creative
comimons

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

XS Metok ELIChH

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 Aeles 212 LWS0ll 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/

TEEL BAFERmX

MiE MEEERA Sk EE SR BE
Rl B HoE

A Study on Root Cause Analysis for Failure of Multidisc Friction
Clutch in Ship’s Propulsion Shafting

fREFE € IE

2017 <& 8H

HEEEAEE KB
BB A 29 TR
£ A 5



o

oF

19

6%

20174

or

Tor

Collection @ kmou



LISt of Tables ................................................................................................. iii
LISt of Figures ............................................................................................... iv
Abstract ........................................................................................................... viid
A1l A & 1
1.1 A9 w7 1
12 A7 g 2 74 2
A2 ¥ L& X U o]& 4
21 2997 54 2 A 4
211 #9rHE A vl 2e)d] 54 4
2.1.2 FtaE2a it A] Ad 5
2.1.3 Ftas2 thantEEex] Al =E A4 10

22 282 FYHE o|& 13
221 gavE I Ao A A 13
222 SHA 944 AN €9 2 T4 15
A3 SHA ESFEE) dAEH 19
3.1 nAET v 19
32 7lexA 2 AAEA A F 20
321 &4 A=xzd4 € A9 25
3.2.2 &4 dUdEAS A 27
3.22.1 EHA A|=H HAEY AY 27
3222 71175 Aojed Fx AJEA AF 35
3223 ¥ A, A&7 EllzA 2 AF 40
3.2.2.4 ¥z}, Alojed A7 93] A F AlY 58
3.225 AojlH (&Y ol WH) IFAZ 9 7Y 61

Collection @ kmou

(D
)
—



62

3.2.2.5.1 NHH

62

32252 JsA= A3

67
69
69
7
78

32253 AEAZ Ax} B4

332 FEA =dF9] FJ=H(whir) AF 4

Q1A

Aojed +4 o

=i
=

333 ¥4

83
92

93

A8

33 (crack)

H2 2HF

=
=

A 4%

93
94
94
99
101
103
106

A9
]

QU

e

4.2 281 %H= = (crack)

42.1 384

i\in

=
M

_ﬂy!

X
ap
0

o
W

il
N

108

Z1BAAAA £7) do)Edogging data) &4

A 5%

108

110
111
111

=7 HolE B4

=i
=

SEN

114
122

=
™

oy
X
pig

-—

5.3.3 Z|BAAAA =7 Ho]

124

A6d A&

126

1@ Kmou

10

—
.,
@

Coll



List of Tables

Table 2.1 Particulars of diesel engine propulsion system 5
Table 2.2 Particulars of reduction gear 6
Table 2.3 Particulars of diesel engine 7
Table 2.4 Particulars of clutch 8
Table 2.5 Particulars of clutch system pumps 11
Table 3.1 Techanical survey 25
Table 3.2 Result of onboard clutch system test for sticking analysis 28
Table 3.3 Survey results of No.1 gear driven clutch oil pump 35
Table 3.4 Proof test of No.2 reduction & clutch system 37
Table 3.5 Result of No.1 PTO clutch oil pump onboard test for analysis 38
Table 3.6 Result of No.2 PTO clutch oil pump onboard test for analysis 39
Table 3.7 Measurements of friction plate(outer plate) thickiness(mm 57
Table 3.8 Test and survey of cooling oil clogging and leakage 58
Table 3.9 Test and survey of control oil clogging and leakage 59
Table 3.10 Measurement and evaluation of cutch hub, dutch shaft 71
Table 3.11 Reason and remedy of clutch slip 75
Table 4.1 Running hours of diesel engine 94
Table 4.2 Analysis values of initial design stage 102
Table 4.3 Measurement values of sea trial at maxium torsional VIDraiory torque essssssessssesssseseenes 102
Table 4.4 Design soundness compare to requirements for leading ship 104
Table 4.5 Design soundness compare to requirements for follow ships 104
Table 5.1 Premonitory symptoms of clutch sticking 114
Table 5.2 Summary of running data logging 119
- i -
llection @ kmou



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

P T i
||\_,|\_,

List of Figures

2.1 Diagram of clutch lubrication, cooling and control system

2.2 Path of propulsion power transmission

2.3 Typical multidisc clutch system

2.4 Clutch engagement with some period of synchronization

2.5 Various heat transfer mechanism

2.6 Various heat transfer coefficients map

3.1 Fish bone tree of clutch sticking

3.2 Configuration of propulsion plant and clutch

3.3 Section of diesel engine reduction gear

3.4 Section and oil supply paths of clutch

3.5 Damage map of sticked clutch shaft and bearings

3.6 Failure of the clutch assembly

3.7 Damaged pair of inner and outer plates
3.8 Fretting of hub bore

3.9 Dismantling investigation of clutch contol solenoid valve

3.10 clutch shaft and pinion assembly

3.11 Detail of thrust plate contact marks
3.12 Oil muff bearing

3.13 Detail of oil muff bearing contact marks

3.14 Dismantling investigation of clutch

3.15 Damaged inner and outer plates

3.16 Bearing fretting and wear damage of input shaft

3.17 Thrust bearing face of input shaft

3.18 Clutch shaft output bearing wear(lower side)

3.19 Pinion output side bearing damage and scratch
3.20 Detail of pinion output side bearing damage and SCratCh «essesessessseeeees
3.21 Fretting of clutch shaft and crack
3.22 Heat shock of clutch housing
3.23 Fretting of key

3.24 Dismantling investigation of reduction gear

_iv_

ion @ Kmou

10
12
13
16
17
18

20
20
21
21
22
23
23
24
24
41
41
42
42
43
43
44
44
45
45
46
46
47
47
48



Fig. 3.25 Penetration test of inner hole on shaft crack 48
Fig. 3.26 Cooling oil hole clogging test of clutch 49
Fig. 3.27 Detail of cooling and lubrication oil hole 49
Fig. 3.28 Damage of clutch shaft input shaft 50
Fig. 3.29 Detail damage of clutch shaft input shaft 50
Fig. 3.30 Wear of oil muff bearing installation parts 51
Fig. 3.31 Detail of oil spray bar 51
Fig. 3.32 Inner and outer plates 52
Fig. 3.33 Heat shocked inner and outer plates(friction plates) 52
Fig. 3.34 Oil leakage evidence of hub inner hole 53
Fig. 3.35 Contact marks of pinion gear and clutch shaft input side collar - 53
Fig. 3.36 Contact marks of pinion gear flange 54
Fig. 3.37 Fretting detail of input side bearing split parts 54
Fig. 3.38 QOil spray bar and output side shaft 55
Fig. 3.39 Internal parts of clutch hub 55
Fig. 3.40 Friction plate(outer plate) oil groove 56
Fig. 3.41 Detail of damaged friction plate(outer plate) 0il roove sessssssesesesesecees 56
Fig. 3.42 Vibration measurement method of clutch control solenoid valve «esssssseee 61
Fig. 3.43 Installation of accelometer on solenoid valve 62
Fig. 3.44 Vibration velocity of X-direction(transverse), D/E running only «sssssseees 62
Fig. 3.45 Vibration velocity of Y-direction(vertical), D/E running only e 63
Fig. 3.46 Vibration velocity of Z-direction(longitudinal), D/E running only -ssssssseeees 63
Fig. 3.47 Vibration velocity of X-direction(transverse), D/E+G/T running -«s«s«--- 64
Fig. 3.48 Vibration velocity of Y-direction(vertical), D/E+G/T running -esessssssss=- 64
Fig. 3.49 Vibration velocity of Z-direction(longitudinal), D/E+G/T running -sesssssssssse=- 65
Fig. 3.50 Vibration acceleration of solenoid valve at PCL 10, 5, 1, D/E runn -ing
only 66
Fig. 3.51 Vibration acceleration of solenoid valve at PCL 10, 5, 1, D/E+G/T
running 67
Fig. 3.52 QOil holes of clutch control and cooling 70
Fig. 3.53 Section of clutch shaft 70
Fig. 3.54 Penetration test of clutch shaft 77
Fig. 3.55 clutch shaft bending and whirling by crack 77
Sy -
llection @ kmou



Coll

Fig. 3.56 Contact marks on thrust disk by shaft bending 78
Fig. 3.57 Initial stage leakage of cooling, lubricating and clutch Oil = essesesseeensene 79
Fig. 3.58 Extended stage leakage of cooling, lubricating and and clutch control oil
80

Fig. 3.59 Massive oil leakage via cracked crevice, shaft bending under clutch

engage order 82
Fig. 3.60 Fracture of clutch input shaft bearing bolts by extended crack «sess 83
Fig. 3.61 Damage of clutch input shaft bearing surface by extended crack s 84
Fig. 3.62 Damage of clutch output shaft bearing surface by extended crack «sesss- 84
Fig. 3.63 Damage of power take off driven gear pump by extended crack e 85
Fig. 3.64 Damage of power take off driving gear pump by extended crack «ss«:-- 85
Fig. 3.65 Damage of power take off driving gear side by extended crack «ssssee- 86
Fig. 3.66 Damage of reduction gear casing cover by extended crack sessseeseee 86

Fig. 3.67 Normal gap(10mm) of power take off gear and reduction gear casing -
87

Fig. 3.68 Damaged contact of power take off gear and reduction gear casing by

extended crack 87
Fig. 3.69 Burned damage of clutch assembly by extended crack -sessssssseseessseseeees 88

Fig. 3.70 Friction material burning and exfoliation of outer plate(friction plate) by

extended crack 88

Fig. 3.71 Friction material burning and exfoliation detail of outer plate (friction

plate) by extended crack 89
Fig. 3.72 Fracture of clutch shaft by extended crack 89
Fig. 3.73 Cone type fracture of clutch shaft by extended crack seseeeeseeeesscenenes 90
Fig. 3.74 Cup type fracture of clutch shaft by extended crack 90
Fig. 3.75 Damage of input shaft upper & lower bearing surface by extended
crack 91
Fig. 4.1 Fish bone tree of clutch shaft crack 93
Fig. 4.2 Crack initiation and beach mark of shaft 95
Fig. 4.3 Microstructure of shaft surface 95
Fig. 4.4 Microstructure of 1/4R internal shaft 96

