

z
s

o]l WA, 7 A=Y AEHe eA @i HIME FW-

H 299¢ 7Z9¢ veiste] W78 Fw-H 299 ol Auslge
shelahgic)

63



Velocity: Magnitude (m/s)
0.0000 6.0000 12.000 wooo ZCM 30.000

(a) Velocity fields on the uncoupled condition

Velocity: Magnitude (m/s)
0.0000 6.0000 12.000 18.0@ 24,000

(b) Velocity fields on the coupled condition

Figure 20 Velocity fields around APC 12 x 4.5 MR(P) on the uncoupled and coupled

conditions at 120 rps.
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Figure 21 FW-H source strength(thickness and loading noise) on the uncoupled and

coupled conditions at 120 rps.
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Figure 22 OASPL directivity results on uncoupled and coupled conditions with the noise

standard (EU, 2019) at (a) 90 rps, (b) 105 rps, and (c) 120 rps
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Figure 23 OASPL for rotation speeds on the uncoupled and coupled conditions.

Table 5 Difference between OASPL and noise regulation value (EU, 2019) for rotation

speeds on uncoupled and coupled conditions.

RPS Uncoupled (dB) Coupled (dB)
105 4.85 2.17

110 3.21 0.60

115 1.81 -1.98

120 0.022 -3.42

125 -1.22 -4.73

130 -2.23 -5.90

135 -3.90 -7.58
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URANS (Fluid force) » Multi-Layer Composite + Large Deformation

Acoustic || {{ Multilayer Nonlinear
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Figure 24 Composite propeller analysis model configuration with developed nonlinear

and acoustic solvers considering multi-layer composite and large deformation.
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Table 6 PS479 propeller offset information (Young, 2008).

r/R P/D RK/D SK c/D falC r0/D
0.2 44831 00001  -00486 01257 00005  0.0423
0.24 450731 00049 28152  0.1313 0 0.0321
0.28 45.0148 0.01 -4954 01362 00183  0.0295
0.32 439097 0015 64305 0.1405 00313  0.0282
0.36 420917 00197  -7.3247  0.1441  0.0371 0.0268
0.4 401489 00243 77774 0147 0.0396  0.0254
0.44 382385 00288 78776  0.1491 00407  0.0239
0.48 362507 00333 76902  0.1508 0.041 0.0224
0.52 342324 00378 72412 01512 00404  0.0209
0.56 322622 00422 65593  0.151 0.0391 0.0194
0.6 30,3752  0.0486  -5.6656 0.15 0.0373 0.018
0.64 285523 00509  -45869  0.1481 00353  0.0167
0.58 267838  0.0553  -3.3442  0.1453 00334  0.0154
0.72 250692 00596  -1.9507 0.1416 00312  0.0142
0.76 233993 00639 -04176  0.1369 0.029 0.0132
0.8 217509 00682 12431 01312 00286  0.0121
0.84 201032 00725 30241 01244 00241 0.0112
0.88 18.4243 00767 49186 01164  0.0211 0.0103
0.92 16.6946  0.0806 6.921 0.1073  0.0175  0.0095
0.96 14.9333  0.0844 9.019 0.0971 0.013 0.0086
1 13.0273  0.0875  11.3859  0.0714 0.007 0.0063
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Figure 27 P5479 propeller geometry (Young, 2008).

Wall

N

outlet

Figure 28 FSI analysis domain of P5479 propeller with boundary conditions.
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(b)

Figure 29 FSI analysis grid of P5479 propeller: (a) fluid grid, and (b) structure grid
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Table 7 Numerical settings for FSI simulation in uniform flow.

Numerical settings for FSI simulation

Turbulence RANS, k-w S8T with all v+ wall
model treatment
Scheme SIMPLE velocity pressure coupling
Coupled flow | Implicit second-order
Time Implicit unsteady. temporal
derivative discretization first-order
Gradients Hybrid Gauss-LSQ w Venka, limiter
Material . .
model Orthotropic linear elasticity
Coupling Implicit strong coupling with mesh
method morphing
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1 T T T T T

=} CFD-FEMw/CP
=0~ Exp.(Young, 2008)

KT’ 10Kq. 7
o o
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CP= Coupling

o A A A
0.4 0.5 0.6 0.7 0.8 0.9 1
Advance Ratio [J]

Figure 30 P5479 propeller propulsion coefficient results from advance ratio J = 0.5 to 0.9.
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Figure 31 Uncoupled and coupled mode frequencies for P5479 propeller.
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Figure 32 1% and 2" mode shapes for uncoupled and coupled modes of P5479 propeller.
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Figure 33 Pitch deformation of uncoupled and coupled modes for frequency ranges.
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Deformed
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Figure 34 Deformed shape of P5479 propeller with undeformed shape.
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Figure 35 Pitch-and-rake deformation results of P5479 propeller for thrust with the

experimental results (Young, 2008).

95

5 A =tishi



33. TYF =4 &84

792 rpm ©|th AL FES Iy BW 99 WA WY, ¥,
S5 HolHE FW-H B840l dEFo a2 P = ATt Fig 372

A7l e gEd 8 =4 dolHE Uehith £ Avhs

ﬂ

= YTF(Sound pressure level, SPL)S| FEjE =ZHAOH, FF 27 o A9
71 =9 1x107° = &Y. o2 F37] FO2FE 055 m
bl

Hojx 1 FHF AHOoZRE AAWEFoZ 0225 m "o A Hd

it
HJE

AAANFT. Fig. 38> B 4AFd4 REERYH ==

a4 A}

AFARE vug AHRE depdoh F7] AR 9 HAS FEl

p

96



Fo Zfgrom A

SHAAIT AA &goll wA]

g AE el WAy

AT

I

14925} AP AH7) U=

9

A TF ¢F24dB 23 oY=

CREE R
o mebA,

51;]

f

3+

3|

p—

0
X

W

o

=
s

T
_
o

it

e 2 W3

5}

gy

N
ol

71 wZol Erel &

S

B B

pu

]

oyl

3+ tH(Krejsa, 1990).

a3s &&

ek

o

o

oju

IR ER

L
td—/\

19}, Fig. 39

63 o)

P
T

ozl A F el XAl 2 BH(Urick, 1975).

3142}

3]

E7IetRE

H] 27}

s

A2-9-F(Non-dimensional noise level) e =%

b 2xpel

S

o

I

SLEED

20log(p/0.5pU%) o2

Ly

7+ B (Carlton,

BH=

& %)

YERATE Fig. 40

o] ¢ 1=

97



i

98



Figure 36 CFD analysis grid of DTMB4119 propeller.
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Figure 37 Converged data of DTMB4119 propeller at J=0.833: (a) pressure, (b) velocity.

100

i o) -'l_
) A =tier



Sound Pressure Level [dB]

160

80

60

nH
o

T T T T

—— FW-H Equation
-O- Exp. (Ebrahimi,2019) .

