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Estimation of torsional vibration aspect of
propulsion shafting system by utilizing machine learning

in early shaft design stage
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2.5.3 Time for passing barred speed range

Barred speed range shall be passed rapidly and within the approved passing time tgsg. Unless otherwise is
substantiated by a detailed fatigue evaluation of the propulsion shafting system, tgsp shall not exceed:

72
max
tpsp = O [T iy

Where:

Tymax IS peak torsional (steady state) stress [N/mm2] in the intermediate shaft within barred speed range
(calculated or measured, see also [3.1.2]).

T v is maximum allowable transient stress [N/mm2], as calculated from relevant shafting rules (IACS UR M68
or T max in DNVGL-CG-0038).

tur is @ passing time allowance [s] for intermediate shafts with design features ensuring a low stress
concentration factor, SCF = 1.1. In such cases tygz may be taken as 10.0 [s]. For flanged shafts this requires
a multi radii fillet design (see also Ch.4 Sec.1 [2.2.8.3] and for further explanation DNVGL-CG-0038). In this
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mm  mm

Angle Inertia Torsional Mass Axial Dia
Flexibility Flexibility Ext Int
deg kgm*2 nanorad/Nm kg  nano m/N
Flange 260+ 2300+
0.008

0.942 3704 646 85
Cylinder 1 0.0 7907 4710

1.067 7408 646 85
Cylinder 2 1029 7907 4.424

1.029 7408 646 85
Cylinder 3 257.1 7907 3.710

1.109 7408 646 85
Cylinder 4 205.7 7907 1.243

1.108 7408 646 85
Cylinder 5 1543 7907 3.652

1.030 7408 646 85
Cylinder 6 3086 7907 4.336

1.001 7408 646 85
Cylinder 7 51.4 7907 2.501

0.694 3704 646 85
Chain drive+ 0.004
Thrust cam 1650 5060

0.523 0.011 646 85
Turning wheel 0+ 0+

2

5 = : MAN-ES “Vibration data”
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Cho = Co X % D?r (Nm) (17)

nEsh Bt s el 9@ A ohet w4Yel 9% EA% mesjordrt.

(12) ¢} o] BAHol 23 EdE 42704 187 ).

2
Q = My m2w? &sin wt — lsin 2wt — 3—sin 3wt — —sin4wt
4 2 4 4

T s
Ch1 = \/(Z Dzrbl + Myec rzwzdl)z + (Z Dzral)z (Nm)

(18)
T /s
¢, =tan™! [(Z D?rby + My, rzwzdl) /(Z DZTa1)]
22F 1x3 £330 &S
Chy = \/(% D2rb, — Myp, r2w2d,)? + (% D%ra,)? (Nm) (19)



@, =tan~! [(% D?rb, — Mo, rzwzdz) /(% Dzraz)]

T T
Ch3 = \/(Z DZT‘b3 - Mrec r2w2d3)2 + (Z Dzra3)2 (Nm)

(20)
@3 =tan! [(% D?rbs — M, rzwzdg) /(% DZTa3)]
A2F a1z B8] AEHFS
Cha = \/(% DZTb4 - Mrec r2w2d4)2 + (% DZTa4)2 (Nm)
(21)

@, =tan™?! [(% D?rb, — M, r2w2d4) /(% Dzra4)]

2.2.1.4 7212 94X



=
2

Ao disl 71| AE AR, wkeF g = ag,sinwt 9] 23 A3

-

5

ftlo

_OL
£l
30
I
e

of MEI EA Ty, = (%Zr) C, sin(wt + @) = A, sin(wt + ¢) 7} Z-&3F=

&

Fo Fr 1Al 2 A

o,
o

2/ w da 2/ w
sz T —dtzf A, sin(wt + a,, cos wt dt
. hn dt . n ( ¢) n (22)

= mwA,a,sing

o Ad9e] A 7 AdY vith ndga,sing 9 4 st XY A3 8 x| 7}
oz glorm® o s M Bk weEbM 24 ARETE ek Ao WEHEE
Aok sttt 2 Ao B4 e sYsty 19 275 TSty f4do] e
s 7t AT WE AFL e gpelvh (a7 13]

LW w W LW
A Ot K=o =T £ 0| HE
a TS 2T =0 ¥
@: O™ Ap==0f T Z 10} BIE{ O] 2| 2 A}
19 Adaly 2 H A2 3 H A w: o A= 2t T S



mAja,sing, + mAya, sing, +wAzazsing, + - 23)
23

= mA;(a; sing, +a;sing, +assing, + )

71 A1=As=A3=n 2} X3 B =

xSt B39 7 W9 WEE ue] Folm AB: WMol flomE AN
golahl 8] I8 olF oAtk F U FRAL n4,Lagsing 7 ek o714
S& b Gtagtateolth @ & a7l 98 4 Aude] PNEE Heldol
Frh 2904 671% 71wl A9 (1% 1419 2L AAMEE A o u s

SXE 1-5-3-4-2-6 o2 7bA3s)

T 1,4 . 132
6 5
60°
180°
2 3 36 52
4 54,6
1713, . A2l 2ld M= 2,814, .. Afo| flet M 3,915 .. Aol fl¢d M=
4 ! 1,53,4,2,6
5 6
300°
52 3,6 3 2
4
4,10, 16, ... Xto| Q4 ME 511,17, .. K2| @& M 6,12, 18, .. kto| QA M

[238 14] 294 67]F 718 AH7HA e A%AAE



Wb 14 A Aol [17 1519 ol Fold A% 1 4R thgw ol
Asro] k.
y = gt 1.0000sin90° + 0.9963 sin 210° + 0.9894 sin 330° + 0.9787 sin 270° +

0.9645sin 30° + 0.9477 sin 150° = —0.0155

X 5 A& 0.9645 cos 30° + 0.9894 cos 30° — 0.9963 cos 30° — 0.9477 cos 30° = 0.0086

_1 (—0.0155
whebA g, = /(=0.0155)2 + (0.0086)2 = 0.0177, tan™! ( 00086) = —60.97°
Cyl. 1T Cyl.2 Cyl.3 Cyl.4 Cyl.5 Cyl. 6
15
A
CYLINDER1
1 1 09963 09894 09787 09645 09477 (928 0.9184 CYLINDERZ2
1 . . . . ! ot 1 1 CYLINDER3
CYLINDER4
CYLINDERS
0.5 0.3595 CYLINDERG
§ L]
uTr 0 -0.1806
K 1 2 3 - 5 6 7 8 9 10 1 12 13
-05 -0.6709
-0.9877
-1 ]
15
oY #s
[Z3 15] B]RAF F4 oA

R7bA W oR 637k WE el Aske el Beh gk

HIHS [rad]
0.1000E +01
0.9963E+00
0.9894E+00
0.9787E+00
0.9645E+00
0.9477E+00

12} 22 34} 42t 54} 62}
@ -151.0 —34.7 0.0 34.7 151.0 0.0
a 0.02 0.04 0.10 0.04 0.02 5.9

71 o 2} a9l @9+ 47 degree ¢ radian©]t}.
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DAY 74 (Relative damping)

2)dd) 74 (Absolute damping)
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Jo

c K 17 Q € M
c 1 kK wK K 1 2eK K
w 27w o \Q - w Mo
cw 174 1 1
- LA 2 R
b K 1 2 0 -1 ¢ M
2rcw 2r 2
v X 27K 1 -1 dme a
2 ’ 1
Q \/K2+cza)2 \/l-ch \f4ir“+t//2 1 J1+4g M 1+E
cw K W 2¢&
co K v LIL |, 1
¥ 2K 2 4z 20 -1 M
K 1 27 1
M — — — 21 — 1
cw K v Q 2¢

c: linear viscous damping [Nms/rad]
k. undimensioned damping factor

y: ratio of damping energy

Q: vibration magnifier

g percent of critical damping [%]

M: dynamic magnifier

®: phase velocity of vibration [rad/s]
K: Stiffness [Nm/rad]
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(24)

3
bA — DF'§'%:DF'(2) .n:() * Wy [kNms/rad]

Archer® Wageningen B—propeller series? % EAS AdshdA 24 (25) <9
22 Archer damping factor DaE A<tslH =4 % 25~35 AEQ] S 71AH. o]+

Frahm$] 23} fAFsic}t [3].