_Vi_

ection @ kmou



Coll

Fig. 4.5 Microstructure of shaft surface fretting 96

Fig. 4.6 Microstructure of shaft surface section on fretting 97
Fig. 4.7 Analysis of energy dispersive spectrometry on shaft surface fretting «-sss- 97
Fig. 4.8 Stress analysis of cracked shaft 98
Fig. 4.9 Typical cup and cone type torsion fatigue fracture of clutch shaft seesssesssesecssesceneees 98
Fig. 4.10 Configuration of rubber elastic coupling 99

Fig. 4.11 Vibratory torque at the reduction gear input shaft from calculation and

measurement when the coupling stiffiness is 70%~135% 100

Fig. 4.12 Vibratory torque at the reduction gear input shaft from calculation and

measurement when the coupling stiffiness 135%~180% 101
Fig. 4.13 R/G Input shaft torsional vibratory torque compare to engine speed for
a follow ship 103
Fig. 4.14 Alternating torsional stress compare to engine speed for a follow ship -
105
Fig. 4.15 Safety rate of clutch shaft compare to engine speed for a follow ship -
105

Fig. 5.1 Detail diagram of clutch control and cooling oil 110
Fig. 5.2 Clutch control oil pressure low alarm data logging of machinery control
system 111
Fig. 5.3 Data logging of diesel engine and waterjet shaft speed hunting 111
Fig. 5.4 Data logging of R/G input shaft vibration at speed hunting 112
Fig. 5.5 Data logging of R/G output shaft vibration at speed hunting «esssssssesssessesseeee 113
Fig. 5.6 Data logging of diesel engine speed trend 115
Fig. 5.7 Data logging of clutch control oil(clutch fluid) pressure trend 116
Fig. 5.8 Data logging of waterjet shaft speed trend 116
Fig. 5.9 Data logging of electric standby oil pump pressure trend 117
Fig. 5.10 Control oil pressure drop trend of normal operation 118

- vii -

ection @ kmou



Coll

A Study on Root Cause Analysis for Failure of Multi-disc
Friction Clutch in Ship’s Propulsion Shafting

Sang-Hu JEONG

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

(Supervisor : Prof. Jeong-Ryeol KIM)

Abstract

This paper provides root cause analysis of the hydraulically actuated multidisc friction
clutch sticking in ship running in the field of marine propulsion power transmission con-
trol system.

It is aimed for correct diagonosis, analysis to prevent recurring of the diesel engine re-
duction gear imbeded clutch troubles such as heating, deformation, unusual abrasion and
sticking of the friction plates.

It is proved that the root cause of these troubles are slip, heating caused by leakage
of clutch control oil and cooling oil due to a crack on the assembled hollow clutch
shaft.

The fishbone method is used to study the troubleshooting through disassembling of the
clutch and diesel engine reduction gear, and investigation of components, onboard func-
tion test including nondestructive testing.

The cracked clutch shaft was bended and whirled at the joint of clutch. Thus, the
cooling and clutch control oil are leaked to sump tank through the cracked crevice.

In addition to mechanical cause of the failure, propulsion machinery running data
logging of machinery control, alarm and monitoring system was investigated and
analysised to seek faulty cause.

The more detailed analysis based on running data logging, a 2nd filter clogging may

- viii -
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have caused the clutch sticking, and the most dominant factor was cooling oil leakage
among them.
The results of the study are useful to design intigration of marine propulsion system,

reduction gear, and diagonosis of clutch troubleshooting.
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of, Zk=ERl, Zh2ERL 7o) fEAFAV/SAIS EaEEd FR718A A A (MCS,

Machinery Control System), SXAA A-5(AH) & T-Fs Avje} A eka; W
2 FAE u§ B¢ AAZ gAQdR] FAA ] FoTAE

Table 2.1 Particulars of diesel engine propulsion system”

s

| e A S =
Y\ 02

=S Table 2.10] LERRQICEY

The
No Item Model Specification Quantity
others
4 Cycle, high speed,
Diesel V-type, water cooled,
1 , - 2 Set
engine turbocharged, 8,051hp x
1,325rpm
Rubber e :
, Stiffiness : 0.569MN/rad, 3 Series
2 | elastic - 2 Set ,
, ®1,000mm X 320mm X 850kg connection
coupling
Diesel . : :
, Single input, single output,
engine . :
3 , - vertical off-set, single 2 Set
reduction :
helical, 7905.7ps, 2.314 : 1
gear
Hydraulically actuated,
wet type, multidisc
4 | Clutch - . 2 Set
friction clutch, 55,000N.m
D455mm X 266.5mm
- 5 -
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The
No Item Model Specification Quantity
others
Waterjet
Propeller ®1.05m X 7blade 2 Set
5 | propeller, - .
, Shafting ®0.23m X 30m 1 Set
Shafting
Machinery Propulsion and auxiliary 1 Set
6 | control - control console(PACO), 1 Set
e
system Ship control consale(SCO)

OANR FAAA S AF 2t)e] MR 2709] 2 B3 7 E (rubber elastic coupling),

AR 7103 10, S 1), 200 AEAFAIIG FAZ o] Tk e
Ferlols Ao zRY AHE Eoag YA NEE IASES e, 34
o YEAFAIE AHe] F2 HES HASES Sha, PE7lo] el FAE FUT
54 $4, o 2R E Ut dAd JEAFAs o] $EL LSt A
S 715 BAshn Qo

&3 Aol DNz FAAFOE Fas, 715 Aol 2009 FRiEpIs 1ohe] ShENLE

Z&710ik 109 A AFAA NG ZAS F7hE AFAA ADEER 9T 5 ok

A= =0 gnt?
HANA S 494, 314(1,325rpm), LFFH(8,051ps). VE, THA, ERAFA,

gAazl 7Frjoe= 17] 159 3] oA 3(single input, single output, vertical
Az]ZA 7]o(single helical gear)Z TIAAR UHZ= Fex=o] A"

= YA o) IUAr|of2 Fgo] AYHa, E7]oj(bull gear)el
o3 #A&EH 2g€Fo2 AAHE= FHA UAY, 524 (wet type sump), 1T 7
&710] AXZ Table 2.2°01& 24710919 AlYS YeER At

Table 2.2 Particulars of reduction gear”

Particulars

T Single input, single output, vertical off-set, clutch imbeded &
e
P thrust bearing not imbeded, wet sump, side hard elastic mounts
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Particulars

Size(mm) 2,186(L) x 1,930B) x 2,194(H)
Weight(kg) 18,300
Input power(hp) 7,905.7
Input/output  speed
putioutp 1,325 | 572
(rpm)
Gear type/

Single helical / 2.3143 : 1

reduction ratio

719 ez
H BAAZEE AX dY9Fo=2HE FHXE T3 o 7906.771€ 9] 5
b 9% &5 13%5mpm 283 S5 52pme R S RRE Je%
sto] ol A A4ket ATk HE: AL Al AN FHE7]ols Al ¢4, 8 BE
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ol
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=

o] BAAA(resiliently mounted) o2 AFSE flst] Aol dvlFE ANAZ A

=
HAJaL, v AW FE7)o) BF gAAA oY, 154 Ao Al 5710 2 g
E

HAsHAA Aol AdE WA Fde sl AAlsteel) Adz AU
Table 2.391= 437, 114 tAAZE Al eI

Table 2.3 Particulars of diesel engine

Particulars
4 Stroke, high speed, water cooled, direct
Type injection, turbocharged, supply air inter
cooled, resilient mounted type
Model -
Size(mm) 4,950(L) x 1,947(B) x 2,925(H)
Max. continious
output(hp)/Speed(rpm) BOUL325
Cyl. diameter/Stroke(mm) 230/280
Cyl. displacement/Total displacement( #) 11.63/186.1
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Particulars

V angle(® ) 60
Compression ratio 12 :1
Piston volume(cm)/Stroke(mm) 1,365/19.5
Ide speed/Min. idle speed(engaged,
P P 8% 420/350
rpm)
Weight(kg) 20,420
AR &7 8T Alolole FAAA HlE-E ALS st “V” Ake] 23

d Aoz FAA ZHMAA EAFZ=(rubber elastic coupling)S x|, AR

[S] 4
2853 94710 A2 26A53) Adsof gk

2 =59 a7l gaEHAs 8,000wE s e s9e Msie dErlol
3 SR ZA Table 240l & =204 $HASE dFe npE3dx9 Ads Yeh
At

Table 2.4 Particulars of clutch”

Particulars

Hydraulically actuated, wet, multidisc
friction type

Type

Model _

Size(mm) / Weight(kg)

D455 X 266.5(L) / 285

Operating pressure/Max. pressure(bar) 25/38
Spring pressure(bar) 2.6
Dynamic torque(N-m) 55,000

Collection @ kmou




Particulars

Max. input speed(rpm)

1,930

Friction combination

Steel & Sinter plates

Piston volume(cm) / Stroke(mm) 1,365 / 19.5
Hub bore 130 H7
Nut DIN 6885

Key way(mm)

31.933ML) x 9.0B)

Torque of emergency manual clutching

125
by thread bolt(Max, N.M)
Number of friction disk/Disk plate 15/ 14
Inertia of friction disk/Disk plate(N.m’) 23.1 [ 2,900
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=
q2A9 FUASH cunlENe hEn Acld: We A%47t 2
Q

2=
a5
ZH= YH FHhole)d S 4dF49 2dEZE 53 FEHTL
W7zt 2 $809UL 7 FEAo RETE ST EUHIE FLESl] 714709

2 x| mpEAd 7o) AW gl Aoy &8 B WA R

o
710] FEHEe} AuIEZIL FA LdS FEETE AR AT LALEE(793rpm)
A

oo B5HY AMLABIE AFOE HASI, AWANAFTE 5 A Bz}
AFoT J1BHEE AR Utk
Fig 210)t 293 W2, &3 9 Aojedd ASEE Yeriitt

Relief valve Ty el )
A g N
@ @&J \:’SZ (PT3 PSE 'ITZ

TS-d ‘

Bl
)
;

