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Study on Lubrication Condition Monitoring of Rolling Bearings
—Development of Electrical Impedance Method—
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NIAEDRD BTN D, D728, H223 0 HIEZ I IV BT 2 8 A OECR B0
BALDBET HARWVIRIUC e > TETEHEY, ZOHE5 L LT EHD (elastohydrodynamic) ##
g2 331 B ORI A& STV 5. %of B3 V) 52 D72 DK bV 7 {b72F T
R BEHFMELWNTDHENRDH Y, TOLDIITERREELE =421 7/ T& 5 HifFn
WEIRTIR & 70 % . 1Esk, THEIEIREE %?Eﬁﬁ—éﬁifﬁk L CTHT#E (optical interferometry)
NEELELTHOWLNTER, EBEOMZICHEAT 52 SIXTE 0.

Z 2T, AWFFECIE BHD #2317 2 MR & & MEOBET R 2 FFIcE=2 U > 7
TEDHERA B —% 2 AL (electrical impedance method) #BA% L7c. AFiEE, EXHW
FIETH LD, EEEORRD Y 2 I H AR T 5. EHD il 22t E AR L 7=
BRICAECDHEFEA v E—F A0 D, HEES EHEOMEEA RFICHETE L2 &%
BERAITR LTz,

BT, ABFE TR LTI2ER A v B — & v RAEOREREIZ DWW TIRGEET 2729, A—
NA T 4 A7 OB Z AV, TERFIETH DT HIEIC L 2 MIERNER R &
L7, BRA v E—F AL E R TURNEERRCEA T 2720, 77 28T ¢ 27 3R
(2 ITO (indium tin oxide) Mz A N—H—fL UCHREL 7=, £ L C, BlZIAHLEE, F
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AR, MIEKIRPE L 28 & Lok A2 REFH QIR P FAUE TS TRV, FETHER
RPEENH TN D, FIXIE, FED ARG EHE L2 2018 FOAARIZFICAZAITTY,
Rk 30 4 7 HEZER (19 AAZEN) 18 X 2 UokgkESe, W LiZifimEor— b GG H)
T H ARSI G 2 AW L7 B B 12 512 XD @ik, o2 W3 A AR CBUHINE bk s <R 2
BT L7 RIS L D BAVTERES, Ma RBRERRICLOEENLIE L.

Figure 1.1 {2, HIERFEHREIRE (GMST, global mean surface temperature [1]) DOHEREIZ DU
TRT. Fr, HIERBBCIRED B L Ch 0, FRITFE IR ik miiE 2 B+ 24 (Fig.
L1 2, MR ay b)) REHELTND I ERbns. 20 HACEITLIEICEIN S
ToZDWRE EADIFEA LR, NBEBEOIREDRT A, Thhbb _BILRFERLA X T A
SORIMIRRNR DD EEZ HNTND [2]. ZTD7®H, 2015 4F 12 AIZAEEEH SV IZT
5 21 [ElR e s SRR E 5% (COP21, 21th conference of the parties to the united nations
convention on climate change) 723Bf#E S 41, SUEEBINHNIZ BT 5 ZER O EEA 2 HE, W
D] B FE (Paris agreement [3]) DEAR S 72, ZOWE T, [FEEEMATN D OHE
ROFEZR EAE 2°C RislCiz 5] LWot BEEA T TRy, RASEIXZ DR
IEZ T DTk A BT XNV F—BIR A THH L TV 5.
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Figure 1.1. Observed GMST anomalies and record-breaking events. Time series of six GMST data

sets and the mean of the six data sets [1].



Bl Z1E, BAEBATIE 12030 4£F TIZ, 2013 L CTR=ERET AP E % 26%H19
5] LWVWOBMEHELZET TS [4]. BN BERRE AT 1999 453 B kv, HAM
HOREE (k7T o —5HE: BIEFMMEIN TV D ABEEON, K HREMEENSENT
WD HENH A S — A CETBIE RO Rl LA E 2 TORE L7 [5]) ISy
U rHBEORESEHE (Fig. 1.2 38) I T\5. 20k, HENEA—I—%4t
I Fig. 1.2 (R E ) FERIR E CTIC o oBBUEREZ 2 ) 745 X O WF9eBi%E 2 1
DTS, MR, BEIEO L 2 B <R STV DR D dilsz 125k LT RIS
KON TEY (1 BEH7ZY 100~150 & [6]), FHISZ A —I—IFTE R DL b7 izl
TV A TS, RIETIX, 5230 i OFEIZ OV TR R 5.

