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Experimental Study on Specific Wear of Mooring Chain for Floating Structure

by Koji Gotoh, Member Tomoaki Utsunomiya, Member
Masataka Nakagawa, Member Kazuki Yamane, Student Member
Summary

Floating wind turbine facilities, which are installed in the deep sea area, play an essential role to promote the green energy
application. One of the problems associated with the commercialization of facilities installed in the deep sea is the reduction of the
maintenance cost of mooring chain. Therefore, it is necessary to establish a quantitative wear evaluation method for mooring chains.
Specific wear is one of the essential physical parameter to evaluate the wear performance of metals. However, detailed investigation
of the specific wear of the mooring chain has not been performed yet. The pin-on-disk wear tests were performed to measure the
specific wear in the air and in the substitute ocean water. As a result of experiments, it has been confirmed that the specific wear in the
substitute ocean water was remarkably smaller than in the air, and the wear state was stable.
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(a) Appearance

(b) Pin and disk holding section

Fig.1 Pin-on-disk wear test machine used.
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(a) Pin specimen.

(b) Disk specimen.

Fig. 2 Specimen configurations (unit in mm).
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Table 1 Test conditions of test 1 (Material Grade R3S, in the air).
Rotational Total slidin Mass change Specific wear
Specimen Sliding Weight (Rec(;lt)ito(c)at?ng) period OS?S&SmSe : (x1073 g;g (Xri 07 mm?/N)
1D pattern (eh speed (rpm) (s) (mm) Pin Disk Pin Disk
1-1 Round-trip 2,000 24 3,600 253,338 8.2 16.7 2.1 43
1-2 Round-trip 1,000 24 7,200 506,676 7.4 133 1.9 34
1-3 Rotation 1,000 24 3,600 253,338 0.2 0.6 0.10 0.31
1-4 Rotation 2,000 12 3,600 126,669 1.9 7.8 0.97 4.0
1-5 Round-trip 2,000 24 3,600 253,338 40.3 42.1 10 11
1-6 Rotation 2,000 24 3,600 253,338 0.5 1.3 0.13 0.33




1-7 Rotation 2,000 24 3,600 253,338 -1.2 2.5 -0.31 0.64
1-8 Rotation 2,000 24 3,600 253,338 2.7 2.0 0.69 0.51
1-9 Round-trip 1,000 24 3,600 253,338 -0.3 0.4 -0.15 0.21
1-10 Round-trip 2,000 24 3,600 253,338 5.0 2.1 1.3 0.54
1-11 Round-trip 2,000 24 3,600 253,338 2.1 5.4 0.54 1.4
1-12 Round-trip 2,000 24 3,600 253,338 11.3 129 29 33
1-13 Round-trip 500 24 3,600 253,338 2.5 53 2.6 5.4
1-14 Round-trip 500 24 3,600 253,338 0.5 1.0 0.51 1.0
1-15 Round-trip 1,000 24 3,600 253,338 2.6 8.0 1.3 4.1
1-16 Round-trip 2,000 24 3,600 253,338 117 141 30 36
Statistic values of specific wear (x10”7 mm?/N)
Pin Disk Total
Average 5.8 7.5 6.7
Maximum 30 36 36
Minimum 0.10 0.31 0.10
Standard deviation 10 12 11
Standard error of mean 2.8 3.2 2.1

(Note) These values were calculated by ignoring specimen IDs 1-7 and 1-9.
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Table 2 Test conditions of test 2 (Material Grade R3, in the air).

Specimen Sliding Weight Reciprocating Te.st TOtZ.il sliding Mass C}.lsange Spec-i7ﬁc V\ziear
D pattern (ef) speed period distance : (x10° g) : ('XlO mm /N)
(rpm) (s) (mm) Pin Disk Pin Disk
2-1 Round-trip 2,000 24 3,600 253,338 1.30 1.2 0.33 0.31
2-2 Round-trip 2,000 24 3,600 253,338 0.8 5.1 0.21 1.3
2-3 Round-trip 2,000 24 3,600 253,338 22 22 0.57 0.57
2-4 Round-trip 2,000 24 3,600 253,338 1.0 0.6 0.26 0.15
2-5 Round-trip 2,000 24 3,600 253,338 10.1 1.0 2.6 2.7
2-6 Round-trip 2,000 24 3,600 253,338 81.1 86.9 21 22
2-7 Round-trip 2,000 24 3,600 253,338 3.0 43 0.77 1.1
2-8 Round-trip 2,000 24 3,600 253,338 89.0 112 23 29
2-9 Round-trip 1,000 24 3,600 253,338 3.9 3.5 2.0 1.8
2-10 Round-trip 1,000 24 3,600 253,338 33 32 1.7 1.6
2-11 Round-trip 1,000 24 3,600 253,338 5.6 8.0 2.9 4.1
2-12 Round-trip 1,000 24 3,600 253,338 29 5.4 1.5 2.8
2-13 Round-trip 1,000 24 3,600 253,338 1.8 3.5 0.93 1.8
2-14 Round-trip 1,000 24 3,600 253,338 5.0 3.9 0.26 2.0
2-15 Round-trip 500 24 3,600 253,338 22 7.5 2.3 7.7
2-16 Round-trip 500 24 3,600 253,338 1.3 4.5 1.3 4.6




