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A Study on the Structural Characteristics and
Stability of Composite Propeller for Ships
Using Finite Element Method

Eun-Bin KIM

Department of Marine System Engineering
Graduate School of Korea Maritime and Ocean University

(Supervisor: Prof. Jong-Ho KIM)

Abstract

Composites are used in many kinds of fields such as the aircrafts,
vehicles and wind turbines because they have the advantages of high
strength, high rigidity, corrosion resistance and light weight compared to
metal materials.

In the marine industry, composite materials have been used exclusively
for ship and yacht hulls, but more recently, research has focused on
applying composites to marine propellers. The widespread use of
composite materials and the development of production technology have
reduced production costs, so it can be said that the composite materials

have great potential as marine propellers.
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In this study, the author carried out mechanical tests of CFRP (Carbon
Fiber Reinforced Plastics) specimens that can be adopted as a new marine
propeller material. Consequently, CFRP materials exhibited higher strength
than NAB (Nickel Aluminum Bronze casting) which is conventionally used
as material for marine propellers.

And this thesis is focused on comparison of the static analysis and
vibration characteristics of CFRP propeller with NAB propeller by finite
element method (FEM) using ANSYS. As a result of analysis, CFRP
propeller has higher safety factor than NAB propeller under the same
conditions and it is more safer from the risk of vibration engineering
problem. It is also confirmed that CFRP material is a new material for
propellers by reducing the weight about 80% compared to conventional
NAB propellers.
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Table 2.1