112 A YEHZ

K& e D U 5 BRSICHW STV A58 D 8152 (rolling bearing) 1%, EHIZHE > T
B O aldinlih 2 X FF 5 2 L2 B E LTER ST 5. Figure 1.3 12, B30 85z 1
D ThHIFEHEEEIS (deep groove ball bearing) DAMA G EHIZHOWTRT . g RIS, +
(ZEF MM E (radial load) 2% b 553, EBEIAL L TEEZHW TS O TR [ E
(axial load) & & HRREFFATE 5. Figure 1.4 12, RS ORERERITHOWVTRT.
AN 0 ihSz 1, FI2H/ME (outerring), WHm (inner ring), #4EH{K (rolling elements), fREFZS
(cage) @D 4 SDOFIMMNOHE I TS, HEANL, BHIZS CTEWER RIK), 2
WEZ Y =2 CEER, V) BRAVWLRTWS. 7 —=XZH0W55E, IRCRMIEA
BTy —v (sea) BB THD.
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Figure 1.2. Fuel efficiency improvement targets and fuel economy tendency of gasoline cars [5].



Figure 1.3. Deep groove ball bearing [6].
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Figure 1.4. Components of rolling bearing [6].

BA7S 0 21T, MR A S22 D 2 S ITINA T, BIEAIC K D BB 208 6 & HHH 5 .
WA, #5280 sz iX, ANVEEEREAL, H DV A2 O BANERICHEY, HE D HFKE
g (=7 =, VoRER, fRiRE, Y 3 f) iy O8N 27, i, RATHE, = o
v b, NTHERS), HOWETHERM (TSR, JEiEe—L, B)5EE, B8R h%)
ICEDET, Ha R TERBOF T RLF—LICKRE <HEL TR Y, FENICIREZRT
AZDOPHBHIRICF G LTS, AR L72@ Y, BEIEIC B < 08 D iz il Sh
THEY, REUGEICHML TV,



Figure 1.5. HUB bearing (yellow parts) [9].

Bl Z1E, HEIEORA — AN SN T A AT (Fig. 1.5 28, XPEa0irsy)
X, VY CBEEAREERADOK 1.3% % HD0THEY, L TERTE S UL TiEin
[7]. 5% E LN TRINTWLEBHEH (BV, electric vehicle) DA, NTHiZOHD 5
FETEITHEML, K S%TETHETFERINTWD. iUk, HBEIEOKRT  TEL HZE
SHEPUCILECT 2 [8]. 2F Y, A% LRV ESZ IIZHE 72 24K MV 7 b3R8 B ki) 5
ZENTRIND. I TRETIE, filisz M7 ORAEZERIZOWTIERD.

1.1.3 B2 ML OREER

HR7N 0 HlS ORI, K OVE O U A VY OFAEERICOWT, Fig. 1.6 12
RT3, B L, Fig. 1.6 [3EAUEWTEH O TH 0, h[mIZMEE X, p[Palld /T, U,
U [m/s]ix B F&m (F 58K, T fisdkm) (SR8 ETHD. sz by AR
I%, Fig. 1.6 \Z7 @0, K&< 3 OOEPUIsEI LD [10][11].
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Figure 1.6. Factors of rolling bearing torque; 4: oil film thickness, p: contact pressure, Ui: upper

surface velocity, Uz: lower surface velocity; U > Ua.