=
| e

CLUTCH

|
st & :\}:\\mmm

Solenoid valve

own

= ' B

2
T81

~| GEARBOX

. & W oL e
T81 [ e L&t
182 [ GEARBOX INTEGRAL QIL TANK M— EWTCH

HEATER 81

PTO HP pump

Fig. 2.1 Diagram of clutch lubrication, cooling and control system”

97 R 2Bede P EEZA 260ard elo] FFEW, P47l0l B FAA 43
9 W7hg oY FFHOIA ard dYOR FAHEE AF APBH] o5 Ao,
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A EH=o HAHBAEAEE A s A2H U=
Bt & *AH L, SR AZEH Al
A

Q]
=
oJEMBL AYHBA, FHX A5G HALe] 20U FFY

g A Alz"os 18k EEFECnE I REY Jlon, dujE = 7)o

iz w4 A SEOR eAHol, Aolede TFE 4 A= eiAw(back-up
systemyo] HlElo] 9l W W Alojede 7H&7lo] WATld] o8] W2 F 7470l
CELECE ERo NI LI

i
2
-
2
O
E
=2

Zx| zpo| A 71384 o) A Al(machinery control, alarm and
monitoring system)7} THIEo] glom, ZFAAAAE AR, #Er|of, FHA Al2EH9
&gl dg dAAE & F AT FEH Us By oflzh Al2El AH d
IE & 5 guE 2= 9ok

ZIBA A AN E A, FE7lof, SA A2EHE] 283 A REEEE AFoE
71534, AGA o2 75 ¢ A=F Ho| Jon, YA #d EAE AXER

Eds, A Aojed oY EdC, X 48 2 W4ed
EJE 5= X}%Qi tlole 27 (data logging) & + JIEF Ho| Qlof, &

EdE, 20% &%
%H__ [e)

Table 2.5 = %Ei A A" Tl Al s e AT

Table 2.5 Particulars of clutch system pumps”

No Item Model Specification Type
PTO Driven 983 LPM x 8bar(1786 rpm) | » Oith~Turbo
1 L.O pump - -Input pressure : 0.8~3bar super Lip
) ' (Secondary)
Motor driven Voith-Turbo
2 control pump 272 LPM x 28bar(1,655 rpm) (Secondary)
PTO Driven 52 LPM x 28bar(3166 rpm) | ith-Turbo
3 control pum - -Input pressure : 0.8~3bar Internal Gear
pump put p - Ul Pump
Standby L.O Voith-Turbo
4 | pump(Motor - 283 LPM x 80bar(1,754 rpm) | Internal Gear
driven) Pump Note 1)

Note 1) Control oil for pre-lubrication during srart-up, sufficient lubrication at

lower speed range and standby use
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2.2 A FHAL ol&
22.1 % nAFHA 9 AL JAY

Fig. 2.3°] Yebd oih2(multidisc type) €& @I AE F5Z3 95 =9
FhY] dFo] AT oJAE AE HEAAA B Apolo mpzhol] oJfA 3 ¥
< Agstm, 4o wpEHo] §&F T HAK HFAJE AL F2(wet type)
olg} gt &4 mpEAdoE 9FNE == WANgo s g Fo| 7hagEo
RAA FZfrol o ¥ D SFFaAe} HAE mpEAA Tl doAEE Ho
At

[0-RINGCA//A) |

| STEEL DISC

i\

[FRICTION DISK |

PISTON

[BACK UP RING(K /M) |

Fig. 2.3 Typical multidisc clutch system'”

PR GESE Pol o) nhEEe] AY)E gEe ALds FUs) BEHAW
whao] vhE @ whaEe] AYlE ol nhawel iAol weh BekAA =M, gA
MRS FANM wEoR 24E vhwsl AsiA vhEel Agske YU o
52 Fold vhEwe] 471E & pe W 13} preCel BA Yt

ou vhaEe] AgsHe ¥ Fash vl 471 ¢ 3w Ce ot 2okl

E, = p| 2nrdr 2.1
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R,
=27TC/ dr
R,

=27 C(R, — R,)
o tu
- 2n(R,— Ry)

wepx vlawe] W 44¢ pet o A2 Hude ged 2oy

Rl AY)E Stele] R W spdwel AgsE w7 vl AE gHEe)

=<
A 2 A JAEe g5 2ok?

F, = x(R2— RY)p 2.3)

T=u [ dEr 2.4

3 3

2 Ry — R;
“shF (s
3 Ry — Ry

A v F2A)9 v dAolA R =(0.6~ 0.7)R, & 3},

)
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Fa=nDbp 2.5
T:%MFQDZ (2.6)

222 E8x 944 A €4 % ¢

A& R FHA = ﬂﬁgil‘%Ei dE=% =850 92 A mndez npEd
o] WA = Fig. 249 A A4 Ao €83 d.=95 713 A=
UFER AT
4 2 A4 FEA A TSt npREE FYA| npEA o] TR 4 S5

Fgel wet gefsiAl TAEY, A vpEAd] tidk vpEd e Idikstd o)
Ael w5 ofg&t, I olfi= HE mholuA e Iy A& izl oJEAES
dntslsly] ofr] wjFolty wetbA, 13131 735 BA el Ha e A4
52 FA Ao vpEg Bl tig AFATrE 1P Y

g

o
rr

2e% zAagold BT SYelUAE okl 4L B3} 2T % Yok
t
E{:Z'ut(:h = /0 T(wl - wQ)dt (27)

o714, T : torque, Nm
w : angular velocity, rad/s

E{:Z'ut(:h : Shp energY’ W
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Ir

2o =

gen- %}\gﬂ' g‘o’] O]:(W)O] a1, wsll_l: %l—‘ﬂ -] OO]:L.‘O’]
EINm)o]thP

ngt

=
é:‘—‘;—(rad/S), T dutcht™ %)

P = Wi Telutch (28)

gen

AA7|A, Bgen . UFZ o)) WA A(generated friction heat power, W)

S, O sl Ae] Eemel N/l w Ew ol Ae] wag de) el
D =wy Tauren | Nep 2.9

w1l : Driven velocity w2 : Drive velocity

P mmp w(rpm)
Wengine
W1,0 s -~~~ ’
i
wclutch Common velocity
_ﬁ_. ; g, | i)
i Wclutch E T ! i
Wengine W2,0 [ ‘T/
Slipping time| T(s)
Disengaged En:;e?s': 9 Engaged

Engine & Clutch engagement

Friction plate

Fig. 2.4 Clutch engagement with some period of synchronization'?

28 €9l o8 BAE ouAE SHA AEZHE FHE FH8 QLY=RI

F, QAT FYxBo ] HE, Ve VALAERY] XY 5 Y3 A2E Ei
A=, Fig. 259 YeRd S ¥Hseparator plate)e]

oee] A3 g

=

ar _ 1

dt pVC,

(@,.,()—hA(T({t)— T, )] (2.10)

©

A7)1AM, T) : E8F EeHe] &x(separator plate temperature, C)
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@ : upzol o8] WA E A(generated friction heat power, W)

o : D%(separator plate density, kg/ni)

V : mpEs ) #(separator plate volume, ni)

h : gukslel AAG Algx(generalized heat transfer coefficient, W/niK)
A : v} A F(friction surface area, nf)

Cp: mpErke] d-8-sHheat capacity of the separator plate, Jkg/K)

Te: 9 2%(enviromental temperature ; oil sump temperature, K)

h = f(wsL F‘app’ 7-: Too’ t) (2.11)
o 7] A, Fapp: 218 Y(applied force, N)

he gukste AGAIS2 Fg. 250 Yehd gt 419 vAYSol o3 I3
a3 @ o

gt MAUSES & 7 HEE Fdske Aol /9] JeAde Eska glon,
HAslehs FHHASR FHA P 4T AGEAZLS 37 ) A T
2 5 150 2 & F Jorg TR s

Heat transfer to
housing & env.

Friction
heat power £

Fig. 2.5 Various heat transfer mechanism'

AdYE Tl &

ok
rlo
12
=
e
)
>
it

Fg. 260l= ¢ F7HA S2dsE WalsiiA 3

=H(map) o2 18 Ho|ch?
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Heat Transfer Coefficient map

i ets,

800 P ; i

40

Applied force(kN) Sleep speed(rpm)

Fig. 2.6 Various heat transfer coefficients map™

webd, 2ex Be| LEE ol 43 wo| 24 4 Yok

P00 (t) — pVCp g

T(t) = i + T, (2.12)
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Oil pollution Valve leakage Design

Cooling oil
pump failure

Dimension || Assenbly | [ Material | | Operation Corrision

LS
ANANANANAVANAN

Leakage Clutch fault Shaft crack

Control oil
pump failure

Clogging Safety valve Vibration

Fig. 3.1 Fish bone tree of clutch sticking”

7+&710] WAE Zelx] 1Fo] HAH Auke] XA A= Fg 329 2t

Elastic
G/T Coupling
Gas Turbine Reduction

Gea

Waterjet No.1 D/E Engine
Propeller Reduction
Gear

Fig. 3.2 Configuration of propulsion plant and clutch®

B ATy Ae] PAAZ FAAAE A 159 209 AT AN
=
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2
Do
)
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__(‘2
Ay}
%
ﬁ
N
©

&
I, nRFHAE YASY 569E& dgsta i}‘i‘ré}—‘:— N5e BEsta Yohp
o= 7] 19 437 o]A3d(single input, single output, vertical
71oi(single helical gean®= TJAMNZX Y& = F2XS(clutch shaft)oll
AAE S A o Y |ol2 FEo] dEH, E7]ol(bull geanell ol 7
&5l E¥2o8 AZAEE FHA AP, F2(vet type sump), 19 & 7)ol
Aot Yo =Ry 796.7mH Y S dgsiH, d¥=F £5 13%mpm, =
Y5 £ o S2ipmoe= S 25 E Za=Yste] Aikeaitt
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Zeuolm e B AR AR FWZ
wojelo] Mo YAkl A&7lole] 2] ©
Fig. 3301 7H4:7]olo] S gAe RejF3 Qo).