Thrust moment function, {2,

r =r/R

n

0.2

0.25

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0.15

0.4708

0.4216

0.3733

0.2808

0.1966

0.1240

0.06639

0.02642

0.005108

0.16

0.4714

0.4222

0.3738

0.2812

0.1968

0.1242

0.06649

0.02646

0.005116

0.17

0.4722

0.4229

0.3744

0.2817

0.1972

0.1244

0.06660

0.02650

0.005124

0.18

0.4731

0.4237

0.3751

0.2822

0.1975

0.1246

0.06672

0.02655

0.005134

0.19

0.4741

0.4245

0.3759

0.2828

0.1979

0.1248

0.06686

0.02661

0.005144

0.20

0.4751

0.4255

0.3767

0.2834

0.1984

0.1251

0.06701

0.02667

0.005156

0.21

0.4763

0.4266

0.3777

0.2841

0.1989

0.1254

0.06718

0.02673

0.005169

0.22

04777

0.4277

0.3787

0.2849

0.1994

0.1258

0.06737

0.02681

0.005183

0.23

0.4791

0.4290

0.3799

0.2858

0.2000

0.1262

0.06757

0.02689

0.005199

0.24

0.4806

0.4304

0.3811

0.2867

0.2007

0.1266

0.06779

0.02697

0.005216

0.25

0.4823

0.4319

0.3824

0.2877

0.2014

0.1270

0.06803

0.02707

0.005234

0.26

0.4842

0.4336

0.3839

0.2888

0.2022

0.1275

0.06829

0.02717

0.005254

0.27

0.4862

0.4354

0.38%5

0.2900

0.2030

0.1280

0.06857

0.02729

0.005276

0.28

0.4883

0.4373

0.3871

0.2913

0.2039

0.1286

0.06887

0.02741

0.005299

0.29

0.4906

0.4391

0.3890

0.2926

0.2048

0.1292

0.06920

0.02754

0.005324

0.30

0.4931

0.4416

0.3910

0.2941

0.2059

0.1299

0.06955

0.02767

0.005351

0.31

0.4958

0.4440

0.3931

0.2957

0.2070

0.1306

0.06992

0.02782

0.005380

0.32

0.4986

0.4465

0.3924

0.2974

0.2082

0.1313

0.07032

0.02798

0.005411

0.33

0.5017

0.4492

0.3978

0.2992

0.2095

0.1321

0.07075

0.02815

0.005444

0.34

0.5049

0.4521

0.4003

0.3012

0.2108

0.1330

0.07121

0.02834

0.005479

0.35

0.5084

0.4553

0.4031

0.3032

0.2123

0.1339

0.07170

0.02853

0.005517

0.36

0.5121

0.4586

0.4060

0.3055

0.2138

0.1349

0.07222

0.02874

0.005557

0.37

0.5160

0.4621

0.4092

0.3078

0.2154

0.13%9

0.07278

0.02896

0.005599

0.38

0.5202

0.4658

0.4125

0.3103

0.2172

0.1370

0.07337

0.02920

0.005645

0.39

0.5247

0.4698

0.4160

0.3130

0.2191

0.1382

0.07400

0.02945

0.005693

0.40

0.5294

0.4741

0.4198

0.3158

0.2210

0.13%4

0.07466

0.02971

0.005745
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Table 2.2

Torque moment function, {2,

r =r/R

n

0.2

0.25

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0.15

0.2110

0.1854

0.1609

0.1162

0.07791

0.04703

0.02409

0.009175

0.001697

0.16

0.2113

0.1857

0.1612

0.1164

0.07803

0.04710

0.02413

0.009188

0.001700

0.17

0.2117

0.1860

0.1615

0.1166

0.07816

0.04718

0.02417

0.009203

0.001703

0.18

0.2121

0.1864

0.1618

0.1168

0.07830

0.04727

0.02422

0.009220

0.001706

0.19

0.2125

0.1868

0.1621

0.1170

0.07846

0.04736

0.02427

0.009239

0.001710

0.20

0.2130

0.1872

0.1625

0.1173

0.07864

0.04747

0.02432

0.009260

0.001714

0.21

0.2135

0.1876

0.1629

0.1176

0.07883

0.04759

0.02438

0.009283

0.001718

0.22

0.2141

0.1881

0.1633

0.1179

0.07905

0.04772

0.02445

0.009309

0.001723

0.23

0.2147

0.1887

0.1638

0.1182

0.07929

0.04786

0.02452

0.009337

0.001728

0.24

0.2154

0.1893

0.1644

0.1186

0.07955

0.04802

0.02460

0.009367

0.001734

0.25

0.2162

0.1900

0.1650

0.1190

0.07983

0.04819

0.02468

0.009400

0.001740

0.26

0.2170

0.1907

0.1656

0.1195

0.08013

0.04837

0.02478

0.009436

0.001746

0.27

0.2179

0.1915

0.1663

0.1200

0.08046

0.04857

0.02488

0.009475

0.001753

0.28

0.2189

0.1923

0.1670

0.1205

0.08082

0.04879

0.02500

0.009517

0.001761

0.29

0.2199

0.1932

0.1678

0.1211

0.08120

0.04902

0.02512

0.009562

0.001769

0.30

0.2210

0.1942

0.1686

0.1217

0.08161

0.04927

0.02524

0.009610

0.001778

0.31

0.2222

0.1953

0.1695

0.1224

0.08205

0.04944

0.02538

0.009662

0.001788

0.32

0.2235

0.1964

0.1705

0.1231

0.08252

0.04982

0.02552

0.009717

0.001798

0.33

0.2249

0.1976

0.1716

0.1238

0.08303

0.05012

0.02568

0.009776

0.001809

0.34

0.2263

0.1989

0.1727

0.1246

0.08357

0.05045

0.02585

0.009840

0.001821

0.35

0.2278

0.2003

0.1739

0.1255

0.08414

0.05079

0.02602

0.009908

0.001833

0.36

0.2295

0.2017

0.1751

0.1264

0.08475

0.05116

0.02621

0.009980

0.001847

0.37

0.2313

0.2033

0.1765

0.1274

0.08540

0.05155

0.02641

0.01006

0.001861

0.38

0.2332

0.2049

0.1779

0.1284

0.08610

0.05197

0.02663

0.01014

0.001876

0.39

0.2352

0.2067

0.1794

0.1295

0.08684

0.05241

0.02686

0.01023

0.001891

0.40

0.2373

0.2085

0.1810

0.1307

0.08762

0.05289

0.02710

0.01032

0.001909
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2.3.3 Ed ol A9 FIRWUE

FIZAE M9 Mt s TR FY} B9 HAA

Agstel Bk 28y FHAEA THHEY] dEel HE EAZ
Hwstd BHol=w d4En fA"Ee Be 149 EYo=E E F

Atk wakA $3Aste zeAHoA 83 =39 Ad-e Fig 2.10 3%
o] ettt

Fig. 2.10 Bending moments due to thrust and torque
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[JWp] 0= (M, >0005ﬁ0 + (]Wq)osmﬂo
} (2.56)

[M,] 1y = (M, )esing, — (M,),cosf,
SA7\A, = WA ol M e T Zhol Tk,
2 (2.49)¢F 25D (M) (M), 5 21 256)° thdste] Felsha,
(92,)ysin g+ (Qq)ocosﬂo} (2.57)

(£2,)81n3, — (Qq)ocosﬂo} (2.58)

9 Ae Agego dsl AshE e Lol Btk

H H

M= 2= {@%% e (Qq)otanﬂo} ~= ), (2.59)
H H

[%] 0~ 70 {<Qt >O£Jtanﬂ0 (‘Qq)o} = 70(91 )0 (2.60)

234 94 & FIAEY
AA ol o3t =2y Hg o]
A=}t Taylor, Romsom & £

o wel A4g o

o] 3k
HHog AA=E I 11—4.16.17)
o d o= T M .

r Olﬂ o
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Az z2de EgoltoAe dAgE By s =288 Ego
shube] Baolsol vk 0 R2RE BHo|=o Zo| wal Al 79

1=

= =
= AR 2 F& ZEHYY M S0, y F2 =Y FA F
A AU 2 H2 Aves Folth AU AT 4EE w E A
& o, z 5 T FAstE VA& dAY dFE O3 20

dF = dm rw* (2.61)

AZIA, dn 2 WA rolMe] ma Aot vi dAY dFe IS 2

%3 FHoR wAS] WAFHI, o Y dFE TAFANN VAR Y
[e5]
-

F = m'r, (2.62)
M, = w’I, (2.63)
M, = I, (2.64)
7] A,
I, 1, 9499 o3 AFAAENE
m, =38 Edol=9] rolA R Abolo] A
T, m o] FAFAH A
M, = F= HlEdd o8] ¥HIL, M+ T2 EFol=o w3 ol

F = mrw’ (2.65)
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F 33 RRE o) v Rz oA @ Fig 211 3% Zo] Z=de
TAANE 23steE FHI BHEOERE A o RE "o WA @9
A=AdA QA" F (F=mrwe)el o3 dA=E Wi 33 ZiEd
s AEs] Eoh F = 9 A-A F Egol=e RAFANA &
I} F2og A I FAFAH Go K 23 Edolsy A&
oA Z&etA] Feth I Fo A8 Z2de FAAES et
g 2 Abolo] ZF pE FASHAL, A NolA @ A—A% wapgh
o 3 Fe A NOoZ ojFsta, & A—A o £ AHE Feosp 9 &
M A-A U9 HAE Fsinp 2 E3lE}.