T3 1 2HIE, < ITAEB (agitating resistance[10]-[12]) EFEEZALTER Y, flizNEZR
MR 3 DHRENA AR CTH D IFVEAI 2 LiBT DBRCAE L5800 (drag) O Z & THDH. 2o

HiX, #5230 REMEHRHT (rolling viscous resistance [13][14]) & FEIEAL, FEAUm A DEBICA L5
TRAETIZLIMER, 7B SUERIC L > TAELZENCERTLEHTH 5. K&
3 OHOT Y EEEIHL (sliding resistance [15]-[18]) & 1%, #xEh{A & A MmO FEffim N C
LD L o @EEMEOEEZ, BIZITAEHTY [17]R°A T 181 DNFKFTAEL
HEHLOZETHY, R EHBENHEICZ L > TR TOHNTW DS, MRS (viscous
resistance[19]) & FEZAIL TV S, 0 BEEIRGUE, Ml HESE A & RErgRAR 7 > N RHISoEE
fits —L &Nl —LERTHAEL S,

L TAT, HMIICIIT D MER 0 056, Ziub 3 20 My BAZROW, Hiih
ﬁﬁﬁﬁé@é#<ihﬁﬁ,&U%ﬂ@ﬂﬂﬁ%ﬂ)zO#%xFW7®k$%£®5k
B2 HNTWD [10][11]. 24 OB A KT 2 72121, B 2 13 A @*H“%Tv‘é
HDWVITHBAIOFHAREZWOTEHELE VST FEMNELOND D, ZhudEfigkic B
%ﬁ@@%%%b,%ﬁ@%ﬁ@%@ﬁﬁ&ﬁ@%é[mypﬂ.iof,%ﬁwﬁﬁ@ﬁ
RHIK M7 E KD ECEAERI A UIRAR & 1%, BEAkIEPy o Wl AR L 2R WAREE E T
AIREZRIR D S L7ZIREETH D L F 2 5. WU, #MMigic T o MRE S, KOO
WL, ZOMBREBEARITHRIEE LTRICHEETHLZ LR DND.

114 REFFARYIEE
PR O VEIRREIX, A R T4 v Z#X (Stribeck curve [23]-[26]) #HWTKRKZ< 3D
DEBIZESN TN D, A M TAXy ZHEIZHOWT, Fig. 1.7 10577



boundary  mixed hydrodynamic
[ubrication lubrication Ilubrication

log u[-]

log He [m™]

Figure 1.7. Stribeck curve; He: Hersey number, u: friction coefficient.

ZIZTANTANy VR X, M BRI u[-], FfRIC~— > —%k (Hersey number
[23][24]) He[m 127 vy L7777 THV, H X FTXNADD LI ICEREIND.

_ n(U; — Uy)
HB—T, Uy 20, (1.1)

Z 2T, g [PasEEMEHOMXIEEEE, U, Us [m/s]id B TREICEIT 23, F.[N]IXIEE
METHD. W, AFTAXy Z7BHOENE, RANTRTEZ LS G2 AW TE
WahaZebdHd [25]. 1B L, p [PallT EHBEfhEE, L[ mlITEMEONRETETH S.

_ n(U; — Us)

G =)

) Uy 20U, (1.2)

Figure 1.7 £ 0, $E5HYE (boundary lubrication [29]) fEIk & 1%, L w 9 @hi R L3 E R
fit L CEEZXZTEY, u NTRVEEITEKFLRNTEY -7 —a > OikH|
(Amontons-Coulomb law [27][28]) 23E% Y SEOfEHIKCTH DH. —F, HiKEE (hydrodynamic
lubrication [30]) fiElk & 1%, REH S LV HMES HoEW iz iR 9. RBEMEE (nixed
lubrication [31]) #ISIE, BESHEYE & MKEE OBBEIRTH Y, EEREAER & I Ak
DG THEEZ XX E>TWD., DF D, He lTHEMIBICKIT H2MKEESDOR/NEZFRL T
L. WA, WIEAEWT 256, ax RREBEORRK &R 5720 T2 <, BETHE
\ZBIT D u OEIN, 9725 Fig. 1.6 (2R3 L7230 BEEIKGTOHE NN & BN 5.