2
bAP = DA " T_P = DA " (2) " % * (Up [kNmS/I’ad] (25)

np T

21 (24), (25) A,

bs,: Frahm propeller damping, absolute [kNms/rad]
P,: Specific engine power rating (SMCR) [kW]

no- Engine speed at SMCR [r/min]

n,o: Propeller speed at SMCR [r/min]

w,: Propeller angular velocity, % [rad/s]

n,: propeller speed [r/min]

T,: Engine torque, ?-5—0 [kNm]

0

2
Tp: Propeller torque curve, T, (:—p> [kNm]
PO



Aurg 2807 A wo]A A9 WinGDQ A% Archer &S ARg3tal 9low
MAN-ES+ @& Ee] wE 7H3n]E Atsith. £ =il s diuta ¢zl wo]#<l
MAN-ES <zlo] 2&d FAAAE S o] &str weps 2y FHaf= PS5
e HEHE AREET v (" 171 2 4 (26)= MAN-ES %+ Zeid
HANE, 4 @DE 4 CF HolEn

10

9
X g
a
o 7
|—
2
% | [ ] | | [ ] =] =] =] o] =] a
o 5
=
<
o 4
&
=2 3
a
Q 2
o

1

0

0 10 20 30 40 50 60 70 80 90 100
ENGINE SPEED [% MCR]
® Flat 5.5% MAN-ES
[Z¥ 17] MAN-ES E= Zz#g 734
_ ,main critical speed [r/min] _ (26)
p 5.5 50% of MCR speed [r/min] ’ MAX(p) = 5.5 [%]
C=2-]-w-p=2-]-%-p [Nms/rad] (27)



o1 714

J: Inertia at mass point [kgm?]

w: Angular frequency [s7']

p: Fraction of critical damping [—]
z: Order under consideration

Nyep+ Engine speed [r/min]

ofe A+ Aite]

o1z} = b mFE Qaolt) FAe ArE

21 (26)9 o Ay 713 S2S QA=

kit
e
-
ol
=
[k
e
i)
Ay}
oy
v
rlr

=9 E 4 Al 38A 7+ ke HA 16% ol 7HA RS shal Qi

-

2.2.1.6 HISY A% B4

HEH AF52 G A 44 AF5osE 538 ¢ Jlors o5 Aog 3¢
7hsshe,
M1 {8} + (€10} + (K10} = {fio} (28)
o714,

[c]: 74 E 2
K]: B1E% 24 MELS

{fo} 7135 g

{6} 7 w919 22 =35 WE



{6} 7+ w919 14 =85 Wy

(0} 7+ W9l Wy

m;, 0 0 0
o my o0 0
MI=10 0 m, 0|
0 my
kq -k, 0 0
—ki (ky +ky) —k, 0 ‘ (29)
[K] - 0 _k2 (kz + k3) _k3 s e 0
[ 0 —knJ
0 —k, ky
] MEZHAE gad Zo] FAEY AVIA ¢ v V1B, ¢ = SIAHEAA
A, v ZEAY Aoy J#gH e VERel, s|aEEAA e B A
Zhol, 2Ae] = Ay HEsiot, 4 (30)2 i WEZ A (Symmetric



[(Cer +C4y) —Cy 0 0
0 (Ceztcyytcp) —cpy O 0
0 0 (30)
0 _Clin
0 “Cn (C/in + Cp)_

71712 #E  (exciting torque vector) {fip} © ficos(wt+a;) B SAE

d¥lElo] olH, VN fy = 7IXY SRl ofst Atetal o= 71| 33

ZE% (ad/)el A A5Z Fo AomA A A HEA 14 AWEF
Axste] T Az Ak Ta ot J1FE Adel g AR g 7 A%
N sy azie] S8y, o FORA o =i+ otk e b H3h w4

o 2RI Al A E we gk 71 SRy azke] dAkE @t Slolth

NAEAE 2F Adhe] ddehs ddowt A&sit A (28) ¢ EolE Fall 4

—w?[M] {6} + [K]{6} =0 (31)



o] Hrh 4 (314 67} 0 o] byl &% 7417 SlANE —wM]+[K] ©] 0 ©|
olof g},

2 2 2

kiy —wmy;  kip — @My, . ki — @ My,
2 2 2

k21 — W mz]_ k22 — W mzz kZTl — W mzn — 0 (32)
2 2 2

knl — W My kn2 —WMyy .. knn — W Myy

9 A n kel gl g FEE n A LRAEFT AL

Oy
22

1aRlErE el S A GDS Aelskd [K]{6} = o?[M] {6} 7t Hal &
2&

[A]{6} = A {6} (33)
([A]1 - Al1){e3=0 (34)

7 Eok o714 (1] = 29184, [4] = [M]TUK] olH A= 1#AE ek 2417

(K
W oE4 wEAe 4 (35)3 gol mdHATh of B4 WAL Fd me

= L

e T3 5 Yok

det([A] — A[1]) =0 (35)



2. 2.2 WA
2.2.2.1 939 A}

Haled e AES dEAse @ EokR A HEY s AdsAy
AgstA dA5er] 8 AES oldsks A WHEG] oM BE AFH
dalgoer wdHEG. wAlde BlE& 19499 Hebbeo] Hebbian Learning

Ao AFHAY. 1950 E Bayes d&E 7|22 &E
71k 27717 AT E ST Bayes JEle 7 ogE WY AR FE3% AR gE

Abelo] BAS e RO R A BES MOR AE BES d53 4+ 6],

Pr(B|A)Pr (4)

Pr(B) (36)

Pr(A|B) =

2] (36) Bayes dejo]m of7]oA,

Pr(A): A2l Atd &, AR Bell st ARS dx 23
Pr(A|B): BE] gtol o1zl 9o thst Al A% &5
Pr(BlA): A 7} FolR& ol BY x=31+%F &

Pr(B): BY Abdl 3HE. giTeh 4ol 9

o
rir

Ax e ARtEol s diddelw, Be #STtel fte dobd & 3l

oz Agzstehd, Al 52 B #5493 P(A) A P(AIB) 2 W3lshd, Bayes

3t 19579 Frank Rosenblatt:= Perceptron®|2h= 7HE S 233 1 1990t o
o2y We AF Ayt @zl 199549 Vapnik®t Cortes?} SVM(Support
Vector Machine) & Leo Breiman< 1997 Gradient Boosting®]& 7'dS #3312
19954 Tin Kam Ho”7} d¥FA el W o] Random Decision Forests#+= @S H %=
skl 2000 tlelli= Random Forest#hs &ag]Fo] Wi 2010d o] F
deep learning ¥are]Fo] 7] AA AMS] of2] oA ARGS shal ATHT7].