Shaft
Gear Clutch
Oil Pump .
cylinder
Control oil
pump

Engine
Input \

Pinion
G T T
ear 3 Clutch

Fig. 3.3 Section of diesel engine reduction gear”

Do) WAE FHNE BARAR Dk, FHAE Relnwo] 1HE o] Bt

=2 ¢tol FHAE 7tGstEA Ao} 7] oz Ba)stAet”

Figure 34+ Zdx @83 a9k Aojeddy Aok ¥4, &8ed FEE
R QT
Outer plate
Piston 25~28bar
Solenoid
Valve
; Control oil 0 bar I
| m—
Sl Cooling oil -
Fig. 3.4 Section and oil supply paths of clutch”
S 2 &4 < Hg. 350 vehfiglon,
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Fig. 3.5 Damage of sticked clutch shaft and bearings®
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Fig 360l SeX viaw 2349 iﬂ*&ﬂl, Fig 370l W98 b &4
A}%), Figure 3891 = 28] X132 mojo] %

e ]

“-.e
Flvtlmu'rlnl7

NN |
I|1] 1I!F-qu

.
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h*‘hI*ﬁ',_"_: |
: R lii il ¥ . f__
h-mul tlwlthnl R
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Fig. 3.6 Failure of the clutch assembly

Qe HFE Az 27 A Aol MY FHR AW A%

BEUY AXFAE T& nAA, AjAA L] As &7 FAA AN HAMHA &k,
2 XA o] & EHwolsWE NE=H Ay WHo oAES Gl FFo I
AREL Qe Aow oy n?

Inner plate

s

Fig. 3.7 Damaged pair of inner and outer plates
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Fig. 3.9 Dismantling investigation of clutch control solenoid valve”
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2)
EE 0] st A By

O FRA7|BAANAA AAA=(data logging 143, F#)x] A& 1Y ¢
H& 25barolgolojok ki, 2.0bar, 6.25° 7.5bar 52 A <tol FHE A, 28barel A
20bar2 FAZ ¢Fey L Foddo) waE’

O ARAH F AFHAANA FX TE, A72A 5 Fe A FFEIP

o

YA 4D A=dd 5 42 A9 E ADsiA Table 3.10 et

Table 3.1 Techanical survey”

Hour Particulars of damage
08:00 Starting » Departing
08:37 « Occurrence of engine crankcase pressure high alarm in voyage
16:17 « Normal clutch disengage in port(running hour : 8,340hr)
17:15 7 17:37 « Air filter cleaning of No.1 D/E(Diesel Engine)
17:37 - Starting to check crankcase pressure of No.l D/E(1st)
) « Increasing No.1 D/E speed(420—780rpm) after checking
17:37 7 17:39
D/E and output shaft
) « Checking of No.1 D/E crankcase pressure, safety valve
17:39 " 17:44
and air filter
1744 « Emergency engine stop at local opertion after finding

output shaft turning in disengaged state

+ Checking of No.l1 D/E and shafting system(Ist)
17:44 " 17:49 -Lube oil cooler condition

-Bearing temperature of R/G(Reduction Gear)

_25_
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Hour

Particulars of damage

- Temperature, pressure and level of lube oil
- Leakage of pipe lines
- Input signal conditon of shaft engage on machinery

control system

17:49

« Restarting of No.1 D/E to check machinery condition(2nd)
« State of outputshaft after No.1 D/E starting : Not

turning

17:49 " 18:05

« Precise checking of No.1 D/E and shafting system(2nd)

- Condition of lube oil cooler

- Temperature of bearing in R/G

- Temperature, pressure and level of lube oil in D/E,
R/G

- Pressure condition of solenoid valve by using electric
motor driven control oil pump

- Level of Lube oil in sump and make-up tank

- Input signal conditon of shaft engage on machinery
control system

- Checking of signal system
(LOP(Local Operating Panel), starter panel of motor
driven control oil pump)

» Normal condition based on precise checking

18:05

+ Restarting of No.1 D/E(3rd)
» Emergency stop of No.1 D/E because of abnormal signs of

smoke, burning smells and black soots on R/G housing

18:05~18:13

« Predise checking of electric signal on No.1 D/E and shafting(3rd)
-Rechecking of mechanical system
-Confirm of electric disengage signal(local operating panel,
machinery control system, starter of motor driven control oil
pump)

18:13~18:16

+ Restarting of No.1 D/E(4th)
* Remote starting by using MCS to check signal fault on
shaft engage and disengage

_26_
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Hour Particulars of damage

« Remote disengage order to stop output shaft turning in disengaged
order state, output shaft did not disengage

« Remote engage and disengage order to stop output shaft turning
in considering signal failure of disengage : output shaft did not
disengage

« Emergency engine stop in engine room to stop shaft turning

in disengaged order state

18:16 ~20:02 » Overhaul inspection of clutch housing through R/G housing

[ Abnormal signs before damage : None
[] Machinery conditions at the time of damage
o Lube oil pressure of R/G : 2.1bar
oLevel of lube oil in R/G sump tank : 190¢
- o Temperature of bearings in R/G : 50C
o Lamp signal of lube oil standby pump and control oil
standby pump on Starter panel : Disengaged lamp “on “

o Machinery control system, LOP of D/E : Disengaged

lamp “on “, waterjet propeller bucket netural

322 &4 AJAEH AR
3221 A AzH HIEH A

Sl A ARl TE £ AARY AP MU BE, AREAE Bl 28
Ask A ALFA 3%, Y L 2AWE Sol sl LEAE BT ZAS AA
shel, £49U BAL A ARFH T AT FE710 JHD AR 4
A g ASYe) 79 L dato] P MSHF ARE FAs] skl AS
Je zASE oY ool YU, AEAFYTE B¢ =x 1% 5 oW §
ol oJ% FAol st £ 5& A Uste FATE 5 AHAFA
7] GERe] 3% 2 JAeig skl e A Bolt AATH, 2adA 5
& zABtg o ool ST AXBA A AAANA Ao FELH, 5
U e84 o7 REaBolLt PuloRE Helstel FulnF AAHoIL, ]
DAF AU e HY 2 FEEA) wFeR S 9% 13 ABHS 24
stgouh 28X 1 A Pulu RELS Al gl Ao el HUtk
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Table 3.2 Results of onboard clutch system test for sticking analysis”

[tem of test . -
, L Results of test or investigation
or investigation

Rurrirg hor

8,340hr
*No abnormal signs of oil system and shaft turning in voyage

*No signals of output shaft turning in clutch disengage
mode
, , «After finishing day training in port, normal disengage
Abnormal signals in ) )
, clutch according to disengage procedure
starting and voyage . .
* Happened crankcase high pressure alarm in voyage
at 08:37
*Not happened clutch control oil pressure low case in

voyage
*Clutch control oil pressure low and diffirent at every

Interview of crews engine staring before sticking such as 7.5bar, 2.5bar,

25 7 27bar, etc

_28_
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[tem of test

or investigation

Results of test or investigation

« Output shaft turning below control oil pressure
2.0bar

« Control oil pressure less than 25bar when Output
shaft turning under clutch disengage mode

*« PTO gear driven control oil pump discharge
pressure shall be maintained above 25bar in case of
air suction

* Control o0il pressure low alarm below 20bar not

activated under clutch engage mode

Solenoid valve
condition at the
failure(engaged or

disengaged order)

«Formation of control oil low pressure at solenoid
valve closed condition(disengage order, crew’ s opinion)
*An alarm record of control oil low pressure in
solenoid valve opened condition(engage order)
Investigation results of machinery control alarm and

monitoring system in automatic running data logging

Working and leakage
of solenoid valve,
oll level and safety

function

«3 "4 Times solenoid valve open, close operation by

using emergency screws on solenoid valve : Normal

«Leakage of solenoid valve : None(investigation of

cylinder pressure on local gauge under disengaged

order)

«Oil level light “normal” not on(oil level low on

reduction gear local operating panel)

-Sump tank oil level low indication lamp “on” due to

deficient of oil by filling void space of pipes, valves,

filters, clutch cylinder and cooler(oil shall be filled

up to “static” mark above Max, Min on oil dip stick)

Note) Oil may be exhausted by burning at clutch
sticking

« “safety met.” light not “on”

*The other safety device were normal(shaft lock,

barring cover, turning gear lock cover)

Collection @ kmou
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[tem of test

or investigation

Results of test or investigation

«Clutch disengaged order : push button light “on” in
engine local operating panel at disengage order

* Test performed by wusing standby HP oil pump
(motor pump)

* Test performed by using standby LP oil pump
(motor pump)

*QOil level low(about 80% level of max) : oil filed

before engine starting

Emergency clutch

actuation

Disconnecting electric terminal on solenoid valve,
disclosing setting thread on hydraulic valve block and
turning pressure setting control knob : Normal actuation
-Clutch engaged about 5 turns clockwise
-Clutch disengaged about 1 turn anticlockwise

«Turning pressure control knob to adjusting 2nd relief
valve setting pressure from 2bbar, 20, 19, 17 to 10bar
to check alarm function, the machinery control system
clutch control oil low pressure alarm was not activated
= Saftey alarm system did not work normally when

local operation mode and remote function stopped
condition with engine stop

*To check cdutch engage, disengage function test by
pressing push button on engine local operating panel,
clutch engage, disengage order did not work because of
engine stopped in local operation mode

*Turning pressure control knob slowly down from 25bar
( “clutch in” condition) to 22bar, “clutch out” lamp was
activated at 22bar on engine local operating panel

«Turning pressure control knob slowly up, “clutch in”
lamp “on” at 26.5bar on engine local operating panel
*PCS1 location sensor in solenoid valve function did not

activated at engine running signal failure(stopped condition)

Collection @ kmou
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[tem of test

or investigation

Results of test or investigation

* PCS1 function(clutch “in” or “out” indication at
solenoid valve position under engaged order with
high pessure(above 25bar)) test was limited

-Engine was not operated to prevent damage extension

* Remote, local values were almost same

HP motor pump
(standby pump)

operating pressure

«Pressure : 30bar(criteria : above 25bar, R/G test memo)

-Normal pressure supply, abnormal low pressure(2~
7.5bar, etc) not happened

*Gear driven LP pump pressure at HP control oil pump

(motor pump) stop : 2.0bar

«Cylinder clutch disengage(local gage)