U, =0

Figure 1.8. Velocity distribution of Couette flow; 7: shear stress, 4: oil film thickness, Ui: upper

surface velocity, Uz: lower surface velocity; blue arrows: flow velocity of oil.

&2 AT, BERENICE T MM OIS Fig. 1.8 IR T 7 =y ittt (Couette flow
[32]) TH D ERE LGS, WMEEEEIRICIIT D w 1TBEmIZ 0D AWG ) © [Pa]%
BEflIEE p [Pa] TEID Z & TROBND. 22T, Fig 1.8 1”7 Uy, Us [my/s]id b FFREIC
BILEE, n[mITMBEESTHS. F7z, 7>y M eiE, RIEOHEHREE 4 [Pa-s])d
HAWEHEY [s TIEAFE LRV =2 — b il (Newtonian fluid) O AWIRILD Z & Th
L. ZZT, tiIylclBilL, ZOWBIERD n DT, RAOLIITREND.

Ui —Up
T=ny=n h , U12U2 (13)

Ko T, WMREEFEIRICI T 2 BEELRE u [-1F, Bl p[Pa] AN IZ W C—E
ThdERELTESGS, TRAAHDEIIZEREND.

w=1/p (1.4)

FEBRI, Fig. 1.6 [T X 51 p IFEEAIRNICB W T—ETIER0no T, AR T X

INTHHICERT Z LT TE RV, £, g WQIIENKEME 3318350, HioEmE (~%
G%)T%é@u,L@ﬁ@ﬁ@ﬁfwﬁ#ﬂﬁf%ﬁ<ﬁéﬁf TS AT A3 I I HE e
2724, £ ZTWHTIE, ®EE FIZBT 2 g O W T 5.



115 R ERRER

IHET, &EE FICRT DMRTER A I =X BITOWTHRA RIFFER RSN TE -
[34]-[59]. Dowson & [34]i%, &L FIZHIT 5 L D B OFIELETE & BIEH O RS 0%
O LR, BRI DMEES OBIK, 210 ICERREEEZ 525 2 & 2BEmaIZ i
L7z, 20X 9 i IREE 2 it A8 ¥ (EHL, elastohydrodynamic lubrication [34]), F7-
Z DERIIRBE & PR A EE /it (EHD contact, elastohydrodynamic contact [35]) & FES. LAF,
EHL B3 D241 S\ Tk 5 [37][38].

F£9 Fig. 1.6 (-7 K 9 Al A 400E L, Z O 2 mois fEe LT, &
RSN T LA 2 VX FHFE (Reynolds equation [60]) & FHW 5.

o (ph3adp o (ph3adp d(ph)
—\|— =+t |—F ) =120—/— (1.5)
dx\ n 0x) dy\ n 0dy d0x

22T, EXF O x (FEREMROERD D S5,y IZHEREMADESA VD AN TR B L T IR T
LEEAE (Fig. 1.6 OFHIFM), p [gm’ITEEHOBE TH L. £z, EX(L5)FD Ulms)
I O 5| X IAZIEE  (entrainment speed) TV, ®kA(1.6)LVKkDdDHN 5.

U, +U
v=—"- (1.6)

F7o, K xy BEEIZEBT S L o B8O A & 6(x, y) [m]IE, Fmz PRRIA LR ET
HZETRANDEVROENS.

5(x,y) =

2 f°° f°° p(x, y)dx'dy’
T ) ) [G=202 + = )2 (1.7)

BL, RKANDFD E'[PaliTZE MR THY, Lo 28T 5 L FimOMertiatk & R
TV U EFENEIE [Pa], Ex[Pa], vi[-], nw[]1EB< L, KAAB)LVKRDOLND.

2 1_U12 1—U22

F- & T E (1.8)

Lo T, &K xy JEEIZBIT DMBEE X hx, y) [m)lE, FIHIORIKRE ho(x, y) [m] &5 &5
19X vxkdbinbd.

h(x,y) = ho(x,y) +6(x,y) (1.9)



F72, EEE FICRBT 5HEBHOKE [33], MOEBE B6lIZLLTO Xy IcEENnD.
1 = neexp(a,p) (1.10)

0.59 x 10°+ 1.34p
059x10°+p o (1.11)

p:

BL, no[PasHIRKEIZIST DB M OMEREREEE, ap [Pa' 1M O LT RS, po
[gm T KRREICE T HEBHOEETHD. £72, XA DX BEME F [N, HEiEH
DN L > THELDENEHVE S DT, kK @12)D L H TR D.

