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Table 1.2-1 Sealing fluid of mechanical seals 3
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158, B, MR
E—Il, ik, fEZE
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7a— I, BaltFERE
Vi
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Table 1.2-2 Characteristics of mechanical seals 2

. . . . ; . High . .
Classification Type High H]gh }-n.lkaw ing \J.\-ear Bllurr}' Yiscosty {.nrrn.sa ive Handiing| Cost
pressure | velocity | performance | resistance | resistance fuid fluid
O ring Good Good Good — Good — Bad Bad | Good
Secondary seal V packing Good Bad Bad Bad Good Bad | Good
Bellows Bad Good Good — Good — Good Good | Bad
Pressure range Unbalance Good Good Bad Good Good
Balance Good Good Bad Good — — — — Bad
Sing le Bad — — Bad Bad Bad Bad Good | Good
Combination Double Good Good Good Good Good Bad | Bad
Tandem Good — — Good Good Good Good Bad Bad
Monting posiion Inside Good Good - — Good - Bad . —
Outside Bad Bad — — Bad — Good — —
_ .. Rotating side — Bad — — Bad Bad — - —
Spring position — - - - -
Stationary side Good Good Good
. Multi-spring Good Good — — Bad Bad — — —
Spring structure — - - -
Single-spring Bad Bad — — Good Good — — —
Assembly Separate — — — — — — — Bad | Good
structure Cartridge — — — — . — — Good | Bad
Structure of Crume Bad Bad Good
sintiouary g Press fit Good — Bad — — — Bad — —
i ’ Floating Bad — Good — - — Bad - —

= : No superiority and inferiority, not affect



1

Lip packing

[ : Generalterm for the type

31 : usage, Function, Action Mechanical seal
Squeeze packing End-face type

| | Reciprocating oil End-face lip seal
seal

Piston ring type
seal

For
reciprocating
motion

— Qil seal

Diaphragm seal

Dynamic seal | |
(Packing)

Gland packing

Squeeze
packing

Contact seal

{

Cylinder type

Felt seal

| For rotation Labyrinth seal
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Sealing device

Non-contact seal Centrifugal seal

~| Bush seal
Magnetic fluid
Gasket -
Static seal seal
(Gasket) '
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Fig. 1.2-1 Classification of sealing device 8
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Fig. 1.2-3 Schematic view of mechanical seal 3
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Fig. 1.2-4 Relation between friction and leakage 49
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High pressure side: Outer region
Low pressure side: Inner region

Rayleigh-Step
(Step depth =5 um)

Radial grooves
(Depth = 300pum)

Circumferential groove
(Depth = 300pum, width = 0.2mm)

Fig. 1.2-5 3D illustration and geometric specifications of surface structure 5
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0
Pressure,
MPaG

Rotational direction
of counter face

(a) Contour view of pressure distribution (b) 3D view of pressure distribution
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@
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e
o
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=
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o - Q0
'F r (B) tClrcun'nf'crlr:nt|aI groove

Radial direction

(c) Schematics of pressure distributions at the cross-section
Fig. 1.2-6 Calculation result of pressure distribution
(Cavitation pressure Pcav = —0.01 MPaG, outer / inner pressure of sealing surface =

0.3 MPaG / 0 MPagG, sliding velocity U = 2.0 m/s) 5
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Cavitation region
(surrounded by a
dotted line)

Rotational direction
of counter face

Fig. 1.2-7 Observation result of cavitation region.
(Outer / inner pressure of sealing surface = 0.3 MPaG / 0 MPaG, sliding velocity U = 2.0

m/s) 9
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100pm

(a) 10sec

(¢) 10min

(d) 30min

Fig. 1.3-1 Growth of cavity in sliding surface of EHL 50

100pm

(c) Ar (d) CO,

Fig. 1.3-2 Difference in cavitation area depending on ambient gas 50
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BER LY d®EmEICIE, L—F— LI EOVRET 7 AF v Vo7 aftG Lz, 77 AF
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AH=TN =D L ) BB EL Fig. 2.1-3 12, SMilE Fig.2.1-4 IZZhZh
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MEE (727 UKIIR, BT A, ¥ 7747 7%2E) 2RV, FERBEMSGZ A TBIETS. A
=T —D L ) BEEEEEEE & L ClX, Tokunaga H 92XV, AfglcksL
@ O BEMOTAROTNL, FvETF—3 g U EBOBLE, S5 —F—Rhidotik
(LIF %) IC X 2HRIBE S OFHAIS AIRERIEE R R SN TN D.

AR=TINT =D L dBERMITY 7 I/ e d—2—THVIEFIThSV. Fv
BT — 3 VEEIBITERER SRR OIRMBEE TH 0T, BEFIEICI o Ty ET— v
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EFMOATTAELIC L S BRI ZBIE Lo, e LI PCIZIRFES LS.

2.1.3 EBREH

AT D FEBR G % Table 2.1-2 1273, SRBRFRICITERAKZ FVW ., A= ni—
L O BEOSEMICEE L, Il 28mL D b 2~3mm RS 725 K9 i
L7z, 723, L 5EBAMAERIC L SBEAEGA < 2L 2Pk 5720, Ly 58micidd
57 U O RBRITE A A @A L Co O EHRER 2 B £HF T Y, Lo ) BBIAIIIIEL L v 5 @)
N JE N BRI R 2E LTREE L 72> T D . JRIBITEEE T, B FClkviTE L L
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5, Lw 5 i OFE OWREE S OEINED, F v BF —2 a UEEBED T 5 2 &3
5. ZHUIENAEO EFITENR S BT T — T RIS OGA E D IR O BN
T5Z LT, IWNOWESEML, TR (LA UV —27 > ) TAL D ELESHM
L7 Z LIC RV AJEFEBDNBAD LTcled B2 bib.

Flo, R]RETTOLY S8EZHITI &, Ly 2 BmOWNEMIZH 522 Lo Sz
WARDRTERIZ L 5 BEPICRVGAE N, KIRSE Y L 5 B NICHFEET D IRIED R
SNz, ZORFEOFX v B — 2 3 VRERE, S ES L 9 Bhim L v L NERNC S S Fig.
2.1-6 DBELEFER LV BRELS 5TV A. ZHUELw >EmOWNER L D EZIAENTH
HEXr T —v a3y (BR) OFBIZEIDZLOTHDLEEZLND. ZORENS, Ly )
B S8 ORIRE T % 0.01MPa(G) 3> EH STV &, e iR m s EMRE CRK
) ICREL, L 5 BmESEOWKE A 0.11MPa(GIZEIEE L /2R 8T, Ly 2 BN
JNZBWKIERE LT, bbb, 20 L IBRMEICRBIT LA D =N — L OREE
[RAUE 0.11IMPa(Q) Th 5 Z L BNFER SN, b D L ) BEEIERE R4 Fig. 2.1-8 (T
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Table 2.1-1 Specimen specifications

Seal ring material Silicon carbide
Inner diameter of seal ring surface 17.5mm

Width of seal ring surface 2.25mm
Surface roughness of seal ring 0.02pm Ra
Rotating ring material Synthetic quartz
Surface roughness of rotating ring 0.002um Ra

Table 2.1-2 Experimental conditions

Sealed fluid purified water

Load of sliding surface 21N

Rotating speed 1000 rpm (1m/s)

Fluid temperature Room Temperature
Pressure 0 MPa(G)~ 0.2MPa(G)
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Rayleigh-step grove x 8

Pumping groove x 16

Radial groove x 8

Rotational direction
of the counter face

Fig. 2.1-1 Structure of surface texturing of seal ring
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Inflow direction

Outflow direction

Cavitation region
(Negative pressure region)

Pressure,
MPaG

Fig. 2.1-2 Calculation result of the pressure and the side leakage distributions
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H Optical microscope

CCD camera
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Optical flat
Mechanical seal \

— Pressure

NS

Fluid

Housing

Bearing

Rotation speed Motor

Data logger

Fig. 2.1-3 Experimental rig

Fig. 2.1-4 Photograph of the Experimental rig
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CCD Camera

Rotating ring

AN

Shaft

Seal ring

Fig. 2.1-5 Cross-section view of sliding surface

Fig. 2.1-6 Cavitation observation result with coaxial episcopic illumination unit.
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(a) at OMPa(G) (b) at 0.1MPa(G) (¢) at 0.2MPa(G) (d) at 0.3MPa(G)

Fig. 2.1-7 Cavitation observation result of different outside pressure conditions

Gas-liquid interface Leakage (black line)

(a) at OMPa(G) (b)at 0.05MPa(G)  (c)at0.10MPa(G)  (d) at 0.11MPa(G)

Fig. 2.1-8 Observation results of gas-liquid interface
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2.2 ¥EMBTIZIED2F Y ET— a VEIOHE

2.2.1 HAEFEAT 1A

Xy BT —va VENEHET D720, BT A2 FEE L. fiireT e LT, MR
%R0 kIt Reynolds F 2Rz 201 LV iRWNCT LW S BE OJE 1 5z Rdiz. L
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En, Lo dBmoiEREKL (r, 0) , #1IHIL 0 5 B/ MEE ho 2 ETH. 2o
SR & L, Sommerfeld §:F12 5 0 Lw 2 Byl O WAL )04 & 5HE T 5. kI,
Elrod D7 VT Y ZLEZHNT, ¥ EF—2 3 VREENUTOEBE XYy EF—2 3
e LTAAS v FRABIC LV EEZZLIEH T LT, JiEdi 2Rl L CHBEICX
Y BT — Vg VR SERRIRE A R ET D

Fy BT —va VEIRORER, Lo dBEREOENERS L, AMAREW 2R
5. EBRETIE, ZORHBLEZAMERSE, A D=0 — O LT MEAEIY & 5K
BIZHDEEZLNDLDT, MEZLEL, FFARERHEANTOIIEIR LK T L, AR
ZEFPASNCTH D LA, I L O Bhififo MEE ho # A L, HEHEZL0ET. A
TIXZ DRIV RDTBFEEh 2 L > B e L TRV HES.

BB, AB=ANT— VO AN REIT A B =BV — VE ORI T O B 5%
7% 9. Fig. 2.2-2 17T X515, =AU 7icxt LCl#bmoBEi L LTH<, &
TR DIET) %520 ) U5 M O HERE A2 ITRIE 2R U= A0, IEhiEICz bh
. INEI A=V T T F— RS, WA T =V — UEEIZ A A FRITH D
72, Lw o BimSMR A EMEIC R U mfg A2 - 114mm2 12, RS (EREM) @i
Ia—T T T —RuRDT, REMEIENT O A T3 =TV — AR AT i E & Ll
5. —F5T, Lo >BEOMGROREIEME AL I, L 5Bz b < i i e
WMBE, ThEaA—T=0 0 T3 —RALS, A—T =077 3 — R FARMERE W OFHH
faRICEEND.

F7o, Lw d8hmbRE & =0 mpBBEm & 20T, A= —LOlmive Q OFf
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EE
<t
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Navier Stokes ® FFEA LV, R h 2B T 2 R FARE  ZLTO X 5 IcEzEES.

—Jde I b Yy 1-1
q_o T 400 T 12pvor | 2 (-h

ZITC, riZLw DB OWNEEE, o TABE, vITERGE, p l3EE kg/ms, p (IES
Pa, VIR G B OBEEEE m/s THDH. RA- D% L 5 Bfi—EIcbi»> CTHYT %
ZET, A== olEngE Qmlh)ERD 5.

fiEetr e 7 M3 Fig. 2.2-3 1R X 512, MET E K OMEETT IS O TRUME 712 0 fiF
T 5. AlNE, FHEREAN LSS50, Ly d#hima ME S 8 aEIL, EIEERS
HARRE LT, Ay ¥ 28U EET5m 100, MJETTH 150 & Uiz, MRATSRIFIT SR SAM: L [F
U<, Lw 2 @8#E UL 1000rpm (Im/s), A 1 =H 3 —v L 9 B O LA 7 s,
(XX 21N 12, ZEHE A2 : 114mm2 2 A B = V> —NAANE OFRIE D & F U= 1%
MATe, 7u—r 774 —AL L. 2238, MAKEITSEIRICET 5KONRFMEE LT,
0.89mPa - s (25°C) %, IRFEFEMEARENE 2190MPa z v 7z,

2.2.2 BAEMENTHE R

2221 ¥¥bETF—vaVEROMKICEDF ¥ BT —va VESHOKRE

A F =1V — VANE OFARIE ST KZE FIZBT D Lw 5 B OJE ) 5340 O S AE AT
A Fig. 2.2-4 [T, 2B, FvET—2a VENT—0.09MPa(@) & L=, AH=7
=L LA TR 0 A ) AMEENEL D Ly o BAERE h 134 0.46um TH
ST, TOFEHTTIE, vA Y =27 v 7 TIERK 2MPa(QDIEERNAELT, R 77
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Xy BT — a3 U ENE—0.09MPa(G)~—0.01MPa(G) D #iFH TE{b X w754 OB fEfiE
WrfE % Fig. 2.2-5 1237, FHELE, Sy b7 —ya v EREROBPUIZRVWE L, SvET
— ¥ 3 VTR OB IR R BN IS S L <, MERFODMABRET h/2 &
LTW5. KXo THIEREZA h/2 OfikE X v B 77— a Ul UTERR LTIz, fEITHE R
Mo, ¥ ET—Ta VIEAPMERWIZE, ¥y BT —a VEEDEDT L Z b,
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—0.09MPa(@BREICBIT R o 7 7 —7 FHM O CHE U 5 IEE D& KRMIE
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(2, A =F 0 = NANEUII DO FRARIE ) DI, R 8o 7 7 —7 F il O s T
A UDIEEDEML, ARSI L Z 82l b0 B2 605, TLENONEN
KIEDCBIT 5% v BT —2 a HEBICHOWT, FEERiEE & AT R 2 3 e+ % &
SMEAARIE ) 23 OMPa(GIZ I\ TIE,  FEBRE RIT G L TRIEfFT O % v ©F — o a L flk
WRE L, AERKEND EFT B2 L0 > TEREER S BEMToXy T — 3
PR D ENHEE Y, 0.20MPa(G) TRI%, 0.30MPa(GIZB W CIIHMEMT O ¥ ¥ 7 — 3
VD SIS T o TN D.

ZIZT, ¥y T —va VENOREME 0.01MPa(G) T o2& b S THAMEFIRIZ B T
H¥ v BT — v VEEIREFRL, EREREEDESRDOF Y ET v a VENERD
2. FEBRRE R LA B A el L= £ % Fig. 2.2-7 (ORT. SMATRIKE O EFICHEY,
YET—Ta VENBEFAL, 0.30MPa(@IETFIZEWTIE, Fv¥ BT —Ta VENEKR
KEZEZ D ATREMED R SN D.

2222 AH=ANV—NOEHBRENCLDF Y ET—va VESHOBE
BAEfEATIC LY, AU =0 =V OSERIKDE 7S 0.10MPa(GIZF1T 5, AFHSE

HFTOF ¥ BT — 3 VIENFHN—0.03MPa(@) ThH 5 L RR SNz, ¥y ET— g
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Fig. 2.2-2 Pressure balance of mechanical seal ®
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Pressure, MPa(G)

Fig. 2.2-3 Meshed surface of cylindrical axis and longitudinal axis

Cavitation region

(Negative pressure region)

2.00

Fig. 2.2-4 Calculation result of the pressure
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Liquid film thickness, um

Liquid film thickness, pm

Cavitation region (white area)

(a) Pev:—0.09MPa(G)  (b) Peay :—0.05MPa(G) () Peay : — 0.01MPa(G)

Fig. 2.2-5 Calculation results of film thickness at OMPa(G)

Cavitation region (white area)

(a) at 0.10MPa(G) (b) at 0.2MPa(G) (c) at 0.3MPa(G)

Fig. 2.2-6 Calculation results of film thickness with Pcav -0.01MPa(G)
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Fig. 2.2-7 Experimental result and calculation result
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Leakage speed, ml/h
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Fig. 2.2-8 Sealing Limit
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FREICR B A 52 5720, HENKLETHD. ZOMELE T 5 FEE LTI, Cross b
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RES D E TORMOFER T EE BT 5.

62



Table 3.2-1 Specimen specifications

Seal ring material Silicon carbide

Inner diameter of seal ring surface 22.8mm

Width of seal ring surface 4.70mm

Surface roughness of seal ring 0.02um Ra

Surface flatness of seal ring P-V value : Less than 0.20pm
Rotating ring material Synthetic quartz

Surface roughness of rotating ring 0.002um Ra

Surface flatness of rotating ring P-V value : Less than 0.24pm

Table 3.2-2 Specification of pressure transducer 1V

Pressure range 100 kPa(abs.)
Over pressure 300 kPa(abs.)

Full scale output 100 mV
Non-linearity 0.2 %R.C.
Hysteresis +0.1%R.C.
Operating temperature range —20 C t080 C
Compensated temperature range 0 Cto70 C
Thermal zero shift =1 %R.C.
Thermal sensitivity shift =1 %R.C.

Table 3.2-3 Experimental conditions

Sealed fluid Purified water
Load of sliding surface 42N

Rotating speed 1500 rpm (2.16m/s)
Fluid temperature Room Temperature
Pressure 0 MPa(G)
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Fluid flow

V shape groove x 3 s v
(for fluid circulation) ///
| // -

Reversed Rayleigh-step
groove x 3

Rayleigh-step groove x 3 \'/ (for sealing)

(for lubricating) Rotational direction
of the counter face

Fig. 3.2-1 Structure of surface texturing of seal ring

Cavitation region

(Negative pressure region)

2.00

1.00

Pressure, MPa(G)

Fig. 3.2-2 Calculation result of the pressure
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Seal ring
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Bonding GH/E

Polyurethane tube %

Fig. 3.2-3 The hole for pressure measure of seal ring
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ouUT+ (#)

M2 4x1 I'!\U

Fig. 3.2-4 Pressure transducer!?
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Image
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Optical microscope

Optical flat
Mechanical seal
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Data Iger Rotation speed

Fig. 3.2-5 Experimental rig
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Fig. 3.2-6 Pressure measurement result
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Fig. 3.2-7 Vapor pressure of water 12
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Finger cavitation

Fig. 3.2-8 Cavitation observation result
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Finger cavitation

0.62mm

a) elapsed time : 1min b)  elapsed time : 20min
Cavitation pressure : 95kPa(abs.) Cavitation pressure : 22kPa(abs.)

0.39mm

c) elapsed time : 40min d) elapsed time : 82min
Cavitation pressure : 10kPa(abs.) Cavitation pressure : 5kPa(abs.)

Fig. 3.2-9 Cavitation observation result with pressure measure hole
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NOZBZOPEHIZITA Y ORFEISMLEC /2 D b O L PRI, L. £/, F2 8
THARBMEZ IR L)1, AEETAELLZF Yy ET —3 a VOIENBIEETH 25613, &
IZRNDOZER L DFEERAE U T LE W REMEDNE T4 5 AR 6 5.

KIZEZONDLDIE, L H 8 &IEE LV ORBEAIRY 72 < NEL L, ZZROERE
WA SEDZEThD. AEKOEIER L ENE Y ORERZF—fE 225 & 5 IR E
L, MM ETRNE L ETF 2 2 ENTETERUIFEL RN LIRS, Lal,
BB A CE B o P ORBREZIC K D2 HEE L S & L, LAY =27 v TTEOES
Fum (T LREL, AEBOEIEREE oV ORERZF—mE 22 & 95 EfIcE
e ERETDHZ EIRTIIARARTH L. £, EE U PRIEER IV ROH L%
A, TOMEIC KX VBENREL, WEEINCEEL 5 2 5 a[REMES @Y. WM A
PHALERETH L. 51, BV E A= N — VEEBRORITEE N LETH
L0, FERYAZDAD =T =D L ) BHEEITE mm FRETH D /hS Wz,
BER ECHRET 2L D. 20, R ZLIZE Y RRE L D) BUER
TiE7ew.