=5 gstazk AR olFel: mAlede] ARFE talstel AL dAsAY
L35y AFES AWiE Ak EEvs FEE Ao ta dpgE wol v dA
HeEdel WAy e F/FE ol Fal Utk
A
Vapnik, Cortes

% J.R. Quinlan

«© Breiman

3

o

(o] Freund, Schapire

o

[

2

©

2 Linnainmaa 1970

'g Werbos

n

%"’% Decision Tree, ID3
% P e e
’O\'bé *;36
o"’zo -\(‘“f) LeCun
* Perceptron Ay Rumelhart, Hinton, Williams
Hetch, Nielsen
& Hochreiter et. al.
Hinton
Neural Networks / — Bango
.- IDSIA AndrewNg
Created by erogol
I I I 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 Zd1 0 2015

= 7| https://erogol.com/brief—history —machine—learning/

(29 18] ®Aede) 2nIF A}
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H=Wx+b (37)

ftlo

BAstAE o WEsh 9B wE kel @Al d@ %
714 (hypothesis)olgkar ek, 2] (37)9 HE A3 39 Zdo|w hypothesisE
ouigtty, Wi SH¥SF xol  FalAE Alg(coefficient) ™ 71€71E  UERAL
iy o= o] AFE 7FeA (weight) 2kal stk HEF b(bias) & dHS vt}

grel SwgT} B o) o)l ASelE (38)F 2 BEARANE a4 ok

H=o0o W+ o,W,+ 0 W;+-+ 0 Wy+b (38)

w59 tolHE o]&3dte 3742 W(weight) &} b(bias)E AAsHA =™ ol&
ASst= SAFTE ARGt IFATFE et EdTTEE AAwI A5
ApolE HHshE A RO|W, HEFS Fol ASFEH o5 Rd AUt E=w
ojmgttt. sdstd = Aol wel kst SATdTE AREE o lor dEAow,
Hat Aw 23 =24 (Mean Squared Error, MSE), ¥+ dAd] 2* (Mean Absolute
Error, MAE), RAlF (R—Squared, A7) 5ol Aow zH7e] Foje =3 2o

e



1< .
MSE = n Z(Yi - V)
i=1

n
1
MAE =— Z(Iyi 1)
i=1

SSE
SST

RZ =1

o171,
SSE(24) = ) 0= 9
ss7 (1) = Yo 97

Xel hst dR7t s o

ol

tye] Hat

<

g o9

XY

y=y

Y(y — y)?: Total Sums of Squares (SST)

xoll tigt Jr7F 1S o
y: 3 A2 (o §=a+bx)l 23t A= gk
y—9 4 ¢

Y(y — $)?: Explained Sum of Squares (SSE)

(39)

(40)

(41)



SST=2(Y,-Y)?

L
—

X;

A5 =3 https://hyen4110.tistory.com/39?category=934053
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https://hyen4110.tistory.com/39?category=934053

2.2.2. 4 F&AAFHY i 93 g9

HrAHY (HA2A5H, Least Square Method)¥: AR o2 F3g = a9 A4
o] k8] Aol HAVF HE dlE et WHolth & 4 (41)¢ SSE & FHAS)

A% So} y=ax+b FE 13 A0l U
G 9lth o] Wl <E 6> ol§atel e A B
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, e U o® agk bE
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4
oX,
et

deoly Wz

Yoo | Sw
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Y- (T 02
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A 1 <E 6>S 79

&4 2 0Ee 42 olgstel 3749 7127] a T3]



a_nZ(xy)—Zny (42)
— nXa?— (¥x)?

G4 30 el 4L olgstel F74e y AR b Fal]

:Zy—mZx (43)

n

b

T FHES oGkl agk bE FAE 7 Utk n 7B x gy 9 HolH7ZL 9le o,

ax;+b=y,
ax,+b=y,
ax, +b =y,

of ¢ FHA o7 FHEAE 2 (44)7F @k

X1 1 V1
x; 1lra1 _ [N
Ll =] (44)
Xn 1 In

AX=B ZH9 3E T3s7] f8 A9 BE  (pseudo inverse, Fol-HZ A

YY) S o §3H X = (UTA)IATB 7 H oldA T X & AR T Haw



HHET o714 A dE AT (ATA)TIAT ol vt e e 7RI
1. AATA=A4A
2. AYAAT =AY
3. (AAD)T = AA*
4. AtAT = A%A
5. (A+)T — (AT)+

6. ATt =4
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, W7 98 R FAEE Afels <E 5> 22 WHoR Ha A
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Regression, ©]3

a+bx; +cy; +dx;y; +ex;®> + fy 2+ gxiy =24

a+ bx, + cxyy, + dy, + exy? + fy,2 + gxy2y,? =z,

a+ bx, + cx,y, +dy, + ex,? + fy2 + gx.2 v, = z,

_a_
b
1 x y1 xy1 %2y x2y? c 21
1 X3 Yo X202 X% yb x°%y,° dl = Z_1 (45)
H H H H H H H e °
1 Xp Yn Xndn xnz Ynz xnzynz f Zn
g
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HAHYS 98] dHe FHA AEBE AR AZAL dF EE, ¥ 59 oy
AAEZ TSI, ol HEH AT A4S ddl 244, AR A & 3
Q]Z=3l= A Kol B = dwnla A Ho]AC MAN-ES AL tf&r oz

E}9]  6GHOME-C, 7G50ME-C, 6G60ME-C, 7G60ME-C, 6G70ME-C 4

7GROME-CE AAsFsltr. $19 oAx el UF29 X2 AE| ALLEH= FHoR
ZFho] Hx A= 7S AAGAT. TH ARE T EAAAEC ALHE=

Ao AgsEon F 130 Az Fulshark. 13049 AnE %A AFH A4ES
23 T 7109 Y AAER FEAUG (75

3.2. HJA¥Y ¥4 A=

A MY QA4S MAE Y FA AL AHgSHE 2 Hawe Agw
A4 e Fet del 8304 ek webd AE A M 45 Agge] gt

Ae AT wiAlsle Fd ARE AAES Al ol dAxe AES 53

<E 7> HA8gd 4 A5 - 10749 I9F

Power [kW]
SMCR
Speed [rpm]
) MIP [Bar]
Harmonic
LTVF
5 _ Propeller [%]
ampin
s Damper [Nms/rad]
MOI [kgm?]
Total [Eng.~P .
otal [Eng.~Prop.] Stiffness [MNm/rad]
N.F. 1ST [Hz]
Int. Shaft Stress [MPa]
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Propeller [%]:
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Damper [Nms/rad]:
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Stiffness [MNm/rad]:
1l

1ST [Hz]:
=

10) Stress [MPal:
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X1 = Power

X2 = Speed

X3 = MIP

Xy =LTVF A& o5

X5 = Propeller damping

Xg = Damper damping

X7 = MOI (FAA 2~ A

Xg = Stiffness (FAA|AH AA)
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Capacity
Vessel type
Type
Name
Class.
ICE

Engine type

No. of Cylinder

Engine type

Fuel

Eng. Ver.

SMCR

Power [kW]

Speed [rpm]

Engine Tuning

MIP [Bar]
Harmonic (Gas/T3/ECA $41) D
LTVF
Crankshaft Throw 1D

Inter shaft (2 7} o]t wj+=

o =

ok
i)

Diameter [mm]

Length [mm]

MOI

Stiffness

T.S. [N/mm?]

Prop. Shaft

Diameter [mm]

Length [mm]

MOI

Stiffness

T.S. [N/mm?]

OD shaft (slot 7]<%)

Diameter [mm]

Length [mm]

MOI
Stiffness
T.S. [N/mm®]
Slot hole part Ck
Radial hole part Ck




Gen. Shaft

GS. Add. MOI

Diameter [mm]

Length [mm]

MOI

Stiffness

T.S. [N/mm?]

Generator

GEN.Add. MOI

Power [kW]

Efficiency [%]

Start rpm

Propeller

Type

MOI [kgm?]