2-17 Round-trip 500 24 3,600 253,338 0.6 0.9 0.62 0.93
2-18 Round-trip 500 24 3,600 253,338 1.0 1.4 1.0 1.4
2-19 Round-trip 750 24 3,600 253,338 0.4 0.6 0.27 0.41
2-20 Round-trip 750 24 3,600 253,338 1.5 34 1.0 2.3
Statistic values of specific wear (x10”7 mm?/N)
Pin Disk Total
Average 3.2 43 3.8
Maximum 23 29 29
Minimum 0.21 0.15 0.15
Standard deviation 6.5 7.5 6.9
Standard error of mean 1.4 1.7 1.1
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Fig. 3 Measured points of Vickers’ hardness to investigate the

scattering.

Table 3 Vickers hardness of applied materials.

Material | Disk | Measurement Vickers hardness

grade ID point (kgf / mm?) | (N/mm?)

Al 265 2,599

! A3 264 2,589

Al 261 2,560

R3 2 A3 259 2,540

3 Al 257 2,520

A3 272 2,668

Average 263 2,579

Standard deviation 4.86 47.71




Al 319 3,128

! A3 293 2,873
Al 291 2,854

2 A3 335 3,285
Al 268 2,628

R3S 3 A3 285 2,795
Al 288 2,824

4 A3 293 2,873
Al 291 2,854

> A3 291 2,854
Average 295 2,897
Standard deviation 17.6 172.9

Table 4 Vickers hardness distribution in applied materials.

Measured point Grade R3 Grade R3S

Al 260 291

A2 249 281

A3 241 298

A4 237 282

Bl 255 282

B2 263 306

B3 249 283

B4 244 261

C 248 298

Average (A1~A4) 247 288

Average (all) 250 287
Standard deviation

(Al-Ad) 10.1 8.04

Standard deviation 8.55 132

(all)
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Table 5 Wear coefficient of each material in the air.

Material Specific wear Wear coefficient
grade (x107 mm?/N) (x10%)
Ave. 3.8 11
Max. 29 83
R3 X
Min. 0.15 0.45
S.D. 11 20
Ave. 6.7 19
Max. 36 100
R3S X
Min. 0.10 0.3
S.D. 11 31

3. AImKHBIZH T EERZR

3.1 AI@KhTOEFEHKER

ATEE CITRMFRIE L L COBMEEI 2 FET 28805,
KA CEEFERBR & F0t L7228, 2F EirRsR I fR B ot bk
TR OB ST T, MRS OBBER S T b S EAKH TOREE
FEXBOMHN LI TH 5. Tk U CHEKER B L5RIE Ak
DEREETH O, BEFEIC A HT A 2 B IR Ui ) 5 2
&R MR K > TTHOBRIIHEEOEER TH D Z & o
O, BREBOA T T AT ) —{bE BIET 7290121, ik
P COEHDERERE 2 BT 5 2 EBMNETH H.
SROBFEIFEL L TamEE, L8, REBEEREmbn
TEY, BELERZMHAICEB LA D= LT LT
Tl 2 OWFFERCR: 229 PG STV D08, WK COLRE
PO LERERICET 2 EEBMN W EFHNIIEE L OFEL
7o HEPH I T,

T, AR TIRMAKFCTE Y - A - 7 0 A7 BEFER
B Fhi L, RSO IEBEFEROREEITo 7. WKL LT
VX HE(i ORI PECVIR O PR & — B AR FE L7 F2BR &
T5HENIBLED D, ASTM-DI14129|ZHEHL L T pHS.2 127
L AN KREHA Lz, BTk, ErdBRih &7 4 A
7 BT ORI SRR O 2RI > TR ICER
N5 Z L7, OB R T 5 RER HARZAERIC L VI
KPR LIRVWKETRBREZIT o7z, 728, WIROIRE O]
ENXFATD T, BROBRAK TITo7. F72, RBh~Hk
% Fig.1 &R CTH D2, $FEIX Grade R3 J Of Grade R3S @
WH IOV TR EIT o 7.

RER SR L OB R % Grade R3 122V T Table 6 (2,
Grade R3S {22\ T Table 7 (ZRY. 728, FIHREEIT T
FERAATUVEBN A O M AKTRECE fEFE TR D Z & A vlhE
THDHIEEMER LI 26 mm IR E L. £/, ABRKT
IR T R 8 O BERE M A5 L7720, SRBRT 1A
LTk CEEREM A REMV %, 7 FoTTEICRE
o, EAIRE TR SEo%lc, B ERAZIE L.
WAKPTOE Y - A - T 4 R BERERBR O % Fig. 4 1
R

V

Fig. 4 Overview of pin on disk wear test in the substitute ocean

water.
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Table 6 Test conditions of test S1 (Material Grade R3, in the substitute ocean water).