Z 2T, AEFZETIE, 3.2 fii & FARICEDRER R AR HMEFEEZRIR L LT, JE
D) oY 2 WAEATREZR K O B L s D E D RIE R OBL F OZEM ARG A R Y 72 </ha <
ik E R LT,
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3.31 EAkY

AR=ANT = L D BIEOY A X% QAL O/PNE a2 L. Lo
DENEIDIE TIE ' Y 2R 5720, sBRTTAINRIERICEEY 2 fRErE s @, sUERIE
BIIPEEE L FFOMEE V560 H 0 2 L, B FRNEICRENRA LRV XK
ICHEHSNTIBRE AT 77 2BIREE L. 2, BBV BEERIC 0 Y v 7 S0
HHAANy o 2fix, MEPRES THLZEHMETHD. 2 DM ZN R T H/NVUE
TP e U, BEEL ¢ 3.8mm, JIE L > Y 0~350kPa(abs.)? Kulite #:5¢> XTM-
190 U =X WERE LT, ATV LVABAZNEAT 75 AOEM~ Y avrF v 7 (¥

VEF) HHE LICEDIE I Th Y, FIEMSRITIIR Y TERENARET, BAN
RS THD. B VO~TiER L UM E Fig. 8.3-1 12, £/ % OfLEk% Table 3.3-
1IZRT.

3.3.2 —LVRBF

v VB OfLEkZ Table 3.3-2 IT/R"T. A B =D/ — /L OEERRIZIE, S
Ra0.005pum, FHE pv il : 0.24 L FOYESEH T 2 Mk (A7) , S 8mm, EE$
43mm Z AW, EEER (—v U > 7) 12iE, L& Ra0.02um, FHEE pv fE : 0.2um LA

DAL/ A # (SiC, silicon carbide) # AV -, BEEBRIZITLROHT AT v M &2 L T4
B — ANTRRE S, BUNREE 2RI Lo, IERNIC X 0 RERRICH LT B b, L
$ O BIENET ¢ 32.4mm, MHilE 3.6mm & L7, #LATMEN4INICRD LI AT=T
N =N DR AT RERE L.

EEER L ) EIEICIE, L—F—ILICE OV RET 7 AF ¥ ) o T a5 L. 77 AF
FIERIZ 2B CEHA L72IRER L a7 FTH DD, Lo HBROILKITHE, %
a3 HRND 4 FRUCEE Uiz, MEZE% Fig. 8.3-2 12, #FMi~HE% Fig. 3.3-3 lTR” T

BARH) S HEIZOW T IR %, L 2B OsNEARICIE, HiE#se LT, W
1.5mm, EX 1.5uym O LA V—RAT v 7% 4 %50, BELZ. £72, Lo D BmEoNJEES
i, BEREE LT, 18 14mm, S 1.5pm OWiLA V—RAT v 7% 4 S, FiE L
7o, EHIT, IR, BEEBROSKB LT, TABRNLZFIN L Titika L o #fmic
A, YT 57200, #60.3mm, EX 200 pm ORI (V T & 4 %8, i
BL7.
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ek, Lo H @O, 52 % cilk7e, MREREIESR O Rt Reynolds X%
W BB FEIC L D H O UDFTEEITo 7. HERIL 4 FRTHLH72D, Ly o)
iz MJE TN 4 pEIL, EEIBER S EZRE Lz, Ay ¥ =283 J7m 100, ME T
150 & L7z, TSV TiE, Lw 5 #hEE 1T 1500rpm (2.83m/s), A B =A/L—)L
L v O B O LT AFEIL 47N, WA IZERICB T 2 KO FEH L LT, 0.89mPa -
s (25°C) , IRREBMEAREIE 2190MPa % VY, F v EF—3 5 U REE I —0.01MPa(G)
& L7 ULw O B E 50 A ORAEMEMTHRS R4 Fig. 3.3-4 (TR T. ZORGTIZENT,
AV —=RAT v 7 TR 24AMPa(QDEENAEL, WL AV —AT v 7 ETEF vy BT —
arPNEL, ARZANT—AOM U RELHE ) AMEENSEL D Ly ) B
B/ ho 13/ 1.0um TH - 7=

3.3.3 EBRFik

3.3.3.1 Ek U ORBAF ~DOEEF

A= AN —NVEEROE LAV —AT v TTEOMEEEIZIE, Sy ET—va s Eh
HIE DT, B $0.26mm, YES 0.9mm O L 9 Bl JIFIFRE R, EARERO R %,
WL A U —RAT » TUEORIFIAE R OWERER D D JF 5 A4 JE 0,=8°DNLE T, — ATk
J7e. BNt HERVICEVEET HX A4 7 ThDH0, BEERMEHT SiIC THhbH7eH
XVTINTIIREECH D, ZD), Sy ET—v a VENAERADER ¢ 0.26mm D7D
Bl R, EA$O0.Tmm, S 2mm OAEE I, EHIZFO/ FIZERE ¢6.3mmOHE

WRERT, AT VAROEE o EERR IS E 0T X7 2 — 2 i, TR F
VIR IC LV EHEE L. 2 OBE%E Fig. 3.3-5 1237, 7235, H¢0.7mm
DRENLTNDDIE, SiC ~DFRMNTAZEB T DB D7D Th D, TH T2 —LIES
TR OB IE Y 2 TARO Y S ARE L, BELE.

JESTRIER AR DEE ST 3mm TH Y, RSB LI OH LA U — 27 » TR S ITHK
LT REWZ ENORETLEEIT/NSLS, WLV =T v FERNOENIZEZ D
RISV ek, ESIERAREZM L LIZZICLY S8EEZ 7 vy B 7L, bAoA U —
ATy TR L—F—TINLT 52 & T, ENREMRAROBFICI T ANV X 228D H
2K D TR LT, Fig. 3.3-6 (2 L — W —BAMERIC X 2 JE O H1E M B OB Rz T
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F7o, JEDPER ISR NS A VIAALTESS, v 7 U =X 5REEIDBET S
2, EFE¢0.26mm (24 U HKOEFES y = 72.25mN/m@20°CIZ & 5 /1134 1kPa T
HY, JENRERRA~OZEBIT/ SN EE 2T,

3.2 HiTITo o EBRTIX, ESMERNE FOEBABIZONT, RV LH L Fa—7

ZEEIAAEITH 342mms, LIS KIT A0 & v F SN DA HETHE LT =
— 7Rk K OE I UV NOZEM AT L 412mm3 TH Y, HRAEFEIT 754m3 &
8%, —HT, RERFFIEBT DETRERNE T OZBEREIL, RIHST X T2 —0
STEREICEVEEHTI2000, BLZ 2mm3fRE L7720, 3.2 HiTiTonFEROBLE
30 43D 1M CTE T 5.

3.3.3.2 EHE VIV ORKRELIHEME

JEE o ORET —2ITEET —Z Tl En 5. ERICHWE IR 10V
OEIFPASD NI R T8, BIRBHE N 2T — 2 a T — (77 77 v 7 i, M
GL7000-PS) 5L, OF A=y  (GL7-DCB) |Z#%kt L CT — X WHEEITo7=. £z,
71 o O RGE 121X Zero Balance output ; = 5mV OFt#ER3H 0, [ESHDOE a8
NEEMV OHFPHCTT N TWDAREENH H T2, TORENMLETHS. £z, EEICE
STErENE3% (£2.26mV) L8 25720, EERFPIIE ¥ 2 W OBYE T ORI
EEIT> THIET 24825 5. Fig 3.3-5 17T L 910, AIFZETIE, Lv 5 BhimireEe
FEZREDT- DD k Bt %2, FT)E Y EEE ORI FRLE 5K T 72, SiC ITEVREM:IC
B TRy, k AEXNC L HMER, L 2 BiERE, BLOE & FEFEOREZET/
SV BUREHWT LW D Bhifi R i 2 BT 2 PR ERIT o728 24, Lw ) BhimiEE ) E
PHIRFE L 0 15CRERWVERL TICBW T, k BVERICI 2HES, Lo o Bim#Em, B
FOESE A EFEORE, ZNENDOREEIT2CUTThHo7. Lo T, Tk BGEX
OREMEZEHNT, ESe L POREMERMET S &L L. RIEIZERSME L TRE
THAHREME DO D IRESM T (FiR~100C) 128 W T, ES 0.05kPalabs) 3 L O
101kPalabs.)® 2 KHETITV, EBIE - [ENEBROMEMRZER LT-. Fig.3.3-7 IR IEOHE
P, Fig 3.3-8 ITIER R Z~T. F—IRESM FIZB T 2ENEEITKT 5 HEEIC
ITRAZE 1%L FOEMBERH LD Z Lvn, 7 —2RE SRS, JE L L 5 BhmifHhE
M5 JE S 0.05kPalabs.)$ L O 101kPalabs.) DEEZ TN E KD, BEREER L TES
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LT, A, ATFETHRROE Y% 3 AREL, FEOFECKIE « WELTT
v, R L.

3.3.3.3 EBEE

IVl B O A ZPERB LY, B ROIARIC L DER AN — R Z R T D
7o, 32HIETITIRARTZb D LITRAR D, Hic/2 L 5B FEREEZRUE L 72, FEHEE
OREE % Fig. 3.3-9 12, AMl%E Fig.3.3-10 IZZNEHRT. A D=L — LV OETERIL,
RO I, L o Bif s snE 7 Em & ICRE S LD, BHRER Th 50650 7 ZA KA,
HUODHEBIC AR ¢ 4.5mm O BRI 23X, BREN T — 2 (CHE6E S AL72 Bl ¢ 12mm D4 @il
DL ¥ 7 MZ M4 3V CTHEE L7z, 2PORDMTIC X DR E IR 5728, BEESS
\ZITREfER & LT PTFE U v o v — 2872, SRS OIS 1 X80 1B 5 M AT B AL E
BCEXDHMEL 2> THY, RBELFHET 2L TAI=IL—LORYHiTEE
FEL, FrED L 5B LA TR ENMT S5 TE 5.

AT =TI —v L D B OBIEITIE, R B2 IR0 i reeZe L o X (R
fh¥—x 2 28 VH-Z50T) 2V, ¥ E7 — 3 VOPESCEE & BRI 579,
CMOS ™A AE—RH AT (Bt —x o 28 . VWI000) Z 0 L7z, g 13k
640, #t480 B/ /L L, 7L —AhL— b— FiE 200fps & HAHE L L=

JEN® Y Dr—TME, A= —ABMEE L CTHL 7 —T AR5 sEL NN K
I R E R e ECEBEEBEOEIZEE L, A= I T — VO LA R EA~DR
BRSNS 72D X OBE L. v 7 MElEE, Lo 5BifbffE, ¥rv 75— a
JENEH 7Y IR 0.1 BT — 2 T —ICRiek LTz

3.3.4 EBREM

FBRZA % Table 3.3-3 (T~ ¥. 328 TIT oo FEBREF—D&ME Lz, BBRIRAKRIZIT
WROKZ FWiz, A== L SBmOSNEMICEE L, Il e SBimE v b
4~bmmEER< 22D KOFE L2, 728, Lw HBBALARAC L S B aME A< 2 & B
195728, Lo > BEIZIEH 57> CORMBRFTA 2 B4 L THs b RSB 2 B0 A4 7. KR
TEBAEY, EE T THRYITE & Lic, @RI E 1500rpm (L« o i 2 JEE TKI
2.83m/s) , =T —MEITITHT, KRJEOMPa(G & L. 7ed, 3.2 Hi T -7 3E8k & A
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b2

, BZeH| X3 T, L ) BIEICER T 2 ESE A NE Fo, EH' S 22iciioR
SIEDZELENIFET HWRET, Lo d#3RBRE A ¥ — - L1-.

3.3.5 EBRIER

Figure 3.3-11 12, F+ 77— a VEHOREREZ RS, Al LibRIEsBH A1 o
R & U, Mt v 7 —>a VENB LR v 7 Malfsg e Lz, Lo 5B, *
¥ BT — v a VIENTREBEENIR T AL U0, BEE Tmin FRZICLE LTz, 3.2 fHi
TATHIEBRICB T 5% v © 7 — 3 a YEDLERFRICR LT 10 00 1 LUF DR TLE
L7z, ¥x¥ 75— a JENT L > #BRMGES L% 3~4 43T bkPalabs) £ TR T L,
Z D% I HIIET L TRMEHIICK) 8kPalabs) TLE LTz, ZDZ Lhb, 3.2 HiOERIZE
WL, ERFMAARELTEY, BRHAZERT2 2L TRy BT —a VENDR S HITK
T LA R R SN D, 7o, AEBRICBIT2FX Y BT —2 a VIESRERFDO LY 5 H)
MR ITH 24 CTh o7z, 24 CITBIT /KD fFIZEKTEIL 8kPalabs) TH Y, F ¥ BT —
voa CENIKOERASKE E — B L.

Figure 3.3-12 [ZE NMIEM R EZR T @D, WA UV —A7 v TEIELDF Y BT
—¥a VOBRERT. 32 Hi TIT ol ERELE, L d#BMERZRLY, HiLvA Y —X7F
v THEDNATID 7 4 U HT—IROF v ©F— 3 U NEERA L, JEARNER RO
MOIIREROEFELEVOXF Y ET—a PNAEL, FIRETIER L., 72, Ok Fé
FODOF Y BT — g COEBSRRERE S &I T 2R bRk CThH -7, Fig. 3.3
12nHbnn k918, Lo dBIBAE, HolcikfsmssL, 700 —Frv 7
—arEtOEFELEFEVOFYET—T a VOERDBBKIZRSTWS., ZUET7 2
—F BT —va O EFEEFVOX Y ET = a VDIENENTEAERLRY, JE
NEFIHES 74 o T —=F % BT =2 a VOWRIER R o 7eled Th D EHEET D, £
NWTHROEFETAK (BOFR) BRARET D X512 TV DlE, TOKUNAGA 5 149 0
WEIZHD X DIZ, ROKRMERS) OB TK (BWF) R EZRS THRAL 2O TH 5 L
ET 5.

FoT, KERIZENTS, 32 HiAM, EEMIIIENDHERONGAELTEOLE EL
FVDOXYET—2a VOENEESTLHZ LT, AMOHLA ) =27 v FIZEVAEL
74 H=Fx BT =2 a v OEAEZETHZENTETNDLEALND.
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336 £&®

AETIL, 3.2HiTITolz, AH=HNL—LEERDF ¥ ©F — 3 UHERICEHRIE
RONREZRTTEIEL TV Xy ET— a VEHEMET HERFIECRBIT 5,
JENBEDIEMER E2REF Lz, ITIE, #REELD5.

CJEAREMRAROBRL TS, B, EE o 2MldiAteZ LT, 3.2 HiOFEBRITK L T/RAEL
TOZEMABERAL, 2RO, T7Rbbd vy © 7 — a VEDDLEIT D% R %

F123 50 VIR L, &4 m B L7z,

cLw O BEEFHEEIC LV EN B P MEEOMIELITS 2 & T, KOVEEISFrET
—varENEMET DI LB AREL Lo,

CREBREMICRBNT, A=A — L L DBNE O LA ) — AT v FHIELHF v

BT = a VOENE, AOBRMERIELIZE BT 5.
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Table 3.3-1 Specification of pressure transducer 13

Pressure range 350 kPa(abs.)

Over pressure 700 kPa(abs.)

Full scale output 75 mV

Residual Unbalance *5mV

Combined non-linearity, hysteresis, repeatability +1 % FSO BFSL
Operating temperature range —29 C 0175 C
Compensated temperature range 25 C t0 80 C
Thermal zero shift 3%

Thermal sensitivity shift 3%

Table 3.3-2 Specimen specifications

Seal ring material Silicon carbide

Inner diameter of seal ring surface 32.4mm

Width of seal ring surface 3.6mm

Surface roughness of seal ring 0.02um Ra

Surface flatness of seal ring P-V value : Less than 0.20pm

Surface roughness of Reversed Rayleigh-step groove 0.09um Ra

Rotating ring material Synthetic quartz
Surface roughness of rotating ring 0.002pum Ra
Surface flatness of rotating ring P-V value : Less than 0.24pm

Table 3.3-3 Experimental conditions

Sealed fluid Purified water
Load of sliding surface 47N

Rotating speed 1500 rpm (2.83m/s)
Fluid temperature Room Temperature
Pressure 0 MPa(G)
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CABLE STRAIN RELIEF [€— 3/B8HEX —>|

4.8 R m— 142 —— 111 —>

NOM. |e—
33
HREAD /\
10-32 UNF-2A
""""" NOM.
38

SILICONE O - RING

PRESSURE REFERENCE
TUBE .76 X 254

LONG FOR GAGE
& DIFFERENTIAL UNITS

PRESSURE SENSITIVE AREA
451D.X1,0C.8.

" 4 COND. # 30 AWG
SHIELDED CABLE

914 LONG

Fig. 3.3-1 Pressure transducer 13

Rayleigh-step x 4
(for lubricating)

Pressure measure hole

V shape groove x 4
(for fluid circulation)

Aftaﬁonal direction of

Reversed Rayleigh-step x 4 the counter face
(for sealing)

Fig. 3.3-2 Structure of surface texturing of seal ring
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V shape groove x 4
(for fluid circulation)

oFST

Rayleigh-step groove x 4

(for lubricating)
«_/ Reversed Rayleigh-step
\__ -
\—i—/ groove X 4
Rotational direction (for sealing)
of the counter face
Fig. 3.3-3 Dimensions of surface texturing
Cavitation region
(Negative pressure region)
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Fig. 3.3-4 Calculation result of the pressure
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Optical flat PTFE washer

1
\ : ©0.26
. i
. o))
Seal ring : o
[}
Gasket =
[}
|
!
! \
1
I
1
!
Bond O ring
Thermocouple Rotating shaft Pressure sensor

Fig. 3.3-5 The hole and setting for pressure measure of seal ring

Rt . .r_,",‘ ¥

s

Fig. 3.3-6 Photograph of the sliding surface by Laser microscope
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Constant temperature bath

Air piping to manometer

Air vacuum To Manometer

O ring Air piping for vacuum Calibration rig

Calibration rig

Fig. 3.3-7 Pressure transducer calibration rig and photograph

10
5 ——
0 —e—Sensor No.1 at 0.05kPa
E —o—Sensor No.1 at 101kPa
E -5 Sensor No.2 at 0.05kPa
8 Sensor No.2 at 101kPa
-10
—e—Sensor No.3 at 0.05kPa
-15 . —e—Sensor No.3 at 101kPa
-20
0 20 40 60 80 100 120

Temperature, °C

Fig. 3.3-8 Pressure transducer calibration result
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Optical flat CMOS camera

Pinhole

Pressure sensor
Thermocouple

Fig. 3.3-10 Photograph of the Experimental rig
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Fig. 3.3-11 Pressure measurement result
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Finger cavitation

a) Elapsed time : 0.08min(5sec) b)  Elapsed time : 1min
Cavitation pressure : 84kPa(abs.) Cavitation pressure : 21kPa(abs.)

¢)  Elapsed time : 2.5min d) Elapsed time : 7min
Cavitation pressure : 6kPa(abs.) Cavitation pressure : 3kPa(abs.)

Fig. 3.3-12 Cavitation observation result with pressure measure hole
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BT = a VOENE, AOBRMERIELIZE BT 5.
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TMA L. SHIZ, FARIC L 5> BIEOAMHOTAENIB L UL ¢ O BdE 2 2L S,
QDR F DB SNT H A LT-.

728, WORFIZHOWTIEE S ETHET S, 2, G)OERFIZHONTIE, A=k
O BRIV THRIKO BN E D BT 2 /REEIRN LB BN 5D T, §F
MR IAT 72 o Tz,

90



42 ¥ ¥ 75— 3 VRBEDIENSAG

Xy T —a VREOENIHTIC LV R 2 ERRESN TS Y. £ 2 TAFIT
1%, 8.3 HiTHh~eF vy ET—v a VEAMETECBNT, A=A —LEERL
@ 9 BN GRS BIEHAREMARDEF ENEEZEZ TEREZIT, #iLA Y —2T v 7
ICELDF Y BT — g VRIAOE NS & A LT

4.2.1 —NVRABRF

/LRI 8.3 i TR o FERR & R — AR (BE, Lw S #hiffh i, RE7 7 A
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Table 4.2-1 Specimen specifications

Seal ring material

Inner diameter of seal ring surface

Width of seal ring surface

Surface roughness of seal ring

Surface flatness of seal ring

Surface roughness of Reversed Rayleigh-step groove
Rotating ring material

Surface roughness of rotating ring

Surface flatness of rotating ring

Pressure measure hole position 6y

Silicon carbide

32.4mm

3.6mm

0.02um Ra

P-V value : Less than 0.20pm
0.09um Ra

Synthetic quartz

0.002um Ra

P-V value : Less than 0.24pm

8°, 32°, 56°

Table 4.2-2 Experimental conditions

Sealed fluid Purified water
Load of sliding surface 47N

Rotating speed 1500 rpm (2.83m/s)
Fluid temperature Room Temperature
Pressure 0 MPa(G)
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Pressure at cavitation region, kPa(abs.)