Weight [kg]

No. of blades

Diameter [m]

Damping [%]

MOI [kgm?2]

Weight [kg]

MOI [kgm2]

Weight [kg]

Type

Name

Total MOI [kgm?2]

Stiffness [MNm/rad]

D damping [Nms/rad]

FWD

AFT

MOI [kgm2]

Stiffness [MNm/rad]

MOI [kgm2]

Stiffness [MNm/rad]

1ST [Hz]

2ND [Hz]

3RD [Hz]

Stress [MPa]

MOI [kgm2]

Stiffness [MNm/rad]
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e SMCR Harmonic Damping [En;.‘g?rlop.] N.F. SI}E'&
W3S | Power | Speed | MIP LTVE Propeller Damper MOI‘ Stiffness 1ST | Stress
[kW] | [rpm] | [Bar] [%] [Nms/rad] [kgm?] [MNm/rad] | [Hz] [MPa]

1 7410 | 87.9 | 18.17 1 5.50 0 122,956.3 19.41 5 94.3
2 7180 | 86.9 | 17.83 1 5.21 0 140,090.4 19.35 4 121.8
3 7820 | 94.8 |17.80 1 5.28 0 132,375.5 21.23 5 87.7
4 7820 | 94.8 |17.80 1 5.28 0 132,375.5 21.23 5 87.7
5 7300 38 17.90 1 5.50 0 131,571.4 22.43 5 113.5
6 7600 | 84.4 |19.34 1 2.41 0 142,758.4 23.77 2 111.8
7 8630 | 92.4 | 20.03 1 5.50 0 135,552.5 23.97 5 98.1
8 7180 | 86.9 | 18.00 1 5.23 0 138,771.6 19.43 4 124.2
9 7180 | 86.9 | 18.00 1 5.19 0 139,868.6 19.43 4 125.6
10 | 7800 | 89.3 | 18.79 1 5.05 0 139,869.9 19.43 4 128.8
11 | 7800 | 89.3 | 18.79 1 5.05 0 139,868.7 19.43 4 128.8
12 | 7180 | 86.9 |17.83 1 5.18 0 142,376.8 19.57 4 123.7
13 | 7180 | 86.9 |17.83 1 5.20 0 141,272.3 19.42 4 122.2
14 | 7180 | 86.9 |17.83 1 5.18 0 142,376.8 19.57 4 123.7
15 | 8400 | 92.8 |19.44 1 4.42 0 145,918.1 17.15 4 140.3
16 | 7180 | 86.9 |17.83 1 5.20 0 141,272.0 19.43 4 122.2
17 | 7180 | 86.9 |17.83 1 5.16 0 142,369.5 19.43 4 125.0
18 | 7180 | 86.9 |17.83 1 5.16 0 142,369.5 19.43 4 125.0
19 | 7180 | 86.9 |17.83 1 5.20 0 141,272.0 19.43 4 122.2
20 | 9200 | 89.2 |22.01 1 5.50 469497 142,891.9 26.13 5 111.1
21 | 7180 | 86.9 |17.83 1 5.16 0 142,369.4 19.43 4 125.0
22 | 7180 | 86.9 |17.83 1 5.16 0 142,369.4 19.43 4 125.0
23 | 7180 | 86.9 |17.83 1 5.16 0 142,369.5 19.43 4 125.0
24 | 7180 | 86.9 |17.83 1 5.19 0 139,869.4 19.43 4 128.5
25 | 7180 | 86.9 |17.83 1 5.24 0 140,098.5 19.50 4 123.1
26 | 7580 | 88.5 |18.45 1 5.21 0 127,535.6 18.10 4 120.3
27 | 7180 | 86.9 |17.83 10 5.31 0 132,590.4 19.35 4 118.8
28 | 7180 | 86.9 |17.83 1 5.16 0 142,369.4 19.55 4 125.0
29 | 8260 | 87.9 |20.14 10 5.26 0 131,347.6 19.10 4 118.0
30 | 7180 | 86.9 |17.83 10 5.30 0 132,918.5 19.34 4 120.3
31 | 7180 | 86.9 |17.83 10 5.30 0 132,910.7 19.35 4 120.3
32 | 7180 | 86.9 |17.83 10 5.31 0 132,590.4 19.35 4 119.5
33 | 7180 | 86.9 |17.83 10 5.30 0 132,911.4 19.35 4 120.3
34 | 7180 | 86.9 |17.83 10 5.31 0 132,590.4 19.35 4 119.5




e SMCR Harmonic Damping [En;.‘g?rlop.] N.F. SI}E'&
W3S | Power | Speed | MIP LTVE Propeller Damper MOI‘ Stiffness 1ST | Stress

[kW] | [rpm] | [Bar] [%] [Nms/rad] [kgm?] [MNm/rad] | [Hz] [MPa]
35 | 7180 | 86.9 |17.83 10 5.31 0 132,590.4 19.35 4 119.5
36 | 7250 | 88.7 |17.65 1 5.30 0 132,515.6 18.98 4 112.6
37 | 7180 | 86.9 |17.83 10 5.30 0 132,905.9 19.35 4 120.3
38 | 7860 95 17.86 1 5.04 0 132,237.9 19.55 4 93.2
39 | 7860 95 17.86 1 5.09 0 132,164.4 19.88 4 92.8
40 | 7180 | 86.9 |17.83 1 5.19 0 139,869.4 19.43 4 125.6
41 | 7580 | 88.5 |18.45 1 5.37 0 134,251.2 19.82 4 98.5
42 | 7180 | 86.9 |17.83 1 5.23 0 138,771.2 19.43 4 121.0
43 | 8630 | 92.4 |20.03 1 5.05 0 135,224.9 19.45 4 121.4
44 | 7180 | 86.9 |17.83 1 5.23 0 138,772.0 19.43 4 122.9
45 | 7860 95 17.86 1 5.34 0 132,385.2 21.76 5 85.5
46 | 7200 88 17.67 1 5.50 0 138,504.5 21.56 4 92.5
47 | 7860 | 90.6 | 18.67 10 5.50 0 127,064.5 21.56 5 83.5
48 | 7200 88 17.67 1 5.50 0 132,216.6 21.57 5 90.8
49 | 8410 | 91.7 19.7 1 5.50 0 127,823.1 22.78 5 91.6
50 | 9240 | 94.6 | 20.9 1 4.58 0 123,100.5 15.22 4 125.7
51 | 7180 | 86.9 | 17.83 1 5.16 0 142,552.6 19.47 4 125.4
52 | 7320 80 19.6 1 5.50 0 148,881.1 19.24 4 114.5
53 | 7300 88 17.9 10 5.50 0 125,483.4 22.28 5 115.8
54 | 8860 | 91.9 | 17.8 10 5.12 0 111,381.8 23.25 5 110.7
55 | 7180 | 86.9 | 17.83 10 5.30 0 132,908.9 19.35 4 120.0
56 | 7180 | 86.9 | 17.83 10 5.28 0 133,370.4 19.35 4 121.5
57 | 7180 | 86.9 |17.83 1 5.16 0 142,552.9 19.48 4 125.4
58 | 7180 | 86.9 |17.83 1 5.20 0 141,272.0 19.43 4 122.2
59 | 7180 | 86.9 |17.83 1 5.20 0 139,777.4 19.43 4 128.2
60 | 7800 | 89.3 | 18.79 1 5.05 0 139,869.5 19.43 4 128.8
61 | 7410 | 87.9 | 18.2 10 5.44 0 121,925.0 17.71 4 93.7
62 | 7180 | 86.9 |17.83 1 5.16 0 142,552.9 19.48 4 125.4
63 | 7800 | 89.3 | 18.79 1 5.05 0 139,869.5 19.43 4 128.8
64 | 7180 | 86.9 |17.83 1 5.20 0 141,272.3 19.42 4 122.6
65 | 7180 | 86.9 |17.83 1 5.16 0 142,552.9 19.48 4 125.4
66 | 7180 | 86.9 |17.83 1 5.17 0 141,361.4 19.31 4 126.6
67 | 13520 | 87.1 | 20.68 1 4.73 0 301,118.0 34.23 4 116.5
68 | 11941 | 92.4 |17.38 1 4.54 0 267,535.0 29.21 4 95.2