0.0bar

«4 Safety device met at clutch disengaged state

pressure at

Performance of PTO
driven high pressure

gear pump

*Test not performed to prevent getting worse and worse of
clutch sticking according to engine starting with impeller turning
«PTO driven high pressure gear pump pressure fault
was doubtable that the pressure records below 25bar
based on automatic running data logging of machinery
control system

*Request to prepare high pressure pump test

Standby oil Pump
(motor driven)

discharge pressure

«2.6bar normal service pressure after starting at 8bar

Standby
driven) Pump service

oil(motor

pressure

+Oil pressure at reduction gear inlet : 2.1bar

eIndicating value of machinery control system : 1.9bar

Filter clogging

*No clogging of 2nd fine filter in hydraulic manifold
. a dimpled deformation to outflow direction on filter mesh
*10um Duplex fine filter in lube oil system : blue color

indication(no clogging)

Relief valve working
(RVD

*Relief valve function test for pump over pressure
(30bar)

36bar and below 30bar(valve seat was sticked)

Not actuated at setting pressure(30bar), max.
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[tem of test

or investigation

Results of test or investigation

2nd Relief valve on
solenoid valve hyd.
block

*Normally actuated from 3.25bar to 28bar range and
actuated at the setting pressure

Setting pressure adjusted by control knob turning
Normal

«Leakage of hydraulic valve block : None

Engage, disengage
indicating function
test (machinery

control system)

 “Clutch in” indicating lamp “on” at machinery control system
in case of local emergency clutch engage order : Normal

 “Clutch out” indicating lamp “on” at machinery control system
in case of local emergency clutch disengage order : Normal

«Engage, disengage activation “on” in machinery control system

mimic diagram : Normal

Function of pressure

switch/transmitter

PS4 switch function(clutch ready, 25bar) : Normal
PS5 switch function(clutch engage, 25bar) : Normal
+PS6 switch function(clutch alarm, 20bar) : Normal
«PS7 switch function(clutch disengage, 2.5bar) : Not tested
by engine stopped condition

*PT4 switch function(clutch control oil pressure transmitter)

: Normal

«P17(control oil pressure gauge) : Normal(no leakage of

solenoid valve and pressure down in engaged condition)

Function of reduction
gear local operating

panel

«Standby oil pump local operation, stopping : Normal
«Standby HP oil pump local operation, stopping : Normal
Safty device function of four light : Normal operation

«The others, function normal

Sok and vibration at
stiding

No Shok and vibrationinterview of crews)

Investigation of vibration
(In part~1800 stidking)

«Data logging records of machinery control system : Normal
-Input, output shaft vibration of reduction gear
below 3mm/s

-Alarm criteria of vibration on reduction gear input,
output shaft : 10mm/s(time delay 5 sec)

-Trip criteria of vibration on reduction gear input,

Collection @ kmou
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[tem of test

or investigation

Results of test or investigation

output shaft : 14mm/s(time delay 10sec)

Vibration  measurements
o sdenad valve
(ref. t0 3225

« Vibration measuremerts on a saries shp in voyage @ No  vibration
severity caused to failure or signal fault on solenoid valve
-No sequence of cause and effect on clutch sticking

*No malfunction of solenoid valve due to severe ship
vibration and cause the clutch sticking
* the vibration test ship was substitute to a follow

ship because of the sticked ship could not running

Inflow or shock in

*None(no sign or record of shock, crushed rope or fishnet

o between impeller tip and housing/Investigation through
waterjet inlet duct ) )
inspection hole)
Cracks in Rubber *None(to check surface cracks in rubber elastic

elastic coupling

coupling due to deterioration or vibration)

Oil pollution

«Macroscopic test : Normal(clean)

«Qil spectroscopic analysis : Normal

Overhaul of clutch

cover and checking

Inspection of reduction gear outside painting of
reduction gear casing changed from grey to black due
to heat shock in it

*Hard to overhaul and precise inspection of reduction

gear and sticked clutch in the ship

of damage : : :
*Request for overhaul and precise inspection of
reduction gear and sticked clutch in a shop after
finishing onboard test

Recent repair or

components change

«None(normal condition at max. speed sea trial tests)

Recent repair or
components change

by manufactures

*None

Collection @ kmou
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Table 3.3 Survey results of No.1 gear driven clutch oil pump”

[tem of test or . o

, o Results of test or investigation

Investigation

Todh fae o gar diven . .
No signs of scratches or abrasions on tooth face
pap
*Macroscopic investigation of internal parts damage

Damage of internal

parts

through suction and discharge port : None

«Confirm before and after dismantling photographies of

No.1 pump

* Pump was dismantled and charged by crews for
test in the ship, and reduction gear was separated
and departed to reduction gear manufacturer’ s shop

for overhaul

Free running test

of pump

*Turning the pump by hand to inspect any friction

face or abnormal signs : Normal

Confirm  identification,
particulars of No.l1

PTO gear
pump

driven

*Type : IPV4-16 971

. 2677804
*Manufacturer’ s adress :
89522 Heidenheim/Germany
Material : 159, 00130510

«Equipment No.
Voith Turbo Gmbh & CO KG

Exchange No.1 PTO

gear driven pump

eInstallation No.1 PTO gear driven pump on No.2 reduction

gear for pump performance test

293 Azdel o
AFoE 715E AR

3 TExA Al 2EATE AAIRE AR A o] 7] 3A o) A A

A A3, 7ol adEH =z Tt ol 25bar o] FH(A =
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Table 3.4 Proof test of No.2 reduction gear & clutch system®

Onboard test result of No.2 reduction
[tem of test(control mode : local)
gear and clutch

*No.2 diesel engine running

*No.2 reduction gear running

*No.2 PTO gear pump runnin;

Test condition g ’p P ’g
*No.2 standby oil pump running

*No.2 HP standby(motor driven) pump stop

*No.2 clutch disengaged state

No.2 D/E running speeds(rpm) 422 700 900
Clutch cylinder pressure(disengage, bar) 0.0 0.0 0.0
Cooling standby motor pump  Service
& Y Finy 2.0 2.0 2.0

pressure(bar)
PTO gear driven control oil pump
. 28.5 30.0 31.0
discharge pressure(bar)
Reduction gear inlet lube oil pressure

1.95 1.85 1.9
(bar)
Lube oil filter inlet pressure(bar) 2.5 2.5 2.6
Coolin, oil standb motor um
. & y PP 2.5 2.65 2.75
discharge pressure(bar)
PTO gear driven cooling oil discharge

2.8 2.8 3.0
pressure(bar)
Machinery control system clutch control
. 27.9 29 29.8
oil pressure(bar)
Machinery control system clutch cooling
. 2.0 2.04 2.04
oil pressure(bar)
Output shaft turning(clutch disengaged

Stop Stop Stop
state)
Oil filling in the cylinder by solenoid | No leakage, | No leakage, | No leakage,
valve leakage in disengage state local gauge | local gauge | local gauge

- 37 -
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Table 3.5 Result of No.1 PTO clutch oil pump onboard test for analysis®

[tem of test

Results of test

Contrd moce

Local

Test condition

*No.2 diesel engine running

*No.2 reduction gear running

*No.2 standby oil pump running
*No.2 HP standby(motor driven) pump stop
*No.2 clutch disengaged state

« No.1 PTO gear pump running

No.2 diesel engine running speed(rpm) 422
Clutch cylinder pressure(disengage, bar) 0.0
Standby oil motor pump service pressure 50
(bar) '

PTO gear driven control oil pump 28.5

discharge pressure(bar)

(No pressure drop)

Reduction gear inlet lube oil pressure

1.85
(bar)
Lube oil filter inlet pressure(bar) 2.5
Standby oil motor pump discharge o
pressure(bar) '
PTO gear driven cooling oil pump o
discharge pressure(bar) '
Machinery control system clutch control 28.0
oil pressure(bar) '
Machinery control system clutch cooling 50
oil pressure (bar) '
Output shaft turning(clutch disengaged 5t

op

state)

Oil filling in the cylinder by solenoid

valve leakage in disengage state

No leakage(local gauge test)

Engage, disengage test of clutch

Not done(considering sticking state)

Coll
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Table 3.6 Result of No.2 PTO clutch oil pump onboard test for analysis®

[tem of test Results of test

(ontrd moce Local

*No.2 diesel engine running

*No.2 reduction gear running

*No.2 PTO gear pump running

Test condition *No.2 standby oil pump running

*No.2 HP standby(motor driven) punmp stop
*No.2 clutch disengaged state

*Restored No.2 PTO gear pump

No.2 diesel engine running speeds(rpm) 422
Clutch cylinder pressure(disengage, bar) 0.0
Cooling standby motor pump service 50
pressure(bar) '
PTO gear driven control oil pump 29
discharge pressure(bar) (No pressure drop)
Reduction gear inlet lube oil pressure 19
(bar) '
Lube oil filter inlet pressure(bar) 2.5
Cooling oil standby motor pump discharge o
pressure(bar) '
PTO gear driven cooling oil discharge 05
pressure(bar) '
Machinery control system clutch control 280
oil pressure(bar) '
Machinery control system clutch cooling 505
oil pressure (bar) '
Output shaft turning(clutch disengaged 5
op

state)

Oil filling in the cylinder by solenoid
o No leakage(local gauge test)
valve leakage in disengage state

Engage, disengage test of clutch Not done(considering sticking state)
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Fig. 3.10 Clutch shaft and pinion assembly”

Fig. 31lol= 1zte] Al® FjX| o) R F21oz FYX9 FE3 <
Fol 2N sHeA 2B Fol & Mol BAT AR S e Tk

Fig. 3.11 Detail of thrust plate contact marks”
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Fig. 3.13 Detail of oil muff bearing contact marks”
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Fig. 3.15 Damaged inner and outer plates
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Fig. 3.17 Thrust bearing face of input shaft®
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Fig. 3.19 Pinion output side bearing damage and scratch®
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Fig. 3.20 Detail of pinion output side bearing damage and scratch”
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Fig. 3.21 Fretting of clutch shaft and crack”
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Fig. 3.23 Fretting of key”
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Fig. 3.24 Dismantling investigation of reduction gear”
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Fig. 3.25 Penetration test of inner hole on shaft crack”
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Fig. 3.26 Cooling oil hole clogging test of clutch®
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Fig. 3.27 Detail of cooling and lubrication oil hole®
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Fig. 3.28 Damage of clutch shaft input shaft”
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Fig. 3.29 Detail damage of clutch shaft input shaft®
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Fig. 3.31 Detail of oil spray bar”
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inner plate