Rayleigh-step x 4
(for lubricating) !

Y shape groove x 4
(for fluid circulation)

Aational direction of

Reversed Rayleigh-step x 4 the counter face
(for sealing)

Fig. 4.2-1 Structure of surface texturing of seal ring
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Fig. 4.2-2 Pressure measurement result for different Oy

95



4.3 EKEL XY T — 3 VEAOBRK

KBTI A2F vy ET—va VIR EMEF Yy T — a VR ERTHD L EDN TS 9,
ZDH, RRENBORE F RSy ET—va VEHTER T 0L PHEEND. £
ZCAEITIE, BENRIARIZKZANT, KR, T hbbimAKEL LS ET Ly HEFE

BRAITV), RREE XYy ET—> g VEHOBRIZOWTIHE L

4.3.1 >—LRBF
BRI 428l R & L, RURBRA &2 HWT 4.2 HiOFEBRIZGIEHNT LY 9
EREITo 2. —IVEB B OAE%L Table 4.3-1 12/~ 7.

4.3.2 ERFER LOERSEM

EBRIEREL, 3.3 HiTli R Lw O BYEBEEE OWRMIC, BEREDOIEDT-D~ 1
Hbe—Z—ZBERE L. S5IC, AD=IN—LO Ly dBEMEEMETED LD
WCMHEA N — L =7 —FlE 2355 U, EBREEOME 4 Fig.4.3-1 (27

4.2 Fi & ARk, BBRITIERIITREROKEZ FHWT A D =B v —v 0 L 5 Bhif s E RN FlE
L7c. 7238, FRUKIZEFIRORKE FC2RUA - REET—BE (12h DL L) MELZH D
Th 5. WRRITHFIE (25°CiIHfE) ~100°COHM TLL Sz, L o B E OEITK
UL OMPa(G) & Lz, 7272 L, [TEJJREF /X ONLE 0 : 8°DFRER ST D AT —MEZLTY,
0.1MPa(G) FiZEB T 5 EBR HIT o /2. HEhEMHEHUT 1500rpm (L« 5 Bhim P2 & 3 TR
2.83m/s) & L7z, FEBREMF% Table 4.3-2 1273, LLFICERFIEOREMZ RS,

WM OB B IRKIRIT IR, RREND L 5 BEBRZ M L, BFERIZIEE R X O%h

JEN B S, SRR 23y BT —va VIEREE L. ARG TIEXLIT
DY ThHD.

(1) =7, FiR, KRECBTD L dBEREZIT, ¥ T —Ta VENR+HRICE
ELTRER T L D Eh A5k L.

2) Z0tk, =7 —MEICEY L > BifsE OFE % 0.1MPa(GIZFHE L. L 5 &)
AL LIEZ L, MELEZEICRY Xy T —v a VEE U OREMIZR 4 IZ
EHREZITCOH+HE kPalabs) 2R T2, ZOFEE LW YEERKBL, FrET—T 3
VIENBFSIZEET HETEREITY, ZO®REIEL.

96



(3 Wiz, ME=T—%BKL, L BEINEIOENEZRTEETRHRELL. £LTY
A7t —F—|ZXVKIREZ 50CREE THRISEZ. Ly 2@ aFElL-Z L, A
IRIZ &2 EJ0E RS T D2 DRI LV JE ' o oflEfEIE 4 kPa F5
T2, ZOEFELw YBERAL, XY ET—Va VIEABRHDICEETHETE
BREATV, ZO%EIE LTz,

(4) LIBE, Q@)D FIEZMEY KL, 100CifF £ Thallkiiz L SE203 6, KREUE
BLOTT7—IE 0.IMPa(@OFEHR AV K LIz, 7ok, EIRIERRONE oy :
32°, 56° OFRRFIZONTIL, =7 —IEIC X2 FERIFITHR1h o7,

4.3.3 EBHER

4.83.3.1 ¥x T —v 3 VOBEKER

Figure 4.3-2 3 L O Fig. 4.3-3 1T, &R, KKJE T D, EHRER R EZT &P
D, LAV —AT v TAELDLIFX Y ET =V a VOAEEZBIE LEREREZRT. Ly )
BIBAAAHT N D, WL A U —2 7 v TN RIARFE L TE Y, ZIUTHAM T REIZRA
LeZERTh D e HEE SIS, Fig. 4.320)~DICrnT L 21C, Lo dBEBthEHZR LY, @
LAY —AT v THEOWERN BB OX Yy T —2 3 UVEL, T UIRICTFRICHELTW
SHETRBESNEZ., ZhiE7 v H—F v ET—2 a5, Fig 4.3-2()®F &
W Fig. 4.3-3@ITRT L9112, 74 v H—F v T — 3 3 NIENE RO I8
D&, RERT D LD IMIFICHiNz. D%, Fig. 4.3-3b)~@IZ RT3 K51, EHRE
MRS BRKIENE L, £ OERIZNELOWRNEI K L, F v ©7 —3 3 2P NRIHE
KUz, ZO/NSRZIAIENERARNNOELR THDH EEZ HILD. & OICHFARE T
%L, Fig 4.3-3DITRT Lo, EDHEHROEDNGOEEFLEVDOF Y ET—T 3
UBRAZICTER I TWL R TABIER SN, 20%I%, 338 2EREFERE, 74
PH—F X ET =gl UEFEELFEVDOFYET a0 2 HOF Yy ET— g N
BlEL SN, BRAEPITITRERIRRR & E IO EELFV DX Y BT —2 3 VML, RN
KRR & 72 o 7.

WIZ, Fig. 4.3-4 12, ¥ ¥ BT —¥ a VRIADOEROFE T 282 LR 277, Fig. 4.3
4a) \RT IO, Lo HYBHENMETT 5L, 740 H—F v BT —v 3 VORI

97



DUl BIER, $3sec FEEITF v BT — T a VRIBITHIETICH LA U —RT v 7
WICHIEL TWed, Z0t, Fig 4.3-4b)~DIRT L5, #iL A UV —27 v DT
TN SBHIZF ¥y BT — v a VRIEBTEEA L. 512, Fig 4.3-4@I"T Lo, &
FINE A O 7PN FRBRFA DS A 0 IAT AR MR S Tz,

EHIT, i, RRE TR 2FRIHNT, i, 0.1MPa@METFIZHIT S, [EH
WEMNRZR T EF o, A ) =27 vy FRIAELLF Yy BT —v a3 VOBIER R
Fig.4.3-5 (2" 7. MEAN—OH T ABMBR CTEDH 1280, REEER IR TIXeuna,
Fig.4.3-5(IZ~"T L 512, RKUETOFEBRFELE, Lo d@BBGESZLY, HiLoA U —27F
O TEDIRIRND 7 4V H—Fx BT — 3 UBNELD, TSI TSR RBIE S
72. Fig.4.3-5(c)~OIZd X 512, [EHRER A LRBRIRAEAE S H L, FiRiciihcn
SERFRBIE SN, 2, ERNIAT > 72HE, KRE FIZRT 5 FROK TRIZAD A
ATERBRGARDS, AHOBEIZ L VRSN b D LERALND. ZOBRRETFERT, &
Bl S, ok, 5 3 BT L DL, EHRERUSRBRIRD AV A TZY;
A, XY TV K 2ERERAVBFEAET H03, B ¢0.26mm (24 U HKDOFKHE RS
y=72.25mN/m@20°C\Z £ AJENITH 1kPa TH Y, JENRER RO/ NI W29
WHTE 5. 70, RKRUETOERRTHBEINTLOEE L EV DX v BT — 3 VIR
BRI NT, L DBBIMGEBNOREN T 4 v —F vy BT —va VL o7, Zh
I, ERNAT 7R, RRE TR 2 ERE TE, FHSRZI S Rehrololz0i
FENBERSRADENRRL[EE TEITTET, Lo o BBt TH 14kPalabs) Th -7
ZEDRBLTWDLEEZZXOND. o, RREZ SRS ERTIEMED N—DH 7 A%
DEVRHELL, FXYET—Ta VOBEIITE o,

4332 X ¥ 75—V =z VEHORIEHKE

Figure 4.3-6 |2, ¥ v 7 —3 a VIENORERREEZRT. £ — Vil #FERSM
B2, L 2BEBAMAHE Tmin A LR L72ZE Lick vy BT —va VIEN %, ZOREO
L dEEIFHEE CEE L. Sy BT —va Vi), Le dEmEIHEE L I, 108
BOFEMEE Lz, R L0 FRoRBR T IcB T, Ly 2 BImiTfFERE D FFIctks
TXyYy b7 —va VENNER L. £, ZOMEITFREICIT 2 KOMAKE & 13
—HLTHY, MOHBENRD bz, 2k, RERICBITL2F v BT — a V3RS

98



XY ET—Ta VERTHLAMEELRELTEY, FRIOFRE LEETD.

JEFBIE AR ONE 0y DEWVC LD F vy BT —3 3 VEHADOETIZEA LR, TR
ORI AKOFFIELTE L IEFE L. 202 b, BERE FICBWTYH, 4.2
TIHRARTZEY, Fr 7 —v a3 URUEDEF T HENIRBAHTIRE—HETHDH Z
EBHBEMNEIR ST

Fiz, AA=Nr—D L S EHEINEEZ 0.1MPa(G) T=7 —IE L7280 T
H, FYET—va VIENTIRRIETOHRGLIZEAEEN RN oT. ZOZ e n, RIE
BARMEOFPICB W T, ¥y BT —Ya VENEI L 2 BimsNE OIE B IS, K
OEIFIAKIEICIZE T D22 R B0 Loz, Etsion b I, MHICHT5 Y v—
FVENSZ OEIZRICA T DXy BT —3 3 VICOWTENREERREZIT, Fr ET—
Ta VEAT L ) BEECE T I LY —21.1~2.5kPa(GIc b5 L LT
0, REBRFERICHE L TEWEZRLTND. LoL, BIZBIT2Xy BT —v a3 VIR
BHEF Y ET =2 a UBRFEREFONTEY 9, RERICBITLOF Y T — 3 VET Dk
P23 Estion 5 3D EERE Bip-> T D Z EIIRE#HETIT AW EEZ 5.

99



434 £L ¥

ARHITIE, BEFRIKZHWT, KR, T2RbbafiAREL B ST L g 5 BFER
ATV, RRELEF Y ET =V a VEDOBRIZOVWTHAE L. TORREUTIZELD
%.

c REBROFPANICRB N T, FHRUKPIZBIT 2 A D=L —DifiL A ) —AT v T
ELDHFXFYET—Ta rOIENIL, DLW ) BEIREICEIT 2/KOEFAKIEIZ LS —K
T 5.

s REBROFHNICENT, BIEERE FICBWTHEIRRE FEREEC, Ah=hLi—L
DL AV —AFT v EIZELLF Yy ET— 3 OENL, JEFHFRORESIZB N TIZ

F—HRTHD.

C REBOFHFHNICBWNT, A=A — L L HBEEANAEOENL, LAY —2TF
THICEL DX Y ET— a VOETITF L A CEE L0,

100



Table 4.3-1 Specimen specifications

Seal ring material

Inner diameter of seal ring surface

Width of seal ring surface

Surface roughness of seal ring

Surface flatness of seal ring

Surface roughness of Reversed Rayleigh-step groove
Rotating ring material

Surface roughness of rotating ring

Surface flatness of rotating ring

Pressure measure hole position 0y,

Silicon carbide

32.4mm

3.6mm

0.02pum Ra

P-V value : Less than 0.20pm
0.09um Ra

Synthetic quartz

0.002pm Ra

P-V value : Less than 0.24pm

8°, 32°, 56°

Table 4.3-2 Experimental conditions

Sealed fluid Purified water
Load of sliding surface 47N

Rotating speed 1500 rpm (2.83m/s)
Fluid temperature RT ~ 100C
Pressure 0 ~0.1 MPa(G)
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Fig. 4.3-1 Experimental rig
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a)  Before start b)  Elapsed time : 30msec

c)  Elapsed time : 60msec d) Elapsed time : 110msec

e) Elapsed time : 150msec f)  Elapsed time : 225msec

Fig. 4.3-2 Cavitation observation result with pressure measure hole at RT, OMPa(G)
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a) Elapsed time : 300msec b)  Elapsed time : 375msec

c)  Elapsed time : 380msec d) Elapsed time : 390msec

e) Elapsed time : 450msec f) Elapsed time : 825msec

Fig. 4.3-3 Cavitation observation result with pressure measure hole at RT, OMPa(G)
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a) The moment it stopped b)  Elapsed time : 3sec after stopped

c)  Elapsed time : 3.75sec after d)  Elapsed time : 5.25sec after
stopped stopped

e)  Elapsed time : 7.1sec after stopped

Fig. 4.3-4 Cavitation observation result with pressure measure hole at RT, OMPa(G)
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a)  Before start b)  Elapsed time : 15msec

¢c)  Elapsed time : 37.5msec d) Elapsed time : 60msec

e) elapsed time : 750msec f)  Elapsed time : 975msec

Fig. 4.3-5 Cavitation observation result with pressure measure hole at RT, 0.1MPa(G)
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Fig. 4.3-2 Pressure measurement result as a function of fluid temperature change
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Temperature near the sliding surface, °C
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D EE I L w 5 0.38m/s, Ores =26° AR TIX, Lw 5 BEFEIL @ 93 0.94m/s) ,
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TR O BRI TIE, AR A ICB T 5 L 5 B/ NRH ho 1% 0.24~0.67Tum TH 5.
ZHICH L THLA Y =27 v TR IIE 1.5pm Th Y IR RENWZ &b, KNS
HF L@ 28 E TRENZOWT, FlBRA I X 6213, &RTH 26%RETHDH.
RERA L IRITIFIER T, DEVHEIIRIC, M THHOT, 740 H—F ¥ ET—v
3V OREN L ) BEEEIRTE LT D EB 2, AFEBREE G SCk6] & [F U %
RLTWSHEERD.
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AKEITHE, LAY —RT7 v 7OEFAEESBIO L YEBEER XYy ET— 3
FESNCRIETHEIZOWTHE L. ZORELUTICE LD S.

HERKICBIT DA D=L — DL A ) — 2T v FIEIELLDFry ET— g
DIENE, WL AV —2T7 v 7ORAFAEREIBLON L 2 BE#EIKFL, HEREIDPEND
T, F77, Lo 2@8EERNEHVEE, IKF T2 LB L =,

LAY —=27 y 7ORGFAERICLY DOBHEICL > T, Fr 7 —3 3 VENZ
BIFZARIEL Y b REWVEZRTZEMHPI L2, ZRICEY, ¥y BT —2 3 UXialic
TP DI LT SURBIEAE L, ZOEIEN L 2 BIEREE, SFIC X0 BT 5 rTREMEN
RS

c REBROHEBNICENT, Ly 9BHBIOW LAY —2F7 v FHEOHMSIL, v T —
a VEINIEE A ERE L,

CAREBROFEHNICB WS, ¥y ET—Ya v BRBI OV v —F v ET—2 3 LV OK

Bix, v b7 —2a ENORBRFLEALEZTT, Ly ) @EEICEEFEL, Ly ) EhE
EREWITEE, ORI 5 a[gEMEN RIS 7.
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Table 4.4-1 Specimen specifications

Seal ring material

Inner diameter of seal ring surface

Width of seal ring surface

Surface roughness of seal ring

Surface flatness of seal ring

Surface roughness of Reversed Rayleigh-step groove
Rotating ring material

Surface roughness of rotating ring

Surface flatness of rotating ring

Reversed Rayleigh-step angle Orrs

Silicon carbide

32.4mm

3.6mm

0.01um Ra

P-V value : Less than 0.20pum
0.04um Ra

Synthetic quartz

0.002pm Ra

P-V value : Less than 0.24pm

74°, 50°, 26°

Table 4.4-2 Experimental conditions

Sealed fluid Purified water

Load of sliding surface 47N

Rotating speed 100~2000 rpm (0.19~3.77m/s)
Fluid temperature RT

Pressure 0 MPa(G)
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Rayleigh-step x 4
(for lubricating)

Y shape groove x 4
(for fluid circulation)

A'tational direction of

Reversed Rayleigh-step x 4 the counter face
(for sealing)

Pressure measure hole

Pressure measure hole

Fig. 4.4-1 Structure of surface texturing and hole position of seal rings
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Sliding speed, m/s

Fig. 4.4-2 Pressure measurement result for different reversed Rayleigh step length
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a)  Orrs =74° 0.19m/s, Pcav:77kPa(abs.) b)  Orrs =74°,2.83m/s, Pcav:3kPa(abs.)

¢)  Brrs =50° 0.38m/s, Pcav:70kPa(abs.) d)  Brrs =50° 3.77m/s, Pcav:3kPa(abs.)

e) Brrs =26°,0.94m/s, Pcav:82kPa(abs.) ) Orrs =26°, 3.77m/s, Pcav:8kPa(abs.)

Fig. 4.4-3 Cavitation observation result with pressure measure hole
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Fig. 4.4-4 Calculation result for different reversed Rayleigh step length
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4.5 LAV —2RT v SHERIOFE

BIEi T _7= L 912, WA U —2F vy AITBWTE, L 5 Bl ERidreE, 27
TR ARICE DV ECELDREDOKRE ERRARL. AFHTE, WAV —2F v
DHWESBLOL dBHERF ¥ EF— 2 a VEACRIETEBICOWTHAELE

4.5.1 —NVRABRF
VBRI 4.4 BiCIR A FE R & BRI — ofikR (M, LM mE) &L
L REAT IV ATFX YV TOH LAY —=RAT v TEOFE TGRS Ores =747 & L, RS
I%, 1.5um, 3.6um, 5.5um, 7.3um, 9.1pm @ 5 K¥EDRERF ZHUE L. BB O1LEE%
Table 4.5-1 |27,
Figure 4.5-1 |ZR" 7T LA U —RAT7 v S THEULZAMBRERICIEBNT, AT v 7 ORMERD
WAEITE R Gl vEREND 5.

B 3x(1—x)(m—1)
P x4+ (1 —x)md

ZIT, xiFLw o@imo v m (JFGm) &S LEMIEOWEY S (JFGm) &S
D, miEL S BEEORMTE EFHFL W 5 BIimEOKE ho (B/NRE) &, #EINTHE &
HF L@ 28w O hi O m= hi/ho THD. m»BK 2.0 DGH, ELDHENDBRKE
b, WA ) —AT v FITBWTCUIRADR WA X L7 572 0E LD EINTA LR DN, E
TR OFBIFR L TH 5.

Figure 4.4-4 \ZR L2 LBV, RFRICEB O CTHERARNALERSFETH D, K, FiR, KK
JETF, 1500rpm(L w 2 @i s Lw 9 2.83m/s)IZB1T 25 L o B/ aE ho 138 X
Z 09um ThD. £/, FEBRIZBT LW LAY —27 v FHEO A DILSE T Mkt UTE
RLTWDTI2, EORGmPDIEZEEICRFEL LTx2RDDH L 09 725, L
WoT, ZOFRMFIZBTLHEHBA O LAY =27 v 7O m il X OENRE G 1T
Table. 4.5-2 (TR T LBV &5, 4.4 HiIEFTICERET LWL AV —RAT v FIERS
1.5pm, Orrs=74°ABR O m EI% 2.7, CplX 0.164 TH Y, JENRENKEL, £ALDHA

JEDOHEHER RENZ ENDOND. AFOERTII m EOXELRET L 2AMET
D, AR=FHNT—OGEE, RS lum LT T, REOMSO R0 0B ez
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HDT, L LTOMENZE L TRESNRNEEZLND. LERN-T, BRI 28N
SETmEEZELEEZ. B, LAV =T v 7HEOERSIILV——EEeE (4
P2 AR - OLS4100) (2 X AHIEICBWTEEZE 0. 1pm N TH - 7=,

4.5.2 ERFER L OEREM

L DB FERILELS L OEN o T4 Hi TR~ FEREF—& Lz, 72720, RRUE
TICBIT DFEBRICEN T, WP oBFRAEZET S HNT, WP rIrksr 24
T O (PreSence #HH. : OXY-1ST, Pst7 # A7) Z&E L. KT OBFRAE
EF Y ET—2a 2T HRFTHL LEEDLNTEY, ERICBIT DT EAFARIKE
AHYRET D 2L TEORBELEEBERTE L. KPANEITIADRIEO BT~ Y —OEANC X
DIRESND T2, RMFFROFZFRN AT 222D ERM G Th D8 - BHROKIZHT 5
AU =BT HIE, WE LI-MBRRENORFEREL TRITE 5. FRIEED
W24 Fig.4.5-2 (2”7

ARERTERIIZE K Z N T A=Ay — LD L 5 BhmshERNICEE Lz, KRRk %
W= R 2 RRFEAT - 723556, EREEICEEN LN, EREZEKICEE T 5 Lk
BEINTZOTRATHZE L Lz, od, BAKICEEND RHMIL, BT A 80mg/L,
~ 7% 26mg/L, 7 hU YA Tmg/L, 7V 7 A Img/L 2R TIHEFITHRN. R
A DIFAEIC KL 2 BFIARKEDIR FIX, 77—V OIERNCHE-STFIEH 0.006%RETH Y,
WD LEEZT.