Receiver O |
‘ 0225 m
0.55m |
v | | |
100 200 300 400 500
Frequency [Hz]

Figure 38 Sound pressure level of DTMB4119 propeller with the experimental result

(Ebrahimi, 2019) for advanced velocity J=0.833.
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Figure 39 Converged data of P5479 propeller at J=0.66: (a) pressure, (b) displacement
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Figure 40 Non-dimensional noise level results of PS479 propeller for pitch deformation at

tip with the experimental result (Krejsa, 1990).
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Figure 41 BPF noise analysis results of P5479 propeller for frequencies at n =26, 28 and

30 rps with J=0.66.
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Table 8 BPF noise analysis results of P5479 propeller for flow velocities.

Noise analysis results for the BPF noise

Flow 12 BPF 2% BPF 3 BPF
v?rlr,;]ty noise [dB] | nowse [dB] | nowse [dB]
6 168.814 165.345 157.103
7 172 987 166.85 162.782
8 173.524 171 689 164145
9 177.76 171.691 169.315
10 177435 175821 170.702
11 178.824 176.423 173924
12 180.804 177.076 175121
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Figure 42 Noise source strength variables(vorticity and flow kinetic energy) on rigid and

flexible propellers(same geometry of PS479 propeller) at n = 30 rps.
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Figure 43 Total BPF noise on rigid and composite propellers(same geometry of P5479

propeller) for various flow velocities with J=0.66.
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Figure 44 BPF noise difference between rigid and composite propeller(same geometry of

P5479 propeller) for pitch deformation with J=0.66.
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Figure 45 Changed SPL1000 propeller geometry.
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Figure 46 Pressure load comparison between rigid and composite propellers(same

geometry of SPL1000 propeller) at tip of each blade.
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Figure 47 BPF noise comparison between rigid and composite propellers(same geometry

of SPL1000 propeller) in uniform-flow.
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Figure 48 Cavitation noise comparison between rigid and composite propellers(same

geometry of SPL1000 propeller) in uniform-flow.
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Figure 49 CIS comparison between rigid and composite propellers(same geometry of

SPL1000 propeller) in uniform-flow.
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Table 9 Comparisons of FSI and acoustic analysis methods for composite propellers in uniform flows.

- Multi- Noise o
Category Analysis Method ‘ Accuracy Layer Cost ‘ Analysis Characteristics
Boundary Element Method
~Finite Element Method Low X (é-l":l"Ns) X Noise Analysis X
(FEM-FEM Interaction)
Previous
Method
putational FluidD; ies Mid Previous Ref
~Finite Element Method Mid X : ° ity
1Days /Commercial Tool
(CFD-FEM Interaction) LDR)
L =5 i Coupling Model
'an&eég Finite Element Method High = (3|-[I)I§;‘s) ¢ A ; Ii:ation
with Coupling Mode! e
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Initial propeller geometry

v

Steady FSI analysis

and displacement w?, ¢° at k=0

Get fluid force F° in fluid domain Q2(u°, p°)

v

Unsteady FSI analysis

Fluid solver I

Qf = Ip(Qf, wk, ¢*)

k—k+1 [

Structural solver T
(URANS) (FEM including

non-linear solver)

P = Ik o @ (%, Bk} = I (FY, wk, ¢¥)

k ok
ﬂf — ﬂf

I

Residual R(&f, f, wk, wk, ¢k, ¢p¥) < €

Fluid domain Qf*! = 0k
Displacement w1 = ik, pk+1 = gk

v

Acoustic analysis

Obtain mass-like flux U; and
momentum flux L;; on S in Qf** @1, pk+1)

.

Calculate sound pressurep’ at k + 1
using permeable FW-H
and bubble dynamics

Figure 50 FSI and acoustic analysis procedure under non-uniform flow condition.
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Figure 51 P5475 propeller geometry (Chen et al., 2006).

Velocity (m/s)
0.00 1.29 2.58 3.87 5.16 6.45

Figure 52 4-cycle wake distribution for FSI model validation.
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Table 10 Propeller coefficient results with the experimental results (Chen et al., 2006).

Pomkion Bl pen Enor
Kp 0.220 0.2201 0.05
10K, 0.351 0.356 1.4
n 0.658 0.6494 1.3

L}
—
-
-
-

® Measured (Chen,2006)
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Figure 53 Pitch angle difference with the measurements (Chen et al., 2006).
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Table 11 Main particulars of DARPA suboff AFF8 (Groves et al., 1989).

Description Symbol Magnitude
Length overall Lo 4.356 m
Length between perpendiculars Lyp 4.261 m
Maximum hull radius Rax 0.254 m
Center of buoyancy LCB 0.462 L,,
Displacement %4 0.718 m?
Wetted surface Swa 6.338 m?
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(b)

Figure 54 Model geometry: (a) DARPA suboff AFF8 (Groves et al., 1989) and (b)

INSEAN E1619 propeller (Di Felice et al., 2009).
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Figure 55 Resistance results of DARPA suboff AFF8 model with the experimental results

(Chase, 2012).

Table 12 Acoustic analysis results for INSEAN E1619 propeller with the experimental

results (Yeo et al., 2022).
Experiment FW.H Permeable FW-H
(Yeo et al., 2022) (Suggested method)

Frequency [Hz]

Measured [dB] Predicted/error [dB] Predicted/error [dB]

1st BPF
(214 Hz) 116.8 113.5/+3.3 116.9/-0.1
2nd BPF
(427Hz) 108.8 98.8/+10.0 110.8/-2.0
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Figure 56 DARPA suboff AFF8 model with P5475 propeller.

Figure 57 Computational domain and CFD analysis grid for DARPA suboff AFF8 model

with P5475 propeller.
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Figure 58 Computed wake field for DARPA suboff AFF8 at x/L = (.78 with experimental

results from Crook (1990) and Chase (2012).
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Target Shape (Rigid)

Initial Shape (Composite)

Figure 59 Initial shape for undeformed composite propeller with target shape.
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Figure 60 FSI analysis domain of P5475 propeller with boundary conditions.
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(b)

Figure 61 Computational grids of FSI analysis for P5475 propeller: (a) fluid grid, and (b)

structure grid.
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Table 13 Numerical settings for FSI simulation under non-uniform flow condition.

Turbulence model
Scheme

Coupled flow
Time derivative
Gradients
Material model

Coupling method

RANS, k-w SST with all y+ wall treatment
SIMPLE velocity pressure coupling

Implicit second-order

Implicit unsteady, temporal discretization first-order
Hybrid Gauss-LSQ w Venka, limiter

Orthotropic linear elasticity

Implicit strong coupling with mesh morphing
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Figure 62 Blade position in regions 1 and 2 of DARPA suboff wake field.

x10°

1.2 T

-

-

(3}
L]

TAR

Pressure [Pa]

1.05

1
0.856 0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872

Time [s]

Figure 63 Pressure load at tip for rigid propeller in regions 1(red) and 2(blue) of DARPA

suboff wake field.
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Figure 64 Comparisons of angle of attack results between rigid and composite propellers

Time [s]

at n =12.5 rps in regions 1 and 2 of DARPA suboff wake field.
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Rigid

Composite

Figure 65 Deformed composite propeller shape with rigid propeller shape at n =12.5 rps

in region 1 of DARPA suboff wake field.