Fig. 2.11 Position of the center of gravity and the intersection point N
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249 : N = Fcosyp
HAE : D= Fsingp
FYEHME M, = FNG cose

HEYRAE: M, = FQG sing

EYo|=E Hz2o| 13 oFre}l AZAstH Edols AdR Ho
<ol Aygtt. Fig. 2.10 3 Zo] Bz A4k Efolt dHI
2838l B F9ol 9% BHIEE 4 256U & F A3, o] =yl
E wEo Egol= @l FH=(neutral axis)ollA 7HF W ol de
Aol Al A 0,0 & AN FFEH 0,00 /F FESIER 0, 9
Opmax = Thrd 2Th

M, M,

O} max S, + SA,
(2.66)

M, M,

Upmax = SC + SC'

o 7] A

Sy Se +zx F EWQ ©HAAS, 747} Fig. 212 9] A%, CHoll ul-&
Sy, Zd: yy = =99 @iAS, 247 Fg 212 9] AH, CHd &

Fig. 212 ¢ F1E 3o Bl %&b, Beol= FAE 12 v
gaAF S, S, & btPol Bl

ol
K
="
S
rr
NS
~
=2
=
r.)
o
i)
e
r]I
2
o
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|
|
Y
A : Point of max tension stress
C : Point of max compression stress

Fig. 2.12 Location of maximum stress in the section

2.3.6 Edol=9 IF

fo=2 (f Fhy (2.67)
@ 27TL2 pmAO ‘
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A, - EEol= B drle w3
E . AT
L - Edol= ] oY 23 RdE
L : Z23y Egolr Ao
A EEelEY A4 IFF o wet 2AHE /A
P - A BE
AYAHS o] Ldte] 13 e AEF] A )\ 7S TheF zro] T8t
Aot
8.58
© 055+ /1, (2.68)
71 A,

c BEolt Byl el Ao

Iy
L BEel=e] Hol @] Qo

FFolHe Z2Ae] BAoSY uf

2 ke F7 T LRAFFRY
o7 2
fo 1
fo V148
A71AM, B BIER Qe AF=RG
goll tigk 2& o3 2o
7prlO ll
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Q714 G 9 J & Yehle Ao te 2.

A
o= ~0 (2.71)
lOtO
e
3
J= 1—0.485(%) (2.72)

l 1/3 )
3= 1.051 {1—0.485( 1) }—1—w (2.73)
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A3% ELACFRP) &4 23

A s AxFHol wat A5 FAo] Aolsttt. HFAEY A
< dEHoE AAREE FFst Holud 88 5& ol &3t
g = 9ol A= goldthand lay-up)S wIEs) H}
J(filament winding), RTM(Resin Transfer Molding), Autoclave 3
5ol 9o, Z+ A4S /AE VARTM(Vacuum Assisted Resin Transfer
Molding), RIM(Resin Infusion Molding)5¢] W Ec] Yth.? o] & VARTM

u:E 1m 2 W

kil
2

ZWe RTM 2 Autoclave ol vla) 43 wgo] 7 =0, A= @o
Q ARG o & Ao AEL WA T 4 EAB}{— Aol ik wet
A B AT M= VARTM 382 S8 A28 CERP A@we 242 3
bar,

3.1 EFACFRP)Y AL

CFRP= A (resin)oll ErAA-S(carbon fabric)S IIA|AH wE B

224 B/ ¥ AAA 54

2FE7} wov], Aol B3tw %érs}x ey s Aol g5 71
A HAe ARE TASL Yt BaUAS] AHEToR 4 T4
Fe olFa gt 7198, 1 APe AAEo] dnht F waRo 9

=7kl w2k EEkxig.

g7t BEdAEEA B4 dide]l He AL g4 dAUE 5439
(hexagonal) == ¥idd 53 722 Ho| A+ FHolth Fg. 3104
HE vke} Zo] SdAFzE WA (layer plane) W3 ¥ F2AF WFo=
27} 1,000GPa % 35GPa A% ©AHSS 2] WEel, Ee oy
(anisotropic)& YERATE.

ATz Fig. 313 22 shte] Aztd(attice plane)¥t Hujgts ©
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oju
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#= 7HAA

] 2}
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I %

I
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Mz AFEA
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=
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a9
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=
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Fig. 3.1 Lattice structure of carbon fiber?”
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Strength [MPa]
o = [} w S wl (o)} ~ [05] <o}

[———|

CFRP GFRP Aluminum

Steel

Fig. 3.2 Comparison of specific strength®

10

Density [kg/m?3]
&

CFRP GFRP  Aluminum

Steel

Fig. 3.3 Comparison of specific density
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315 sl =W, AlFo A7 7hsstal oo wet CO, Adaar i
Ayttt Table 31914 H& viel Zo] &AHG 18 & 9 10d &<t
AF2 108, &&71e 140089 CO, Agass 48 ¢ Jrp.?
Table 3.1 CO, reduction effect by applying CFRP
10 & g2 It & A3k A AAS] = AzHCOo,
AgE (FE %) | CO, AZtaEd (v BgAD papdgeams
[ton] [ton] (] [ton]

2452 0.1 0) 0.5 3,700%H 029

3F7] 20 (40) 2,700 15,000t} 029

g4 A3 HEFAEE &Y 5487 23 dA gL o2 Tt
A ZAH, & FA N ARE, 2 A, e duEE, 2 =2
E, WA & 7RI 7] WEdd A2 534 4l 4, Tt
Aol g, MEL 7]AAY M o= I3 O &5Vt FEHoE =
Ui gl FAIth? oo} g7 HZ UNZIZwstg ofol ol &4 7hx
&S S 24 Aoz Aduk 7)Ao B AR A7E 3% A
5 A7, WlE 72 AFe] Aoyt £ 4 Utk
32 BEdA s AFA(VARTM)