(steel plate)

outer plate

(sinter)

Fig. 3.33 Heat shocked inner and outer plates(friction plates)®
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Fig. 3.34 Oil leakage evidence of hub inner hole”
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Fig. 3.35 Contact marks of pinion gear and clutch shaft input side collar
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Fig. 3.36 Contact marks of pinion gear flange”

Fig. 3379 22X5 48© Holg 2Zsl(splind o] UFo = QI3 =7
& e

o

N / i
Fig. 3.37 Fretting detail of input side bearing split parts®
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Fig. 3.38 Oil spray bar and output side shaft”

Fig. 3.39 Internal parts of clutch hub”
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Fig. 3.40 Friction plate(outer plate) oil groove®

Hg. 3410+ nzo g £4o] dhale mpavlouter plate)e] €H 2 vz &3 2 Yzt

Fig. 3.41 Detail of damaged friction plate(outer plate) oil groove®
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Table 3.7 Measurements of friction plates(outer plates) thickiness(mm)”

No.1 No.2 No.3 No.4 No.5 No.6 No.7
5.37 546 5.46 546 5.46 5.46 5.22
No.8 No.9 No.10 No.11 No.12 No.13 No.14
5.20 5.37 5.38 5.46 0.46 5.46 5.46
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|=]
n

o] s AHUAY FsP No5 Nob vABE ol grimi glou FYiof
A g 9EAoz WS UERom, No7 Nol0e] ZeH F9iel nhaw
e &9 2 BIR o AntEsl WA T

S A A ZAA A= F8A] vEERESE AERZ B, wAS ASs 878t o,
Hx Qi YR AAES AEFoz wAsolsirg IR nEF AHALLS
sttt

No.1 "No.14 v}z3Houter plate) AA] AR 3
BET B4 ¥ Aeg SAHAIR FAHAL, ol FHA E4ET| ol FdEA
S AAFY F=EA WA SE5A ged vt AE

%] U F-IGnner plate, 1571) 450 " 4.55mm= 0.05mm *
TAERO™, No.7/ HFEA4S WA, 43 A 3.62me] =X
237, No.10¥ W}z (outer plate)® o] WA= ct>

ol 1ol IPHE FEoA FHXE dFA A AdY ol o3 nER olF
Al upEA o] o3 WFo] H ACE dAdHET. FeX WEEHS S npEd
o mAH S aHA R o|fsta, E|HEH A RS WA st dFFe
2 SA go) AA(sine) AR POz NFALAFTLE FFS Fol A=A

(e iy
Oll

flo

01_. H-l
=
P
ol
-
)
i)
td
N
—_

ok
2

o

_57_

Collection @ kmou



32.24 ¥7, Aojed 43 By A R A

284 ¢4 A% &3
S Wre 9@ Wrhedel §u PRI
A~
T

Sol w4 A FHA B L &E

Table 3.8 “FeRATEY

z 2992 0129 423 A2 P B Ao &g me
0 TEHAE 9y =E A

Table 3.8 Test and survey of cooling oil clogging and leakage”

Item of test or

investigation

Results of test or investigation

Pump performance

288 LPM X 2.6bar

Investigation of cooling oil supply to gear parts

and lubrication oil

No clogging
Clogging of cooling | e<Investigation of cooling, lubrication oil supply to
and lubrication  oil clutch friction plates : Dismantling of reduction gear,
system clutch and inspection of oil lines, injection of antirust oil
to oil passages in the hub, macroscopic investigation of
cloggings : No clogging
«[nvestigation of oil leakage outside : No leakage
Leakage of cooling| <Discharge from Pressure regulating valve outlet in
and lubrication  oil low pressure line : No discharge
system Pressure regulating valve setting pressure(Zbar) :
Normal(Zbar)
Friction plates cooling and Ilubrication oil leakage
) through clutch shaft crevice via internal oil passage
Leakage of cooling

due to shaft crack : Possible
«Leakage through gap between fretted hub and shaft :

Possible

Leakage of oilmuff

bearing

«Leakage through gap between oilmuffbearing and
shaft : No leakage in normal running, the gap met criteria
in the specification

«QOil clogging of oil hole discordance between oilmuff
bearing and clutch shaft due to shaft bending caused
from crack : Too small discordance displacement(0.02mm)

to clogging
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Table 3.9 Test and survey of control oil clogging and leakage”

Item of test or

, L Results of test or investigation
Investigation

Pump performance 15.9 LPM X 28.0bar
Investigation of control o0il supply to system

Clogging of control oil Normal
system Investigation of clogging in control oil system : No

clogging

Insufficient drain of

. «Investigation of outside oil leakage : No leakage
control oil in the cyl B ) )
i eInsufficient drain of control oil due to fault of two check
on disengage procedure, ) ) ) )
] valve in the cylinder on disengage procedure, and residue
and residue pressure ) ) )
pressure attribute to slip and heat generation : Check valve

attribute to slip and )
function normal

heat generation

«Leakage through gap between oilmuffbearing and
shaft : No leakage in normal running, the gap met criteria

. in the specification
Leakage of oilmuff

) «0Oil clogging of oil hole discordance between oilmuff
bearing

bearing and clutch shaft due to shaft bending caused

from crack : To small discordance displacement(0.02mm)

to clogging
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of

investigation

[tem test o

r
Results of test or investigation

relief valve

Leakage of Ist, 2nd

«Investigation of 1st relief valve(30bar) oil leakage :
No leakage(valve seat sticking)

Investigation of 2nd relief valve oil leakage : No
leakage, Normal

Leakage of control oil

Fracture of one oil seal in the hollow shaft
«Control oil leakage through damaged seal and cracked
crevice : possible

«Control oil leakage through crevice due to shaft
crack : possible

Adjusting  2nd  relief
valve setting pressure
on hydraulic manifold

by using manual knob

4 tmies engage, disengage order to solve sticking by

crews, but did not change original setting value

| JEav<Rot

Zex 12 AQIEA S 9% XA =E AFEH Vol FEEEY AoeYd ¢
HA sk d4 AJAEN AFAH AT Aol 1 AT

&710] R Ze A Fa AR B, Aojed AN GizA 2 ANFES =
e o=w Q3 IR H AA FHAFeG F3o FAM@pet 5 AHFo A
(crevice)z W2 2do ¥4 7hsAol e AoE A4 AT

TS S UHY LYdFE SYXNY AHi e IYEE T3 P A=
o153 AU o]=EelF &P AR Fex o] B 7153 AoE A
AT
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Data acquisition unit

(FFT analyzer, B&K type
(PCB Type 356A02 Note book
3053-B12/0 pulse data

3Axis Accelometer
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acquisition unit)

Fig. 3.42 Vibration measurement method of clutch control solenoid valve
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Fig. 3.43 Installation of accelometer on solenoid valve
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Fig. 3.44 Vibration velocity of X-direction(transverse), D/E running only
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1.E+00 i
—vPcL1 —FPcL2 —PCL3
—pcl4 —pclLs —PCLE
1.E.01 —PCL7 —PcCL8 ~—PGL9
T H —pelD ——HHEAUEY|E SRTUS vIER - ABS SRES 7IER
/
1.E-02 7// .’/_-—’ \
2
E
E 1E-03 ¢
s
% 1.E-04
]
>
1.E-05
1.E-06 -
1.E-07
1 10 100 1,000
Frequency[Hz]

Fig. 3.46 Vibration velocity of Z-direction(longitudinal), D/E running only
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Fig. 3.47 Vibration velocity of X-direction(transverse), D/E+G/T running
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Fig. 3.48 Vibration velocity of Y-direction(vertical), D/E+G/T running
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Fig. 3.49 Vibration velocity of Z-direction(longitudinal), D/E+G/T running
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Table 3.10 Measurement and evaluation of clutch hub, clutch shaft®

Collection @ kmou

. Criteria of Results of o Results of
Test item o Deviation .
specification measurements evaluation
-Deformation
. of hub dia.
-Fretting
max.+0.106mm
parts was , o
. -Vibration in
Oversized
cracked shaft
+0.106mn .
made fretting
with sliding
@130.010~a130.11 | ~Occurrence , o
Diamet (inout Side) et in the fitting,
lameter input side of fretting
®130 +0.04
of clutch 0.0 enlarged hub
hub (H7) r diameter
-Roughiness of .
-0il leakage
sufae exceed ,
Y A through input
aiteria 4
side ga
R2.08 =
between hub
and shaft
, -No fretting
®130.004 ~@130.004 Within the . .
. in output side
(output side) tolerence o
met criteria
-(Gracked parts | -Hard to precise
Oversized dimension due
+0.006 ~ to crack
0.085
Shaft ©130.04 +0.0 ©130.10~®130.10
, -0.025 -Occurrence | -Decrease
diameter (h6) (cracked parts)
of crack and shaft strength
penetration and increase
(230 mn shaft bending
- 71 -
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. Criteria of Results of o Results of
Test item - Deviation ,
specification measurements evaluation
Rogghiness of | ~Occurrence of
srfae exaad shaft whirl
diteria® 08 rotation, One
sided wear of
support bearing
-Control oil
and cooling oil
—Over sized leakage through
®130.06 .
+0.02~ crack, insuficient
(4" Qrack parts) 0.085mm cooling & slip,
warming up
friction plates
temperature &
sticking
Raghiness of
qrface exceed | -Hard to precise
©130.04 +0.0 ©130.02~0130.05 g . :
-0.025 , aiteriaRa0® | dimension due
(h6) (fretting parts)
-Occurrence | to crack
of fretting
Oilmuff No leakage
| 107.772 +9022 $10760~ | Within the 5
bearing : 510774 erenceH6) between oilmuff
. oleren
diameter (107.772~107.794) bearing and shaft
clutch shaft No leak
0 leakage
diameter 107.772 t%%16 Within the g.
- : ®107.66 ol between oilmuff
on o olerence
bearing
Coinddence
of all holes | Cearence of oil .
. Within the )
on oilmuff | hole passage gap 0 mn Gp No influence
: tolerence
bearing : 0.0mm
and shaft
- 72 -