Composite

Figure 66 Deformed composite propeller shape with rigid propeller shape at n =12.5 rps

in region 2 of DARPA suboff wake field.
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Figure 67 Comparisons of pressure load between rigid and composite propellers at n =

12.5 rps in regions 1 and 2 of DARPA suboff wake field.
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Figure 68 Sound pressure for rigid and flexible propellers at n = 12.5 rps in region 1 of

DARPA suboff wake field.
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Figure 69 Angle of attack and the difference between rigid and flexible propellers at n =

12.5 rps over one rotational cycle of DARPA suboff wake field.
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INLET OUTLET

Figure 71 Receiver locations(0.41, 0.55, 0.91 m from propeller axis) for acoustic analysis

under non-uniform flow condition.
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Table 14 Acoustic analysis results for rigid and composite propellers at 1%, 2", and 3™

BPF under non-uniform flow condition.

Receiver First BPF Second BPF Third BPF

Case Number ~ Noise [dB]  Noise [dB]  Noise [dB]
1 150.5 147.2 150.9
Rigid 2 139.8 145.7 149.1
3 131.8 1412 140.1
1 149.1 144.7 147.7
Composite 2 1354 143.0 145.9
3 130.6 137.0 137.7
1 14 25 32
Difference 2 -4.4 -2.7 32
3 12 42 24
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Figure 72 Comparison of acoustic analysis results between rigid and composite propellers

at receiver 1(0.45 m from propeller axis).
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Figure 73 Comparison of acoustic analysis results between rigid and composite propellers

at receiver 2(0.55 m from propeller axis).
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Figure 74 Comparison of acoustic analysis results between rigid and composite propellers

at receiver 3(0.91 m from propeller axis).
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A Angle of Attack [°]
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=3 Composite
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Time [s]

Figure 75 Comparison of difference of angle of attack between rigid and composite

propellers at n = 12.5 rps under 4-cycle wake field.
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Figure 76 Comparison of pressure at propeller tip between rigid and composite

propellers at n = 12.5 rps under 4-cycle wake field.
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Cavitation Area Change

Tip Cavitation
Area Decrease

. :
Composite
Pressure (Pa)
1. 20000405 1. 1600805 112000405 1. m»os 108008 05 1.00008+05

Figure 77 Comparison of cavitation volume on rigid and composite blades in high

pressure region of 4-cycle wake field.

Composite Tip Cavitation Volume
1

Tip Cavitation
I Volume Decrease

Figure 78 Cavitation volume on composite propeller wake of 4-cycle wake field.
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Figure 79 Nuclei placement(blue) for cavitating noise analysis on propeller wake.
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Figure 80 Comparison of cavitation noise between rigid and composite propellers at n =

12.5 rps under 4-cycle wake condition.
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Figure 81 Comparison of cavitation noise between rigid and composite propellers at n =

12.5 rps under DARPA suboff wake condition.
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Blade deformation at high load position
of @ in wake field (AAOA&)

Blade deformation at low load position
of @ in wake field (AAOA 1)

-

Decrease High pressure load in wake
field due to deformation at @

Increase Low pressure load in wake
field due to deformation at @

-y

B

Noise reduction and thrust loss at @

Recover thrust loss at @

Figure 82 Noise reduction mechanism using composite propeller under average thrust

maintenance condition.
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Table 15 Comparisons of FSI and acoustic analysis mtehods for composite propellers in non-uniform flow.

BEM-FEM Interaction
Mulchay et al. (2014) + FW-H Method Low [ ] X
i CFD-FEM Interaction .
Kim et al. (2022) + FW=H Method Mid [ ] X
p i CFD-FEM Interaction High ° °
resen + PFW-H Method '9
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Composite propeller case N (P, S, R, C. T, [0,.60,.0:]s)n

—{ Propeller geometry Composite lay-up |—
> | Initial population (P,,S4,R0,Co,T5) I | Initial population [, ,6,,05]9 | <«

| Crossover and mutation l I Crossover and mutation I

| New population (P,$,R,C T)y l I New population ([6,,0,,05]5)x |

|

Deep Learning-based
Objective Parameter Prediction model N +1

Cavitation volume V or BPF noise
Adaptive deformation Af, Failure index FI

N +1 1

Constraint Failure index FI <1

Find Pareto front for objective parameters

Cavitation volume V minimization
or BPF noise minimization

Adaptive deformation A@ minimization

.

Converged?

Evaluate cavitation for optimized solution

and find final optimized design

Unsteady FSI analysis for each cases

!

Evaluation cavitation volume
with adaptive deformation

Figure 84 Composite propeller design system using deep learning-based objective

parameter prediction model.
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Data Acquisition and Preprocessing
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| Final objective parameter prediction model |

Figure 85 Procedure for development of deep learning-based objective parameter

prediction model.
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Figure 86 Reference propeller geometry (Chen et al. 2006).

Table 16 Composite propeller geometry and lay-up parameters and range of variations.

Parameter Description Range of Variation
P/P, Normalized pitch From 0.9 to 1.1 with step of 0.02
5/5, Normalized skew From 0.8 to 1.2 with step of 0.04
Propeller - )
Geometry R/R, Normalized rake From 0.8 to 1.2 with step of 0.04
cfc Normalized chord From 0.8 to 1.2 with step of 0.04
t/ty Normalized thickness From 0.8 to 1.2 with step of 0.04
n Number of ply From 1 to 6 under the symmetrical lay-up condition
Composite
Lay-up
8; Ply angle From 0° to 90° with step of 15°
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Cavitation Volume Vv

Adaptive Deformation A0

((

0
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Failure Index FI

Figure 87 Training output dataset containing the cavitation volume, adaptive

deformation, and failure index data for reference propeller geometry.
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Figure 88 Data scan grid (30 x 30) on the propeller blade of normalized skew S/S,

for training input dataset.
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Figure 89 Normalized pressure for the propeller blade of normalized skew S/S, =1.2 on

the data scan grid.
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Figure 90 Normalized twisting displacement for the propeller blade of normalized skew

S/So =1.2 on the data scan grid.
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Figure 91 Product matrix(Normalized pressure x Normalized twisting displacement) for

the propeller blade of normalized skew S/S, = 1.2 on the data scan grid.
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Figure 92 Architecture of CNN model for development of prediction models.
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Figure 93 Visualized feature maps of convolution layer 1 for training predictino models.