VARTM(Vacuum Assisted Resin Transfer Molding)-& %ZHo] 2% I3
© 2 Ho]9)+= RTMResin Transfer Molding)¥ €2 3% wel F3d3
THMoR F3P& olFi =& WES thrhHe hgEatE ol &std =3
Wil AFd zeFpreformol A& A&eHA FHAA HIFAE T
255 A4¥ste Yol th® VARTM ¥9H9 /IEd =& Fig. 34 ¢ 24
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askn 1ap Resin drawn across and through *_ ToVacuum
reinforcemeants by vacuum Pump
Vacuum Bag
/— Peal Ply and/or Resin
Distribution Fabric
Resin
Reinforcement Stack
Fig. 3.4 Scheme of VARTM process*”

VARTM 34 & 23e gg olgstel 471 FYHUA 79 e
NzE MEAAT OrigheEe] Yo 1F B Eohe] 529 o
o] 7FA AF WFY 7Fe =90 AF AFES =920 o8 F
s Ao 22 9 AFE 240 9BAL FRAZ 5 Atk VARTM
T2 RTM 9 Autoclave FWeoll wvls] & w8l AA Ev, Hand

o

lay-up FARG o £& FA9 AFS ARG 5 Uk P

o FRNM ZFL FEHe ol w OB Eo| AFW Aolo|A A
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3.3 VARTM®l| ¢J3 CFRP 8% 373

VARTMol| &3k CFRP A2k ofzfol 22 A2 2133t}

s agd | ] .
o

=3 i
=& Cleaning —>| Side Dam =&

n
[

F—{ O| "X EE [—

[
kA
l

—{ MH oy xu |— Sealing —> =X 37 > T3 WK

PN 2F 9l by 43

Leak Test T3 A 2 B g ast

| & > L | ax =oiztxn |—
) T o - .|x_1q|;(‘73’§e}lgﬂht=7lao:30) ;‘:I:E: X FAERE) (4Hr at &4 2)
e
SHS} WHZHE ) N Bty —> HCH(Water jet)
(4Hr at 80°C)

Fig. 3.5 CFRP manufacturing process using VARTM

34 =293 HELA Y 7|AH 548 B}

3.4.1 AFAH

AlHe gk AFAIFE-2 ASTM D3039 “Standard test method for tensile
properties of polymer matrix composite materials® | w2} Fig. 3.5 9}
o] VARTM FAHo = 7} 5719 AldE& Azttt Fig. 3.6 & Ald# A
Zolth. A& 74 wgt 18 & 2mme £5=2 Fg. 3.73% o] NI&
R&sid o, Fig 3.8 AZAE o AlHAZolg. Az 9 AA
X 4=+ Table 3.2 ¢} -t}
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B Tensile stress / Tensile strength

Pmax
(on —A
Pi
Ui — X

71 A,

A : Initial cross-sectional area [m?]

P, : Load at i-th data point [N]

P_.. - Max. load prior to failure [N]

o, : Tensile stress at i-th data point [MPa]
o, : Ultimate tensile strength [MPa]

B Tensile chord modulus of elasticity

Ao
Echord = E

o 7] A,

E., .. Tensile chord modulus of elasticity [GPa]

Ci
Ao : Difference applied tensile stress between the two strain points [MPal]

Ae  Difference strain between the two strain points (Normally 0.002)
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Table 3.2 Condition of tensile test and dimension of specimen

Specimen Carbon fiber resin
Stacking o R
direction 90° UD (Uni-directional)
Test ASTM D3039 / D3039M
Specification
Test
temperature Room temperature, dry
Test Speed 2 mm/min
— Owerall length s =
g
[
L]
- - Tab Length
— L] //’E
E— ‘ e i g
. Overall . Tab Tab
\[X/1dth Length Thickness Length | Thickness Tab Bavel
mm]| [mm] [deg]
[mm] [mm] [mm]
VARTM
specimens 15 250 1.0 56 15 7 or 90
(0° UD)
VARTM
specimens 25 175 2.0 25 15 90
(90° UD)
- 41 -
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Fig. 3.6 Tensile test specimens

Fig. 3.7 Tensile test of composite test specimens
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Fig. 3.8 After tensile test of composite test specimens

34.2 AFAE

Alhel gt dFAPS AFFA ASTM D695 “Standard test method
for compressive properties of rigid plastics® o w2} Fig. 3.9 9} o] A
59 o, Fig. 3.10 3 o] Alge M3yt Fig 311 &
o] A AEIE RoF3 o ASTM D695¢] 71+ Ald &%
1.3+0.3mm o]a, gEHo] =3 Jo= 18T 5~ 6 mm=E

ZINZIT Al@z 9 Al A== Table 3.3 3 2t

Brore A 2
b >
o o

M gr oo
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<

g3 AFE Atk
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e

o}

flo
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B Compression stress / Compression strength

_ Pmax
Ummp - A
o 7] A,
A : The original minimum cross-sectional area [m?]