WKL SH B2 L8, =7 —7K 7 (3500cc/min,30min) C/37 U o 7 &4T\, 285 % fifil S
o kT, —#e (12h LLE) HKELZHOTH D, KRITFHIE TRVITE, 4.4 8L FEE,
L@ 9 Eiidh a0 TR EE OMPa(G) & L, #lEIE#0E 100~4000rpm (L @ 9 i
SERIJEHTH) 0.19~7.54m/s) H DALE OB AZRE L, —EREE T Ly O BIFEHRE
To7. Lw D BBAMRERICEERER L 5 #im s G < 2 L2k d 25 BT, WTho®E
BRIZEBWTH, hEESHIHIE 20rpm/sec OAEEE T 100rpm F Tl % EH S, £0
#% bsec M CHEROREREIE C LA I, ks, ERIT LICHERERZ RV 4L
T, JEJTRE R REL T OZE R O ) & REUEIZB U e, 1R RIS 2 L A 1T TR 0 5Bk
wAT oz, EERSEAM % Table 4.5-3 1T~
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4.5.3 EBRER

4531 X% x ©7—v 3 VEHORIER R

Figure 4.5-3 12, Wil A U — 27 v 7R S 1.5pm RBR A (28T 5, #halisgk 500rpm,
1000rpm, 1500rpm (28T 5 F ¥ 7 — a VIEHORERKREEZ R, Al L 5 B
Ihth ORGEFEM & L, foidxvy 7 —va VN E Lz, 4.4 HiE TAT - 72 EBRIEEE,
Lo 2 EflIGTR, Fv 7 —3a VEDFFREREERIIRT Lz, 72720, shiisic k-
TIENDIERTHEREZ2>TEY, @RS EWIEE Xy T — g VEHORKR T IHE
MRENT EAVEI Lo, BRSO ZE LizX v T — v a VENE, WTIhoLew )
BRI B W T 3kPalabs)BE Th o7z, £7-, BB IXFR—TH 50T, JEHHER R
DETOZEMBMBE L TH L. [0 b LT, T BT — a VE O NHENEZR
D2 END, EFMERRE FOZBKOPEHICIE, Lo dBfENEET L L2 RmR LT
W5,

Figure 4.5-4 |2, #iL A U — 27 v 7R S 5.5um Bk A (21T 5, #hAl#sEL 500rpm,
1000rpm, 1500rpm (ZFF 5 ¥ v BT — 3 VEHOREREZ <. Sl L > 8B
% OBRBRME L, ftiIxyeTr—varEhE Lz, LAY —27 v FIERES
1.5pm Bk A & [FEE, Lw 5 EIBALATE, ¥ ¥ 77— a VIENIREEERICIKTL, £0
(KT 1T AU CIRAE LT D 2 e 3 bnd. X4 BT — 3 VENOR FEE,
LA V=27 v RS 1.5pm RISk L CIEFITRE V. RRR%OLE Lz v
BT —va VIENRERBRA CE L, KOBRAKELL Th D SkPalabs)fRE L 725
fhElEEE 1500rpm (IZB W T, FrET— a VENMRTHEEZ T L, Mo U —2R
Ty MERE 1.5pm RIS LT, Wb A U —RAT7 v JERS 5.5um kB 1%, BL*
2.7 REDENETHE TH -7, MaBR A OEDREMRE T OEMBEHMOEIFAATHS
0, 2TREDEND D L1EE AT W e, EDRIERIE T O2K[OPHICE, e A
— ATy TEIREVNHET H L ZRBELTVND.

F 7=, #hA#ERE 500rpm, 1000rpm ([ZBWTIE, REZL DX ¥ BT — g VJE 1 fafn
BRI E TR T L olz. 4.4 HICBT 2 ER L FERIC, AFOERICBVNTH, &
B RCEREMICE ST, ST —va VENIBEMAKELY b RS WEEZRTZ &
YL, K[AMEF v ©FT —2 3 D OBIGNET D TREMED RIR STz,
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Figure 4.5-5 12, & —/viklith, FFERSEFICHIT 5, Lo @ik, EEoRHiR
W LI BEDOZELF Yy T —va VENE, Ly DBEOFHEERTEHR L. Frv T
—a VENTI0MHEOFEMEE Lz, ok, HWIELZ L O Bim O HREIL, §XT
ORET, FEBREMHFIZBNT 22~31COHMPEANTH -7, Fiz, HE L7k PEERRE X
TRTORPST, FRGFMICBNT 7.2~8.6mg/L OFIFHANTH v, HiKOEEHEEFIRE &
FRETH o2 &b, AEBIZE T 2 KITITELIPEMERL TWebo LEZX DR
5.

I LIZWTRORBRAICEW TS, Ly SBEEOHINIISC TRy ET —a v E
TR TF LTz, WL A U —2T7 v 7RSS 1.5pm ORBRAICBWTIE, 4.4 Silckir 3%
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TR KE LD HIRV 1~2kPalabs) 7R L7223, /B HC X HBIERETH D
EEZOND. WL AV —AT v RS BHIMNT 212200, [RU L dEHEEICBITHF
YET—Ya VEDRELS Y, BAKEIGICEET S Ly DR, LA Y —X
Ty TR S 3.6pm iR AT 1.88m/s, [FNEZE S 5.5pm RER AT 2.83m/s, [AIEEE S 7.3pm
AR T 4.71m/s, [FNEHES 9.1um ikBR T C 5.65m/s Tho7-. Fiz, F¥x 77—z
JEN DA RIEITFICEE LR WERETIE, BV IRLERIZBIT Xy ET—2 3 VIE
TOREMEDIXLDENRKENT EBHB L7z, 2L, ARMEF Y BT —2 3 VOBRET,
FAFIZARENEORESFMF T T—ETHDLDIZH L, ZEEF v B 77— a3 Y OHEIE, K
ST 2REOER, F¥ ETF—2 g OB TH LAV —2F v TS HEN
ENDREDOED, L) BFRMEOMNREORELZ T D2 TIE RV EELLR
5.

Figure 4.5-6 |2, #h[FEIHA% 1500rpm (L 9 B 2.83m/s) (235175, FallRf D7)
BEC, Xy ET—va VENORMRERT. Cp & Xy BT — v a VENTITAOHBEN
RBOBI, CoRREWVIEF Y ET—2 a3 VEAMETL, Cp2 0.46 L EITBWTIEF ¥
v — g VEN PR KRR EET 5.

UEXY, ¥y 75— a VENE, #HibA ) =27 v 7OIBRS B LU L 9 9 B
KIFEL, EIRE Co B REWVIZE, F72, Lo YBEHENESWZE, IKTT2Z L0386
melpol.
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Figure 4.5-7 12, Wil A UV —X7 v 7HEES 1.5pum B ICBITF 52Xy BT —2 3 7))
AEDOBIERE R 2~ T. ENMERRER T TZEROL LAY =27 v ML, EHHIERIR
R T TOWRWEFTOW LAY =27 v FEZNENEBE LTz, 2B, WTILOFERIZEK
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XX T —TarynELDYGINL, HrA ) —2A7 v 7O BEHRTH D Z L NnEWN
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JEFJRE MR 23T TWZRUWEIZE W TS, O Eiitimil» 6 2mm (FE TR THF v BT —
v a UREL DYE Figd. 57O, O Ll e, THMoO 2 E@FirbdF vy B 7 — =
YINET DA Figd.5-7T( 72 ERMER S, FY ET—va VAL ThoTo. v
BT — 2 VRIS ET DRI A ESICRET D EEbNTEY, Ly ) BERE
RGN T VX BIFEL, TNRERICR ST TH D EHEET 5.

Figure 4.5-8 (2, Wil A U —X7 v /RS 5.5um i ICBIF 5% v BT —2 3 7))
EOBIERM L RT. JENRER IR EFIT TWRWETIE, #LA Y —X7 v 7RSS
Lopm #RBR ST & RBELS, O BRI DXy BT —2 a U NE L DA, O il
TX vy ET7—a UBELDEA Fig 4.5-8(dOG B3R SN, — KT, EHHlER %
BT IEICBNTE, WL A V=27 v RS 1.5pm iR L 820, X TOERT
JENRERZ AT vy BT —v a UAAE U, Zhud, REBRSKFICBWT, #iLof U —
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£, FYET—va LV OA UEHEEKICOWT, Ml A U —2T v FERSB I OE
JHAER R A& T T3 L3 T T 7 W TP L2/ %, Fig. 4.5-9 [T~ 7. [EJ1IEH
FRMIRVEIZHI LT, REZRTZHEOHTNX ¥ BT — 3 VO L HHhEERED &\ ME
M35 Z b5, ZIVUTEANREM R ZRITTHEICBWN T, WivA V—2T7 v 7
NOBFEDSEINT 2 Z L2 LY, O BSR4 U AIEIC X 2N E S O3 3
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Figure 4.5-10, Fig.4.5-11, Fig.4.5-12, Fig.4.5-13, Fig.4.5-14 ([Z% R, &Klnlfisik
FHIRITD, FY T —va VIENRERD, JENERARRGH L LA ) —RAT > 7k
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WA U =27y 7RSS 5.5nm B OBIESRE R % Fig. 4.5-16(a)(b)©IZ, ZN LR
T WAV =T v FERIS 15um B OX vy €7 — 2 3 REO Tt E TRIEL
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W, EAMERRER T TR NWHLA Y =27y FIHIZE T 5, Lo ) BiEikk
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TR S 1.5pm R OISR R A Fig. 4.5-1712, WL AV —2TF v 7HES 5.5nm &
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BOARENLREZIE L, Fv 77— a ik (i) &k (F) (2 EbRLsEL <,
RIS 27 vy BT — v a URIdEEOEE 2R/ L7z, 723, Fig4d.5-19 ITRL
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BAAF Y BT —Ya R EEOHEERE, REKEDOFYyET —va VENTEE L
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Table 4.5-1 Specimen specifications

Seal ring material Silicon carbide

Inner diameter of seal ring surface 32.4mm

Width of seal ring surface 3.6mm

Surface roughness of seal ring 0.01pm Ra

Surface flatness of seal ring P-V value : Less than 0.20pum

Surface roughness of Reversed Rayleigh-step groove 0.04pum Ra

Rotating ring material Synthetic quartz

Surface roughness of rotating ring 0.002pm Ra

Surface flatness of rotating ring P-V value : Less than 0.24um
Reversed Rayleigh-step depth 1.5pum, 3.6pm, 5.5um, 7.3pum, 9.1um

Table 4.5-2 the m values and C; of specimens

Reversed Rayleigh-step Depth m Value (hi/h0) (O
1.5 um 2.7 0.164
3.6 um 5 0.081
5.5 um 7 0.046
7.3 pm 9 0.029
9.1 um 11 0.020

Table 4.5-3 Experimental conditions

Sealed fluid Hard water

Load of sliding surface 47N

Rotating speed 100~2000 rpm (0.19~7.54m/s)
Fluid temperature RT

Pressure 0 MPa(G)
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Fig. 4.5-1 Coefficient of pressure generated by Rayleigh step
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Optical flat CMOS camera

Pinhole
Pressure sensor

Thermocouple

Oxygen meter

Fig. 4.5-2 Experimental rig
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Pressure at cavitation region, kPa(abs.)
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Fig. 4.5-3 Pressure measurement result with RRS depth 1.5um
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--= 500rpm(cycle:5) ——500rpm(cycle:6)
—1000rpm(cycle:1) ---1000rpm(cycle:2)
——1500rpm(cycle:1) ---1500rpm(cycle:2)
S
0 1 2 3 4 5 6 7 8 9 10

Time, min

Fig. 4.5-4 Pressure measurement result with RRS depth 5.5um
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Fig. 4.5-5 Pressure measurement result for different reversed Rayleigh step depth
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Pressure at cavitation region, kPa(abs.)
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Fig. 4.5-6 Relationship between Cp and Cavitation pressure
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a)  Rotation speed : 62rpm b)  Rotation speed : 8rpm

¢)  Rotation speed : 24rpm d)  Rotation speed : 6rpm

e)  Rotation speed : 21rpm f) Rotation speed : 9rpm

Fig. 4.5-7 Observation results at the moment when cavitation occurs

with RRS depth 1.5pm
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g)  Rotation speed : 15rpm h)  Rotation speed : 8rpm

i) Rotation speed : 23rpm j)  Rotation speed : 15rpm

r

k)  Rotation speed : 36rpm Rotation speed : 8rpm

Fig. 4.5-7 Observation results at the moment when cavitation occurs

with RRS depth 1.5pm
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m) Rotation speed : 19rpm n) Rotation speed : 4rpm

o)  Rotation speed : 28rpm p)  Rotation speed : 9rpm

Fig. 4.5-7 Observation results at the moment when cavitation occurs

with RRS depth 1.5pm
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a)  Rotation speed : 21rpm b)  Rotation speed : 17rpm

c)  Rotation speed : 43rpm d)  Rotation speed : 11rpm

e)  Rotation speed : 21rpm f) Rotation speed : 9rpm

Fig. 4.5-8 Observation results at the moment when cavitation occurs

with RRS depth 5.5pm
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g)  Rotation speed : 21rpm h)  Rotation speed : 53rpm

~l §

i) Rotation speed : 26rpm j) Rotation speed : 23rpm

k)  Rotation speed : 17rpm D Rotation speed : 13rpm

Fig. 4.5-8 Observation results at the moment when cavitation occurs

with RRS depth 5.5pm
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Fig. 4.5-9 Shaft speed when cavitation occurred
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a)  Rotation speed : 500rpm b)  Rotation speed : 1000rpm

¢)  Rotation speed : 1500rpm d)  Rotation speed : 2000rpm

Fig. 4.5-10 Cavitation observation result with RRS depth 1.5pm
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a)  Rotation speed : 500rpm b)  Rotation speed : 1000rpm

¢)  Rotation speed : 1500rpm d)  Rotation speed : 2000rpm

Fig. 4.5-11 Cavitation observation result with RRS depth 3.6pm
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a)  Rotation speed : 500rpm b)  Rotation speed : 1000rpm

¢)  Rotation speed : 1500rpm d)  Rotation speed : 2000rpm

Fig. 4.5-12 Cavitation observation result with RRS depth 5.5pm
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a)  Rotation speed : 500rpm b)  Rotation speed : 1000rpm

¢)  Rotation speed : 1500rpm d)  Rotation speed : 2000rpm

e)  Rotation speed : 2500rpm

Fig. 4.5-13 Cavitation observation result with RRS depth 7.3pm
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a)  Rotation speed : 500rpm b)  Rotation speed : 1000rpm

¢)  Rotation speed : 1500rpm d)  Rotation speed : 2000rpm

e)  Rotation speed : 3000rpm f) Rotation speed : 4000rpm

Fig. 4.5-14 Cavitation observation result with RRS depth 9.1pm
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Fig. 4.5-15 Cavitation observation result with RRS depth 1.51um at a rotation speed of

1500 rpm
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Fig. 4.5-16(a) Cavitation observation result with RRS depth 5.5um at a rotation speed

of 1500 rpm

Separated cavitation

Fig. 4.5-16(b) Cavitation observation result with RRS depth 5.5pm at a rotation speed

of 1500 rpm
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Separated cavitation

Fig. 4.5-16(c) Cavitation observation result with RRS depth 5.5pum at a rotation speed

of 1500 rpm
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a)  Rotation speed : 500rpm

b)  Rotation speed : 1000rpm

Fig. 4.5-17 Cavitation observation results after sliding stopped with RRS depth 1.5pm
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¢)  Rotation speed : 1500rpm

d)  Rotation speed : 2000rpm

Fig. 4.5-17 Cavitation observation results after sliding stopped with RRS depth 1.5pm
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a)  Rotation speed : 500rpm

b)  Rotation speed : 1000rpm

Fig. 4.5-18 Cavitation observation results after sliding stopped with RRS depth 5.5pm
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¢)  Rotation speed : 1500rpm

d)  Rotation speed : 2000rpm

Fig. 4.5-18 Cavitation observation results after sliding stopped with RRS depth 5.5pm
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Fig. 4.5-19 Binarization by image processing
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Fig. 4.5-20 Relationship between residual cavitation area ratio and sliding speed
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Fig. 4.5-21 Relationship between residual cavitation area ratio and cavitation pressure
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Table 4.6-1 Specimen specifications

Seal ring material Silicon carbide

Inner diameter of seal ring surface 32.4mm

Width of seal ring surface 3.6mm

Surface roughness of seal ring 0.01pm Ra

Surface flatness of seal ring P-V value : Less than 0.20pum

Surface roughness of Reversed Rayleigh-step groove 0.04pum Ra

Rotating ring material Synthetic quartz

Surface roughness of rotating ring 0.002pm Ra

Surface flatness of rotating ring P-V value : Less than 0.24pm
Reversed Rayleigh-step depth 1.5um, 5.5um

Table 4.6-2 Experimental conditions

Sealed fluid Hard water

Load of sliding surface 47N

Rotating speed 200~2000 rpm (0.38~3.77m/s)
Fluid temperature RT

Pressure 0.1 MPa(G)
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Fig

Pressure at cavitation region, kPa(abs.)