190



s AA, AFr an, A8 W8, FE Agdd 7 9=
2dEo] g HolHAY Ay RdE Z8ste] THH =EHAUTH

72 wge] oE Az mdel 4% Bk Astel Sl AgEA

B ool dHolElel st o= AREE Brista Bl 7AISE

WasHds A, AZE 9y w4, ZHEY, dFE =2l
AH23HATh Fig. 955-E] Fig 98 EF 714 3t malg B spdE o=

mdSo gk d= AHI=E vug ZAFYE Yehdth Fig 953 Fig

& AARH AFIT L3S & dFde A st A Fig.
973 Fig. 98941 &} o] AZ WP H npE Aol diafix= JdE oS
zdo]l g ZASE Ed oM O & AYEE s AS
SHRIsIA T Table 17> 7+ ®<rol] thet oS 2o H Al 2xKRoot
mean square error, RMSE) 235 Uebdt BE 52 wpof thste] 7

9% mdol B JASG A ol b e AT AFE LAE

N

e gelsign,

191



40 T T T T T T T 7

. . 7
% Linear Regression ,
35F| + Support Vector Machine o @"0, l
O Decision Tree
30F| ¢ Ensemble ]
O Present Model
Py = True Value |

True Value
N
o

15 .
10 3
Srix q
7
e
7
0 L L L L L L L

0 5 10 15 20 25 30 35 40
Predicted Value

Figure 95 Prediction accuracy of various machine learning models including present deep

learning-based prediction model for cavitation volume.
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Figure 96 Prediction accuracy of various machine learning models including present deep

learning-based prediction model for BPF noise.
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Figure 97 Prediction accuracy of various machine learning models including present deep

learning-based prediction model for adaptive deformation at tip.
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Figure 98 Prediction accuracy of various machine learning models including present deep

learning-based prediction model for failure index maximum.
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Table 17 Root mean square error(RMSE) values of proposed prediction models with

various machine learning models.

Prediction Root Mean Sguare Error (RMSE)
Models Linear Support Vector Decision Present
Regression Machine Tree Ensemble Model
Cavitation
Volume 7 1.0363 0.6049 0.6320 0.8198 0.1475
[1073 x m?]
Bp'fdg‘]"se 0.8607 0.3944 0.3568 2.5450 0.3295
Adaptive
Deformation 07153 0.3486 0.0913 03177 0.0318
A8 [7]
Failure
Index FI 0.1503 0.0795 0.0264 0.0903 0.0161
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Figure 99 Comparison analysis procedures using full FSI-acoustic analysis and deep

learning-based prediction model.
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Table 18 Design, objective, and constraint parameters for cavitation minimization.

Design Parameter

Farameter FJ‘I.PD .S',-*S,;, RI.I'IRD CI.I'IC,:. II.I'II,:. Elr E:_. 33
Range [1.0,1.1] [1.0,1.2] [1.0,1.2] [0.8, 1.0] [0.8, 1.0] [0 90°]

Objectives

Objective Cavitation Volume ¥ minimum

Parameter Adaptive deformation A8 minimum
Consfraint

Constraint Thrust constant T = T,

Parameter

Failure Index FI =< 1.0

200



2

e}

L —

Fig. 1022}

of o]

L

#H a3k 7

==
==

3 A3
7] Al

2]
Gy

|

sl
%31

}/]

1

9
yul

b Aok

o o
WYL
GaA)

9]
yul

X

=
=
=

Ea

A el

Aol T AleF

A7)
kA

-

T—

10201 A4
BIND)FE N77FA] 7711 €]

2 3T JH LA

[e)

-

F

-

skl o

o)
o

BI(N1) Aoz 7719 Ao~ F 7}

5.3.1.

UehATh Fig. 101
UERA T
LERATE Fig.
o 2 HE

_;:q

o))

< 7t

<]

78] Aol

A
<

A el

Table. 199} 2t}

o]

g dA WS

=

A3

)

=k
=

201



Fco} o
=

o FAZ Mtk AHLE

2 27 % dolas KT e

o 27 9 dola Frhe A9

Zo wet dwmos FF AHl Fasy] WEe =&9

o] & F3THZhu, 2015; Sajedi and Mahdi, 2019). T= =L FA7}

202



Figure 100 Propeller case classification according to failure index constraint satisfaction

with adaptive deformation.
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Figure 102 Optimization results of objective parameters for cavitation minimization.
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Table 19 Design parameters of original and optimum propellers for cavitation minimization.

Case P/B, 5/5, R/R, c/e t/t, [6,. 62,851,
Original 1 1 1 1 1 [20°,20°,20°],
B1(N1) 11 1.2 1.14 1 1 [90°,75°,90°],

N2 11 1.03 1.2 1 0.8 [90°,80°,78°],

N3 1.02 1.2 1.16 1 038 [68°,78°, 78],

N4 1 1.2 1.19 0.96 0.8 [85°, 65°,40°],

N5 1 1.2 1.19 0.89 0.83 [88°,68°,55°],

NG 1 1.2 1.03 0.88 0.8 [73°,83°,48°],

N7 1 1.2 1.03 0.8 0.87 [78°,85°,20°],
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Table 20 Average thrust of original and optimized propellers for cavitation minimization.

Original B1(N1) N2 N3
3230.66 3230.02 3229.07 3229.92
Average
Thrust [N] N4 N5 N6 N7

3229.95 3229.69 3231.50 3228.74
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Figure 103 Adaptive deformation at propeller tip of original and optimized propellers

over one rotational cycle in 4-cycle wake.
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Figure 104 Cavitation volume of original and optimized propellers over one rotational

cycle in 4-cycle wake under P = 70 kPa

Table 21 Objective parameters of original and optimized propellers at P; = 70 kPa.

Case BBrag [] Vias 11075 XM Vo 11075 Xm®]  Vaporage [107° Xm?]
Original 1.930 3.041 0.016 1.529
B1(N1) 2.893 2.660 0.015 1.338

N2 3.254 2.406 0.012 1.209

N3 3748 2384 0.034 1209

N4 4.061 2.130 0.065 1.098

NS 4522 1.934 0.252 1.093

NG 4.661 1.697 0.342 1.020

N7 4813 1.494 0.473 0.984
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Figure 105 Comparison between B1(blue) and original propeller: (a) suction face, (b)
pressure front and (c) side view, and comparison between the final optimized composite

propeller(red) and original propeller: (d) suction face, (¢) pressure front, and (f) side view.
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(a) (b) (c)

Figure 106 Comparison between B1(blue) and the final optimized composite(red)

propellers: (a) suction face, (b) side and (c) top view.
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Figure 107 Composite lay-up sequence results of the (a) original [20°,20°,20°],, (b) B1

[90°,75°,90°]; and (c) final optimized composite [78° 85°,20°]; propellers.
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Figure 108 Deformed shapes of the (a) original, (b) B1(blue), and (c) final optimized

composite(red) propellers.
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Figure 109 Adaptive deformation results of the (a) original, (b) B1, and (c) final optimized

composite propellers.
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Figure 110 Cavitation volumes of the original, B1, and final optimized compoosite

propellers under (a) P, = 50 kPa, (b) P; = 60 kPa,and (c) P, =70 kPa
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Table 22 Design, objective, and constraint parameters for BPF noise minimization.

Design Parameter

Parameter /P, 5/5, R/R, ¢/ tity 8,.8,.6;
Range [M0,11 | 10.12] | (10,12 | (0810 | [08 10 | [0° 907

Objectives

Dbjective BPF noise minimum

Parameter Adaptive deformation A8 minimum
Constraint

Constraint Thrust constant T =T,

Parameter Failure Index FI < 1.0
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Figure 111 Optimization results of objective parameters for BPF noise minimization.
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Table 23 Design parameters of original and optimized propellers for BPF noise minimization.