F = f_z f_o;p(x.y)dxdy (1.12)

Pk, X5), #X(1.9), X(1.10), XAADAX(1L12)Z T 25 K 5 13#r LTt
95 Z & T, EHD #lsNIC B 1T 2 MIRIE &, R ONEN 3 a5 2 & 23T & 5. Hamrock
O [394, ARG R A2 F VT EHD BRI O e/ MIIRIE S Awin [m], B OV AR
& he[m]DIEBIR A KD T=. £ 2 OFRRIZHONT, R (1.13), ROR(L1)ITHET. 1,
TR U IR T, Hamrock-Dowson D= (Hamrock-Dowson equation [40]) & FEEIL TN 5.

0.68

- (UOU) , 0.49( E, )—0.073 (ry>0.64
- =3.63 o (apE") Tt 1—exp|—0.70 - (1.13)

he noU) ’ ,o-ss( E, >‘°'°67 (ry)‘)“
- = 2.69 (E,rx (apE") T2 1-0.61exp( —0.75 = (1.14)

X

Z 2T, n [mITEREMAROER Y I NI T B MR, p [(m)ITEREM RO ER Y 71
(CEEE A AN 2l R Th S, (AL, X EHD Bfilug A iz iM i+
7 1#AE L (fully flooded lubrication [39]), 7> 2 A LEBIZ I 1T 51 A WIREEAD %8 (shear thinning
[41]) Z M U 7= BRARA0 72 VIR BE (isothermal EHL [39]) (ZO A T 5. HIEHEDRE
B2 2T HAGVETEM (starved lubrication [42]-[46]), #ffs A D IZ 81T 58 AWr3s 2o B2
% B BTV (thermal EHL [47]-[53]), SNEGE [54]°8%/MEE E) EHL[55], &
HUMIEEREME A Z T DBRCE T D AT A X (squeeze film [56]-[59], f1ék A &HR) 4%,
EEROWMZNTE Z VRS 2 OIER RBIRITMZNOMEREZ TRINE 2 & o3
5. WZIT, EEOESZ OMEREZ ) TV E A LA TE=F Y 7 TE HHEMNE, #8530 il
SZOFERDLE NNV LERD ECIEFICEERERCHLEE25.



12 EHD EftsinBBRET=41) > JIZBAT 2 HEEHRE

EHD #filllZ61F 2MMkeE, Fl21E, WRE SO REL2E=2 1) 715
FHEIZHOWT, TRNETEL DOHIER RSN TEZ [61]. ZNHDOFEE, K& 45Tk
FH) L (optical method [62]-[75]) & EXMIT1E (electrical method [76]-[97]) @ 2 DIZ43%H
END. ETHIOIL, KFHFEONTRNT 2.

121 REHFEREZAVERBREBE=4 ) VJICET 58EKHR
T [62]-[7511F, #EASUZ I § 2 0D R A mlEIC T 22N TE L. 7]
YRR (visible light, A = 400~700 nm) % % ETF49% (optical interferometry [62]-[66]),
RO (infrared, 2> 700 nm) % H\\% R4 5% (infrared spectroscopy [67]-[70]), RSN
(ultraviolet, A=10~400nm), & 5T AIHDLHREZ HW D T~ 43 61E (Raman spectroscopy
[711-[75]) &35V, —EIICEKHTFIELIVEONAERENLZNE VI RN H 5.