P,.. : Maximum compressive load [N]

Ouomp  Compressive strength [MPa]

B Modulus of elasticity

stress

E

comp strain

71 A,

E.,.,: Tensile chord modulus of elasticity [GPa]
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Table 3.3 Condition of compression test and dimension of specimen

Specimen Carbon fiber resin
Stacking o o
direction 90° UD(Uni-directional)
Test ASTM D695
specification

Test

temperature Room temperature, dry
Test speed 2 mm/min

Gauge
Length

Overall
Width

= Overall -
Length
o Thick- . Overall | Gauge | Overall .
Unit - mm ness Width Width | Length | Length Radius
VARTM
specimens 2 12.5 19 38 80
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Fig. 3.9 Compression test specimens

Fig. 3.10 Compression test of composite test specimens
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Fig. 3.11 After compression test of composite test specimens

3.4.3 AGAE

In-plane shear strength= ASTM D5379 “Standard test method for
shear properties of composite materials by the V-notched beam method®
of wa} Fig. 3.12 ¢ o] AHE 7bFstden, Fig. 3139 o] AY
< APt Fig. 3142 AGAF 9 AH FHE HAF1 U
A A met 18 9 2mme] £E2 AP Aldxed 2 A
X4~ Table 3.4 ¢} 2t}

AgA e AAste] AgdE 5 ddadA s

e o

Ll

Al kst

rr

e o

rlo
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B Shear stress / Ultimate strength

o Pmax
Tshear — A
Pi

iy

7] A,
A Initial cross-sectional area [m?]
P, : Load at i-th data point [N]
P, .. + Max load prior to failure [N]
7. : Shear stress at i-th data point [MPa]

Toear - Ultimate shear strength [MPa]

B Shear chord modulus of elasticity

At
Gchord = A—'Y
71 A,
G.p,.rq: Shear chord modulus of elasticity [GPa]

A~ : Difference strain between the two strain points
(Normally either 0.0001, 0.002 or 0.005)

A7 Difference applied shear stress
between the two strain points [MPal]
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Table 3.4 Condition of in-plane shear test and dimension of specimen

Specimen Carbon fiber resin
Stacking o o
direction 90° UD(Uni-directional)
Test ASTM D5379/D5379M
specification

Test

temperature Room temperature, dry
Test speed 2 mm/min

a2

Width

N

Overall
Width

Overall
Width

Length

.
2

Overall

Overall
- Length — T Length — ™
L Thick- . Overall Overall .
Unit : mm ness Width Width Length Length Radius
VARTM
specimens 2.5 11 20 38 76 1.3
- 49 -
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Fig. 3.13 Shear test of composite test specimens
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Fig. 3.14 After shear test of composite test specimens

344 23N E

AlHe gk =F A (bending test)= ASTM D790 “Standard test
method for flexural properties of unreinforced and reinforced plastics and
electrical insulating materials” o @z} 33 FIJIAPL AP3tr] 9 3)
Fig. 3.15 3 #Zo] AHS 78t on, Fig. 3.16 ¢ o] Ads WPst3
o Fig. 3175 35418 9 Al RS HAFa Aok AlFAIRES
g2 Ay nfziAz 18 9 2mm $52 A B8 gdo] Ao
Ues AEE SAsteE Ao g Fgsgon, Adxd 9 A Age
Table 3.5 2} Zt}.

FAAYL NG FARE R 2

o3 2o

d

HYAFE At THS o

|J
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B Max fiber stress / Test method ( 3-point loading)

__3PL
I opg?

o 7] A,
b : Width of beam tested [mm]
d : Depth of beam tested [mm]
L : Support span [mm]
P : Load at a given point on the load-deflection curve [N]

o, : Stress in the outer fibers at midpoint [MPa]

B Modulus of elasticity / Test method ( 3-point loading)

L3m
E. =
5ogd
o 7] A,

b : Width of beam tested [mm]
d : Depth of beam tested [mm)]
L : Support span [mm]
m : Slope of the tangent to the initial straight-line portion

of the load-deflection curve of deflection [N/mm]

Ep : Modulus of elasticity in bending [MPa]
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Table 3.5 Condition of flexure test and dimension of specimens

Specimen Carbon fiber resin
Stacking o o
direction 90° UD(Uni-directional)
Test ASTM D790
specification
Test
temperature Room temperature, dry
Test speed 2 mm/min
(ﬁ Length/2 Length/2 rw
-} —— 1
— Length -

o Thick- . Overall Overall .
Unit : mm ness Width Width Length Length Radius
VARTM
specimens 2.5 25 25 150 150 -
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Fig. 3.16 Bending test of composite test specimens
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Fig. 3.17 After bending test of composite test specimens
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345 ANd 23 3 E4A A

Ae ol A 2AaE EdzE FxIAe A As Ede

el
gt 72+ AR TS AP

Table 3.6 Results of CFRP test

Strength [MPa]
Test item
CFRP NAB(CU4)
Tensile stress 882 640
Shear stress 116 415
Compression stress 1,650 1,035
Flexure stress 713 550
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A4E was HHE AT 2dY

41 EFA F94¢A4

411 oY Ar AAH

Aol AsS FAYAA o3 xdET ety os =83
22} "lA(tensor)e] FEE Hole= AR Rz TdE
I A g3 2o

f=Kd 4.1

o 7] A,
f,d : 8138 4& el T 19 dHE
K : Age 2 "A

Y
f
rlo

9 2e AmAwAd et ane wRSE A (U9t 2o B,

fi = K;d, (4.2)

=3 A @20 el HAE AHEste] F-EE YErE v 2

fl 1K2K13 d

K, K 1
[ = Kd, fa| = Ky Koy Ko | |dy
f3 Ky Ky K3 | dy
4.3
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412 A5 A=A

uebA Azel i xde AuHadde] FoE o] gs

K=A'KA = ATKA

A, A 24 B8 Fuz e 9o 2o
K

4.1.3 ol A8 g F39 ¥ (Hooke's law)

AR Trrol A oA Amol tia) el WAL
5 2.

o= Ce
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4.7)

e w

(4.8)
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7] A,
C : Elastic stiffness tensor
o Stress tensor
e . Strain tensor