. . . Rotational Test Total sliding Specific wear
Specimen Sliding Weight ) ) Mass change (x107 g) 5 ,
D pattern (e speed period distance . . FxlO mm /N)
(rpm) (s) (mm) Pin Disk Pin Disk
S1-1 Rotation 2,000 60 7,200 1,176,212 2.0 17.3 0.11 0.96
S1-2 Rotation 2,000 60 7,200 1,176,212 2.7 9.4 0.15 0.52
S1-3 Rotation 2,000 50 7,200 980,176.9 1.4 7.4 0.093 0.49
S1-4 Rotation 2,000 30 14,400 1,176,212 5.4 14.7 0.30 0.82
S1-5 Rotation 2,000 60 3,600 1,176,212 0.5 5.7 0.028 0.32
S1-6 Rotation 2,000 30 4,800 1,176,212 -0.8 9.9 -0.044 0.55
S1-7 Rotation 2,000 90 14,400 1,176,212 4.3 10.9 0.24 0.60
S1-8 Rotation 1,000 60 4,800 1,176,212 2.0 34 0.22 0.38
S1-9 Rotation 1,000 60 7,200 1,176,212 2.4 5.6 0.27 0.62
S1-10 Rotation 500 60 7,200 1,176,212 1.7 17.6 0.38 3.9
S1-11 Rotation 500 60 7,200 1,176,212 -0.3 3.5 -0.066 0.78
S1-12 Rotation 500 60 7,200 1,176,212 1.9 6.8 0.42 1.5
S1-13 Rotation 2,000 90 12,480 1,176,212 1.7 10.7 0.094 0.59
S1-14 Rotation 1,000 60 7,200 1,176,212 3.7 53 0.41 0.59
Statistic values of specific wear (x10”7 mm?/N)
Pin Disk Total
Average 0.23 0.94 0.58
Maximum 0.42 3.9 3.9

Minimum 0.028 0.32 0.028

Standard deviation 0.13 0.99 0.78

Standard error of mean 0.039 0.28 0.16

Table 7 Test conditions of test S2 (Material grade R3S, in the substitute ocean water).

. . ) Rotational Test Total sliding Specific wear
Specimen Sliding Weight . . Mass change (x1073 g)
speed period distance (x107 mm?/N)
ID pattern (gh) - ; ) -
(rpm) (s) (mm) Pin Disk Pin Disk

S2-1 Rotation 2,000 50 7,200 980,176.9 1.3 7.5 0.86 5.0
S2-2 Rotation 2,000 60 7,200 1,176,212 4.5 11.6 2.5 6.4
S2-3 Rotation 2,000 30 14,400 1,176,212 -1.8 10.5 -1.0 5.8
S2-4 Rotation 2,000 30 14,400 1,176,212 1.8 7.1 1.0 39
$2-5 Rotation 2,000 60 7,200 1,176,212 12 16.4 0.66 9.1
S2-6 Rotation 2,000 90 5,400 1,323,239 1.5 38.4 0.74 19
S2-7 Rotation 2,000 60 7,200 1,176,212 0.9 3.7 0.50 2.0
S2-8 Rotation 2,000 90 5,400 1,323,239 -1.6 10.4 -0.79 6.8
S2-9 Rotation 2,000 60 7,200 1,176,212 -1.8 3.6 -1.0 2.0
S2-10 Rotation 2,000 60 7,200 1,176,212 -1.8 18.7 -1.0 10




Statistic values of specific wear (x10”7mm?/N)
Pin Disk Total
Average 0.11 0.79 0.45
Maximum 0.25 2.1 2.1
Minimum 0.050 0.20 0.050
Standard deviation 0.072 0.69 0.59
Standard error of mean 0.029 0.28 0.17

Table 8 Wear coefficient of each material in the substitute ocean
water condition.

Material Specific wear Wear coefficient
grade (x107 mm?/N) (x10%)
Ave. 0.58 1.5
Max. 3.9 10
R3 Min. 0.028 0.071
S.D. 0.78 2.0
Ave. 0.45 1.3
Max. 2.1 6.1
R3S Min. 0.050 0.14
S.D. 0.59 1.7

Table 9 Comparison of standard error of mean.

Material Specific wear (x10”7 mm?/N)

grade Atmosphere Substitute ocean water
R3 1.1 0.16
R3S 2.1 0.17
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Table 10 Test conditions of test D1 (Material grade R3, in the distilled water).

. L . . Test Total sliding Mass change Specific wear
Specimen Sliding Weight Rotational . .
period distance (x107 g) (x107 mm?/N)
ID pattern (gh) speed (rpm) B ) . .
(s) (mm) Pin Disk Pin Disk
D-1 Rotation 2,000 60 7,200 1,176,212 1.4 7.4 0.077 0.41
D-2 Rotation 2,000 60 7,200 1,176,212 0.6 -3.7 0.033 -0.20
D-3 Rotation 2,000 60 7,200 1,176,212 0.5 16.1 0.028 0.89
Statistic values of specific wear (x10”7 mm?/N)
Pin Disk Total
Average 0.046 0.65 0.29
Maximum 0.077 0.89 0.89
Minimum 0.028 0.41 0.028
Standard deviation 0.027 0.34 0.37
Standard error of mean 0.016 0.24 0.17
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