1.2.1.1 %FiBiE

JeT AL, EHD Bl AT iR & AT L, Bons Ffoa (Tabh, KE)
NOMBEE I ZHET H5FETHL. MEESLHERSHET LI LN TE LD, Zh
£ T < O EHL BT 2 S 7RIV BT & 72 [62]-[66]. %512 Johnston & [62]1,
Fig. 1.9 & 910 7 AT ¢ 2 73BT Si0y D AR—H—[ 4 Jiii§- Z & T, $nm
DIFFIHENIEEZS BRETE LI LA RHLTWD. [, ZOFEFIAN—F—LAF
—i£ (spacer layer method, %5 3 BEHH) LIEFXIL TV D,

\ Air /// Anti-reflection
. § <oating (MgF;)
: XY [ o 3

/gg;},k&;_‘gxzfmmm
Cr layer
Steel ball
(a)
\\ Air /// Semi -reflective
S:r ayer
T VAV |

Wizzzzzzzzz8028772 //////{ Adn,,

b““— Ol } " spacer layer
(5i0,)

Steel ball
(b)
Figure 1.9. Optical interferometry; (a) basic interferometry method and (b) spacer layer method [62].
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ST ¥EN, EHD #2flskNIC 1T B THIEIE & ORI OV T H IR 25 2 L3 C
T 5728, FEEFIRREICIUT 2 IMEHIE [55][63]°°, B 72 AR I B3~ 2 4728 [64][65],
B D WIIREREAEE D & 2 W B IRIE S OHIE [66]%, tEAL FH STV,

1.2.1.2 FN A&

RNIEEE, 77— U BRI 3 61E  (FT-IR, Fourier transform infrared spectroscopy) @
FEEE L HRIC BHL 12BT D8k & BB STIC VW ST E 7 [67]-[70]. R L, SRAMIIEIE
I%, Fig. 1.10 QIR T LD AR — A 5 4 27 BEERBRHE D LT ¢ 2 7 3B o EE &
LT, XA YT R [67[68], &7 74T [69], 7 LA 7 b [10]1% O ARG @M EH 2
AT DMBERND D, RIS L, Fig. 1.10 (0)IZ/RT X 912, EHD #fliIRIMR % IR
S U 7ZBRO TR OB RER C-H OMFEIRENC N $ 2 WL A7 L OFREE D b BT S
BV T um A—F—THDZENTED.

Tz, WMILALT SADOE—7 BENZE > TEEEMA~> 7 N T2HEEFHT 5 2
& T, Fig. 1.10 (b)IZ7”" T X 9 72 EHD BN D ES oA bIRIFFIZROL Z LN TE D
[69][70]. F7=, WNAIH KD C=0 (HHMEIREID HRMAREIZONWTHE D Z ENTE D
[69]. DF Y, FIADIEEL, 1 DORRT R bR X 7215 Te < #filuk Ok g
BT Dk RIEW AT =XV U T TED L VIREN DD . Dia, N HBEBOEHRE 5
LHT2DITIE, FRNCE X ORIENLEL 2D,

(a) To FTIR spectrometer
) A
' "
i L}
2
TRV
; ' (b, =i
; ' : ( Aperture 100um ball sliding speed 0.25 ms~!
: ! o gy Reselution deml oll emps 25°C |
‘ ! 241 Scans 128 load 20N 410
: : basestock PAQ
r e
E L6 } 4 08
1 = 5 &
5 z F
i : 2 - 06 3
) — = £
N =
P = a d J o4
04 - 0.2
@‘\ 7 P4\ Herzian widih
1. IR microscope 5. Bearings
2. Polariser position 6. Belt and pulley drive :
A Di . 7. Heating rods middle of conact
4. Steel ball £. Oil seals

Figure 1.10. Infrared spectroscopy; (a) a schematic of the arrangement and (b) film thickness and
pressure profiles obtained in an EHD sliding contact [70].
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12.1.3 5% U a%k;

T UGN, BRI SRR, B D WITATHDER AR L, B oS EELA Y v
DE—ZBENPOHFES, 7 FENOENZTNENMD ZENRTE D [T11H{74]. 7
~ UNEITRIR E LTRSS A X A DT, BEON T AR AT S Z LAl
RETd Y, Ao E1E & [FEE, EHD SN DAL F R 22 FEHIC OV T 50 2 LN TE 5.
Scharf & [75]1%, Fig. 1.11 {2779 & 912 DLN (diamond-like nanocomposite) %z L« 9 B3
DERICA U 2B A D 7y T & BRI & ORRIC OV TIHAE L TV 5.