H 42 HAA(dummy index)® JeRRA

.= C’] 1 Ekj (4.9

1] 2,

Am oA Azel ¢ 9 WHE WA

e; = &; °ITh WeEkA

rir
=
o
S
at
ft
Q
Il
Q
s
=

C"jkl = C’]Zkl = C‘jlk & qzlk

2, 1,

(4.10)

olmZ (., 81/dA 36/ME FEA L, o] 36719 SHAHA A

As olejel go] 6x6 o] Atk

o1 C1111 C1122 1133 C1123 Ci3r Gz | | €11
) C9211 C2222 C2233 Co203 Cao31 Comia | | €22
T33| _ |C3311 C3322 C3333 C3323 G331 C3312| | 33 41D
Oyq Cos11 C2322 Ca333 Cagos Coss Cosna | | 2603 '
055 C3111 C3122 C3133 C3123 G131 Can1z | | 2631
| 966 | | C1211 C1222 C1233 C1223 Cro31 Ci212 | | 2610
Zopslul Uuk F29 WAL o} Lo AN
o] Gy Gy, Cy Gy Gy Cgl &
) Gy Gy Goy Gy Gy G| | &y
T3 _ Gy Gy Gy Gy Gy Cig| |25 4.12)
0y Ciy Gy Gy Gy Cyy Cygl |y '
05 Cis Gy G5 Cp5 Gy G| |85
1% | Cis Gy Csg Cig G Gio ] |56
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27} WA o, & ol#et 2ol F WE Ve V.ol 9l&(produc) o E el

= AT

=VeV, (4.13)
o714, ¢ = WME 2 FH(vector product)S 3= 7] Zo|th
o 23} WA See] W o=
o = a,V,e a, V, =a,a,a, (4.14)
3 Ae Zokstol nEsw
o\ =A05 (4.15)
olel, 9 HoRRE 6x6 FEABVY (4, & st
7 A121 A122 AIZJ 2‘412‘413 2‘411‘413 2‘411‘412
A221 A222 AZZJ 2‘422‘423 2‘421‘423 2‘421‘422
[ Ac] = A521 A522 Afs 245 A3 2435, Ag 245 As,
AZIAJ AZQAJZ AQJAJJ AZQAJJ + AZJAJZ AQIAJJ + AQJAJI AZIAJZ + AQZAJI
AllAdl AIQAJZ ALSAJJ A12A55+A13A32 Al A55+A15A51 A11A52+A12A51
A11A21 A12A22 ALSAZS A12A23+A13A22 A11A2 +A15A21 A11A22+A12A21,
..................... (4.16)
HEE ;0 IM22e 8o 22 ol o} o] e

r
E
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™

' =a, a, & S,ZAaﬂSH (4.17)

ij i jq“pg e!

HEE A8 A 6x6 xS E [4, |2 I AAHFES 15+

[A,] = [R][A ][RI} (4.18)

9 Ae B 2 g 2 5 Jon, o vy [Rle

(100000
010000
1001000
000020
1000 002
olth. wekA [4,] & et 2t
| A121 A122 A123 A12A13 A11A13 A11A12
A221 A222 AZQJ A22A23 A21A23 A21A22
[ Ag] = A321 A322 A323 AgpAsy Ay Agg Az Ay

2‘421‘431 2‘422‘432 2A25A3J A22A33 + A23A32 A21A33 - A23A31 ApA 2 +A,A
2‘411‘431 2‘412‘432 2‘415‘455 A12A33 + A13A32 A11A33 + A13A31 A11A32 + A12A31
,2‘411‘421 2‘412‘422 2‘413‘423 A12A23 +A13A22 A11A23 + A13A21 A, A 2 +A,A

A7IA, [A ] =[A, 7122 YL [Cle o5 2ol "t

[C]=[A]"[C][A,] (4.21)

_61_

Collection @ kmou



415 HAx oy BdAAAY AP EH &34
2 u o] ¥/ (orthotropic) ¥4 A1 22 Fig. 4.1 3 #o] 3719 o
2 F2AES ol F Ytk wheF o] Hwsk= 379 thH W |
|=2]

3
[}
YA 3== AuHEAE Agsd AggPe o33 go] o

ol A

o] =l

o

~100 1 00 100
A =0 10], 4 0-10[, A;,=]0 1 0
0 01 0 0 1 0 0-1

(4.23)
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Fig. 4.1 Orthotropic material
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1 0 0 0 0 0]
0O 1 0 0 0O
0o 0 1 00 0
0O 0 0 0-10
L0 0 0 0 0 1]
w&tA [C] = [A,]"[C][A,] el A
7011 012 013 014 015 0167 [ 011 012 013 - 014 - 015 0167
012 022 023 024 025 026 012 022 023 - 024 - 025 026
013 032 033 034 035 036 _ 013 023 033 - 034 - 035 036
014 042 043 044 045 046 - 014 - 024 - 034 044 045 - 046
015 052 053 054 055 056 - 015 - 025 - 035 045 055 - 056
7016 062 063 064 065 066, L 016 026 036 - 046 - 056 066,
......................... (4.25)
SIR=R=S
Cu=C5=Cy=Cy =0y =Cy=C=Cs=0
(4.26)
2o PPo 1-3 YU 7|20 AF wdsu
1 0 0 0 0 0]
0O 1 0 000
oo 1000
A = 00 0-10 0 4.27)
O 0 0 010
L 0O 0 0 0 0 —1]
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Gi Gy Gy 00 0]
Cip Cpp G5 0 0 0
|GGGy 0 0 0
€=109 0 0Cyo0 0 (4.29)
00 0 0Gy0
00 0 0 0 Gy

A oAy Azld £ (9] olee} gk

1 Vor Vs
E, oL 0 0 0
Vip 1 V32
E E E, 0 0
v V. 1
1B 72 o 0O 0 0
S’ = El 2 3
- 1
0 0 0 — 0 0
Gos
0 0 0 0 L 0
Gy,
0 0 0 0 O L
Gy |
(4.32)
o171 A,

E. : Young’'s modulus along axis i

G;; : Shear modulus in direction j on the plane
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whose normal is in direction ¢
v;; + Poisson’s ratio that corresponds to a contraction on direction j

when an extension is applied in direction %

42 =293 4 9 AL
=

B Ao AL ) =}
Type ZZH o]y, 27 1,720 mm, Edol= 4
Aol AMEE 7| EALA HGol.