. Criteria of Results of o Results of
Test item - Deviation ,
specification measurements evaluation
-Lower bearing
: one side wear
of output side | One side wear
bearing, marks | of output
. of partial load | side bearing,
Input side :
. fretting of -Occurrence of
bearing of i Upper bearing : | bearing split | Whirl
-Upper bearing : | bearing spli ir
clutch shaft pp. & &P
one side wear parts were
of output side | evidence of
bearing,  marks | whirl
of partial - load
and scratch
. -One side wear
Output side i .
. of output side | Evidence -Occurrence of
bearing of - . . .
bearing, = marks | of whirl Whirl
clutch shaft ;
of partial load
Outputside
collar of Circular - contact |
. -\ Evidence of | -Occurrence of
input - marks to pinion , .
. whirl Whirl
bearing gear flange
clutch shaft
Dents on 2-Row scratch,
clutch shaft circular dent Evidence of | -Occurrence of
on sealing (width 1~2mm, whirl Whirl
face depth 0.5 mm)
Circular
contact 12mn length dent
, , , -Occurrence of
dent marks - in 120" circular | Shaft bending .
Whirl
on thrust range
plate
. -Crevice of oil
Crack - 280mm crack Shaft bending

leakage
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Technical product information NO. 560EN, Series 0021917

- Initial mounting

+ Check first of all the position of the keyway, oil inlet bore and cooling oil
bores on the shaft.(One or more annular slots are provided in the bore of
the hub for the cooling oil.)

« Important : The fit beteen shaft and bore may not be greater than h6/H7
since otherwise oil leaks are possible.

¥ ho/HI(@A7 Y95 « A5 -kl Ballslke Y FEF2] A AAHo| Ik
719) 9k 2(locational clearence), KSB 0401”

2D Yzeode oHEz(standy pumpollA] AAHo=wE gHm FHS
VAL, o] FEwe "WHRolx FAH e &A= Ao H
Bl th? SHAAS ARAERE A ool 28AE FA L=
of g A7}t BrhstkA
FExFe "ol Mg ot FXA AA A AFsE, FHAEF L
289 AT L dAg Fol wet FAEZ Fo] Fo| R AL
W, ditiEe]  ¢hES Wol FEA|SFo] A YA FREoA Aol
B R oH, FHA S Fo FEHo TAHAG
= < FEAF dEd 4 HESHF dFEY nE, HFo0=

39, AP, #8 5 @O sefo] bt
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il

A

Ze]% A ZAHOrtlinghaus-Werke GmbH) wjFdPelx Z81x £ ¥ 2
zx B AgHEo] o} Table 3.113 o] WA o] glon, wato] Wy Auke]
=3 , 24 A3 ggd 2o
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Table 3.11 Reason and remedy of clutch slip”

Manual of clutch manufacturer!”

Reason

Remedy

Results of analysis

Oil pressure too low

Normal operating pressure
(above 25bar)

= Occurrence of 2~7.5bar
low pressure

= pressure drop to Zbar at
“dutch engage “ order

Fault of hydraulic system
(pollution, leakage, etc)

Repair of hydraullic

system

2nd  Damage of  hydraulic

system due to dutch shaft

mechanical crack

= Control oil, cooling and
lubrication oil leakage through
hub and clutch shaft

= Control oil, cooling and
lubrication oil leakage through

crevice of shaft crack

Wear of friction plates

(reach max. air gap)

Request techanical
service to clutch

manufacturer

= Slip wear of control oil
pressure low

» Leakage and heat generation
of cooling and Iube oil

= Not reached max. air gap
(12mm) of mechanical damage
-Actual air gap : 0.71mm

Request techanical

service to clutch

= One cause of sticking was
cracked damage of clutch
shaft

Collection @ kmou

Mechanical damage manufacturer » Hard to move axially due to
friction between hub spline
and inner friction plates
induding heating and expansion
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A7t S7F 8 s 7k met YA S dHDE HoAd A8 F9le ZYH o
Ao A AL, sk wWoj® 1A g Wil 7ihhl AAZEV} Vg e daH, 2
A 2YFol A Fo] dagel wel FHAF dol7f SoiuA ok HEZFE7]07F
¢S5 SHTOR Ty, 7o 5913 &0 Aol H=H npEdR oje}
A&710] SHe] Aol Aol EEEs Z1E e HEE AoE JdddH

Fig 36001 29x 4% 9 23% Ao) WA FyMute] a8 Sgaean,
4571019 4G5 vloldA A BE g o wlof 854 Ee] malg AR ek

Fig. 3.60 Fracture of clutch input shaft bearing bolts by extended crack

Fig 36 Fig 36201 2% 4% 2 2d% d&o] B Saue] 29 3¢
ARRA, 471010 AbF B 28Z vlold ERio] Wolw vg o, vk £4F AR

SR
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Fig. 3.61 Damage of clutch inut shaft bearing surface By ex?ended crack

Fig. 3.62 Damage of clutch output shaft bearing surface by extended crack
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Fig. 363, Fig 36405 294 2% 9 295 deo] MAHYd SR 22 &
AN RA, 27)0le] FTERE Z3} 4% TEI0lo QeE HEow AR s)oje

A e,

Fig. 3.64 Damage of power take off driving gear pump by extended crack
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Fig 36591 294 4% 8 29% o] BAHUY FHAe 29 a2,
A47101e] YAE BE0E A TEIo ZHe] Y202 Wel g&vlof Aol Fhte
874, AEH] WA AT WA, AzhE EPANL et

Fig. 3.65 Damage of power take off driving gear side by extended crack

Fig. 366 2571019 fgs dEo 2 QI3 7)o SHo] E930 % 4y Z<&7]0]
Aol 7hatel B, HEEHA IR Qg 7)o Ao}/ 7hute] dalot EHSWIFo R EF
Hol &/4dWFo] e ARIE YERASIT

Fig. 3.66 Damage of reduction gear casing cover by extended crack
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Fig. 3671+ 2.}47—7101 =95 «l 2347—7101 AHFI} Pz F5871019 710 Aol

Ao aaﬂ AR A, 257104 0@1 HEOZ A3 TE/o] FHo] FYZoz I
# 745710 Aoy Fhkst 3ol glol EEE AEE Lyt

Fig. 3.68 Damaged contact of power take off gear and reduction gear casing

by extended crack
Fig. 3.69°= 2813 &2HFn) 9@ 25 AEGEf)o] HAENY s3] a4 o4
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A=A, ZHEr1o)e] S "Eo R QR FEv|o] SHo] E¥Fo s Uy 3

Aol kel B, HEHEA Bz Qg A, A3t SRS YEITH

Fig. 3.69 Burned damage of clutch assembly by extended crack

Fig 3701 2284 Ao nhaka el & 2wk ARle ehygic.

Fig. 3.70 Friction maten'b

extended crack

Collection @ kmou

urning and exfoliation of bter plate(friction plate) by
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Fig 3710 Zea Alo] npaale] A o uhe) AARS Uehiglc,

O:

Fig. 3.71 Friction material burning and exfoliation detail of outer plate(friction plate)
by extended crack

Fig 37200 283 A=) 8 283 dso] MYsIH Sgaute] a9 Sgataz
=9 3 9 wEAEe etk

A, H710le] g%

Fig. 3.72 Fracture of clutch shaft by extended crack
Fig. 373= 281 2Y5 HEo] TAHJA 3 I8 A EA, 8=
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Fig. 3.73 Cone type fracture of clutch shaft by extended crack

Fig. 3.74 Cup type fracture of clutch shaft by extended crack
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42 38X 2¥ZF I (crack YJEA

421 A 2HF 39 9

Table 4.1 Running hours of diesel engine”

Case of clutch sticking, shaft crack or fracture Running hours
Vessel No. A No.1 clutch hub scratch, shaft fracture 4,854 Hr
Vessel No. B No.2 clutch sticking, shaft fracture 4,941 Hr
Vessel No. C No.2 dutch hub scratch, shaft fracture 5471 Hr
Vessel No. D No.1 clutch sticking, shaft crack 8,340 Hr
Vessel No. E No.1 clutch sticking, shaft fracture 4,312 Hr
Vessel No. F No.1 clutch hub scratch, shaft fracture 5,220 Hr
Vessel No. G No.2 clutch hub scratch, shaft fracture 5,700 Hr

4710l F9% 295 ZABY 2L EF VAL A=A P FEwe] xY

(A& . 826M40, Nickel chromium molybdenum, H+ JZAZE= : 968.6N/m)

Hy

&4 dd B4S 233 A 24 23, H F(cup and cone)e] FENE EAY S
Ao, 7)ol olkeyway)ol A AlZtE FFo] YAl (spria) Fejz A, gdd #

Ay FIRAAe AFZQ WEY ¥ Z(torsion fatigue)ol <& FAFHA, 10°
ool HEAe]ZE & 1F7] 9 Z(HCF, High Cycle Fatigue) 54& Hom,
Aol BA= ¢lgly A2
obed, Hx AU S| HFH= T2 Zloldo] FolM A F FHTF
Q1 45° Wgo = JYP5 HaH i, d2ddds Hel= Bl vk=(beach mark)7}
A gRFR o, A P FEEM) BAAF oA TAHA ge e
=) )\JQ o-]q_ 721)22)

Fig. 4.201& 283 293 =39 day g y2 23 vXrtaEs Yehnhie”

13
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Initiation o

Fig. 4.2 Crack initiation and beach mark of shaft”?