Case B/E, LYATS R/R, cfcy tfty [84,0,,85],
Criginal 1 1 1 1 1 [20°, 20°, 20°],
B1(51) 1 12 1 08 08 [45°,38°,43°],

52 1 1.15 1 08 0.81 [90°, 83°,23°],
53 1 12 1 0.81 0.86 [88°, 85°,35°],
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Table 24 Average thrust of original and optimized propellers for BPF noise minimization.

Original ~ B1(S1) S2 S3

Average
ThrustiNI 303066 322048 322872 322954

“14F |- ©-oOriginal —-¢--B1(S1) —8—S2 - % -S3| 1

0 50 100 150 200 250 300
Blade Position [°]

Figure 112 Adaptive deformation at propeller tip of original and optimized propellers

over one rotational cycle in 4-cycle wake.
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Figure 113 BPF noise for original and optimized propellers in 4-cycle wake
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Table 25 1%, 2", 374 and 4™ BPF noise of original and optimized propellers.

Case Original B1(S1) S2 S3

First BPF 1133 112.1 109.5 110.6
Noise [dB] o (-1.2) (-3.8) (-2.7)
Second BPF 109.3 103.8 104.8 99.1
Noise [dB] ' (-5.5) (-4.5) (-10.2)
Third BPF 99.6 103.6 101.5 102.7
Noise [dB] ’ (+4.0) (+1.9) (+3.1)
Fourth BPF 102.4 93.0 96.6 95.0
Noise [dB] ' (-9.4) (-5.8) (-7.4)

Table 26 OASPL for BPF noise of original and optimized propellers.

Case Original S1 S2 S3
OASPL 11738 116.79 114.81 115.12
[dB] ' (-0.59) (-2.57) (-2.26)
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Figure 114 Comparison between B1(blue) and original propeller: (a) suction face, (b)
pressure front and (c) side view, and comparison between the final optimized composite

propeller(red) and original propeller: (d) suction face, (e) pressure front, and (f) side view.
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(a) (b)

Figure 115 Comparison between B1(blue) and the final optimized composite(red)

propellers: (a) suction face, and (b) top view.
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(3]

Figure 116 Composite lay-up sequence results of the (a) original [20°,20°,20°],, (b) B1

[45°,38° 43°]; and (c) final optimized composite [88°, 85°,35°]; propellers.
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Figure 117 Deformed shapes results of the (a) original, (b) B1(blue), and (c) final

optimized composite(red) propellers.

233 :
2 A2t g

& o



-
-

-
&

o
o

Y A6 A0 7] A6 7]
2 2 2
0 ° o
-2
2 ! 2
|4
£l
4
10
42 40 40

(a (b) ©

Figure 118 Adaptive deformation of the (a) original, (b) B1, and (c) final optimized

composite propellers.
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Table 27 Comparisons of composite propeller design methods for propeller shape and

composite layer parameters.

Reference Analysis Method ‘ SG:: e L\?:f r P?e?ésfr:;.
Ching et al. (2009) cn’::;t’;;‘;:’;e' High X ° Prop.
Jose et al. (2010) BEM-FEM Interaction M:g X ™ Prop.
Ebrahimi et al. (2019) CFD+Acoustic Analogy m:g o X Noise
Guan et al. (2022) CFD-FEM Interaction High ° X Prop.
o | Omlemmwms | o | g | | ae
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me} geka derdd. WE Ag T 9l 9 AR WE 73 f L

sto] WEFEC ik WME AL + don qT A= Eq

Il

(A.1.13)3} 21}

dr
dry - diy —dry - dry = 2[dr dn d{][e] {dn} (A.1.13)
a¢

NN
rr
o
[H
et
5

g
=
é:
filo
o
o
£
o
f
oxl
Lo
it
filo
ek
o
ol
)
(E
ot
o

x+u -0 + )t
=0 j 75]{ v }+[T]T{ n }] (A.1.14)
w ¢
A8 A 2d u=v=w=¢=049 #L h& VZ3rh

7o = T lu=v=w=¢=0 (A.1.15)
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Eq. (A.1.15)2] AL|ZHE #2 Eq. (A.1.16)3 o] EHHT}

A714 19, $o, Ao Tt 2T

No = 77|u=v=w=¢=0 (o = (|u=v=w=¢=0 Ao = A|u=v=w=¢=0

o
i

HEY A 28 u=v=w=¢=00°142 W3

1 0 0
[T]lu=v=w=¢=0 = [0 cosé sin@]
0 —sinf cos@

Eq. (A.1.18)= Eq. (A.1.16)°l thiste] Fejstd Wy <199

A WE 7+ Eq.(A.1.19)3 o] dHCH
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(A.1.16)

(A.1.17)

2 [7]E e 2ol

(A.1.18)



x — A0’
} (A.1.19)

= 7 K| {nocose — {psinf
NosSind + {ycosO

A WY Ao A9 v FEl= Eq (A.12003 (A.121)E FoiXY

QU
oSN
Il
—
~y
~
o
e
X

dno ddy ' )
noﬁdn-l'ﬂ.%d—qdc)e

dng ddy
{—0'x™* iné 0)dr + — cosfdn — —
xT(Mosind + {ycosO)dr + an cosOdn i

xt (1= 2,0")dr — (A

sinfd¢

v

(A.1.20)

ot : dno . ddo
0'x" (nocosO — {ysinB)dr + Esmedr) + %cos 0d¢

xt+ut . -6 + )t
i =[r 7 k| l[ﬂ{ vt 1dr +[T][T}" { n }
wt ¢
—A(6 + ¢)HHdr — (Apdn + 4,d0) (0 + $)*
X dr + dn (A.1.21)
d¢

(A.1.22)
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H3l 3ol EAHOTHE Eq. (A.123), (A124)9 (A.1.25)9]

0 —wp w;
[T1[T]™ = —[T]*[T]" = [«uk 0 —4
—(l.)j (I)i 0

9 AN S Z8te] oA WY df 2 vsd 2ol Adn.

R xt +ut
diy=[i k'][[“{ . }dr

wt
0 —wr o |(-20+@)*
+| wg 0 —w; { n }dr
—A(0 + ¢)++dr — (lndr] + lgd()(@ + (]5)"'
+ dn
ag
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(A.1.23)

(A.1.24)

(A.1.25)

(A.1.26)
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X g w® diy 3 dit 9 Eq. (A12003 (A121)S xTS AATOZH
destAd = An 8 F dXE n=dnp={=d{=21=1,=1; =

05 RHEalH s =dddlAl9] di2 T o

dry . xt+ut
= = 7 KT vt (A.127)
n=(=0 wt

n=0=0 SAelA D 7.y, k' Aol meb 79 BYSER the)

1 xt+ut
[ 7 ¥ {0}= [ 7 E'][T]{ + } (A.1.28)
+
Eq. (A.128)Z-E] Eq.(A.1.29)9} (A.130)8] #A2o] =&}

[1 _ v+2 —W+2(.x+ + u+) + v+2 + W+2 — 1 (A129)

xt=V1—v*t? —wt? —yt (A.1.30)
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f