]
]
]

200 RRS Depth, Outside pressure
@ 1.5um , OMPa(G)
130 O 1.5um , 0.IMPa(G)
160 A 55um , OMPa(G)
140 2 A 55um , 0.IMPa(G)
120 A
100
80 o
A
60 ®6 a A
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20 ) A ﬁ
0 L—eoo® ] A
0 1 2 3
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. 4.6-1 Pressure measurement result as a function of outside pressure change
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Table 4.7-1 Specimen specifications

Seal ring material

Inner diameter of seal ring surface

Width of seal ring surface

Surface roughness of seal ring

Surface flatness of seal ring

Surface roughness of Reversed Rayleigh-step groove
Rotating ring material

Surface roughness of rotating ring

Surface flatness of rotating ring

Reversed Rayleigh-step depth

Pressure measure hole position 6

Silicon carbide

32.4mm

3.6mm

0.01um Ra

P-V value : Less than 0.20pum
0.04um Ra

Synthetic quartz

0.002pum Ra

P-V value : Less than 0.24pum
1.5pum, 5.5pum

80

Table 4.7-2 Experimental conditions

Sealed fluid Purified water
Load of sliding surface 47N

Rotating speed 1500 rpm (2.83m/s)
Fluid temperature RT ~ 110C
Pressure 0 ~0.1 MPa(G)

Table 4.7-3 Experimental conditions

Sealed fluid Hard water

Load of sliding surface 47N

Rotating speed 200~2000 rpm (0.19~5.65m/s)
Fluid temperature RT

Pressure 0MPa(G)
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V shape groove x 4
(for fluid circulation)

Rayleigh-step groove x 4

Fluid flow

(for lubricating)
Reversed Rayleigh-step
\;/ groove x 4
(for sealing)
Rotational direction
of the counter face
Fig. 4.7-1 Dimensions of surface texturing
) Cavitation region
'@ g (Negative pressure region)
- /
N S
T
[a W)
=
5
12}
) S
F—
(a9
0 /
r _ ™)

Fig. 4.7-2 Calculation result of the pressure

165



[S—
N
<

4 Outside pressure A'
< 140 E
= A OMPa(G) K
2120 || a 0.1MPa(G)
=} /
.%D 100 7" Vapor pressure of water ’4
& 80
&
E 60 ’,'/
5 40 B
7 I
£ 20 et
=B -- -

0 beome==oo -) Nl

0 20 40 60 80 100 120

Temperature near the sliding surface, °C

Fig. 4.7-3 Pressure measurement result as a function of fluid temperature change with

Type B texturing RRS depth 1.5um
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Fig. 4.7-4 Pressure measurement result as a function of sliding speed change
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a)  Rotation speed : 500rpm b)  Rotation speed : 1000rpm

¢)  Rotation speed : 1500rpm d)  Rotation speed : 2000rpm

Fig. 4.7-5 Cavitation observation result with Type B texturing RRS depth 1.5pm
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a)  Rotation speed : 500rpm b)  Rotation speed : 1000rpm

¢)  Rotation speed : 1500rpm d)  Rotation speed : 2000rpm

e)  Rotation speed : 3000rpm

Fig. 4.7-6 Cavitation observation result with Type B texturing RRS depth 5.5pm
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a) Minimum cavitation area b) The middle of cavitation area change

¢) The middle of cavitation area change d) Maximum cavitation area

Fig. 4.7-7 Cavitation observation result at the end of groove, Type B texturing RRS

depth 1.5pm, with hole, 1500 rpm
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a)  Minimum cavitation area b) The middle of cavitation area change

¢) Maximum cavitation area

Fig. 4.7-8 Cavitation observation result at the end of groove, Type B texturing RRS

depth 1.5pm, without hole, 1500 rpm
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a)  Minimum cavitation area b) The middle of cavitation area change

¢) Maximum cavitation area

Fig. 4.7-9 Cavitation observation result at the end of groove, Type B texturing RRS

depth 5.5pm, with hole, 1500 rpm
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a)  Minimum cavitation area b) The middle of cavitation area change

penetration

¢) The middle of cavitation area change d) Maximum cavitation area

Fig. 4.7-10 Cavitation observation result at the end of groove, Type B texturing RRS

depth 5.5pm, without hole, 1500 rpm
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Table 4.8-1 Specification of optical equipment

Image device
Number of pixel
Laser source
Output wavelength
Output power
Beam diameter
Fluorescent dye

Concentration of fluorescence dye

COMS camera
4 M pixels
Nd: YAG

532 nm

50mW

0.36 mm
Rhodamine 6G

0.1 wt%

Table 4.8-2 Specimen specifications

Seal ring material

Inner diameter of seal ring surface

Width of seal ring surface

Surface roughness of seal ring

Surface flatness of seal ring

Surface roughness of Reversed Rayleigh-step groove
Rotating ring material

Surface roughness of rotating ring

Surface flatness of rotating ring

Reversed Rayleigh-step depth

Silicon carbide
32.4mm
3.6mm

0.01um Ra

P-V value : Less than 0.20pum

0.04um Ra
Synthetic quartz

0.002pm Ra

P-V value : Less than 0.24um

1.5um
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Table 4.8-3 Experimental conditions

Sealed fluid

Load of sliding surface
Rotating speed

Fluid temperature

Pressure

Hard water + Rhodaminie6G 0.1wt%
47N

0~2000 rpm (0~3.77m/s)

RT

0 MPa(G)

Table 4.8-4 Specification of laser displacement meter

Measurement range
Measurement light source
Spot diameter

Linearity

Resolution

Sampling period

Guiding light source
Temperature characteristics

Material properties

0.05~1.1mm

IR-SLD Max.0.6mW
®20um

+0.2um

0.001pm

200us

Red LD 655nm Max.0.1mW
0.01% of F.S./C

Sensor head : SUS

Spectroscopy unit : Polycarbonate

Table 4.8-5 Specification of Poly Alpha Olefin

Fluid type Manufacturer / Model Kinematic viscosity (mm?/s)

Poly alpha olefin Exxon Mobil / SpectraSyn 4 19.0 @ 40°C
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CCD camera

Band pass filter

Dichroic mirror

ND filter

_ Laser source
Optical flat

Mechanical seal

Motor

Fig. 4.8-2 Photograph of structure for LIF method
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Fig. 4.8-3 Molecular structures of Rhodamine6G
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Cylindrical lens

Fluorescent liquid

[
Sliding surface

Fig. 4.8-4 Schematics of calibration method

Fig. 4.8-5 Schematics of calibration method
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Fig. 4.8-7 Film thickness measurement result of radial cross section
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Fig. 4.8-8 Film thickness measurement result
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Polarization maintaining optical fiber First reflected light
Second reflected light
Sensor head

Light source (SLD) /
Spectrograph f /
/1
1
- ] ] Reference reflective surface
Diffraction grating (Reflective glass) Surface of object
Waveform Interfered light
Analysis (First reflected light + Second reflected light)
CCD

Displacement data

Fig. 4.8-9 Measurement principle of laser displacement meter

Adapter
!<L> / Bond

0.5

Laser displacement meter

Fig. 4.8-10 The setting for laser displacement meter of seal ring
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Fig. 4-8-12 Film thickness measurement result of Preliminary experiment
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Fig. 4.8-14 Film thickness measurement result
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HEHONR T U ZANENEHI TRy ET—V a VIEINR IR D AlREME 2 R/ie L
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EHFE Xy bTF—3IaEHAIEER
—EERHEB IR T A a—LDBEE —

ARFETIE, RBRIEARICHE~ OME#RERANCTAT= L — L L DBIEICAELDF ¥
BT =2 a YOEAMEERATY, Fix DL 2 BERE, {MEICEWTFry BT —a v DE
NI ED XD REZRTRE LIz, 5 4 BT EHEE, MO BB N THF v v
T—varEXRTLEEDNLRT VDI L, KRS, WAKOMHE LIRIRICE 0 KUED
MBI ERAEE, FrET—a VENLEOBRIZOVTHA L.

B4 ETIE, KEBEREICLEZSAICBNT, HilA =27 v ALV AL AE
DHSHENR K E L RDHEMFE, ¥ ET— a VENMEF T 5 RN R S hr-. -
2L, EOENTEEOEMAKEL VIR IT R bW, 70, Fv 7 —Ta UENDE
S E TRT LARAWSGAICEWNTE, KT OBFEREO MBI ERT 2 K& v v
T—a COFEIEPHEINL T D AR VRIE S L7z, TR KEBEEGR L2582
Th L, MOFHRIZIB N T B REROREDS RSN IRET D MERHDH. 2T, IZLD
252 HIZRWNT, KEMMAKEDERRLBEEZHNNT, BXELF Yy ET—a U ES
DEHRIZOWTHRELZIT 72, &I, 5.3 HilTIBUNT, 7K &l L TR B L OVRIKIAR &
DREWVREZRNT, LAV —RA7 v TOAEOMIHEL ¥ BT —va VIESDOR

1%, BWHEREREEX Y ET—Ya VIENOBRIZOWCHEEITo 2.
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5.1 RERWMAE

AREIZBT HRBRIEIRO—E% Table 5.1-1 1I/RT. F v BT — 3 b ~OFBLEE L,
WINFIEOE EN/2VHE—DWRIRE LT, MEZ Rz 2WEEmeE LT, Fv7 4 U RDX
—AFANTHLRI T N7 7 H L7 42 (PAO) , KUKAIENZ N EEDNL Y AF L
U argdA (PDMS) , WEzRi>fiEheE LT, =RATLRORXR—=ZAF AL Th DR
FRY A=z 27 (POE) , RUT7AFL 7Y a—i (PAG) , =F L7 a—
N (EG) , KEENKICHEABTWEAE LTA Y e e 7 va— (IPA) O, i 6
FHOWARZEE L, WINbHRSN TV LB THS.

Table.5.1-2 |[Z#5 BRI D FE A RS 229, PAO, PDMS, POE, PAG (% 40°CitfED
FEERFEDOIT N DEREL, LA V—AT v FICEVELDEEERSG LT 52 & T, i
PEOFM, KURRMREOE B LS L

¥, —HERICEE LRy EE, KosEit OUEldE+ TERASHY, V-7 1 v
¥ —/K4EF MKV-710) (2L W ERI L7z, T, EREMEILX. TA7a~ 77720

THE L7z, 2250 R ENIE OFEMIC OV T 5.4 Hilll Tk~ 5.
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Table 5.1-1 List of test fluids

Fluid type Manufacturer / Model
Poly Alpha Olefin (PAO) Exxon Mobil / SpectraSyn 4
Silicon Oil (PDMS) Shin-Etsu Chemical / KF-96-20cs

Polyol ester Oil (POE) Exxon Mobil / EstrexNP343

Polyalkylene Glycol (PAG) ADEKA / CARPOL MH-20
Ethylene Glycol (EG) FUJIFILM Wako Pure Chemical / Ethylene Glycol

Isopropyl Alcohol (IPA) JUNSEI CHEMICAL / 2-propanol

Table 5.1-2 Characteristics of test fluids

Fluid Kinematic viscosity Density Vapor pressure Polarity  Air dissolution Water amount
(mm?/s) (kg/m’) (kPa) (mg/L) (ppm)
PAO 19.0 @ 40°C 804 @ 25°C <0.002 @100°C Non-polar 115 @ 23°C 34
PDMS 15.6 @ 40°C 820 @15.6°C  <0.013 @220°C Non-polar 185 @ 23°C 99
POE 19.0 @ 40°C 950 @15°C <0.013 @20°C Polar 151 @ 23°C 1366
PAG 18.8 @ 40°C 1016 @ 40°C - Polar 93 @ 23°C 541
EG 9.28 @ 40°C 1113 @ 20°C 0.012 @ 25C Polar 51 @ 23°C 13317
IPA 2.04 @ 25°C 781 @ 25°C 6.59 @ 27.2°C Polar 104 @ 23°C 8302
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52 EKELFYET—Va ENOBHR

FLmHICB T oY BT —va ViIFREEX Yy BT v a VR ERTH D EE b TW
%9, 438 TR, KICBIS2X Yy T —v a VEHOMEERICBWTIE, FyET
— v a VEINIKOBEFAKIEIC L —E L, fmARELY bR 252 Lidkh ot
F T, KEITE, RBWEALE LT, A Y rEAT L a—, =F LYY a—L, R
TN AT 4 HNT, 43HiERRDO Ly 5 BEREZITV, YT —Ta VES
EARKIEOBRIC OV Tl L.

5.2.1 ¥ —)VERABRA

U VERBRTIE 4.8 fii LA O S L, v — LB Of1AE % Table 5.2-1 IR,
Lw 9B A U 2 EBE SITIROREIC LV B2 Z &0nh, 8 2 BTik~7, MfE
JEREFR D ZIRIT Reynolds G2 Z AW EUBAFAT 2 2 12 L ORI DOV TTY, L
@ 9 B OfR/MEIE ho 23R 7z, FARBRFUAD KT Table 5.1-2 (R L72#Y TH 5.
Lo o@Ehfmz HEG M 4 2% L, AEERASRMZ&RE Lz, A v ¥ 28037571 100,
MJE S5 150 & Uiz, TSR\ T, Lw 2 Bl 1500rpm (2.83m/s), A B =7
= L ) BE O LAHT A ET 47N & Lz, RiRIE 25°C~T75Cofu & L, Zhic
J U T MK L A AT Lz, B, BWEMIEREIIV T hoRBIEEICE N TH
1620MPa Zi@EH L7=. £72, ¥ ¥y BT —3 a3 VENT—0.0IMPa(GMIZHE L7z, S 51,
e D=8, ARBRFERPSKOFEICEB T, FRICEEMT 217 o 7. AR
2190MPa i L, ZOMILA BRI & RS SMRRE Lz, Ly O Bhim R O M s
B Fig. 5.2-1 1R 7. A V77 a— LB TIE, KiENKISEWN &b, K
ERFEO Ly DBAEEELZ R L. —F T, =F L7 U a— B\ TIEKROK 2 1%, K
UTNT 7 A LT 4 BN TIOR3 5D Lw 5 BhfEEE Th > 7-.

5.2.2 EBRFIER L OEBREM:

FEEAEEIT 43 G L F— & Lz, BRBRIE A B =h v — 0 L ) BhmshE I il E
L, IRIRIZF IR ~100°C O AL 7. Lw 5 BIESMNEROE 11K KE OMPa(G) &
L7-. #hElERE0E 1500rpm (LW 9 Bhif 2 JE 3 TK 2.83m/s) & L7z, FEBRS{E% Table
5.2-2 IT" 7.
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WTNORER A S HIL (25°CIHEE) b Lw JEHERZBAL, BRERICHKIE 2 A S
H, FRFCBTL2F Yy T = a VENEZIE L. BAENRFIRZILLTO®EY TH 5.
(1) FRICEBTH Lo dYBEREZIT, v T —a VENBHHICLE LRATL
$ O EAAEIL LT
(2 Lo r@xtz1b#%, TOFEROAEREE T A /7 rE— X —IC XV KIRZ FiRE
iz, Ly r@zfFlb L2, Ly SBmIEEDO EFICKHEN B OEERY
7ML, v T = a VEDOREMERRZ I EF 2 COIAFHE L.
3) IR EFEREICEIE L2 L 2R L, Ly YBIERZBM L. Fr T —v 3
VIENBASCKET HETEREITY, FO®REIL L.
(4) LI, (D~@)DOFIEZ#V KL, 100°CUF £ Thx ICiKiRE EA S8 s, £
IR LTz, FRBAREENZIUCOWTRI L FIRTEREI T2, B, A V7
0 ELT L a— oW TIE, K&EE OMPa(@GIZB 1T 2 ihsam 82.5CTHDH -0
FIRIZ 60CETE L.

5.2.3 EBHER

52.3.1 Xx 75— a VEHORIERE

Figure 5.2-2 12, L, KEE OMPa(G) FOERBRITIEDF ¥ 7 — 2 g VES DR
Bz ad. o7z, 3.3 HiIlCk T HRKICKIT HRERRGIIM L. &k, L
O BT R E ORI b I TR LEZ. WTPhORBRBERICBWOTYH, L ) BIBIATE,
F ¥ BT — g VIEINTEEBEEICK T AT U, BELE Tmin FEZICEE L2, 7272
L, RAEHINCREET D% v BT — v a VENTRBRIRIARIC L B %R Lz, WiRICE
F 5B RBRIRDEAFIAKIEL, A Y 7 u AT L a—L Tl 6.6kPalabs.) @27.2°C, —F
L7 ) a—TiE 0.012kPalabs) @25°C, RU TV 7 7 AL 7 4 v TlRFIEEr =
0.002kPa(abs.)@100C, ThH5bH. LB ->T, =F L7 U a—/LidafiZ&K LT GO ¥
YT —va I ENERLERN, A7 AT va—LVBIORI TNV Ty VT 4
ICBWTHE, MRASEL Y b kPa REEWMEZ L7zZ Ebns. £72, Lw HYBE
IEEREICOWTIE, AKBXOS Y e EAT La—cBWTiE Ly 5 BiBRGRTE TIE
EAREBE LRSIy, 2F L 7Y a— A BRIORI T AT 7 A L7 4 T80T
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Lw 5 BBALAT: 1min F2E T, 15~25CREEDIRE EFNRO bz, Ziud, FrEas
RENWZEIZEY L YEBVREDEIN L7 Thh EEZLND. T212L, =F L7
A= VIZBITLHF Y BT — g VEAPRMARELETHLZ L, A VT REALT VI
— L DF ¥ BT — g VENPEARKIEL Y b 11kPa BESVMEEZ R L2 2 L 2R D
L, Ly YBEOIRE ERIIF vy ETF—2 a VENEIREBEL W RWEZS 5.

5232 ¥ T — 3 VOBEKR
DAY FaEenr7Lba—in

Figure 5.2-3 12, 1 Y 7 v BT L a— L aRlBRIERICHWZSEO, ik, KEE T
BT, ENAEMRERTTZERO, LA =27 v MRIAELLF Y ET—va &
BRUTMRERT. 4 T, KERBREEICAVZGAFRE, Ly 2 BIFRAER
L0, WAV —=2T7 v FEOANATNS 7 4 I —F ¥ BT —2 a UNEESAE L. £
D%, JENPERROEDNOREZOEELEEDOF Y BT —2 a VBRI NIED, T
WMETIR L., SDICKHPARRT S L, DEFELFVOR Yy ET—2 2 iEM/IL, A
FHOT7 4 o —F v T —ar EOBERANRTRHR L e oT2. T, A=A —1Lw
SEEOWNEMO T > FE GERINTHE) ORENED, Wi A V=27 v FHEORME T
BEIT o EE SN, LA ) 2T v I TELEF Y ET—2 3 VOAE
IZED, Lo 5 BEimWNERORERRVIAENTZT2DTH D B Z Hivd. Fig.h2-4 IR
T X, [IEREAEONMNE THREIL 722 & T, IMNICITRBEY ¥ &7 — v 3 VK
S, ZOREEF v BT —a MIEO TIRMETHREL, TRIFEFrET—a VN
BHMSNEMNCIER Lz, ZRUS X ViL A ) =27 v FEOMIRNSE LT 7 4 T —
Xy ET— g VIR AICH/INL, ZoDF vy ET— g VOBEFIIRHAK L o7z,

@=F1r v 7Ya—nu

Figure 5.2-5 12, =F L 7Y a— L2 BREICHW GG O, Bik, KEETIZBT
o, ENRER R EZRTIEHRO, LAY =27 v FITAELLF Y BT — 3 VBl
LIEfERERT. A YT a AT Ava— L ORa Lk, Lo dEBGEZ LY, LAY
— ATy THEDANATRING 7 4 A —F ¥ ET — a VMERFEAEL, £ 0%k, EAREM
RNOJDINHRERODEFLEVOF Y ET—2 a VBB ESN T FIRE TILR L, K
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Bime Lbiz, ODEFEEVDOXFYET—V a3 ViEHMEI LI, D%, A= —LL
$ D BEONEMMD T v REMOKIEFmH, LAY —27 v FEONME THE L,
Fig.5.2-6 (2”9 X D ICHENICITFEESX vy T — 2 a USRS, ZORHEEx v T —
T a U TEO FHME TRE LD, 4 Y 7T a— L ik L TR FR~DIEK
ThEL, 7o A—F ¥ BT — g v L3EEER (RER) 25EICoNn TR, 2o

DF Y ET—2a NIRIDE->TWVARNWE IR 2.

@RV TNVT A VLT 4

Figure 5.2-7 12, RU TN 7 74 L7 4V EREBRIEICHWZSAED, §iR, KEE FIZ
BT, ENAEMRERTTZERO, LA =27 v MRIAELLF Y ET—va &
B U AR, MORBRIGE L RS, Lo SBBBEZ LY, HiLA Y —2F v
WEOANOEND 7 4 o H—Fx T —Ta UREERAEL, 20%, ERIER RO
LREBROLFLEFVOF Y ET—Va VBRI NTFRETIAL, FEKRE &L
2, DL ELEVOF Y ET =T a /N LTE. Z2D%, AD=TV—L L D ERD
WEMRIDZ > FEOKHA A, WL AV —27 v FHEONAIE THEEI L, Fig5.2-8 (TR
FTEOITENITITHBER v 7T — v a VAR SN, ZOHBEF Y BT — 3 V3D
THMETKREL, 4 Y T A7 a— L RS, BHINEAMA~ERL, 7 4 v —
Fr 7 —a  EOBERITIAHBE 2D, BIVEGoTWDHLIICRZD.

HEEX v 7 —2 3 3L D ®ENEMOZES (KD OITATHY, ZOETRK
J£ 101.3kPalabs.) TH 5. ZOFEEF vy T —va DL A UV —RT v 7LV AL
X vy BT —va VZREV Eo A, [IEORBIMER LN ErbFr ET—v
3 VRN E RIET R B A oD, LB, A YT a ey a—
BIORVTALT 7 F L7 4 BT DX Y T — v a VIENDRBEMAKIELY EVE
R LTERREE, #HBF vy BT —a LV ONATHD Z LAVREBS .
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5.2.3.3 HRE (RIKEE) OBbEXF¥ET—aVES
Figure 5.2-9 |2, #FilBiik, SRESMFICBIT 5, L 5 Bf4A% Tmin #28 L72% O
ELleFY BT —va VENZ L 5B HRE TR L7z, £ 10 B OV E
L Lz, Teds, WO, 4.3 HICHBIT HKOFERFERGSIA L. W oREREKIC
BWTYH, Lo d@mEifHRED ERIZE bR, ¥y 7 —a UENN EA L.