Fig. 4301 % EW9] vATX, Fig. 440l 5 9o 0.25R 9% WF 5 w9
A2 HEA S GERR AT @ <] Band structures Bl lom, WG
B m g 229 Zolrl AR e #FAS EAS JERE Aoz Byw Qo

Fig. 4.3 Microstructure of shaft surface”?

|

Hg 459= 23 % 8} =¥ AHF F9/9 ZYiEo] WA = mre =
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%7 % w9l vATx, Fg 460t ZUER dwio] vi T2, Fg 479& =¥
Y3 oA BAY REHEDAAE by ek

Fig. 4.4 Microstructure of 1/4R internal shaft”?’

e L LA

Fig. 45 Microstructure of shaft surface fretting”*”
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Fig. 4.6 Microstructure of shaft surface section on fretting”*”

¥ ZYYRE BN Ay AstEo] HEHJA, AAFOE i 15m W2
A" (pittingle] LA Slgo] FHHFJEH, JZHL o A2 Fg 42004 ¢

go] S FHo] opd 7o do] KoM Ao B S wwl o] A pitting S )
ZHdo Az 2 H Al Ao Qvia HylE o

50 Fa

il f Si :l #
:'_;_| Al o Cimn® | Ml Pn

o '.i:l'-.:"-'- _____--_-....-_f_., S W T e ey
o gr 4 B B 10
Eneargy (kaV)

Fig. 4.7 Analysis of energy dispersive spectrometry on shaft surface

fretting”?"

Fig. 4891 MA2~(ANSYS)ol| 93 S x=9] 284 Ax4E Jehiloen, 7]
o] Tl Hoh 9 zH294.4Mpa)o] HA = oh”
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Fig. 4.8 Stress analysis of cracked shaft”?!

Table 4114 AN F31 A|~EE S]] 2t é/‘ﬁojl = YA 2HFo A9
TR =AY, Sl BE Ao 2ot B & Fg. 357, Fig 3589
HEHd & 7Y 243w AEANA doRA=A °jl—r of @& Ant. =3I, 22HEE 9
23l w2 A Efol A F8 X Al A(engage) & F T WA WA F
3ro] R o= G Uth Ao} F WZhe o] FAHGH A DBV SEH A kot
tol T HA 4 SHA Y A-poll= FeASF Aol HESR Q1T
& Eel A 28R slB 2YgA WA R 3R] 4o BAAE A

ol

At

e Rl

rh JN'

A
g

Bl
o

Fig. 490= Zo] 3, &A= H3 F(cup and cone)d] FeZ HIEH T =3}
A7 BAYE SPN S = AF 2 e FHS Ry n”

N “!‘_J’ P

Fig. 4.9 Typical cup and cone type torsion fatigue fracture of clutch shaft
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AZY ZAH0569MNfrad)S> H=AA Aldds 71820 AANFE AHE, HHAZE

Fo HF A BHL Aate] AZY FAol AAge] 70-135%74A Wi

3 g Oﬂﬂ-zﬁ AEY AL

150~180%7kA1 © F7HANZE HIEHZ TS ;AT A AlgAAe A Afrt
o x) g o} "%

AZH ] F1EE 74 Ho 38 E A(permissible maximum torque)= 18.9kNmo]t}.

Fig. 4110 2 BAZFHE Aol 70%~135%Lme] 84 dHF9 &
EI9 ALEH SRS JYehilen, Fig 4120l 2 @8AEHY Aol
M0%~135%dm e FeX JhFe] A EA Adpd FH%E eI
olofme}, Bw BAAEFL HEe 1& 4PH TAAY Auk FAA 2" A=
AE71E B3 AEHe ITEIZL &4 siAAHRETG AN HEI|A=E
AgHE AFEA A% UG 5 glomz g0 Ay FrE s
AA A HERE o] Dadk Aog AokATy ™
16 -
— warm{70%) “nominal(100%) stiff(135%)
_14 | ® shipt-Port 4 Shipl1-Stdb B Ship2-Sthd u
Eao .
%10 ;
S 8-
E 6 -
5,
2 .
2 T
0 il
350 550 750 950 1150 1350
rpm

Fig. 4.11 Vibratory torque at the reduction gear input shaft from calculation and

measurement when the coupling stiffness is 70%~135%"%
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[y
(53]

g4 | T stiff(135%) -~ = stiff(150%) ——— stifi(180%)
A
T ¥5. B Shipi-Port ® Shipl-Stdb A Ship2-Sibd —
% & %
310 . i Wil
R o B Sl B
= 8 4 . i, .
A ‘\Q & ;. ~.-m
6 - /’/‘ R 4 -\\-a,ij‘i
._E 4 ‘ 4‘“‘\-,./ By I ‘:s‘ ‘
s ¢ e LA
2 Azam
0 o T T T T
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Fig. 4.12 Vibratory torque at the reduction gear input shaft from calculation and

measurement when the coupling stiffnessis 135%~180%"%"

S 420 s A4 FAEA wEY AT A ‘;-4 R N
= 58

4kNm) tiH] o3k

Table 420+ ZAFo dgEHe= Hd HESHZE HAEAAE HERAUT
Table 4.30= Mi-std-167-2 type IIo] 2]+ ZH=d UHE= HEHINFT 7|+
2 A4 FHo HEIR T ASARE HElen, dFEE 7

o] WAE Hn] BAAZSY HE& & 43H fAd MdEE FA2F oA
A&7z JAFEAY ATl o7 fE7|o A =HF AN U

=
A= dasi’
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Table 4.2 Analysis values of initial design stage™”

Results of analysis

: : i Max. torsional
Applied ship and codition , X
vibratory torque
o Leading ship noteD 4.8KNm@930rpm
o Follow ship coupling, Warm condition 4.0kNm@930rpm
o Follow ship coupling, Nominal condition 6.0kNm@1,020rpm
o Follow ship coupling, Stiff. condition 11.4kNm@1,100rpm

Table 4.3 Measurement values of Sea trial at maximum torsional vibratory torque®”

Result of measurement(normal firing condition)
(Mil-std-167-2 Type I requirement : Below 25%(10.7kNm) of
Max. nominal torque )

Measurements result of max. torsional vibratory
Subject of torque
measurements ) .
Straight voyage Zigzag voyage

Vessel H 8.1IkKNm@940rpm 12.5kNm@1323rpm
Vessel | 14.4kNm@1319rpm 15.4kNm@1319rpm
Vesse J 13.8kNm@1320rpm 11.2kNm@1065rpm
Vessel K 11.2kNm@1140rpm 13.3kNm@1170rpm

1) Axxut gu] F&4 574 2 e AFA7E U Fule g L A 849
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Fig. 41300 1549 dn&=w, 247 e4mcd, du ggzdwe

G| e HEY NEED AZANE SASAT
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Fig. 413 R/G Input shaft torsional vibratory torque compare to engine speed for a
follow ship”
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Table 4.4 Design soundness compare to

requirements for leading ship

5)7)

[tem

First design

Leading ship

Dynamic stiffiness of rubber elastic

coupling(compare to nominal %)

70%

Max. alternating torque(kNm) of
Mil-std-167-2 :
25%(below 10.7kNm) of max. torque

2.135

4.8

Max. alternating stress(Mpa) of
Mil-std-167-2 :
tensile strength/25(below 39.24Mpa)

19.3

43.5

Safety rate of fatigue,
Mil-G-17859D
(standard : safety rate above 1.75)

2.78

2.49

Table 4.5 Design soundness compare to requirements for follow ships

5)7)

- 104 -
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Item FHOSt follow ship
design
Dynamic stiffiness of rubber elastic
- 70% 100% 135%
coupling(compare to nominal %)
Max. alternating torque(kNm) of
Mil-std-167-2 : 2.135 4.0 6.0 114
25%(below 10.7kNm) of max. torque
Max. alternating stress(Mpa) of
Mil-std-167-2 : 19.3 36.2 54.3 103.2
tensile strength/25(below 39.24Mpa)
Safety rate of fatigue,
Mil-G-17859D 2.78 2.82 2.01 1.19
(standard : safety rate above 1.75)
Fig. 4140l= dR&EEHE, FIAA LL&LE=HEH, A9 870E=E iy
HEE 1538 EAEAT



200
—&— Disel Engine Mode Straight Maneuver

180 - --@ - Disel Engine + Gas turbine Mode Straight Maneuver
--#- Disel Engine Mode Zigzag Maneuver
160 - —e— Disel Engine + Gas turbine Mode Zigzag Maneuver
140 4 v Limit from MIL 167-2 Type Il based on the ultimate stress A

----- IACS MB8 Limit(Su=800Mpa)

120 {
100 -
80 -
60 -
R ) B B A e
20 -

Alternating Torsional Stress [Mpa]

700 800 900 1000 1100 1200 1300
RPM

Fig. 4.14 Alternating torsional stress compare to engine speed for a follow ship”

—e— Straight Maneuver(qg s=0), Diesel Engine Mode
35 A --m- Straight Maneuver(g_s=0), Gas Turbine Mode

- -4 Zigzag Maneuver(g _s=0), Diesel Engine Mode
—=— Zigzag Maneuver(q_s=0), Gas Turbine Mode
--------- Limit from MIL G 17859D

----- Soderberg Limit

SafetyFactor
M3
=

05 -

0.0 . . . i .
800 900 1000 1100 1200 1300

RPM
Fig. 4.15 Safety rate of clutch shaft compare to engine speed for a follow ship”
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Fig. 5.5 Data logging of R/G output shaft vibration at speed hunting”
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Table 5.1 Premonitory symptoms of clutch sticking
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Pressure low alarm record of control | «Control oil leakage in clutch engaged
oil(below 20bar) condition

Four times synchronized hunting of diesel *Extension of creck instantaneously and
engine and propulsion shafting revolution that caused reduction of the torque and

(increased 1.5 times) increasing the revolution

10 Times vertical vibration increasing of | sIncreasing vibration due to fluctuation

reduction gear input, output shaft of torque and revolution
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Table 5.2 Summary of running data logging

, , . Control
Running Engine rev. | Shaft speed | Riction plate
Clutch order , pressure
order (rpm) (rpm) slip(%)
(bar)
420 0 - 35
1st Disengage
700~793 122~150 56~60 6.25~7.50
2nd Disengage 420 0 - 2.0
Standby .
Disengage 0 0 - 4.0~5.0
purmp
3rd Disengage 420 67 63 2.0
4th Engage 420 150 etc 175 2.0
(4 cydes) | Disengage 420 1815 etc - 28.0
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