Table 4.1 Parameter for propeller design

Design Parameter Unit Value
Main engine output kW 736
Main engine revolution rpm 1,500
Reduction gear ratio 3.82
Propeller rate of rotation NV rpm 393
Propeller diameter D mm 1,720
Pitch mm 1,140
P/D ratio 0.6628
Number of blades Z 4
Blade area A, mm?> 2,323,522
Expanded area Ay mm? 1,448,251
Blade area ratio A /A, 0.6233
Blade rake angle deg 8°
Skew deg 25°

v
td
i)

43 =249y 2dg 9 {38
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A4S 9)s) We Modeling 213l CATIA V122 Ag-3he] Fig. 4.2
o gol 3D mAPHALG. ZeaY AN 2%S H5E) FFow A
of

AAEAT A o] () Fela, (HUFer FAE WS
AL 7Hgste] o r F¥o] AR AASIT o] Rdy e o] &5t

HAe 98 43es TUAMHS o3 We =
I3l ANSYS V17& o] &3ttt Fig. 433 o] EdHolE o 444
Solid &4, Hub¥ol 694 Solid 842 #3ta4 wdS AP
249/] I+ 140,729 7fola1, Q49 = 66,440 7folt}. Mesh = ZA 3o A
E =o17] 3l S Fol ddEHe AR 849 HEE

£
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Fig. 4.2 3D model of propeller
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)

Fig. 4.3 Finite element model of propeller
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Table 5.1 Material properties of NAB propeller

Item Unit NAB
Density kg/m? 7,640
Elastic modulus GPa 115
Poisson’s ratio 0.32
Yield stress MPa 330
Ultimate stress MPa 640

Table 5.2 Material properties of CFRP propeller

Item Symbol Unit CFRP
Density kg/m? 1,600
Longitudinal Young’s modulus g GPa 116
Transverse Young's modulus E,, GPa 7.69
Elastic modulus By, GPa 7.69
Poisson’s ratio (z—y direction) 12 0.31
Poisson’s ratio (y—z direction) M3 0.31
Poisson’s ratio (z—z direction) Y3 0.52
x—1vy shear modulus Gy, GPa 4.92
y— z shear modulus Gy GPa 4.92
z—x shear modulus Gy GPa 3.2
Ultimate tensile strength X o MPa 882
Ultimate shear strength S, T, MPa 116

u
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52.1 NAB Z=2dH3g Fx34 &

4
Fig. 5114 R nie} o], Wy gFE 3 HA
S7bekal Ze2de EddA AdE =

Figs. 5.2, 533 o] =24 dwy e $HYRILE YePJ QL
<82 O-dA BHEe AT Zo], 1A4H e B2oA HUE UERY
a1, Von-Mises stress o] Hthgte ¢F 31MPa 2 A 59 FE74%2 330
MPaell ¢F 10.59] A LS FHEHTH

5.2.2 CFRP ==z 7x34 2 A7

Flg 5.4 O]]A—] HE= H]—Q]— 71'01 CFRP Ei:ﬂ]g} u:—gr,-]_ NAB XHZ%_]Q] 8]]/9‘@
ssb vk HuelA Woldxs Wy ko] Zrtahct.

Figs. 5.5, 5.6 3 #o] Zzdg gdAy sHo SHE :
CFRP Z=2#H¥ &4 Ay $8o EXs HHsHA Uelde & & Jo
™ Von-Mises stress ¢ Hoj#2 39.3 MPa® A 59] 147

Hjo] ¢t &S R

9] Z3}= NAB9 CFRPS AL By 95ty Ao HEY
oA o] 2] uwle} Von-mises stress #k< E=Z3H3

35
o it
©
o,
=
32
v}

(o]
N
)
N
N,
bl
©
[\
[\
S

AAZ CFRP= deto] SkA ol FA d&o] st HAZARCIT
AA T g AP o]&2 Hul &Y o]E(maximum principal
stress theory)oll wel Hdol F&Ho| F33H e zH}ste= &3t I}
DA sl Aoz ddstA dch

CFRP Zz=H# 9 34 A7, Hu 38 oF 41.6 MPa 2 Jeghgton,
T o kg2 oF 212 IS & & A%

NAB ¢} CFRP 9] 274 % &l Z23%Z Table 5.3 o YJEM ST}

_71_

Collection @ kmou



D: NAB Static Structural
Total Deforrnation

Type: Total Deforrmation
Unit: mm

Timne: 1

Max: 18662

Min: O

1.8662
16588
14515
1.2441
1.0368
082042
0682207
041471
020738
o]

Fig. 5.1 Total deformation of NAB propeller

D: MAB Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

Max: 20,091

Min: 0.0012673

a00a1
27.548
24104
206861
17218
13375
10331
6888
34447
0.0013675

Fig. 5.2 Von-Mises stress - the forward of NAB propeller
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D: NAB Static Structural
Equivalent Stress