g SMCR Harmonic Damping [Engjg?rlop.] N.F. SI}E'&
W% | Power | Speed | MIP LTVF Propeller Damper MOI‘ Stiffness 1ST | Stress
[kW] | [rpm] | [Bar] [%] [Nms/rad] [kgm?] [MNm/rad] | [Hz] [MPa]
69 | 11765 | 91.9 | 17.23 1 4.20 0 262,430.8 24.71 4 120.4
70 | 12535 90 18.66 1 5.28 0 255,255.6 35.47 4 89.8
71 | 13700 | 92.5 |19.78 1 4.22 0 279,335.2 28.12 4 122.4
72 | 15029 94 21.27 1 4.41 0 275,473.0 32.47 4 121.6
73 | 12600 82 20.48 1 5.50 0 294,747.1 41.11 4 88.7
74 | 12256 | 93.2 | 17.67 1 4.79 0 245,179.1 29.49 4 88.6
75 | 11350 | 87.7 |17.41 1 5.50 0 308,148.0 63.00 5 86.1
76 | 12000 | 78.8 |20.30 1 4.55 320000 302,023.8 11.85 3 120.0
77 | 12365 | 93.5 | 17.76 1 4.75 0 246,260.0 29.50 4 91.4
78 | 13520 | 87.1 | 20.68 1 4.81 0 300,210.8 34.87 4 112.3
79 | 13972 | 88.3 | 21.06 1 4.95 0 283,910.8 46.64 4 90.1
80 | 13520 | 87.1 |20.68 1 4.73 0 301,146.4 34.23 4 116.4
81 | 15000 | 93.5 | 21.34 1 4.49 0 273,183.2 32.20 4 107.2
82 | 15646 | 94.4 | 22.0 1 5.38 722901 315,538.4 53.72 5 63.1
83 | 3990 | 94.4 6.4 1 1.75 722901 295,837.4 53.72 5 68.1
84 | 13000 86 20.16 10 5.50 0 307,644.3 33.97 4 120.6
85 | 13000 86 20.16 10 4.82 0 295,240.2 34.01 4 108.6
86 | 14369 | 94.3 | 20.32 1 4.55 0 267,871.3 32.24 4 101.8
87 | 12429 | 88.2 | 18.86 1 4.70 0 275,473.0 32.47 4 121.2
88 | 11350 | 87.7 |17.41 1 5.50 0 296,328.0 63.00 5 82.5
89 | 13972 | 88.3 | 21.06 1 5.50 0 287,510.6 42.62 5 90.1
90 | 13972 | 88.3 | 21.06 1 5.50 0 267,589.9 38.92 5 87.7
91 | 11350 80 18.99 10 5.13 0 281,762.7 31.85 4 121.9
92 | 12713 | 90.5 |18.81 10 4.49 0 259,802.9 28.21 4 119.2
93 | 12429 | 88.2 | 18.86 1 4.70 0 275,473.0 32.47 4 121.2
94 | 11100 | 81.8 | 18.05 10 5.02 0 295,324.6 34.05 4 106.3
95 | 14188 | 93.8 | 20.17 10 4.34 281744 270,076.5 28.21 4 113.4
96 | 12764 | 90.6 | 18.86 10 4.41 0 266,988.6 28.67 4 119.2
97 | 11100 | 81.8 | 18.05 10 5.02 0 295,324.6 34.05 4 106.3
98 | 11900 | 92.3 | 17.34 1 4.47 0 245,084.3 25.50 4 112.8
99 | 12713 | 90.5 |18.81 1 4.35 0 267,882.1 28.21 4 130.9
100 | 11900 | 92.3 | 17.48 1 4.80 0 245,252.7 29.16 4 97.8
101 | 19880 | 103 | 21.97 10 3.50 120000 306,822.6 22.44 4 117.4
102 | 2000 103 3.11 10 3.79 120000 276,576.6 22.44 4 131.1




e SMCR Harmonic Damping [Engjg?rlop.] N.F. SI}E'&
H3 | Power | Speed| MIP LTVF Propeller Damper MOI‘ Stiffness 1ST | Stress
[kW] [rpm] | [Bar] [%] [Nms/rad] [kgm?] [MNm/rad] | [Hz] [MPa]
103 | 16190 76.2 | 17.96 1 4.66 370000 461,945.0 14.33 3 68.8
104 3267 76.2 | 4.42 1 1.75 370000 415,842.0 14.33 3 68.2
105 | 15210 71.4 |18.00 1 5.13 0 593,370.0 53.33 3 119.6
106 | 15690 71.4 |18.54 1 5.05 0 577,724.7 49.30 3 119.4
107 | 16120 72.7 |18.70 1 5.3 0 603,008.8 60.56 4 113.0
108 | 16120 72.7 |18.70 1 5.3 0 602,813.1 60.15 4 114.4
109 | 15200 72 17.85 1 5.27 0 548,208.2 51.92 3 111.3
110 | 15200 72 17.85 1 5.27 0 548,208.2 51.92 3 111.3
111 | 16120 72.7 |18.70 1 5.5 0 558,626.3 60.56 4 116.4
112 | 11755 67.6 | 17.64 1 6.45 0 491,493.8 23.90 3 89.7
113 | 16120 72.7 |18.70 1 5.5 0 558,626.3 60.56 4 116.4
114 | 14570 73.6 |16.80 1 4.84 370000 459,460.3 13.81 3 69.1
115 | 2943.78 | 73.6 | 4.19 1 1.75 370000 413,578.3 13.81 3 69.2
116 | 15650 68.2 | 19.31 10 5.5 0 580,007.2 61.08 4 113.5
117 | 15100 72 17.74 10 5.22 0 535,462.8 48.88 3 92.2
118 | 15300 70 18.44 10 5.37 0 570,926.5 58.46 4 92.2
119 | 14500 70.2 | 17.49 10 5.24 0 574,335.0 54.80 3 112.4
120 | 15300 71.4 |18.11 1 5.1 240000 527,773.0 54.78 3 92.8
121 | 15650 68.2 | 19.31 10 5.5 0 580,007.2 61.08 4 113.5
122 | 15135 73.1 | 17.52 1 5.5 0 516,660.0 55.29 4 92.2
123 | 15300 70.8 | 18.25 1 1.75 360000 420,967.4 12.17 3 76.1
124 | 2899.5 | 70.8 | 4.27 1 4.92 360000 458,114.4 12.17 3 94.5
125 | 15100 71 18.0 10 5.28 0 536,147.6 48.75 3 104.2
126 | 24500 66.1 | 17.99 10 4.78 0 1,091,131.9 102.17 3 100.8
127 | 24500 66.1 | 17.99 10 4.40 305000 1,036,230.0 11.37 3 75.9
128 | 24500 66.1 | 17.99 10 4.40 305000 1,037,080.0 11.37 3 76.0
129 | 24500 66.1 | 17.99 10 4.99 0 1,063,732.4 106.62 3 87.9
130 | 21000 58 17.60 10 5.50 0 1,067,553.8 98.59 3 82.1
131 | 21000 58.9 | 17.34 10 5.08 0 1,157,273.9 96.58 3 91.6
132 | 24500 66.1 | 17.99 10 4.66 0 1,064,301.5 95.08 3 108.4
133 | 22500 60.2 | 18.13 1 4.87 395000 1,038,962.1 14.34 3 85.1
134 | 24500 66.1 | 17.99 10 4.35 305000 1,063,205.0 11.37 3 80.3
135 | 25330 64 19.14 1 4.35 430000 1,102,277.0 14.28 3 87.4
136 | 22200 64 16.90 10 4.82 0 1,064,301.5 95.08 3 110.8




e SMCR Harmonic Damping [En;.‘g?rlop.] N.F. SI}E'&
H3% | Power | Speed| MIP LTVF Propeller Damper MOI‘ Stiffness 1ST | Stress