HAAXEZRE Eq (A.120)3 Eq. (A.1.26)2 Eq. (A.1.31)3 (A.1.32)%}

o] ©3td FEH = AYHT

m

diy=[t 7 k| x
!( (\/1—v+2 —ut)(1 = 2,0")dr

—0'(W1—vt? —wt? —u+)(7705m9 + {ycosO)dr
l 0'(W1—v+? —w*? —ut)(nycosh — {ysind)dr

dno d{o ’)
(,1,70 I dn+150—d5)9 (A.1.31)

d¢
dng ddy
+ % cosfdn — d_f sinfd{

-

d d
+ dinosianr) + % cos 6d¢

d-)lz
dr 0 —wp @ | (=26 +¢)*
77K +| w 0 —w; n
v ]{0} “wp w0 { ¢ } (A1:32)
—A(0 + )" Fdr — (Aydn + A;d0) (8 + p)*
+ dn

d¢

A HEE "A

ol

Eq. (A.1.31)3 (A.132)2 Eq. (A.1.13)°] 43 3 A

gk 2t e =5 5 Ao

2811 = (—r)a)k + {wj)z + [Aw, (8 + )T + {w;]? (A.1.33)
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2
+[Aw; (0 + P)t +nw;]” + 226 + ¢)
+2(—nwi + {w;) — 24(0 + ) (1 — i + {w))
JER TN PN e e

—x*20"% (% + 33) + x+% (2400 — 236"%)

281, = Ay (0 + ) T(O + ) — 2,(0 + )T (1 —nwy + {w))

—[Awk (6 + P)* + w;]

d (A.1.34)
+x+91ﬂ[/‘{n0(1 _ 109”) + (0]
dn
2613 = A0 +P)T(O+ P)TT — 20 + P)T (1 — nwy + {w))
—[Aw;(6 + )T + nw;]
A.1.35)
Ldg . (
+x*6 d—; [Ag,(1 = 250" + 7]
dﬂo 2 2 )2 dr]o z
260 =1— <W) +2500+ )" - 12,6 <%> (A.1.36)
2 dno\ (d%o\ ,,2
2653 = AUAZ(Q + ¢)+ - /17,0).(0 (%> (d—c) 6 (A137)
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2 2
2o =1- () +4@+ 9 -207 () a1

Aq714 6*, 0t = =3 2T

0t =0'x*; 0t =0"x % +9'x+t (A.1.39)

Eq. (A.1.33)-(A.1.38)2 v E WP E-HSY A2 FuHE Yepdn

Eq. (A.140)9 &= &8 7IHES F3t Eq (A136)7 (A.1.38)2 Eq.

(A141)e] AL BB,
€22 = ~Vén
£33 = —vgll} (A.1.40)
—_ = — % z 2 +2 _ 212 % 2
21/511 =1 (dﬂ) +/1n(9+(]5) /1,709 (dn) (A141)

—2ve, = 1- ()" 4 230 + 9)** - 2207 (L2)

Eq. (A.141)S % Z_?"” gj3te] Aelst Eq. (A.1.42)9 2t
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/1¢n+(n2+<2) <9/¢/+

w'?
+__
2

2
2

, v
u +

€11

(A.1.43)

—v"[ncos(6 + ¢) — {sin(6 + ¢)]
—w''[nsin(@ + ¢) — ( cos(6 + ¢)]

;(E+ )9,

€12 = —

(A.1.44)

(n+2¢)¢’

3= 75

EvE

Am oy ARE FHY

R
o
jant

o

0

i
n
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ot Eq. (A145= £ Iilo] s

Aol digk =42 WEE g
+EHAAS 2237 A side Y <8 (Hamilton’s principle)= WERHTE

ty
f [6U — 6T — sW]dt = 0 (A.1.45)
t

A (Virtual work)= UERAT HIPYE AHA=

Eq. (A.146)2FE Z=ZF T}

1 R
= Ef f f (OxExx + Tanin + OxzExg)dnd{dx (A.1.46)
0 A
Fq. (Al46)0] e MEe gew 2o
(A.1.47)

R
o6U = J ff(axx&exx + Oxnbexy + crxg-c?sx()dnd(dx
0 A

0:17]/\1 o A Oxy, O-xna Gx{‘—‘l]' Hd%é% 6£xxa 68)67): SEXZ% E}%:fq- 7":}@
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Oxx = E€xy
Oxn = ngn (A.1.48)

O'xc' = ngg

Sepy =0U + V'8V +WW + (2 + 736 + ¢) 6’
—A6¢" —[ncos(0 + ¢p) — {sin(6 + ¢)]

X (6v" +w'"8¢) — [nsin(6 + ¢)

(A.1.49)
—{cos(6 + P)|(6w" —v"6¢)
8eyy = (60’ (A.1.50)
Sexe = —1N0¢' (A.1.51)

A7 p&t (& AA h=n — 29+ { =+ 2,°]Th Eq. (A.1.48)-(A.1.51)2 Eq.

(A.147)°l tidste] gestd v=3 2.

R
6U = f (Vo (ou' +v'6v' +w'éw') + (S,» + T,1)6¢’
0

(A.1.52)
+ P, 60" +[M, cos(6+ ¢)

+ M, sin(0 + $)](6v" + w' 5p)
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+[M, sin(6 + @) — M, cos(0 + )] (w" — v"5¢)}dx

A7V Vyr, Sy, Ty, Pyr, Myr, My obefio} 2o,

12 2
v w
Ve = ff Oxxdnd{ = EA{u’ ot kz0'¢’
A

—ey[v' cos(0 + ¢) + w'' sin(6 + ¢)]}

s0= || fA (A02z — £0en)dndl = GJ

Ty = f fA 0 + §) 0 (2 + {)dndg

12 12

2 I lJ v w 012 1.2
=FEAk;(0+ @) (u +T+T + EB{0' ¢

—EB30'(v"cosf + w''sinf)

P = ﬂ- Aoy dnd{ = EC1¢" + EC{ (W' cos8 — v"'sinB)
A
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(A.1.53)

(A.1.54)

(A.1.55)

(A.1.56)



My = || copdnaz

= EL,[v"sin(8 + ¢) —w" cos(6 + ¢) — EC{ " (A.1.57)

M, = f f N0xednd{ = Eli1[v" cos( + ¢) +
A

(A.1.58)
v': W't
w'' sin(6 + ¢) — EAe, <u’+7+ 5 )—EB;G’d)’
Eq. (A.1.53)-(A.1.58)9] WAE 2 o33 Zo] Aot

A= dnd Ae, = dnd

ffA nd¢ ea ﬂAn ndg

Iy = || ¢2dnd Iy = 2dnd

y HAZ ndg ﬂAn nd¢
Ak? = 2 +¢®)dnd = 5% + {%)dnd A.1.59
J o2 +einaz = [[ 6 e ianae b arso

B = fA 0 +?)dnds B = || jA nGr? + 72)dndg

C, = J.L/lzdndf Ci = .HA(ndndC

A7 A & e dHALS Jehdth Iy’ <} Iy & Z}zh  Zey

¥ (Flapwise), = W3F(Chordwise) ¥4 EHIE(Moment of inertia)E



S (Warping) & ET MEY 45E vehld shgol gl A% I

Ay F F2E 99 d9 A (x,y1,z)9 AXE e 2o

X1 =x+u—2A¢p"' —v'[ncos(6 + ¢) — sin(O + ¢)