Type: Equivalent {won-Mises) Stress
Unit: MPa

Tirne: 1

hax: 30.091

Min: 00013675

30,991
27.548

00012675

[,

Fig. 5.3 Von-Mises stress - the backward of NAB propeller

B: CFRP Static Structural
Total Deforrnation

Type: Total Deformation
Unit: mm

Tirne: 1

Max: 25.888

Min: 0

25.888
23.012
20135
17.259
| 14382
1 11506
| 856204
{ 5.7529
2.8765
o

Fig. 5.4 Total deformation of CFRP propeller
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B: CFRP Stati Structural
Equivalent Stress

Type: Equivalent (won-Mises) Stress
Unit: MPa

Tirme: 1

Max: 39,2342

Min: 0.0060043

30.342
34.971
30,601
26.23
21850
— 17489
1 13118
8.7474
4.3767
0.0060043

Fig. 5.5 Von-Mises stress - the forward of CFRP propeller

B: CFRP Static Structural
Equivalent Stress

Type: Equivalent (won-Mises) Stress
Unit: MPa

Tirne: 1

Max: 39.342

Min: 0.0060043

=

Fig. 5.6 Von-Mises stress - the backward of CFRP propeller
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Table 5.3 Comparison of structural analysis result

Unit NAB CFRP

Von-Mises stress MPa 30.99 39.34

Ultimate strength MPa 330 882

Safety factor - 10.5 224

53 =24z AsE JFAY

2 d7olde Zedes] usAEde Fu T Q4 ot
7t med AFEAS gasigr. 4o &age 98 Figs. 5.7, 58?4
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Fig. 5.7 3D model of 1 blade

s

Fig. 5.8 Finite element model of 1 blade
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D: NAB Modal

Total Deformation

Type: Total Deformation
Frequency: 93.832 Hr
Unit: mm

Max: 14.178

Min: O

14178
12603
11.028
094523
78780
53016
47262
3.1508
15754
a

Fig. 5.9 Natural vibration mode of NAB propeller - 1st mode

D: NAB Modal

Total Deforrnation 2
Type: Total Deformation
Frequency: 173.87 Hz
Unit: rmm

Mdax: 31.01

Min: 0

31.01
27.564
24119
20673
17.228
1a.782
10337
5E011
34455
o]

2

Fig. 5.10 Natural vibration mode of NAB propeller - 2nd mode
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D: NAB Modal

Total Deforrnation 3
Type: Total Deformation
Frequency: 25642 Hz
Unit: mm

Max: 20.004

Min: O

29.094
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9.6081
6.4854
3.2327
o]

]

Fig. 5.11 Natural vibration mode of NAB propeller - 3rd mode

D: NAB Modal

Total Deforrmation 4
Type: Total Deformation
Frequency: 34748 Hz
Unit: mm

Max: 35.13

Min: O
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]

Fig. 5.12 Natural vibration mode of NAB propeller - 4th mode
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D: NAB Modal

Total Deformation 5
Type: Total Deformation
Frequency: 38876 Hz
Unit: mm

Max: 34854

Min: O

234.804
31.017

Fig. 5.13 Natural vibration mode of NAB propeller - 5th mode

D: WAB Modal

Total Deformation &
Type: Total Deforrnation
Frequency: 487.77 Hz
Unit: mim

Max: 45.246

Min: O

45.248
40218
35191
20164
25136
20109
15.082
101055
5.0273
o]

E

Fig. 5.14 Natural vibration mode of NAB propeller - 6th mode
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B: Modal

Total Deformation
Type: Total Deformation
Frequency: 269.2 Hz
Unit: mrm

Max: 30916

Min: O
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13741
10205
6.8703
24351
0

]

Fig. 5.15 Natural vibration mode of CFRP propeller - 1st mode

B: Modal

Total Deforrnation 2
Type: Total Deformation
Frequency: 501.09 Hz
Unit: rrm

Max: 67.682

Mir: O
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Fig. 5.16 Natural vibration mode of CFRP propeller - 2nd mode
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B: Modal

Total Deformation 3
Type: Total Deforration
Frequency: 740.59 Hz
Unit: mm

Max: 63.573

Min: O

- 63573
56509
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35318
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= V]

Fig. 5.17 Natural vibration mode of CFRP propeller - 3rd mode

B: Modal

Total Deformation 4
Type: Total Deforrmation
Frequency: 10024 Hz
Unit: rrn

Max: 76719

Min: 0
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Fig. 5.18 Natural vibration mode of CFRP propeller - 4th mode
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B: Modal

Total Deformation 5
Type: Total Deforrmation
Frequency: 11234 Hz
Unit: mrm

Max: 75.744

Min: 0
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Fig. 5.19 Natural vibration mode of CFRP propeller - 5th mode

B: Modal

Total Deformation &
Type: Total Deformation
Frequency: 1408.5 Hz
Unit: mim

Max: 99283

Min: 0

99.293
88.261

L

Fig. 5.20 Natural vibration mode of CFRP propeller - 6th mode
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Table 5.4 Results of propeller modal analysis

Natural frequency [Hz]
Mode NAB CFRP
1st mode 93.8 269.2
2nd mode 1739 501.1
3rd mode 256.4 740.6
4th mode 347.5 1,002.4
5th mode 388.8 1,123.4
6th mode 487.8 1,408.5

1500

1000 //

500 /  “CFRP
:é'_/./"/‘ =NAB

1st 2nd 3rd 4th 5th 6th

Hz

Mode

Fig. 5.21 Comparison of natural frequency
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