(kW] [rpm] | [Bar] (%] [Nms/rad] [kgm?] [MNm/rad] | [Hz] | [MPal
137 | 22200 64 16.9 10 4.95 0 1,084,281.0 102.00 3 107.0
138 | 22200 64 16.90 10 5.05 0 1,056,939.7 102.20 3 95.6
139 | 22200 64 16.90 10 4.96 0 1,056,839.1 99.18 3 100.8
140 | 22240 64 16.93 10 4.92 0 1,069,379.3 99.05 3 103.8
141 | 22200 64 16.9 10 4.78 0 1,080,977.4 95.90 3 115.7
142 | 22200 64 16.9 10 4.82 0 1,064,301.5 95.08 3 110.8
143 | 22200 64 16.9 10 4.78 0 1,089,673.0 96.39 3 116.5
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Ae Ws | s Ay | Ak 1A | Huak 23 | Huak 3Ak | #Haxk 4 A
1 4.54 4.18 4.29 3.37 1.52
2 4.12 4.15 4.20 3.67 1.88
3 4.55 4.18 4.29 3.55 1.72
4 4.55 4.18 4.29 3.55 1.72
5) 4.72 4.19 4.33 3.55 1.70
6 4.57 4.18 4.32 3.74 1.94
7 4.75 4.20 4.36 3.62 1.79
8 4.13 4.15 4.21 3.65 1.86
9 4.10 4.15 4.21 3.66 1.88
10 4.10 4.15 4.21 3.66 1.88
11 4.10 4.15 4.21 3.66 1.88
12 4.10 4.14 4.20 3.70 1.93
13 4.11 4.15 4.20 3.68 1.91
14 4.10 4.14 4.20 3.70 1.93
15 3.73 4.12 4.12 3.73 2.00
16 4.11 4.15 4.20 3.68 1.91
17 4.08 4.14 4.19 3.70 1.93
18 4.08 4.14 4.19 3.70 1.93
19 4.11 4.15 4.20 3.68 1.91
20 4.77 4.20 4.40 3.75 1.94
21 4.08 4.14 4.19 3.70 1.93
22 4.08 4.14 4.19 3.70 1.93
23 4.08 4.14 4.19 3.70 1.93
24 4.10 4.15 4.21 3.66 1.88
25 4.14 4.15 4.21 3.67 1.89
26 4.20 4.16 4.23 3.45 1.62
27 4.20 4.16 4.24 3.54 1.73
28 4.08 4.14 4.20 3.70 1.93
29 4.20 4.16 4.24 3.92 1.70
30 4.19 4.16 4.24 3.55 1.73
31 4.19 4.16 4.24 3.55 1.73
32 4.20 4.16 4.24 3.54 1.73
33 4.19 4.16 4.24 3.55 1.73
34 4.20 4.16 4.24 3.54 1.73
35 4.20 4.16 4.24 3.54 1.73
36 4.27 4.16 4.23 3.54 1.72
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37 419 416 124 355 1.73
38 4.36 416 1.25 3.54 1.72
39 4.40 416 1.26 3.54 1.72
40 410 415 121 3.66 1.88
41 132 416 124 3.57 1.76
42 413 415 121 3.65 1.86
43 124 416 123 3.59 1.78
44 413 415 121 3.65 1.86
45 461 418 131 3.56 1.72
46 442 417 1.27 3.66 1.85
47 1.64 419 133 3.46 1.61
48 458 418 4.30 3.55 1.72
49 491 4.20 136 3.48 1.62
50 3.94 414 418 3.35 1.52
51 4.08 414 419 3.70 1.94
52 4.02 413 116 3.80 2.07
53 178 4.20 1.36 3.44 1.57
54 4.99 123 1.46 3.16 1.28
55 419 416 124 355 1.73
56 418 416 123 3.56 1.74
57 4.08 414 419 3.71 1.94
58 411 415 4.20 3.68 1.91
59 111 415 121 3.66 1.88
60 410 415 121 3.66 1.88
61 4.35 416 125 3.34 1.50
62 .08 414 419 3.71 1.94
63 410 415 121 3.66 1.88
64 411 415 4.20 3.68 1.91
65 4.08 414 419 3.71 1.94
66 1.08 414 .20 3.68 1.91
67 3.75 4.01 3.89 1.93 5.14
68 3.81 4.02 3.89 183 4.56
69 351 3.99 3.79 174 141
70 432 410 415 4.92 4.39
71 355 3.99 3.81 1.82 173
72 3.77 4.04 3.95 191 173
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Ag ws | o s | AL [ AR AT AG
73 4.21 4.08 4.17 5.07 5.09
74 4.06 4.06 4.00 4.79 4.17
75 5.18 4.26 5.22 5.14 4.29
76 3.26 3.87 3.53 4.59 4.82
77 4.03 4.06 4.00 4.79 4.19
78 3.81 4.02 3.91 4.95 5.14
79 3.97 4.03 3.92 4.92 4.87
80 3.75 4.01 3.89 4.93 5.14
81 3.82 4.04 3.95 4.90 4.69
82 4.62 4.16 4.64 5.22 5.16
83 4.87 4.20 4.75 5.19 4.77
84 3.61 4.00 3.85 4.91 5.22
85 3.77 4.02 3.91 4.93 5.06
86 3.90 4.05 3.98 4.89 4.60
87 3.77 4.04 3.95 4.91 4.73
88 5.39 4.28 5.29 5.08 4.02
89 4.58 4.11 4.27 5.09 4.96
90 4.54 4.11 4.22 5.01 4.62
91 3.73 4.02 3.90 4.90 4.83
92 3.70 4.02 3.90 4.80 4.42
93 3.77 4.04 3.95 4.91 4.73
94 3.73 4.02 3.91 4.93 5.06
95 3.70 4.01 3.85 4.82 4.59
96 3.63 4.02 3.88 4.82 4.55
97 3.73 4.02 3.91 4.93 5.06
98 3.75 4.02 3.89 4.72 4.12
99 3.58 4.01 3.86 4.81 4.55
100 4.03 4.06 3.99 4.78 4.17
101 3.82 3.89 3.57 4.64 4.95
102 4.14 3.94 3.68 4.70 4.58
103 3.23 3.55 3.04 3.23 4.24
104 3.45 3.63 3.14 3.74 4.84
105 3.33 3.69 3.27 2.48 2.86
106 3.28 3.68 3.20 2.52 3.00
107 3.51 3.74 3.49 2.73 3.27
108 3.50 3.73 3.47 2.71 3.24
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109 3.45 3.75 3.40 3.12 4.22
110 3.45 3.75 3.40 3.12 4.22
111 3.66 3.81 3.69 3.40 4.60
112 2.55 3.59 3.00 2.93 3.74
113 3.66 3.81 3.69 3.40 4.60
114 3.19 3.55 3.04 3.26 4.29
115 3.40 3.63 3.14 3.76 4.86
116 3.55 3.78 3.61 3.11 4.05
117 3.42 3.74 3.35 3.16 4.32
118 3.53 3.77 3.55 3.11 411
119 3.34 3.73 3.39 2.86 3.68
120 3.31 3.40 2.95 2.48 3.07
121 3.55 3.78 3.61 3.11 4.05
122 3.82 3.84 3.66 3.74 5.24
123 3.37 3.60 3.13 3.68 4.80
124 3.17 3.54 3.05 3.28 4.35
125 3.41 3.7 3.3 3.15 4.29
126 3.35 3.3 3.4 3.92 5.43
127 3.09 2.5 3.1 2.65 1.73
128 3.09 2.5 3.1 2.67 1.82
129 3.50 3.4 3.8 4.10 5.49
130 3.38 3.3 3.3 3.13 2.38
131 3.17 3.1 3.0 4.49 8.01
132 3.27 3.3 3.2 2.66 0.60
133 3.11 2.6 3.0 2.09 ~1.39
134 3.05 2.5 3.2 3.46 4.93
135 2.95 2.5 3.1 4.14 6.70
136 3.27 3.3 3.2 2.66 0.60
137 3.36 3.3 3.4 3.80 4.90
138 3.43 3.3 3.6 3.46 3.40
139 3.37 3.3 3.4 3.08 213
140 3.34 3.3 3.4 3.21 2.68
141 3.25 3.2 3.2 2.97 1.79
142 3.27 3.3 3.2 2.66 0.60
143 3.25 3.2 3.2 3.16 251




[F-54] 32dzhet Al 3t vEd JF A &F v
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e g als A af;}} aZJ;P} a3 ﬂ} d144 54}