L ZAT, TV UaEIR, BROIRNGICE L IABNIHIOFIETH D03, mE 13
W T ORI RV —%2FARD LWV JTITIEE L TV D, — IS, 7~ mit A~y
ML THRWE — 27 OB D 53+ OIRENE, RIMEIN A7 A TIEIHWE =712 L2725
RN BT, T~ AR RAVTIES O E — 7 I LB R W+ ORENT, SR
A7 MVTRNE—7 Lo THND. 2%V, ZOWEITAWVICHAHN2BERICSH
LE27% [69].

(a)

Cycle O Cycle 20 w=.11  Cyele 30 p=0086
(RS i 7 ;

0,294

0,154

0054

Pk

o & é:-'a'::u'11'10'159113¢|'|$u‘1;uﬂ':ﬁu'2'1&'2-'¢u:u:.u:-zé:-'au'w
Cycle Number
(b) 2000 .
Ci-han
18004

16004
1400
1200
(LIS

LR

lntensity (au.)

Raman Shift icm)

Figure 1.11. Raman spectroscopy; (a) friction coefficient and (b) in situ Raman spectra versus cycls

for coating DLN. Insets in (a) are in situ optical images taken during sliding [75].
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122 BRHUFEZAVERBREBE=S2YYVJICET HHERMR

SR, RO UNE [62]-[66]1F, EHD Sl llR/E S % nm 4 — & — CHER
SPWEFTHZENTES. LrL, YRenotzdEnd o8B h 260 NERH Y, FEE
DR VNI T HHIREZE=2 V) 735 LR TERN. £ 2T, BRI
Z ot B EMEAMEL (conductive material) & %5 & L7zFiEE LT, BERMNTFTE [76]-[97]18
MREINTWD. BIRMIZIE, EHD il ER (DT, 280t) B2 FN L Tk
DR 2 JIE 5 5 EXIHLE (electrical resistance method [76]-[81]) <°, HEMUmIZA T %
FREZR ED O HIRE S 2 & f&a i3 2 #E A 15 (electrical capacitance method [84]-[88]),
F TSI R R EE AT 2 2 & CHEE S & MO == 4 [FIRFIZ AN 9 2 E X
A B —H A (electrical impedance method [94]-[97]) ZE3zEiF His. 2 ZTlE, Eid
3 ODFIEEONTENENENT 5.

1221 BEREHE

BRIPIAIY, EHD BElikiC R (5 WVI3ASH) BIEAFINT 5 2 & T, MR A
L7EBOBBSENZHE T2 FETH D [161-81]. TD=d, L 28t 25 —miEicAE T
HMBFEE SIZOWTHIET D Z ENTE 2200, HEOBERIZ OV TS Z &N T
5. DD, ZOFEITEICRGEESME TSR 2 BEEBEEFEA 1 = X AOMPEIZH W
5TV S. Lugt H [79]X° Load & [80]1, #ER Ol S & IO & O BEfRIC
DNTHE L TN D.

W, BRIKPUE, MEOMEERAIE LN b, BN OE IR E i 2=
Uo7 ARG STV, Figure 1.12) 10T @B Y o — (v =Ml
[82], D WX 7T 8 [83]) & Lw 5 EmICHE L, HANES & — Eaimiid 55
DESEIOBCEN S, JESDAMAPIRESAN (Fig. L12(0)Z2MR) ZHEL TV 5.