(A.1.60)
—w'[nsin(6 + ¢) + { cos(6 + ¢)

y1 =v+ncos(0 + ¢p) — {sin(6 + ¢) (A.1.61)
=w+nsin(0 + ¢) + {cos(0 + ¢) (A.1.62)

A7 —Agp'= ok=oll o = WeE vEdt dA4 H3A B 2l

A g HolAY £EE Eq.(A.1.63)3 2Th

-

L 67
V=—+0Kx? (A.1.63)
St
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7NN F=x04y] +zk ©1H, §/5t = AW FEANAML ATt HES

Uebdt), §7/6t2k QK x 782 22t Eq. (A.1.64)9} (A.1.65)2 2T}

87 -

QK x7 = —Qy,cosfy L + (Qxlcos[)’pc - Qzlsin[)’pc)f

+Qy;sinByck (A.1.65)

Eq. (A.1.64)$} Eq.(A.1.65)Z Eq.(A.1.63)°] tid3te] AEstd oe3 2ot

V= ()'cl — lecosﬂpc)?+ (y1 + Qx1cosfpyc — Qzlsinﬁpc)f

+(21 + Qyysinfyo)k (A.1.66)
%5 oA T2} HE ST+ Eq. (A.1.67)9} Eq. (A.1.68)9} 2T},

1 (R N
T = —f ff pV - Vdnd{dx (A.1.67)
2o Ma
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R
6T = f f f pV - §Vdnd{dx (A.1.68)
0 A

Eq. (A.1.66)2 Eq.(A.1.68)°l thdste] Aelstd ths 2o

R
OT = f ff [(—%; + 2Qy,c05Bpc + Q%xq cOS* By,
o Ma

—Q02z;sinPpccosPpc)0x1 + (V%Y — 31 (A.1.69)
—20%,€0SPpc + 2021 5inPpc)8yy + (—Q%x1SinPyccOSPpe

+0%z; sin® By — 20y, sinPye — 71) 824]pdnddx

0217]/\1 J‘Cla yla Zl: 5617 yl’ Zl’ 6x17 6}/1, 621% E}%:ﬂ]— ZE}E}

X =u— (0 +¢w)y —v) — (W' — pv")(z1 — W) — A’

21 :13—¢(Z1—W)

Z1 =W+ —v)

(A.1.70)

== (0 + dw' +2dw')(yy —v) — (W' — v’ — 2¢7")
X (zy —w) — A’

¥y =V — Pz —w)
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L =W+ oy —v)

8x1 = 8u — (y; — v)(V' +w'8p) — (2, — w)(Sw' — v'5¢)
~18¢'

8y1 = 6v — (2, — )8

6z =w+ (y; —v)dg

Bpc = 0(e)E 7MHT2ZM Eq. (A.1.69)= Eq.(ALTHZE FHTh

R
ST = f ff (ZuBU + Zy8, + Z,yW + Zy 5 + Zyy V" + Z,y16W'
0 A

+Zy8¢")pdnd{dx

047]/\1 Zu’ ZU’ ZW? Z¢9 Zu’a Zw’a Z¢’—‘I:____ E}%:ﬂ} ZE]:E]‘

Zy, = Q%x + 20

Z, = Qv+ (y; —v)] — U+ ¢(z1 — w) + 2QB,0W
—2Q[u - v'(yy —v) —W'(z —w)]

Zy = =02 Bpcx — 20Bpc v — W — Gy — v)

Zy = —0x(y; — )W’ + QPx(z; —w)v' — Q®(v + (y1 — V)]
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(A.1.72)



X (21 =w) +v(z —w) =Wy —v) — O Bpex(y; — v)

Z, = —(Q%x + 2Qv)(y; — v)

Z, = —(Q%x + 2Q0)(z; — w)

Z¢V = _Qzlx

5)

<]

rlo

Eq. (A.1.74)«(A.1.76) T},

R
OT = f (Zybu + Z,6v + Z,,6w + Zp 8¢ + Z,16V'
0

+ Z_WI(SW')dx

Z, = m(Q%x + 2Q0)

Z, = mQ?[v + ecos(0 + ¢)] + 2mQ(Bpcw — 1)

+2meQ(v'cosf + w'sinf) — mi + megsind

Zy, = —mPBy.(Q2x + 2Q0) — m — medcoso
Zy = —mkZ$ —mO?(kys — km> ) cos(6 + ¢) sin(0 + ¢)
—meN?x(w'cosf — v'sinf) — meN?vsinh
—me.()z,b’pcxcosH + me(isind — wcos@)

7, = —me[Q2¥¢0s6+d) 4 201cos0)]
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G gHo) thsle] FHEEH Eq. (A171)S Eq (A173)C02 AT Ha

(A.1.73)

(A.1.74)

Fay



Z,, = —me[Q%xsin(0 + ¢) + 2Qvsing

m= prdnd( me = fprndnd( )

mkmf = ffp{zdnd( mkmg = ffpnzdnd(

A A ; (A.1.75)

ks + kms =k, j f pldndl =0
A

f L pngdnd¢{ =0 f fA pAdnd¢ =0

| p0n = vyndg = mecos(a + ¢)

A

pr(zl —v)dnd{ = mesin(0 + ¢)
A

JLP()’l —v)(z; —w)dnd{ (AL76)

= m(kné - kmf) cos(8 + ¢) sin(6 + ¢)

[ pronor2 + G = wyranag = mic,
A

A7 m, e} mki 2 27 @9 Aol 7 @il AF @4 =3 FA
A 2 A, 5 B F7 ZH E(Polar mass moment of inertia)E U ERHATH
2

Holl thak 7Hd Y (Virtual work) SWE T3 o] £ HA,
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R
W = f (Lu(gu + L,6v + Ly6y + M¢5¢)dx (A.1.77)
0

HYE AUA Eq. (A.1.52), =% °lUA Eq. (A.1.73), 7F¢ ¢ Eq.

(A.1.77)= Eq (A.1450°] tidst] AEstd u, v, w, ¢ o TS

du equation

—T' —m(Q%x + 2Q0) = L, (A.1.78)

év equation

12 12

—(Tv")' + {—EAe, <u’ + UT + WT> cos(6 + ¢)

—EB;0'¢'cosd —EC;¢"'sind + [El cos?(0 + ¢)
+EL, sin?(6 + ¢)|v" + (EIZI - Elyl) cos(6 + ¢) sin(6 + ¢) (A.1.79)
w4+ 2mQu + mi — medsind — 2meQ (v’ cosd + w'sinb)
—mQ*[v + ecos(8 + )] — 2mQBy W — {me[Q2xcos(6 + ¢)

+2QvcosO]} =L,
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Sw equation

12 12
v w
—(TW,), + {—EAeA (u’ + 7 + T) sin(9 + d))
—EB30'¢'sind — EC}¢" cosb
+(El, — Elyr) cos(@ + ¢)sin(0@ + ¢ )v" (A.1.80)
+[EL, sin?(6 + ¢) + E1y cos2(0 + p)]w"}"
+mw + medcosd + 2mQB,.v — {me[Q%xsin(6 + ¢)