1 122.2 115.74 122.44 122.84 120.65
2 123.7 115.90 123.79 123.94 122.00
3 140.3 123.31 140.92 145.63 144.27
4 122.2 115.74 122.44 122.84 120.65
5 125.0 116.00 124.71 124.64 122.29
6 125.0 116.00 124.71 124.64 122.29
7 122.2 115.74 122.37 122.80 120.63
8 111.1 93.91 109.79 111.10 111.10
9 125.0 116.01 124.78 124.69 122.30
10 125.0 116.01 124.78 124.69 122.30
11 125.0 116.01 124.78 124.69 122.30
12 128.5 115.68 122.74 122.61 118.78
13 123.1 115.47 120.22 120.96 118.78
14 120.3 116.11 114.33 116.93 104.59
15 118.8 117.72 116.80 117.41 112.95
16 125.0 116.00 124.94 124.68 122.12
17 118.0 122.64 118.77 124.71 137.25
18 120.3 117.80 117.48 118.10 113.27
19 120.3 117.80 117.42 118.05 113.25
20 119.5 117.72 116.80 117.41 112.95
21 120.3 117.80 117.42 118.05 113.26
22 119.5 117.72 116.80 117.41 112.95
23 119.5 117.72 116.80 117.41 112.95
24 112.6 114.33 107.69 110.08 109.61
25 122.2 115.74 122.44 122.84 120.65
26 123.7 115.90 123.79 123.94 122.00
27 140.3 123.31 140.92 145.63 144.27
28 122.2 115.74 122.44 122.84 120.65
29 125.0 116.00 124.71 124.64 122.29
30 125.0 116.00 124.71 124.64 122.29
31 122.2 115.74 122.37 122.80 120.63
32 111.1 93.91 109.79 111.10 111.10
33 125.0 116.01 124.78 124.69 122.30
34 125.0 116.01 124.78 124.69 122.30
35 125.0 116.01 124.78 124.69 122.30
36 128.5 115.68 122.74 122.61 118.78




- . L=} = 31 =} = 31 =} = 31 =}
Ag ws | an g | SF AT AR
37 120.3 117.80 117.42 118.05 113.25
38 93.2 116.04 105.27 100.44 112.13
39 92.8 115.76 102.37 97.56 111.07
40 125.6 115.68 122.74 122.61 118.78
41 98.5 115.68 107.78 111.35 112.18
42 121.0 115.42 120.35 120.71 117.12
43 121.4 120.43 112.46 112.77 112.58
44 122.9 115.42 120.35 120.71 117.12
45 85.5 114.39 87.43 83.27 106.25
46 92.5 113.59 101.97 106.67 112.53
47 83.5 117.93 105.74 97.72 116.60
48 90.8 113.16 100.83 103.47 103.92
49 91.6 116.75 92.03 89.19 88.62
50 125.7 123.84 122.89 128.16 105.93
51 125.4 116.01 124.79 124.71 122.47
52 114.5 118.75 128.28 120.91 124.44
53 115.8 116.22 114.65 104.93 101.87
54 110.7 111.52 105.37 110.25 102.58
55 120.0 117.80 117.42 118.05 113.25
56 121.5 117.90 118.24 118.92 113.68
57 125.4 116.01 124.80 124.71 122.46
58 122.2 115.74 122.37 122.80 120.63
59 128.2 115.67 122.58 122.48 118.65
60 128.8 118.33 124.02 126.48 123.75
61 93.7 117.16 101.26 103.07 112.95
62 125.4 116.01 124.80 124.71 122.46
63 128.8 118.33 124.02 126.48 123.75
64 122.6 115.74 122.44 122.84 120.65
65 125.4 116.01 124.80 124.71 122.46
66 126.6 115.94 124.37 124.22 121.12
67 116.5 112.12 116.34 109.03 110.25
68 95.2 106.96 110.01 104.64 101.50
69 120.4 108.62 125.86 117.15 121.53
70 89.8 103.53 79.52 89.74 91.36
71 122.4 111.28 126.77 123.30 120.94
72 121.6 110.44 113.15 115.91 115.83




- . L=} = 31 =} = 31 =} = 31 =}
Ag ws | an g | SF AT AR
73 88.7 108.65 104.70 102.53 124.96
74 88.6 104.22 87.73 90.65 90.46
75 86.1 103.39 86.79 81.38 83.44
76 120.0 96.88 124.41 120.00 120.00
77 91.4 104.49 89.66 92.97 90.81
78 112.3 111.64 114.25 108.33 108.12
79 90.1 109.95 108.83 100.81 95.81
80 116.4 112.12 116.34 109.01 110.29
31 107.2 110.08 111.88 110.22 123.95
82 63.1 63.41 63.35 63.06 63.06
83 68.1 69.05 67.79 68.10 68.10
84 120.6 111.69 102.26 116.01 121.06
85 108.6 114.23 120.84 119.25 109.17
86 101.8 108.45 106.72 111.98 108.59
87 121.2 108.64 115.07 121.18 121.00
388 82.5 102.57 83.33 86.84 83.21
89 90.1 106.70 86.56 86.97 70.45
90 87.7 105.60 84.35 81.10 80.35
91 121.9 112.23 119.22 116.53 132.67
92 119.2 111.42 114.05 112.88 119.29
93 121.2 108.64 115.06 121.19 120.97
94 106.3 111.61 120.29 112.06 107.82
95 113.4 96.02 113.05 113.42 113.42
96 119.2 112.32 116.97 114.45 111.38
97 106.3 111.61 120.29 112.06 107.82
98 112.8 105.99 106.88 108.30 107.24
99 130.9 109.55 123.29 129.75 121.84
100 97.8 104.62 90.78 92.93 94.71
101 117.4 99.00 116.57 117.40 117.40
102 131.1 98.50 130.34 131.10 131.10
103 68.8 76.81 70.64 68.80 68.80
104 68.2 90.66 69.99 68.20 68.20
105 119.6 105.66 121.51 119.69 115.10
106 1194 105.32 122.72 122.90 122.62
107 113.0 104.24 111.39 112.94 116.73
108 114.4 104.26 112.40 116.15 116.15




- . I 2| 11 =} 2| 31 =} 2| 11 %}
Amoaz | an ga | U ) A AR
109 111.3 101.61 116.14 109.21 112.74
110 111.3 101.61 116.14 109.21 112.74
111 116.4 100.17 103.96 116.61 111.62
112 89.7 106.22 90.02 89.25 88.85
113 116.4 100.17 103.96 116.61 111.62
114 69.1 77.25 68.63 69.10 69.10
115 69.2 90.09 68.88 69.20 69.20
116 113.5 107.48 100.33 108.20 107.67
117 92.2 104.32 104.27 94.26 85.29
118 92.2 106.46 105.22 101.18 102.13
119 112.4 107.42 104.86 110.41 114.87
120 92.8 90.05 89.91 92.80 92.80
121 113.5 107.48 100.33 108.20 107.67
122 92.2 97.41 102.99 89.49 94.49
123 76.1 92.20 74.28 76.10 76.10
124 94.5 77.62 94.04 94.50 94.50
125 104.2 104.6 102.6 105.23 109.57
126 100.8 99.7 103.8 92.84 97.88
127 75.9 86.2 75.8 75.90 75.90
128 76.0 86.2 75.9 76.00 76.00
129 87.9 96.5 94.5 93.92 91.66
130 82.1 105.3 89.6 85.09 83.32
131 91.6 113.1 97.6 89.56 91.03
132 108.4 99.0 110.5 110.94 108.64
133 85.1 82.2 83.7 85.14 85.14
134 80.3 88.3 81.5 80.30 80.30
135 87.4 80.3 88.0 87.40 87.40
136 110.8 103.0 106.6 106.95 112.57
137 107.0 103.3 102.1 111.14 108.73
138 95.6 100.8 100.6 87.60 98.45
139 100.8 101.5 102.3 98.80 91.09
140 103.8 102.6 103.6 106.60 100.04
141 115.7 104.3 106.9 115.85 115.13
142 110.8 103.0 106.6 106.95 112.57
143 116.5 104.9 109.5 125.57 120.50