TF LT a— BT D F v BT — g VENE, KEFERE, SIAKERLESI3IE
—H L7, T, FrET =T a ARy ET v a VERTH DL L ERET D,
—HT, AT LT Na— VBT LX Y ET—va VENL, EIAKELD D
9~13kPa EVMEARLZ. REEIS, RUTA T 74 L7 4 BT HF vy ETF—2 3 V)E
N, FAFARIEL D b 5~14kPa @V MEZ /R L. ZhuX, Lw 2 E@EANE[Z S AL
THBEHEX v BT =2 a VORETHLARENEZ LS.

F72, B 1HTRLEE YIS, B ~DOEROEMREIX, KT 30mg/L, =F L
7' ) a— Tl 5lmg/L THHDIZK L, A Y7 rENT /L3 —/L Tl 104mg/L, KU 7T
NT 7 AL T 4 TiE11bmg/L &2\, LR~ TC, ¥ T —va VEHDOERIL, &
RSN LD ZHTH LI EIC LD EBTHLAEENREZLND.
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524 £¢%

HEIAL LT, A Y77 a—), = F Lo )a—u, RITALT7 74174
YEAVTLY YBEREIT, FY T —a VENERKIEORRIZOWTHE L.
ZORREUTICELDD.

T F LT a— LI BWT, WL —AT v EICAELDLIFYET—2a VDES
X, EBRBEEICBITATTF LYY a— L OfEASIEIC L —FT 5.

A TBELT N AV BIORY TIVT 7 A VT 4 BT, A =TV — v Dif
LAV —=AT v A IELDF Y BT —va VOENE, ERERICKT 52 ENON

RORIFIZREKE LY b E~ 1+ kPa M MEZ R T

BRI DI PR RD L VE L, BFREOF v BT — v a YN OIRED L,
¥y BT — 3 OENPINT 5 FTREMEAURIE Sz

WL AV =2 Ty EICEL LY ET— a3 L OEE, L D BEim O ERID & HEE
XX ET—2a VNN ALIBESDE)Y Z LT, ERATARBEMENRIRINT.
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Table 5.2-1 Specimen specifications

Seal ring material

Inner diameter of seal ring surface

Width of seal ring surface

Surface roughness of seal ring

Surface flatness of seal ring

Surface roughness of Reversed Rayleigh-step groove
Rotating ring material

Surface roughness of rotating ring

Surface flatness of rotating ring

Pressure measure hole position 6y

Silicon carbide

32.4mm

3.6mm

0.02um Ra

P-V value : Less than 0.20pum
0.09um Ra

Synthetic quartz

0.002pm Ra

P-V value : Less than 0.24pm

80

Table 5.2-2 Experimental conditions

Sealed fluid IPA, EG, PAO
Load of sliding surface 47N

Rotating speed 1500 rpm (2.83my/s)
Fluid temperature RT ~ 100°C
Pressure 0 MPa(G)
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— Water —IPA —EG —PAO
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Fig. 5.2-1 Calculation result of minimum film thickness
—Water Pcav. —IPA Pcav —FEG_Pcav —PAQO_Pcav
----Water temp. ----IPA temp. ----EG_temp. ----PAO_temp.
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Fig. 5.2-2 Pressure measurement result
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:95kPa(abs.) Cavitation pressure:33kPa(abs.)

¢)  Time : 150sec, d)  Time : 420sec,
Cavitation pressure:21kPa(abs.) Cavitation pressure:18kPa(abs.)

Rotational direction
\of the counter face

Camera view

e) Camera view

Fig. 5.2-3 Cavitation observation result of IPA
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a)  Position 1 b)  Position 2

Rotational direction
of the counter face

¢)  Position 3 d) Camera view

Fig. 5.2-4 Cavitation overall shape of IPA
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:91kPa(abs.) Cavitation pressure:10kPa(abs.)

¢)  Time : 150sec, d)  Time : 420sec,
Cavitation pressure : 1kPa(abs.) Cavitation pressure: about OkPa(abs.)

Rotational direction
\of the counter face

e) Camera view

Fig. 5.2-5 Cavitation observation result of EG
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a)  Position 1 b)  Position 2

Rotational direction

of the counter face

¢)  Position 3 d) Camera view

Fig. 5.2-6 Cavitation overall shape of EG
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b)  Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 94kPa(abs.) Cavitation pressure :29kPa(abs.)

¢)  Time : 150sec, d)  Time : 420sec,
Cavitation pressure :12kPa(abs.) Cavitation pressure : TkPa(abs.)

Rotational direction
\of the counter face

Camera view

e) Camera view

Fig. 5.2-7 Cavitation observation result of PAO
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a)  Position 1 b)  Position 2

Rotational direction
\of the counter face

¢)  Position 3 d) Camera view

Fig. 5.2-8 Cavitation overall shape of PAO
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Fig. 5.2-9 Pressure measurement result as a function of fluid temperature change
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53 BRESBEBLIVFHFYyET—YarRNEry e Tr—YavEAHCKT

TRE
HIENZB W T, MERORIERIERES L, Ly YBENEOKRKBITATDHZ LIk 5H
Bix vy BT —a v, v BT —va VENITEEE KT T RREEN RSN 2D

DB R T 5720, £, Lo S@EBEED L 5 BB A A 2 i TRE
FrtE DT W 2 EE0RE L T L D BYEBRAZITV, AT O KUK TR iR & O o 47
HERX ¥ BT —a VENCKITTREEZHE L. 72, HBHEZL L COMKT D2
LIZRY, H—RAEFICBT A2EFEREEOER X v BT — v a VENCKITTEELHM
L7z, IBIT, AH=AN— L ONERNS bR L RET 2 2 & THBEF v £ 7 —
arvORANEMEIL, HEfryET—Ya By T —va VIENCRIETRELHR
LT

5.3.1 —LHRBF

vV I 4.5 B TR FEBR & BRI — O fkR (M, f LT mE) &L
T, Tel2L, RET 7 AF v Vo ZOERIITEHEL, LAV =27 v 7OERI T
56um &L, LA U—AT v 7OEIIE 1.5nm & 6pm O 2 FEORBR A 2 Hv -, %

EH Rz AT~ %,

B4 EIIBWC, LAY —RAT v IETELZAEOHIHENR K EWVIEEF ¥ BT —
Ta VENME T T L AREMEZ R Lz, KK D BEEO S WEEIIZISWTIE, Ly D8)
WCEVAELD LAV —2AT v FTORMBENSEAK LT LY 5 BIRBEEAENT 5. —JT,
WilA U =27 v AL VAL LAFEICONTIE, HERENT 5500, L 5 B
DT 22 212X, 4.5 BT~z m ENMET L, AEOHEHENS /NS < 725 AlHetE
MNBEZOBND. 22T, KEORBITEOOEDTHHLRY TNT 74 L7 ¢ v EREHEK
LLT, VAU —AT v TBIOH LAY =T v TOERS ORFT 21T 72,

9, F2 mTlRAT, MREEERO KT Reynolds JRaA FIV I BT 2170,
RITNNT AL 7 4 r, KA 40C, K%JE OMPa(G), #ililrl#zEr 500~2000rpm (2330}

i

%, LAYV —=RA7T vy RS 1.5pm, LAV —27 v RS 1.5pm OFED L 5 8)
MEEZ R Lz, 728, ¥ b7 —v a3 VIENT—0.0IMPa(GIZEE L7z, Fig.5.3-11Z
fiEdTAE R 2 n T, 5.2 Hi TR L7z Fig5.2.1 EREEIZ, Lw o BhEBEEILRE (LD 2 =
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AN —b, K, 25CICBIT DL SBED L > BIAEFEED 2~3 fFDfEZ R L.

WIZ, 2O Lw 2 BEFBEER LOBREICENT, LA UV —2AT v 7IZBWTAEL AL
DOEIEfRNT 24T > 7. 72721, Elrod 7 V2 U X L& FAWZF ¥ BT —v 2 VHEBOFHE
(347, Sommerfeld SFIZ &2 L 5 BEB OWMKIEN MO FEDOHE L, F¥ T
=¥ a Y MECRWREILBT 2 LA U —AT v T L 5 AEOR/ME (ki)
ROz ZOMMIEIECB N TL, # LA U —RAT v T EOIENTEZE 2 B2 CAEL 72
%. Fig.5.3-2 ITEMHE BART. B, F—HEEDA =L —, K, 25COHEIC
DNWT B[RO 21T, EREDFR L. RV T AT 7 AL 7 4 BT LA ) —
ATy T U D e/ NAE (FEseHfiE) 13, dililalii3 1500rpm (2350 T 3.5MPa(G) Th b,
KiZE T B AEINAE GlxHE) 2.4MPa(@icxtL, 8146 % Tho7z. Lo>T, mfED
RTNED S, BEOHINC L2 EOHENRENT LI L, BE ST AEOHEHE
NEL e DRI R S T

2L, 34 BIZBWTHAELEKICBT 5%y BT —v a VD LERERO LK E
fEEICT D720, FYET—2a URNECRWVREICBIT2H LA U —RAT v 7HEICAEL
LENAE GEXHE) 723, KIZBIT 25/ AE EHE) (SE< 722 K9, MRS 2T
5Z&LL, LAV —AT v TBIOHLA U —RT v T ORI OGOt & EEHR
L7z, BEtL7eREE, Fig 5.3-3 1R T X218, RUTA T 74 L 7 4 A0z FERIiC
Ao o—nilghicsnTid, LAV —XA7 vy 7ORIS % 5.5pm, LAV —A7
TOWRS Z 6pm £ TDH LT, KIZBITL5HEE, LAV —RAT v 74 LD
AT (HaxHE) MRS E 725 2 & Z R L7z,

7E, MEmE WG EIcBI 5, LA ) —AT v 7OIEICA L LAELE Ty ET —
va VENOBRICOWTIHET 5720, LA U —RA7 v 7RSS 1.5nm OB &UE
L7z, B Of1kk% Table 5.3-1 127~ 7.

5.3.2 ERGER X UERSEM:

FBRIEENL, BEAMIZIZ A5 I CRRIZEREF —L L. 72720, A= —1D
PUENC & BRI R Z BB L CRIES v £ —3 a3 v 29 5 ZRICB W TiE, RER
RERED DDA T =T —VOWNEBNAED Y » 7o — V20 AT 72, 783, [
HREBR 2 B D AHT RN A I =B v o — v ONERNS BRI 2 AT 2 LR B 5720
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[EHEBR OB (1112 L D B O L 0 BBRFHE D E S 23BN+ 5 AIREME DN 5 2 & 7o
O, AN=IN—NOER/T—AIEEZEL L, Iy T H A7y b LV ERE T 5 OME
WCHEBENE 4 » PR, A= — L NE EANEORBTERSEBICBEI TE S XD
IZL7z, EbIT, @B —AZIFARERT, OV 72EE L TERTLHZ LT, A=
AN —VNJEDTRERIE B IR A LWL I BE LT, ZOAB=Ir—
O W N % Fig. 5.3-4 (27

F7o, MBRIAZ IR U T RUA D B 2 A+ 2 FRICIR W T, BB 2 i
BALT%, 4.6 Hi TR~ L F—DMED =2 1), =7 —FR— M HE%E
TNZE OB AT 7. 0%, L 5 BIBRERNICHED =2 4L, 5 4.5 81T
IR BRI EFT AT AT, BWHEMBARLZNETE D L9112z, kb, FRBtKkZN
ZIVCEERRERE DR EEZITolz. FEBREITWN 28°CTEIE L. RBRiika =7 —HR
TN £V 225K % 3500ce/min Tk Y iAZ 30min /N7 U 7 L, ZD# 12h UL EFE LT-.
Z D%, MIBRENEZITV, Ihaf@MmBRREL Lo, ZofMmBeRRE L, Fig. 5.1-
2 TR LI 22RO FA R B ORI G, Lo 2 By EBRPICHIE U7 BERIRE 2 R R IR &
(ZHA L7z

ABRIARIZIE, 5.2 HIlCBWTHERICHWERY 7 Lv7 7417 ¢ (PAO) 1I2h%,
R A=z 27/ (POE) , VAFNL I a4 A/ (PDMS) , RUTAFL 7z
—/L (PAG) Dit 4 SOz vz, FEBRSEAF% Table.5.3-2 (RT. 2%, WL AU —
AT RS 5.hum, LA U—RAT7 v RS 6pm OB X 2R BRIA CHEBR AT
W, LAY =27 v RS 5.5nm, LA Y — A7 v FTERE 1.5um OFER IO T
1%, PAO DA TEBREITHT-.

LITICERTFINEZ R~ D.

(DEBR 1 : A H =BV — VA ERNICRBRGA, NERNCZE R 2B E L7 28R

WO A, T, =7 —R 7 (38500cc/min,30min) T/37 U FEITV, ZER %l
S BT, —#t (12h PLE) E L7z, EREIE 40°CE L, L 5 Bhimmsh i3
J£ OMPa(G), #hiFl#HzEE 300~1500rpm (L« 9 B FJEE TH 0.94~2.83m/s) 5
EEOMERHZRE L, —EREE T LY YBEREZIT-72. L O BIBHAER IR
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L 2 EENMESL Z & &BIET 2 BT, WTFROERICBWTYH, L J @i ok
BRI 2 B3 Af L 72 RAE ClRIERER 2 B 0 A1), #himls gl 813 20rpm/sec DIHEE T 100rpm
¥ CHEHE L5 S, Z0O% bsec THEROBREMISEE T LA SER. 2ok, FEBRD
CAZERER A2 — 0 AR LT, ESTRIE R B T D22 D) & KRJE OMPa(GIZ B L
7o, FERERZHATT T, ROFEREIT- T

(QFEBR 2 : AN =T1 /v —NANEMR], WNERE & IZRRBRIR R 2 BCE L 7= KR
(DDOERK T, A=AV — ROV HEZT, Lo >BmEOsMEMA, WEME HIZ
ARBRAR A BE L=, Z20%1E, (DEREROFIECTEREITo 7.

(3)%EHh 3« ABRURIA A ik L 7= 525

FBRIE(Q) L FERIZ, A= —n L D BIEOIEE, PIERNE & 12 FRERTE 4 2 Bl
L7oREETIT o 7. QOERKE T, WHEISHED =20 1, =7 =K —F»rb
B2 R FIC LR AT 7. WThORBREIRICHB TS, W OE S % 1.5kPa(abs.)
DUFIZU72HRAET 12h L EFRE L2, L O BIBAGERTICIE D S—Z2 R 4 L, BERR
FERH D M, I L 2B EREIT o7, Aok, BN TIRERZITo7-E 25, il
IR X D PARDOTFRIC LV, FRBAIGERE I CIF 22K Emn i L, %Iz
ZEEARRRBIC 72 2 T LS HIBI L7272, FEBRITmhRIER S 1500rpm @ 1 (DR E LT

o
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5.3.3 FEBHER

58381 RITNTZ7rFLr7 4y (PAO) , VAV —RT v 7RI 6um
LLFIZ, #BBRFEIARIC PAO ZHWERAICBIT A LA U —2T v 7RSS 6pm ilBRA O
FEEFERICOWTIERD.

DF ¥y bETF—a VBIEHRR — 201

Figure 5.3-5 12, Z£ER 1123815 %, #@hEEEL 1000rpm, = RIE R 2T 2@ o,
WL ) =T v FECAELDIF Y ET — a VEBSRLEEREZTT. A%E 2 fith
TR EFRRC, Lo DBIBRMBER LY, WL A UV —RAT v FHEOANOLID 7 4 o H—IR
DF ¥y BT —a UBEEBOEEL, 2%, JEAEMARDEDNGRELRVLEELEVD
Fry 7 —Ta BRI L O BIBdLA D 26sec FRBEICIE, DL FLEV DXy
BT —va VEHE L TTHEEL, 7o v =Xy BT — v a VBT S, 61
1min23sec #%IZ1X, AH=Tr— L@ o EEOWNEMRD T > RERO KRS 235 LA
V=27 v FEONAIE TBEIL, ENICITRHBEX Y BT —2 3 VBRI L.

[E4%1Z, Fig. 5.3-6 ([Z#fiEl#5% 500rpm @, Fig. 5.3-7 (Z#h[El#5% 1500rpm (Z81F 5 F
BT — v g UBIER R 2R T. WTROMIEEEEIZE N TS, Fr BT —3 3 Y OHIEND
T4 —F BT —2a VICKETHETORBIIFEEETH 7. LirL, D% O HIEfE
Xy BT —a VORI OWTE, HREREIC L0 B o7z, dilhElEsE 500rpm (ZE0
TIE, FEBRBAAA2S 10min #58 LCH, RIRMHEIFW LAV —27 v TIEOWNEMZ » K
QBRI ICHEFF SN TRY, HEX v E7 — a VITEN~SITA LR 7. Th
X, BANOAEIZ L DWVGARIES &, T2 FEICIBR SN DWIENEEA D LT A=A
HAANBEIN B> THVDIREBTHD EEZHND. —J7, BRI 1500rpm (23BN TIE
L@ S EBHLAN D 26sec FBHEIC, WL A UV —RAT v THENICHEEY v 7 —v a V23
A L7z, dhim#s%5 1000rpm LV HERBTH-7-. £, HEfSX Yy 75— a vkt
JAMETRAL TN Z EBNERENT-.

@FrbT—va VENORERE — D1
TR 1B DXy BT —v 3 VEJORRBIZLIZOWT, #lAl#EE 500rpm (2815
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HIERESR A Fig. 5.3-8 12, #lEMHERH 1000rpm (23517 2 HIER R % Fig 5.3-9 12, #hEHERK
1500rpm (Z81F 2 HIERE R % Fig. 5.3-10 IZZNZEIRT.

fh[EHiA % 500rpm (23R TUE, Lw o BB E O GBIy BT — a U ET)
PMETF L, £ 2min #2136 70kPalabs.) CZE L 7-. #ilalfizd 1000rpm (23T,
FERIZ L 2 B ta 0 BBy BT — 2 a VIEDBIE T LTV R, &
1min23sec 2RI L5 L, % 75kPalabs.) CLE L1Z. ZOF ¥ BT —v a VENHA
ERULIEZA 1070, OTHRARZRBEF Y 7 —2a U BHiL A U —2T v THERNITH
ALTZA I 7L —8d 5. 612, #iEEE 1500rpm (2B W THEERIS, Lo 9 E)EE
B IR ANIC T L T\ vy BT —3 a VEND, K 26sec FikicizAa Ls
L) 90kPa(abs) CLEL, ZOREFOXA I 7L, Hfxx T —varniib 4
— AT TERNICIHALTZFA I T E—E LT,

BF v ET—va UBIERR — 202 (FBEX vy ET7—2 a L)

TR 2 2B D, EDMERRERTZEFTO, LAV —A7 v FBIAETLF v E
T— 3 ZOWT, flEEEEk 500rpm (ZE T HBIEEE R4 Fig. 5.3-11 (2, @hEIEREK
1000rpm (Z331F D BIZERE R4 Fig 5.3-12 12, #hEIEAEL 1500rpm (Z351F 2 BIE3KE R 4 Fig.
5.3-13 ([ZENZArT. (DERERIS, WTALOBIREEEICE N TS, L 5 BIBTAAE R &
D, WL A Y —=RT v FHEDANOAENS 7 4V H—IROF vy ET—> a VBMEHEEL,
D%, FENPERRDEANOREROEEEEVDF Y ET — 3 VBB I N, TDRE,
VDEFELFEFVOF Y ET—v g VEHM/INLTHEL, 740 —F ¥ BT — 3 VHEET
il Enz. Lo, L 5 @moNEMIZREREIRS - S TnD 72, HlEx v e
—¥a VIR E R T.

F7z, KIZBIT DEROEE LR, EEOLFIELTCT7 4 v =Xy ET—v a0
AREMBHINT 5 2 LA, PAO IZB VT HBIZES L.