+2Qusing]} = L,, — mQ2B,cx

8¢ equation

12 12

v w
—[EAKZ(6 + ¢)’ <u’ +o+ 7) +EB;6"%¢'

12 ]2
v w
—EB30' (v cosd + w'' sin0)]" — EAep (u’ + - + 7)

(w''cos® — v''sin®) — (G]¢")' + [EC; "

+EC;{(w" cosf — v'"'sin@)]" (A-1.81)

+(El; — Elyr)[(w”2 — v""*)cosBsing + v"'w' cos26] + mkz, ¢
+sz¢(km§ - kmi)COSZQ + me[Q2x(w'cosf — v'sind)

— (% — Q%v)sind + wcosh]

= My — mQ? (km> — kp>)cosOsing — meQ? B, xcos6
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o714 T+ Eq.(A.1.82)9 2t}

v’ le
—+—+k30'¢’

T =V, = EA{u +
* 2 2 (A.1.82)

—ey[v" cos(8 + ¢) + w'' sin(0 + ¢p)]}

Eq. (A.1.78)7 Eq. (A.1.82)9] WA 2o tiste] Aap Ay ZAME A 835tH

thool gALe] m2Ht S 3

oo
rlo

nAdgae] 2 g8 2ean

f

12 12

v w R
EAkZ' (v e kj(;b’f mQ%xdx
X

(A.1.83)

+third — (and higher)order nonlinear terms
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A2 Fu oA &4 A A HAE ¢4

N
El

o Ao kA HFel U $H-HYE WA= ted

=8

m
S
b
et

{O'xx}k_ Q11 Ql6]k{€x"}k (A2.1)

o =1z <
X1 Q16 Qs Exn

Q11 = Q11 cos* A+ Q,, sin* A+ 2(Q4, + 2Qgg) sin® Acos? A
Q16 = (Q11 — Q12 — 2Qg) cos® A sinA
—(Q32 — Q12 — 2Qgg)cosAsin3 A (A2.2)
Qs = (Q11 + Q22 — 2012 — 2Q¢6) sin® Acos® A

+Qgs(sin* A + cos* A)

=l
2

ol AE =4 thstd Hodge and Dowell (1974)8] W E A

El

o9}

U, &5 oA 6T, 7 & sw o == AAH} 543 AAHs T3l

=zl
4

El

oA ATl W ELEA E=Eol Jhssith Hal oA
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A5 HFaA el e T2 §U-2 Eq. (A2.3)% £ (Hong and

Chopra, 1982).

oU
m2R3

R U,Z W’Z
= f (EA <u’ ot >5u’ + EA[k20'¢p’ — es(v'' cosb,
0

+w''sin6;)]6u’ + kp3(¢’ +v"wHéu' + F(v'sv' + w'éw’)
+GJ(P'8P" + d'W' V" + PV W' +v"'W EP") + [Fey(v''sind,

—w'cos;) — kp eqd'(v"'sind; — w' cost;) + (El,—ElL)
L (W%~ 0")sin26, + v"w" cos26,) — k, cos6, + (k, sind
E(W -V )sm 1+ viwicos20; ¢ — p,€0S0 + ( p, SN0

—kpscosel)qb’w” + (kplsinel — kp,cos6, — kp6sin01) "v'"8¢
(A.2.3)
+[Fk3(6' + ¢') — EAk}0'* ¢’ — EAkje 0’ (v cosO), + w' sind,)

—EB;(v''cosf; + w''sinf,)0' + kp49’¢’] YoM

+[kp2(v”sin91 —w''cos6;) + (kl’ﬁ - kp1) (v'"'cosO; + w'sinb;)

12 12

+

—kp3(u + > >

)] 8¢’ + [ EC1¢p" + EC;(w" cosh,

—v"'sinf;) + kp5¢’] 6¢" + [—Feycos0; + kpBeAcos&(l)’

1
(El, cos? 6, + EI, sin? 6,)v" + 3 (El, — EL,)w" sin26,
2 " 2 1 -2 2 * IV
—EAej (v cos“ 6, + hid 291) + (EAeyk; — EB3)0' ¢’ cosh,
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o

—EC{¢"sinf;, — kplqb’cosGl - kpqu’sinel + kp6qb’cos€l]8v”
+[—Feysinf; + kp3eAsin91qb’ + (El, sin? 6, + EL, cos? 6, )w"
1 " 2 1 n_: "o 2
+§(E1z - Ely)v sin26; — EAej (Ev sin26; + w" sin 91>
+(EAesks — EB3)0'¢'sind, + EC{¢"'cos8; — kp ¢'sind,
+kp2(]5’60591 + kp6¢)’sin91]6w” + kp3(u’w’6v” +u'v'éw’)
+[—kp2(v”sin91 —w''cos6;) + (kl’s - kpl)(v”cosBl
+w''sin@)|(w'sv" +v"'dw’) + (kp,cosb) — k;_sinb;
+kp600591)v”w’6v” + (=kp sinb; + ky,_cos6; + ky _sinb))

v'w'sw')dx
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Abstract

Development of low-noise composite propeller fluid-structure interaction
analysis and design system using machine learming

Yo-Seb Choi
Naval Architecture& Ocean Engineering
The Graduate School

Seoul National University

The importance of underwater radiation noise is emphasized due to the increased
speed and size of commercial and naval ships. The stealth and survivability of
submarines are directly related to underwater radiated noise. Thus, a low-noise design
is essential to improve performance. The propeller noise of submarines accounts for a
high contribution to the overall underwater radiated noise. Recently, the contribution of
propeller noise has been gradually increasing due to the increased speed of submarines.
Therefore, it is necessary to reduce the propeller noise to achieve a low-noise submarine
design. In recent studies, the composite propeller having flexible characteristics has
been proposed to reduce noise. Composite propellers are made of materials with low
density and stiffness, such as carbon fiber-reinforced plastics(CFRP), and have adaptive
characteristics that can satisfy target performance under various flow conditions. In
order to achieve the noise reduction up to the target value using the composite propeller,
it is essential to accurately evaluate a deformation and a noise change caused by the

deformation and design using it.
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In this study, a deep learning-based objective parameter prediction model was
developed to evaluate the main noise performance of the composite propeller at the
design stage, and an optimal design for the reference composite propeller was obtained
by constructing a design system using the developed model. In order to acquire the data
for learning, fluid-structure interaction(FSI) and acoustic analysis methods applying a
structural analysis model considering bend-twist and inertial force coupling and
acoustic analogy such as FW-H and permeable FW-H were established for various
inflow conditions. An input dataset consisting of simple steady-state data on a data scan
grid and an output dataset for each objective parameter was acquired using the
established analysis methods, and the deep learning-based objective parameter
prediction model was developed using the acquired training dataset and convolutional
neural network(CNN) algorithm. Using the prediction model, a design system for the
cavitation and blade passing frequency(BPF) minimization was estabilished, and
optimal designs for each performance were obtained. The improvement of each noise
performance of optimal designs proved the usefulness of the low-noise composite

propeller design system.

Keywords: Composite propeller, Fluid-structure interaction, Inertial force

coupling, Acoustic analogy, Convolutional nerual network, Design system.
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