[F-25] BYEHES} vERAY At 21438 2o /435S Hu) $F vl
. AR A S
As AT - S p—
A An | A2 & | &l Ay | HaARk3 Ak
1 4.54 4.27 94.3 100.2
2 4.12 4.18 121.8 121.7
3 4.55 4.26 87.7 85.8
4 4.55 4.26 87.7 85.8
5 4.72 4.30 113.5 103.8
6 4.57 4.29 111.8 116.4
7 4.75 4.33 98.1 84.9
8 4.13 4.19 124.2 121.9
9 4.10 4.19 125.6 123.8
10 4.10 4.19 128.8 126.2
11 4.10 4.19 128.8 126.2
12 4.10 4.18 123.7 123.9
13 4.11 4.18 122.2 122.7
14 4.10 4.18 123.7 123.9
15 3.73 4.11 140.3 145.6
16 4.11 4.18 122.2 122.7
17 4.08 4.17 125.0 124.6
18 4.08 4.17 125.0 124.6
19 4.11 4.18 122.2 122.7
20 4.77 4.46 111.1 832.6
21 4.08 4.17 125.0 124.6
22 4.08 4.17 125.0 124.6
23 4.08 4.17 125.0 124.6
24 4.10 4.19 128.5 122.5
25 4.14 4.19 123.1 120.8
26 4.20 4.21 120.3 116.4
27 4.20 4.22 118.8 116.9
28 4.08 4.17 125.0 124.6
29 4.20 4.22 118.0 124.0
30 4.19 4.22 120.3 117.6
31 4.19 4.22 120.3 117.5
32 4.20 4.22 119.5 116.9
33 4.19 4.22 120.3 117.6
34 4.20 4.22 119.5 116.9
35 4.20 4.22 119.5 116.9
36 4.27 4.21 112.6 109.4




42 WE A R HAo ¢
A An | A2 & | &l Ay | HaARk3 Ak
37 4.19 4.22 120.3 117.6
38 4.36 4.22 93.2 116.9
39 4.40 4.22 92.8 116.9
40 4.10 4.21 125.6 109.4
41 4.32 4.22 98.5 117.5
42 4.13 4.22 121.0 99.2
43 4.24 4.23 121.4 96.3
44 4.13 4.19 122.9 122.5
45 4.61 4.22 85.5 110.8
46 4.42 4.19 92.5 120.5
47 4.64 4.21 83.5 111.8
48 4.58 4.19 90.8 120.5
49 4.91 4.28 91.6 81.5
50 3.94 4.25 125.7 106.0
51 4.08 4.30 125.4 96.0
52 4.02 4.28 114.5 102.6
53 4.78 4.28 115.8 82.5
54 4.99 4.11 110.7 123.0
55 4.19 4.18 120.0 124.6
56 4.18 4.14 121.5 121.9
57 4.08 4.32 125.4 103.4
58 4.11 4.43 122.2 105.0
59 4.11 4.22 128.2 117.5
60 4.10 4.22 128.8 118.4
61 4.35 4.18 93.7 124.6
62 4.08 4.18 125.4 122.7
63 4.10 4.19 128.8 122.3
64 4.11 4.19 122.6 126.2
65 4.08 4.23 125.4 102.3
66 4.08 4.18 126.6 124.6
67 3.75 4.19 116.5 126.2
68 3.81 4.18 95.2 122.7
69 3.51 4.18 120.4 124.6
70 4.32 4.18 89.8 124.1
71 3.55 3.85 122.4 108.6
72 3.77 3.86 121.6 101.1




48 wme ALFRE T Ho &5
A A | Hauak2 x| eiA A | Haxk3 A
73 4.21 4.10 88.7 103.9
74 4.06 3.97 88.6 85.6
75 5.18 5.10 86.1 85.9
76 3.26 3.44 120.0 1230.2
7 4.03 3.96 91.4 87.8
78 3.81 3.87 112.3 107.7
79 3.97 3.86 90.1 95.6
80 3.75 3.85 116.4 108.6
81 3.82 3.88 107.2 96.5
82 4.62 5.36 63.1 7929.8
83 4.87 5.49 68.1 14138.6
384 3.61 3.81 120.6 114.5
85 3.77 3.87 108.6 118.6
86 3.90 3.90 101.8 98.4
87 3.77 3.92 121.2 119.3
88 5.39 5.18 82.5 89.8
89 4.58 3.85 90.1 47.9
90 4.54 3.89 87.7 33.5
91 3.73 3.85 121.9 117.7
92 3.70 3.87 119.2 109.1
93 3.77 3.92 121.2 119.3
94 3.73 3.87 106.3 112.8
95 3.70 3.71 113.4 1142.7
96 3.63 3.84 119.2 111.0
97 3.73 3.87 106.3 112.8
98 3.75 3.86 112.8 104.6
99 3.58 3.84 130.9 127.7
100 4.03 3.95 97.8 87.8
101 3.82 3.56 117.4 559.5
102 4.14 3.67 131.1 179.4
103 3.23 3.04 68.8 —166.6
104 3.45 3.14 68.2 27.9
105 3.33 3.23 119.6 124.4
106 3.28 3.15 119.4 129.8
107 3.51 3.37 113.0 135.9
108 3.50 3.36 114.4 138.2




. THAET Ay st
WA A | Amab2 A | a4 A | HaAs A

109 3.45 3.33 111.3 115.8
110 3.45 3.33 111.3 115.8
111 3.66 3.56 116.4 136.7
112 2.55 3.00 89.7 84.5
113 3.66 3.56 116.4 136.7
114 3.19 3.04 69.1 0.7

115 3.40 3.15 69.2 43.1
116 3.55 3.50 113.5 135.5
117 3.42 3.29 92.2 97.1
118 3.53 3.43 92.2 121.2
119 3.34 3.26 112.4 126.4
120 3.31 2.95 92.8 126.3
121 3.55 3.50 113.5 135.5
122 3.82 3.56 92.2 97.2
123 3.37 3.13 76.1 —-83.4
124 3.17 3.05 94.5 31.6
125 3.41 3.28 104.2 109.8
126 3.35 3.19 100.8 143.8
127 3.09 3.11 75.9 145.0
128 3.09 3.11 76.0 145.1
129 3.50 3.51 87.9 169.3
130 3.38 3.15 82.1 126.7
131 3.17 2.79 91.6 83.0
132 3.27 2.99 108.4 136.7
133 3.11 2.99 85.1 214.5
134 3.05 3.17 80.3 150.7
135 2.95 3.13 87.4 198.9
136 3.27 2.99 110.8 122.0
137 3.36 3.20 107.0 152.0
138 3.43 3.32 95.6 134.0
139 3.37 3.19 100.8 132.0
140 3.34 3.14 103.8 136.6
141 3.25 2.96 115.7 129.4
142 3.27 2.99 110.8 122.0
143 3.25 2.96 116.5 137.7




Abstract

Estimation of torsional vibration aspect of propulsion shafting system by utilizing

machine learning in early shaft design stage
YungJoon Jo
Graduate School of Industrial Technology
University of Ulsan

Ulsan, Korea

Torsional vibration of marine shafting system has been analyzed by solving
differential equation. Conventional practice to decide countermeasure against high
torsional vibration especially torsional stress guided by classification societies relies
on not only various case studies but also subjective judgement of engineers who
carry out the analysis. It will be beneficial for an optimized countermeasure if the

experience—based determination is replaced by coherent decision making.

Recent trend of shipbuilding industry is based on short delivery due to heavier
competition of ship owners. They increase fleets as various transportation demands
especially for energy industry. In addition, shipyards have to prepare their
production capability to conform customer’ s demands. This makes an agile company

have competitiveness.

In the study a sample set of data was utilized to find regression equations for the
torsional vibration aspect — natural frequency and peak torsional response.
Multivariate Polynomial Regression (MPR)as one of the machine learning methods is
considered the most probable as it enables to provide regression equation with high
order and interactions between variables. Through the regression with various

orders, natural frequency can be estimated by 2" order regression equations. In case



of peak response, 3™ order regression equation showed best fit. However, it was

found a torsional vibration damper gives much error.

Nonetheless, this approach with the machine learning is one of the probable
methods to make the analysis process of torsional vibration simpler and provides an
assistance for an optimized countermeasure by estimation of natural frequency and

response in the early shaft design stage.
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