@WF ¥ 75— a VEHORERR — 202 (RIBEx v © 77— 3 )

FER 2 1CBIT D, ¥y T —a VENOKRRZERIZOWT, flEEEE 500rpm (2381
L UERERZ Fig. 5.3-14 12, #hEIEEEL 1000rpm (Z31) 2 MER R4 Fig 5.3-15 12, Hiln]
Hx% 1500rpm (235 1) B HERE R % Fig. 5.3-16 [IZZ N EhRT.
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fhnliE 500rpm [ZBWTIE, A B =T — A NERNZEEOEE &R CHEAEZ R L,
YT —va VI ENOREMBLIZERE TH-o7-. Fio, @ilE#EsEk 1000rpm, 1500rpm
ZREWTL, BPTxry BT —va VEANRERT 52 L137%2<, Ly >EBGEL O
BEAEMICx vy T — 2 a VIEABMET L, TOEELE Lz, A% 1000rpm Tk
43kPa(abs.), flil[dl#s%% 1500rpm T3 24kPalabs) &2 /R L7z, 2D Z Enh, FEfkx v
T=alrBHiL AV —RAT v TERNICNATHZEIZEY, ¥y T —vaENMRE
ATHZERHLNE ST

Fiz, REBRICBIT DEFEKEITN 11~9Tmg/L OFPHCTH 7=, 7eds, 5.1 Hiofafn
ZERELD H/NIWD, ZHITRIRO ERICE 2B TEFEN NS hollod B X
bbd.

BF v b7 —va VEHORERE — 03 (BX)

EERBICBIT D, Fr T —a SEHORRZEMIZOWT Fig. 5.3-17 1R 723,
L@ d B R L IEF 2R EICHOVWTHHFE Ty L2, L 5 BIBIAEA T, K
P OEFEKEITN 24mg/L Tho7-. Lwp O ®isA%E, REBEEMICTy T —va VE
FMPMETF L, DIZBT 28AHERE 1500rpm (2B T 5% v BT —2 a VENLEMEBZ T
SHIETL, Lo 9 BIBHAATR 1mindbsec fRIERF IC R/ MED 9kPalabs.)Z < L7z, LavL,
ZO®RIIF XY BT — v a VIENPECHIC EFICEE T, § 21kPalabs) CHE L7z, F£7z,
XY BT —Ta VEND EFIZEE T 54 LETO 1mind0sec #RiEKE 5, EF2EX &L EA
Zhad, L 9ERLh 14min ZIIXIZERWAM L. LRS- T, ¥y 7 —va UENE
B ZERBE > TEF LD EHEETE D, 2O L0, BHFEXEEF Yy ET —
a VIENCHEL, BAERECSCTE Yy BT — v a VIEND LRI 5 AREMEA RIS X
.

B)F v 7 —va VENOREFROE LD

Figure 5.3-18 12, EBR 3 ICBWCIXF vy BT —> a VEHOR/IMEE, FEBR1BIO2
CBWTCIERRRRG DL E L-F vy BT —va v ENE, Lo YBEECERELEZS T
T &Y. JEE 10 BEOFEEMEE LiZ. L 9 B o NAMVE & b ICRBRITIA 2 Bl L,
FIBEEX v BT — 3 a VA LRWEREICB VLTI, 5 4 B TlRAR7KICEB T 2 B R
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ETREE, L dyBEEIOS L TRy BT —a VIEABMK TR L. —FH T, Lo 2 8EiEoON
JEAINZELRTH O FEES v BT — 2 UAELDEBICBOL T, HEfrry BT — 3>
WL AU =27y TN A LW ilialfisg 500rpm T, L S EEOMSMNE &b
WCRBRIT IR 2B E LIS A EREOX Yy T —Ya Y ENERLED, #Hfixrx 7 —v
B A =27y NI A LT 28R 1000rpm LAE T, IS CTF
YET—vaVENBRER L. ¥ BT —a VOBIEERND, Lo ) BhEEREOE

EHBERy BT — 2 a UK OAERE TRAT L Z LD TEY, RIEDEEA

ZFRTVWEDTHLLEEZOND. £, R LZPAOIZKITHF Yy BT —v 3 V[ET)
I, WIRLISNAF CBREE T D =T v — AHNE M, NEMRNE & IR 2 Bl & L 7= 52
BRICBIT 52Xy ET7—va vy ENED S, 10~20kPa R\ MEZ 7~ L7z,

7%, 4.5 HiDKIZBITHW LAV —AT v 7HERS 1.5pm OFERAER L T 5 &,
L D EEEICxHG Lo v BT — v 3 UIEE, 2T PAO 1281 5 B O M
REWV. 2, HrA ) =27 v FEOR/NAE (ExHE) LU0, BIORT (5K
&, BE, L 2 BEEEOMIHES) 23, ¥v 7 —Ta VENTEET LI L 2R L
TW%.

MEL®
AREBAER IV, LFRHALNE o7,

HEfX vy BT —2a B4 V=27 v ENICHATEHZ LI, v ETr—va
VIENN ERTAZEDNHLNE o T

B, BFEEEEIS L TCEFYyET—va VES

W

RIFZEREIIX Yy BT — Y 3 VENIC

S BRI D ATREVED VRIZ S U7z
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58382 RITNTZ7rFL7 4y (PAO) , VAUV —RT o 7ERE 1.5um
LITIZ, BB PAO Z WG AICB T v A Y —27 » 7IHEHES 1.5pum R f
D FIRFERIZ DN TR S

DF ¥y bETF—a VBIEHRR — 201

ER 1 ICRBT D, EHMEMRERIIZEFO, HibA V=27 v 7HEICELLHF v E
T—3 3 IZOWT, #EERE 500rpm (2T HBEMER A Fig. 5.3-19 12, fllnl#sik
1000rpm (23 1) D8I RER % Fig 5.3-20 12, #HAl#EE 1500rpm (21T D BIZHE R % Fig.
5.3-21L IZENTIVURT. LA U—RA7 v 7RSS 6pm OFERAER & RIS, W3 LohE
BEEICRBNTD, Ly YBIBIGEZ LY, LA U —2T v PO ANOERNS 7 4 T —Ik
DF ¥y BT —a UBEBOEEL, 0%, JENEMARDEDNGRELRVLEELEVD
Xy bET—varBElREh, 2ok, O0FELEVOF Y ET— 3 UIEHE L THEEKL,
T4 T—=F v BT = a UHEEBTCHE SN 2L, LAY =R T v SRS 6pm O
FERFER LT R0, #hE#EREL 1000rpm (B W CHIBES v BT — 3 3 UITER SR o
7o, E 7z, WhEEEEL 1500rpm (B VT, L o Bhifi O WEMRIOIRIR DI A 7= 1T,
—REICRIBAE D DT NCH LA ) — 2T v THERNICD D DT PBERE SO AT,
HEEx v 7 — a VOBRREBIIRE R o72. Fig. 5.3-22 12, LA U—RAT v 7Tk
S 1.opum B L 6pm R I28B1F 5, PAO ZRBRIEEICHW GG O L 9 Bk ke
DFFMTRE R A RS, BUERT Pkl KOS 5.3 1 HEF— L. LA U —RT v
RS 1.5pm (281725 Lw 5 BimBEEEIE, FERS 6pm &L 0.6~0.7 {5 & /h 3.
ZDZEND, TR INDMEENBEAD LT HA=ADANBEM L2 &
&Y, FHEEFy T —va VO ADBIRIE N D EEZLND.

@F v ET—va VENORERE — 201

FER 1 IZB T 2F v © 77— a VESORMZELIZOWT, #liEl#ERE 500rpm (Z351F 5
HIERES % Fig. 5.3-23 12, #hEELEL 1000rpm (Z31F 2 ERE R % Fig 5.3-24 (2, Hh[AlHER
#% 1500rpm (ZH1F HBIERE R % Fig. 5.3-25 IZENTHurT . fililml#istk 500rpm F5 X OV
El#AE 1000rpm ([ZFBWTIE, L 5 BIBAMAE D DRBEEMIC T v BT — 3 VENBK
T L, #RFN# 61kPalabs.), # 27kPalabs.) TZE L. —5 T, fillE#E%E 1500rpm (2
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BT, Lw 2 BIBAGE L GBI v © 7 — 2 a VETIPME T LT, @&
TX¥ YT —vaENRAER Lz, ZoX A4 I 71%, L 5 Bhim o NJERI ORI H %
VIAENTZEA I T LIRE B L. £, REBOF ¥ BT — Y 3 VE ST EhEE
1000rpm (Z331F 2 FERRAER LV b K& <, ) 39kPalabs) Th o7z, ZDZ &N, FIEEFx
YET—va P ETHH LAV =27 v THEANDOF ¥ BT — 3 VI A LTREE
BHE, FYET—vaEARERTLIEDOEEZLND.

2L, A= AN =V OFERBRERICBWTL, (ICF Yy BT —va VEIR ER LT
BEMEMET Lice LTH, QIR EA L 5 Bhim OWERIZ > R GERINTE) RIS
ETIUTHEEY v B 7 — 2 a v ORBEZ TR D EBILND. LIzRno T, BEER
WEWEREE FIZR W T, HEfrry BT —2a VR EN VWG EICAELS Ty ET —
arDENERDITTTHY, AD=JINT—ARFHIBWTIE, ZOFry T — 3
JEN ZHiRIC, AEEOAMEZRETIUITIINEWN)I ZLTHD.

@F Y7 —va VBERER — 202 @EEX v T — 3 L)

EER 2 2B D, EAMERREZRT-EFHRO, LAV —27 v FHEIELDLIF v E
7= a YOREIE, WTNOEIEEREICEN TS, LA V=27 v THEES 6pm R A
LR TH o7, BIERE R : 01 1R

@WF ¥ 7 —a VEHORERR — 202 (RBEx v © 7 — 3 )

KER 2 12BITD, F¥ T —va VEHORRZEIZOWTIE, W oshREEIC s
WTh, LAY =27y 7RSS 6pm kB A & REROMEM 2R L7z, JIERE R IR 02
R, Teds, RFERICHE T 27K EITR 69~81mg/L Ot Th > 7-.

G)¥ v ET—ya VEHORERE — 203 BiX)

FEBR 3BT D, FrvET—a VENDORFMZEICHOWT Fig. 5.8-26 137, 723,
L 9 BT GHEE SR FERKRICOVWTHHE T ry L. L D BIBAARAT, #
P OBEFEREITHN 8mg/l Thotz. LA U—RAT v 7IHERE 6um (281 2 EBRFER &
Rk, Lw o BBRMA%, BEMENICSyET—va VEAMET L, R/MEE
6.4kPa(abs) Th>72. LovL, ZO®RITIETOEFZEL[ED EHICHED, F¥ET—T 9
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VIERNS ER L, K 9.5kPalabs) TLE L. BB, WMTPOBELEKED FREEEN LAY
— ATy TR E 6pm (21T D ERR L AT B2 D0, ZHUTERBHICE A LT iiR D &0,
R OREEE DI ) B H R EDIEL XL A LD ThrEEZLNS.

®)F v ET—a VESORER-ROE &0

Figure 5.3-27 12, EBR 3 ICBWTIXF® v BT —> a VEHOR/IMEE, FER1BIO2
WCBWTIERMRBZOLE LIy T —a VENE, Ly d9EhEECEE LIS T
T aand. EINZ 10 BEOYEE Lz, ¥y T —2a VIESORMEIL, LAY —ZT
v TR S 6pm OFERFER & RO EZ R~ LT, 0k, ¥y 75— a UENITEEE
HEIRICBNT, LA U —AT v RS 6pm LV HIERVEZ /R L2, X, 4.5 Hicl
NRIZR N, WAV —RT v FEICAEL DR/NEE (HEHE) 25, LA Y —27 > 1R
T 6um LD HEREVWEDTHLEEZOLND.

(ME L
REBHERLY, UTHHLNE ST

XY BT = a VENI L ) BIEBEEICKSF L, IRENNSWEEFy BT - g UE

NPMETTAZENHBA L. i, Wiv A ) —2T7 v 7EICA U S R/NEE (acHE)
MREVINTE, FxY T —va VENPMETT et E R~ed 5.
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5.3.383 VAFALVY arFAL (PDMS)
DFrEeTr—a VEERBE - 201

FEhr 1 ISR D, ENEMARERTZEHRO, HiLA ) —R7 v AL LIF Y E
T—va VORREE, WTNOERIZEBWTH, PAO ICBITAEREFEHKETH Y, Hilnlis
#1000rpm LA LD Lw 5 EEEFIRICHBNT, FHEEF Y BT —>a 3L A UV —RA T v
THEPNTIT A LT, BUEHE RT3 - 03 1R

@F ¥ T —va VENOWERE — 201

EBR1IZBT5X vy BT — v a VEHORBZIZOWT, fililal#ixE 500rpm (2815
HIERE R % Fig. 5.3-28 12, #1535k 1000rpm (2331} 2 JIERE R4 Fig 5.3-29 12, w@hlalis
# 1500rpm (2B D HERE R % Fig. 5.3-30 ICZNEIRT. ¥ T —1 3 VIEHDOR
MZLIZ DWW T, W OEIREREIC BV T H, PAO (281 5 E L [AEEO@Em 2R~ L,
L@ 2 BBRLARR BB HMIC Yy BT — 2 a VIEAME T L, ##aldE3k 1000rpm LLED
HEBIZRBWTE, BP Ty BT — 2 a VENT ERICHEET, 2024 I 0 73 HBEY v
BT =y a BN LA V=R T FENICHA LT A I T —FK LTz 2L, v v
T—ya VIEND BRI PAO ICHAR TR TH o7z, vk PDMS Ok T —i%
DI AR T/ISNZ Lanb, L ) BIENEOKIEIE A = AN AP RLETH -
eIz TRV EHERIT 5

BF ¥ T —a UBIEMR — 02 (FEEX Y ©7— 3 )

FEhr 2 1B D, ENREMAREZRTZEHRO, HLA V-7 v AEICELLIFY E
T—va CORREE, WTNOREEREKIZISW T, PAO IZBIT 2 EREFEKTH -T2,
BLESRE BT8R - 04 1"

@WF ¥ 7 —a VEHORERR — 202 (RBEx v © 7 — 3 )

FEE 2 12BIT5, ¥v T —y g VEHNOFERIEIZOWTIE, W osliEl#EsE
WTh, PAO ITIIT 2R & RO M 2= U7, HIER RITAHE : 05 1T, 22d8, K
FEBRIZ BT DL R EITR 99~124mg/L OFiFH THh - 7=,
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G)F ¥ b Tr—a ENOHERE — 03 (BiX)

FEBR3ICBIT D, ¥ T —va VEHORFHZEIZ OV T Fig. 5.3-31 127, 72k,
L v 9 BT PHRE LR FREREICOVWT BT ey L7z, L 9 BIRAAREA T, #K
HOEFZESIEH 21mg/L Tho7-. PAO BT 2 FEBRER L FERIZ, Lw 2 BifitAE, &
BBy T — v a VIEAPK T L, Z0Oi/MiEL 18kPalabs) THho72. LavL,
ZDRIXIE T OBFERED EFICHED, ¥y BT —va VEN S ER L, ) 28.2kPa(abs.)
TEE LTz, 728, T ORGFZERED EFHEX PAO IZHATE L, IERORHEDEL
ko bDEEZILNS.

®)F v 7 —va VENORHEFROE LD

Figure 5.3-3212, EBR 3 ICBW IRy ET—Y a VENOR/MEZ, ER1BLO2
CBWTIIFMFBROZE Ly T —2a v ENE, Ly dBlEECRALES S
T aan . JENT 10 MEOEEEE Lz, v © 7 — a UEHOFRHMEL, PAO IZEBITS
FhR L FRROM AR Lz, £2, ¥ ©T—v a VIENOMEITAHRERERIZIH VT, PAO
IRFHDEREZFRMEE R L. ZOZ 0D, Fx BT —va VIENERET HERIT
BIEERET ClIERnEEZ 2 o5,

MEL®
AREBAER IV, LFRHALNE o7,

PDMS IZBIF 5% v BT — a VOIRESE NEEIL, PAOICBITAF Yy ET—T a3
DOIRRERCIE N RpE E BBl —ET 5.

Xy BT — g VIEN, BT OBRTFEREENRZ VT E LRI DT TR RN &R

AL, BIEREESE EHICX Yy ET— 3 VENTEET AR ORFDIFENRER I
7.
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5.83.34 RYUA—xz27/)L (POE)
MFrEeTr—a VEEBE - 201

FEBR 1B D, ENREMREZR T Z&EHRO, LAV —2A7 v FEIELLIF v E
T =3 AIOWT, #hEEREL 500rpm (2351 HBIZSEE R A Fig. 5.3-33 12, #ilinlHR%L
1000rpm (Z331) 2 BIZHE R4 Fig 5.3-34 (7, #lRIEA%L 1500rpm (ZH 1 5 BIEEAE R % Fig.
5.3-35 ([ZZNEIUrd. PAO B X UPDMS IZHW3EER & B7e v, AREEER Tl
500rpm LA LD L SENEEEIZIHBNT, FHBEF vy BT —2a UL A Y —RT v TN
WIPA LT, F£72, PAOBKXO'PDMS # W58 K0 &, HEExry 77— 3 V234
JAMNCIER L7z, Zhi, RimEIOmIEZ AT 5 2 L7 EOFRRE -2
ThdEEZLND.

@F v 7 —va VENOHERFR — 201

ER 1 IZBIT 5% ¥ E T —v a VEHORREIZOWT, filiEEEL 500rpm (281 5
HEREF % Fig. 5.3-36 (2, #linl#s%r 1000rpm (Z81) 2| EHE R % Fig 5.3-37 (2, #filnl#s
$1500rpm (Z351F D HERE R % Fig. 5.3-38 (2 E N2 Hn . fililal#s% 500rpm~1500rpm
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Table 5.3-1 Specimen specifications

Seal ring material Silicon carbide

Inner diameter of seal ring surface 32.4mm

Width of seal ring surface 3.6mm

Surface roughness of seal ring 0.01pm Ra

Surface flatness of seal ring P-V value : Less than 0.20pm

Surface roughness of Reversed Rayleigh-step groove  0.04um Ra

Rotating ring material Synthetic quartz

Surface roughness of rotating ring 0.002um Ra

Surface flatness of rotating ring P-V value : Less than 0.24pum
Pressure measure hole position 6y 8°

Table 5.3-2 Experimental conditions

Sealed fluid PAO, PDMS, POE, PAG

Load of sliding surface 47N

Rotating speed 300~1500 rpm (0.56~2.83m/s)
Fluid temperature 40C

Pressure 0 MPa(G)
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Minimum film thickness, pm
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Fig. 5.3-1 Calculation result of the film thickness
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Fig. 5.3-2 Calculation result of minimum pressure of Reversed Rayleigh-step
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Fig. 5.3-3 Calculation result of minimum pressure of Reversed Rayleigh-step
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Fig. 5.3-4 Experimental rig
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a) Time : bsec, b)  Time : 60sec,
Cavitation pressure:100kPa(abs.) Cavitation pressure :47kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure :75kPa(abs.) Cavitation pressure:76kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f) Camera view
Cavitation pressure:77kPa(abs.)

Fig. 5.3-5 Cavitation observation result with pressure measure hole in PAO at

1000rpm
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a) Time : bsec, b)  Time : 60sec,
Cavitation pressure:105kPa(abs.) Cavitation pressure:75kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:75kPa(abs.) Cavitation pressure:75kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f) Camera view
Cavitation pressure:74kPa(abs.)

Fig. 5.3-6 Cavitation observation result with pressure measure hole in PAO at 500rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:101kPa(abs.) Cavitation pressure:86kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:88kPa(abs.) Cavitation pressure:88kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:88kPa(abs.)

Fig. 5.3-7 Cavitation observation result with pressure measure hole in PAO at

1500rpm
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Shaft speed, rpm
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Fig. 5.3-8 Pressure measurement result in PAO at 500rpm
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Fig. 5.3-9 Pressure measurement result in PAO at 1000rpm
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Fig. 5.3-10 Pressure measurement result in PAO at 1500rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:104kPa(abs.) Cavitation pressure:70kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:69kPa(abs.) Cavitation pressure:68kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f)  Camera view
Cavitation pressure:68kPa(abs.)

Fig. 5.3-11 Cavitation observation result with pressure measure hole in PAO at

500rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:93kPa(abs.) Cavitation pressure:45kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:45kPa(abs.) Cavitation pressure:44kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:44kPa(abs.)

Fig. 5.3-12 Cavitation observation result with pressure measure hole in PAO at

1000rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:95kPa(abs.) Cavitation pressure:27kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:26kPa(abs.) Cavitation pressure:25kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:25kPa(abs.)

Fig. 5.3-13 Cavitation observation result with pressure measure hole in PAO at

1500rpm without separated cavitation

242



1800 120
| —Shaft speed —Pcav|

E

1500 100 <
g i“
£.1200 80 ,g)
3 :
% 900 60 %
< :
= 600 40 5
w <
300 20 %

&

0 0
0 2 4 6 8 10
Time, min

Fig. 5.3-14 Pressure measurement result in PAO at 500rpm without separated cavitation

1800 120
| —=Shaft speed —Pcav| E
1500 100 £
&
£ 1200 80 £
&
] - 2
CL%’_ 900 60 %
& E
= 600 40 38
wl [=]
300 20 ¢
S

0 0
0 2 4 6 8 10

Time, min
Fig. 5.3-15 Pressure measurement result in PAO at 1000rpm without separated cavitation
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Fig. 5.3-16 Pressure measurement result in PAO at 1500rpm without separated cavitation
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Fig. 5.3-17 Pressure measurement result in Degassed PAO at 1500rpm without

separated cavitation
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Fig. 5.3-18 Pressure measurement result in PAO
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:102kPa(abs.) Cavitation pressure:62kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:61kPa(abs.) Cavitation pressure:60kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:61kPa(abs.)

Fig. 5.3-19 Cavitation observation result with RS depth 1.5pm, pressure measure hole

in PAO at 500rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:100kPa(abs.) Cavitation pressure:29kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:27kPa(abs.) Cavitation pressure:27kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:28kPa(abs.)

Fig. 5.3-20 Cavitation observation result with RS depth 1.5pm, pressure measure hole

in PAO at 1000rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:99kPa(abs.) Cavitation pressure:36kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:34kPa(abs.) Cavitation pressure:34kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:34kPa(abs.)

Fig. 5.3-21 Cavitation observation result with RS depth 1.5pm, pressure measure hole

in PAO at 1500rpm
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Fig. 5.3-22 Calculation result of the film thickness
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Fig. 5.3-23 Pressure measurement result with RS depth 1.5pm in PAO at 500rpm
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Fig. 5.3-24 Pressure measurement result with RS depth 1.5um in PAO at 1000rpm
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Fig. 5.3-25 Pressure measurement result with RS depth 1.5pm in PAO at 1500rpm
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Fig. 5.3-26 Pressure measurement result with RS depth 1.5pm in Degassed PAO at

1500rpm without separated cavitation
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Fig. 5.3-27 Pressure measurement result with RS depth 1.5pm in PAO
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Fig. 5.3-28 Pressure measurement result in PDMS at 500rpm
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Fig. 5.3-29 Pressure measurement result in PDMS at 1000rpm
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Fig. 5.3-30 Pressure measurement result in PDMS at 1500rpm
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Fig. 5.3-31 Pressure measurement result in Degassed PDMS at 1500rpm without

separated cavitation
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Fig. 5.3-32 Pressure measurement result in PDMS
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:103kPa(abs.) Cavitation pressure:88kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:89kPa(abs.) Cavitation pressure:89kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:88kPa(abs.)

Fig. 5.3-33 Cavitation observation result with pressure measure hole in POE at

500rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:97kPa(abs.) Cavitation pressure:92kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:92kPa(abs.) Cavitation pressure:92kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:92kPa(abs.)

Fig. 5.3-34 Cavitation observation result with pressure measure hole in POE at

1000rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:102kPa(abs.) Cavitation pressure:90kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:91kPa(abs.) Cavitation pressure:90kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure:91kPa(abs.)

Fig. 5.3-35 Cavitation observation result with pressure measure hole in POE at

1500rpm
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. 5.3-36 Pressure measurement result in POE at 500rpm
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Fig. 5.3-37 Pressure measurement result in POE at 1000rpm
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Fig. 5.3-38 Pressure measurement result in POE at 1500rpm
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Fig. 5.3-39 Pressure measurement result in Degassed POE at 1500rpm without

separated cavitation
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Fig. 5.3-40 Pressure measurement result in POE
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:102kPa(abs.) Cavitation pressure:70kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:69kPa(abs.) Cavitation pressure:68kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f)  Camera view
Cavitation pressure:68kPa(abs.)

Fig. 5.3-41 Cavitation observation result with pressure measure hole in PAG at

500rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:98kPa(abs.) Cavitation pressure:49kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:49kPa(abs.) Cavitation pressure:49kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f)  Camera view
Cavitation pressure:50kPa(abs.)

Fig. 5.3-42 Cavitation observation result with pressure measure hole in PAG at

1000rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure:97kPa(abs.) Cavitation pressure:57kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure:55kPa(abs.) Cavitation pressure:58kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f)  Camera view
Cavitation pressure:59kPa(abs.)

Fig. 5.3-43 Cavitation observation result with pressure measure hole in PAG at

1500rpm
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Fig. 5.3-44 Pressure measurement result in PAG at 500rpm
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Fig. 5.3-45 Pressure measurement result in PAG at 1000rpm
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Fig. 5.3-46 Pressure measurement result in PAG at 1250rpm
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Fig. 5.3-47 Pressure measurement result in PAG at 1500rpm
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Fig. 5.3-48 Pressure measurement result in Degassed PAG at 1500rpm without

separated cavitation
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Fig. 5.3-44 Pressure measurement result in PAG
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Table 5.4-1 List of test results

Fluid Gas type Ky Saturated dissolution amount ~ Henry constant
(m/s) (mg/L) (Pa*m3/mol)
Water N2 0.00000548 22.4 98954
(0)) 0.0000514 7.9 86019
PAO N2 0.00000184 77.2 28651
(0)) 0.00000173 37.8 18005
PDMS N2 0.00000179 125.0 17703
0, 0.00000165 59.6 11418
POE N2 0.00000187 106.5 20771
0 0.00000179 44.7 15222
PAG N2 0.00000204 63.5 34850
02 0.00000197 30.0 22723
EG N2 0.00000536 38.7 57206
02 0.00001347 12.3 55352
IPA N> 0.00000214 70.7 31304
0, 0.00000212 333 20468
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Fig. 5.4-1 Experimental rig
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Fig. 5.4-2(b) N, release of dissolved gas with time
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Fig. 5.4-3(b) O release of dissolved gas with time
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Pressure

Fig. 6.1-1 Overview of pressure generated by Rayleigh step
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Fig. 6.1-2 Caluclation results of minimum pressure of step
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Fig. 6.1-3 Caluclation resultss of minimum pressure of step by Reynolds method
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Table 6.2-1 Diffusion coefficient

Fluid Gas type Ky Diffusion coefficient Henry constant
(m/s) (m2/s) (Pa*m3/mol)
Water N2 0.00000548 2.34*%107° 98954
(0)) 0.0000514 2.51*%10° 86019
PAO N2 0.00000184 7.84%10710 28651
0 0.00000173 8.46*10710 18005
PDMS N2 0.00000179 7.65%10710 17703
0, 0.00000165 8.04*10710 11418
POE N2 0.00000187 7.98%10°10 20771
02 0.00000179 8.77*10°10 15222
PAG N2 0.00000204 8.72*10°10 34850
02 0.00000197 9.64*10-10 22723
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Fig. 6.2-1 Model of absorption and discharge of dissolved gas into cavitation
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Fig. 6.2-2 Calculation model of Gas diffusion
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Fig. 6.2-3 Calculation result of Gas diffusion at Water
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Fig. 6.2-5 Calculation results of dimensionless mass flow rate
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O Water, RS depth 1.5um, RRS depth 1.5um < Water, RS depth 1.5um, RRS depth 3.6um

A Water, RS depth 1.5um, RRS depth 5.5um  © Water, RS depth 1.5um, RRS depth 7.3um

x Water, RS depth 1.5um, RRS depth 9.1um

100
90
80
70
60
50
40 |,
30 | %
20 %

10 o

Pcav, kPa(abs.)

m 0 o

0
0 0.5 1 1.5 2 25

Flow coefficient : Cq

3.5 4

Fig. 6.2-6 Relationship between flow coefficient and cavitation pressure of water
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Fig. 6.2-7 Relationship between flow coefficient and cavitation pressure of oil
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Us = U/{2(ho + Dggs)} (6.3-1)

Loy BT =g VEINIMET AN EZ NS, 22T, U L 9 8EE(mls),
ho: Lw 9 @hEHR/MEE@m), Drrs: Wil AV —R2AT v 7THEES(m)TH D
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Figure 6.3-1 12, K7 7 AF ¥ U7 Type AlZBIT 5D, K, HiE, KKEFOXF¥E
T—varyENE, FYET—Vva UREEROW LA U — AT v TTERNEIEO ¥ AWNE
B Us THERL L ORT. AW Us OB HICKLE 2 L 9 Bhifd M/ MER IS 2 =0k
A7z, MRE AR O Rt Reynolds HRERZ AW - EAEANT TR X Ve Rd7=. WwWFho
RSB T, RBERIEOEAWHERE Us L X vy B 7 — 3 a VENIZADHBENRRD 5
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L2 5. Fx BT —v a VEAPRIFARKER £ TR LW iENE, £ Yo
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WA U =27 7TERS 5.5pm Z IS, SR SR 2RO & DR 42 Rm7.

WL A Y —RA7 v FERE Dres (m) &, IEEHROME O Cp l2iE,

Cp = 1.975 x ¢~ 155203DRgs (6.3-2)

OBEENRBO Bz, 2, LA U —R7 v FIERI NHEICEAWERE Us & L T2
THRT TRV AL, HEOEIMRK Co DHEARL TV LD TIIRDNEEZRD
N5, ek, AFEOHPHANIZIEWNTIE, LA U =27 v PRI /NS WIE EENREK
Co XM T 223, RS %2 & LIS S THIROTIERE Cp ITBAICEE L, FyET
— = VRN OREN AT 5B ENFET DA RER B Z bivd. T2 L, EM L,

TDEORRFET L LT/ THS.

H(6.3- 212 L W RDZIEH Cp M IEFREL L L CHAWIEE U iR U5 2 & T, ORI
yAN (21 S RN

W, LAY —AT v TOERSDEBIZHONTERD. Fig. 6.3-412, 4.4 filcklTF
L% v BT —a VENRER R L ARERE Us OBREZ =T, WL AU —27 v 71ER
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T5.
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FEHRARUC LV RO F ¥y T — v a VENIAVEREDENEZMAT 22 L LT 5.

BB, Fr BT —va VOREDHEANRBIRICOWTHERE T 2720, RKUETFIZBIT S
K& ERITAT o 7208, — RIS, A D= — NV OBERRIIE ICNE SN D729, SME
TRIEN DEBIZ DN TOERDIMHADBNLETH S.

MzT, LAYV =27y THEOKIENIEL A Y —RAT v T LRV IEENELHHEIC
SNWTHEZ 5. Fig. 6.3-812, HAMHE Ui EARE Coxif & Lers X Ml E47%5k Cr &,
Xy T —a VENORBRERT. WL AU =27 v FERS 5.5nm (ZBWTE, J#EK
ICIEENELDZETXY BT —2a VEND EA L, IO E TR L £ 1/2 TH D
Wb ND. —HT, WA V=27 v FERS 1.5pm 1TV TE, PO Iz
KERETRL, £, URFBEML WD, 2, ERETECDEEOR/NMILY F
XY BT =V a VIESORBNRI D L R T D RIFRORE R A IS SICKREEE
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FybeTr—va s ENE, BAWHE UxiEfRE Coxi#ERE & Lrrs X M IEAREL Cr DRI
IZ2WT Fig. 6.3-9 1237, KMIBHICBIT 2% v B 7 —va UEH & B AWERE Uil
IEAR%L Coxif R & Lrrs X M IEFREL CL OBIRIL, LA U —AT v 7IEIRE (Lw 9 B/
) (ZBAfRZe IFE—F L7z, ko 28D L > BmEEOAET, HARRICE X
NHZETHERSN-ZbLOLEEZXbND. £70, HFHEHOERICBITA2H LAY —ZXT >
TR TN TND 5.5pm THLHM, FLH LA U —A7 v FIERS 5.5pm (28T HKH
DFEFRE BIFF—HL TV D, 2T, IRIKRDEFEREEEDENL, KL LTLy D
EEEICEENDITT TH LD, TAMROELTHESINTZbDEEZ LS.
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ZIT, 44~46HiBXOB3HOERRTHE LF v BT —2a VENND, Ly 58
HANEFERIE S 20 Uil %, LA U — AT v TTEIZE T 58 AW Usxif F£2%% Cpx
#E & Lrrs XM EAREL CL TEFEL, Fig. 6.3-10 [T T. RRIET — 4 25 R 72 Bl
DEEIT—0.028 THHDT, Fx T —va VENERATLIERRILLT LS.

P.qy = —0.028 X Ug X Lggps X Cp X C;, + Psys (6.3-4)

Us = U/{2(ho + Dggs)}

Cp = 1.975 x e~155203Drgs

CL = 0315 X ln(LRRs) + 2.26

PCG,U 2 Pvapor

ZIZT, Peav: ¥y BT —r 3 U ES(KkPa), U: Lw 9 EH#HE@m/s), ho: Lw o B/
/= (m), Drrs : Wil A U —AT v 7HEHRS(m), Lrrs: WL A Y —2T7 v 7R X(m),
D R S EAER, Cu: iR S EMRE, Psys(kPa) : L 9 Bhim s BATiEROE T,
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o Water, RS depth 1.5pm, RRS depth 1.5pm o Water, RS depth 1.5um, RRS depth 3.6um

A Water, RS depth 1.5um, RRS depth 5.5um  © Water, RS depth 1.5um, RRS depth 7.3um

% Water, RS depth 1.5um, RRS depth 9.1um
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Fig. 6.3-1 Shear speed and cavitation pressure

o Water, RS depth 1.5pum, RRS depth 1.5um
A Water, RS depth 1.5um, RRS depth 5.5um
»x  Water, RS depth 1.5pum, RRS depth 9.1um
--------- Linearization at RRS depth 3.6pun
------- Linearization at RRS depth 7.3um
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Water, RS depth 1.5pm, RRS depth 3.6pm
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- Linearization at RRS depth 1.5um
- Linearization at RRS depth 5.5um
-+ Linearization at RRS depth 9. 1pm
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Fig. 6.3-2 Shear speed and cavitation pressure over 6kPa(abs.)
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Fig. 6.3-3 Relationship between RRS depth and slope of approximate line

© Water, RS depth 1.5um, RRS depth 1.5um, fgge 74°
* Water, RS depth 1.5um, RRS depth 1.5um, Oggs 50°
~ Water, RS depth 1.5um, RRS depth 1.5pum, Ores 26”
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© Water, RS depth 1.5um, RRS depth 1.5pm, @ggs 74°
* Water, RS depth 1.5um, RRS depth 1.5um, Gggs 50°

~ Water, RS depth 1.5um, RRS depth 1.5um, fgrs 26
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Fig. 6.3-5 Shear speed X RRS length and cavitation pressure

© Water, RS depth 1.5um, RRS depth 1.5um, Gpps74°
* Water, RS depth 1.5um, RRS depth 1.5um, Gggs50°
= Water, RS depth 1.5um, RRS depth 1.5um, Gzgs26°
" Linearization at Ogzgg 74"

" Linearization at fzgg50°

" Linearization at Oggg26°
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Fig. 6.3-6 Shear speed X RRS length and cavitation pressure over 6kPa(abs.)
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Fig 6.3-7 Relationship between RRS Length and slope of approximate line

o Water, RS depth 1.5um, RRS depth 1.5um, TypeA
A Water, RS depth 1.5pm, RRS depth 5.5pum, TypeA
o Water, RS depth 1.5pm, RRS depth 1.5um, TypeB
A Water, RS depth 1.5um, RRS depth 5.5um, TypeB
Linearization at RRS depth 1.5um, TypeA
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Fig. 6.3-8 Shear speed X Lrrs X Cp X CL and cavitation pressure
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& Water, RS depth 1.5pm, RRS depth 5.5pum 4 PAO, RS depth 1.5um, RRS depth 5.5um
© PAO, RS depth 6.0pm, RRS depth 5.5um o PDMS, RS depth 6.0um, RRS depth 5.5um
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Fig. 6.3-9 Shear speed X Lrrs X Cp X CL and cavitation pressure with oil
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Fig. 6.3-10 Approximate line of all experimental results
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 101kPa(abs.) Cavitation pressure : 64kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 62kPa(abs.) Cavitation pressure : 61kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f) Camera view
Cavitation pressure : 61kPa(abs.)

Figure 01(a) Cavitation observation result of RS depth 1.5um with pressure measure

hole in PAO at 500rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 97kPa(abs.) Cavitation pressure : 32kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 31kPa(abs.) Cavitation pressure : 29kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f) Camera view
Cavitation pressure : 28kPa(abs.)

Figure 01(b) Cavitation observation result of RS depth 1.5um with pressure measure

hole in PAO at 1000rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 84kPa(abs.) Cavitation pressure : 21kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 18kPa(abs.) Cavitation pressure : 17kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 17kPa(abs.)

Figure 01(c) Cavitation observation result of RS depth 1.5um with pressure measure

hole in PAO at 1500rpm without separated cavitation
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Figure 02 Pressure measurement results in PAO with RS depth 1.5pum without separated cavitation

322



a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 104kPa(abs.) Cavitation pressure : 68kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 69kPa(abs.) Cavitation pressure : 69kPa(abs.)

Rotational direction
\of the counter face

e) Time : 600sec, f)  Camera view
Cavitation pressure : 69kPa(abs.)

Figure 03(a) Cavitation observation result with pressure measure hole in PDMS at

500rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 101kPa(abs.) Cavitation pressure : 60kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 73kPa(abs.) Cavitation pressure : 84kPa(abs.)

Rotational direction
\of the counter face

Camera view

e) Time : 600sec, f)  Camera view
Cavitation pressure : 80kPa(abs.)

Figure 03(b) Cavitation observation result with pressure measure hole in PDMS at

1000rpm

324



a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 100kPa(abs.) Cavitation pressure : 63kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 72kPa(abs.) Cavitation pressure : 84kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 85kPa(abs.)

Figure 03(c) Cavitation observation result with pressure measure hole in PDMS at

1500rpm
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 104kPa(abs.) Cavitation pressure : 72kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 69kPa(abs.) Cavitation pressure : 69kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 69kPa(abs.)

Figure 04(a) Cavitation observation result with pressure measure hole in PDMS at

500rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 99kPa(abs.) Cavitation pressure : 44kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 44kPa(abs.) Cavitation pressure : 43kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 43kPa(abs.)

Figure 04(b) Cavitation observation result with pressure measure hole in PDMS at

1000rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 101kPa(abs.) Cavitation pressure : 29kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 29kPa(abs.) Cavitation pressure : 28kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 27kPa(abs.)

Figure 04(c) Cavitation observation result with pressure measure hole in PDMS at

1500rpm without separated cavitation
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Figure 05 Pressure measurement results in PDMS without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 104kPa(abs.) Cavitation pressure : 66kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 66kPa(abs.) Cavitation pressure : 65kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 64kPa(abs.)

Figure 06(a) Cavitation observation result with pressure measure hole in POE at

500rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 90kPa(abs.) Cavitation pressure : 35kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 36kPa(abs.) Cavitation pressure : 37kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 37kPa(abs.)

Figure 06(b) Cavitation observation result with pressure measure hole in POE at

1000rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 76kPa(abs.) Cavitation pressure : 17kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 19kPa(abs.) Cavitation pressure : 19kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 15kPa(abs.)

Figure 06(c) Cavitation observation result with pressure measure hole in POE at

1500rpm without separated cavitation
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Figure 07 Pressure measurement results in POE without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 102kPa(abs.) Cavitation pressure : 71kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 70kPa(abs.) Cavitation pressure : 70kPa(abs.)

Rotational direction
\of the counter face

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 69kPa(abs.)

Figure 08(a) Cavitation observation result with pressure measure hole in PAG at

500rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 96kPa(abs.) Cavitation pressure : 48kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 47kPa(abs.) Cavitation pressure : 50kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 53kPa(abs.)

Figure 08(a) Cavitation observation result with pressure measure hole in PAG at

1000rpm without separated cavitation
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a) Time : 5sec, b)  Time : 60sec,
Cavitation pressure : 68kPa(abs.) Cavitation pressure : 32kPa(abs.)

¢)  Time : 150sec, d)  Time : 300sec,
Cavitation pressure : 32kPa(abs.) Cavitation pressure : 33kPa(abs.)

Rotational direction
\of the counter face

Camera view

e)  Time : 600sec, f)  Camera view
Cavitation pressure : 32kPa(abs.)

Figure 08(a) Cavitation observation result with pressure measure hole in PAG at

1500rpm without separated cavitation
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Figure 09 Pressure measurement results in PAG without separated cavitation
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