(@

hf' o - Insulating layer 5
|

Sensor
1y =2504m Iy=3-6mm
I=5um Is=8mm L
dy=015mm A, =1-2um =

Figure 1.12. Electrical resistance method; (a) platinum temperature sensor and (b) temperature rise

along the center line in rolling-sliding-spinning conditions [83].
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1222 HEREE

HEAREDT, L o®8d 2 “miE%Z =27 % — (capacitor) &R L, HIESHDER
A & (capacitance) 2> O HIEIE & 2 B &AICHHE 35 FIETH 5 [84]-[88]. #HI S [85]1F,
THERBEEO L ) BERICAREBE AL T 7Y — A MBI BT DI E 24T > C
BY, WEEE LT 07 EREICHES 2D 2 L2 /H LTS, MELIE, Fig 1.13
\ZRT &K 512, EHD #fillsl, KOO AR E HEEO 3 DO TH % OFFER
BIZONWTEZTWD. FFIC, B AL Y — 2D ER R+ THLHE Y
— AR o Tl SN TV AHEBNKRES LT 20T, HEAELRE LT 5. MR
HIE, ~VYERCEEOR 10 (FOMEE TV —RZX-> TSN TWD EEL, A
OB 2HEREZHEAL TS, o, HAOFICA LTy BT — ¥ a3 VHEIK
(cavitation region) NEFEREICG I HEEBICOVWTHEEELTN5.

Prashada [86]1%, FEFRD Z AHhSz|Z WAL Z FINN L 72BRICAE U 2 §EA & b IR S
ZHET D FIEC OV TR TV D, EEENAECCHIE i O R EA EIC S 2 5 EEIC
ONWTELLTREY, -2 AMOEEREOFBNEH-Z ALV b RES 2D L%
HEmp R LT g,

Z

(a) HERTZ $filt (c) MIAHH TV AEE
(dry contact) (flooded inlet)

(b) I D | (d) HAHIC e
(starved inlet) WHTWAEA
(partly filled inlet)

Figure 1.13. EHD contact areas and inlet lubrication conditions; (a) dry condition, (b) starved inlet,

(c) flooded inlet and (d) partly filled inlet [85].
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Jackson[89][90]1%, = > 7 > Y —DEMEIIIX S ENTFHEIROE LSOO K/ N FHE
R\ BE 5252 L 2B LTEY, Jablonka & [S87][S8IIXTI D DFEEZE L7l
HWEEZRE LTS, HIZ, Jablonka O IXADR L7-FHE & [85] & [AER, EHD #2fillkN 7
TR, FORMEba T o —E R LTEY, ETHIEIC L D HER R L T 5
Z & TEOMBEREREEIZOWTRGE L TV 5. FREERE IOV T, Fig. 1.14(b)I2R3. 1A
L, W7oy MIETHEIC L DR, 813 Hamrock-Dowson D= [39]172 545 B 5 #
AR X, =M 07 7 M Jablonka 3% Lo fEAEIEE HWIZHER R TH 5.
Figure 1.14(b) £ ¥, JEFUHEICILET 2 MIEHERE 2B L TN D 2 Enbnbd.

& AT, EHD #fto i 0Eicids v 75— a3 UiEk (EEANC X - Tiilz st T
UWNRUWVGEIR, Fig. 1.14(a)2 M) M1EAE L, Jablonka o (XEEfRIEEIE DK 25%% F v BT —
Ya Vi E R LTS, LavL, ¥y BT —v g VO KR E 1%, BB EE
ZTTRELSENT D2 EBRWESINTND [911-[93]. FiZ, FEBEIESMLE T CILim <
7o STV R WEIR .S EHD #5712 S AAET 5 DT [42]-[46], EHD J&EE XM M
IC Lo T SN TV ARWEEA —ETIZRWVWZ LIFHONTH SH. FD 70, Ml EHD
BRI DI X o T 72 STV RN Tk, THIERE R EE MK F 3 % Al fE
PER B B

Fio, BERBEEMRICEZ DL THLH, IBATHIEEE CIXmEO — M2 W3 5 7=

W, ZOFEEZEHATERNE NI RERH L. & 2 CRETIE, IBRAEMEERIC & A AT
BRRERA v E—F U RAEIZOWTHEITT 5.

(I y— (b) 1000 s
TP [P & Oplical
v B e o b - Do on

= Capacilance
o
[T

- ¥
= .
3 100} o
E o
i ¥
. »

o*
‘l
.
(] i LS
o
[l l.'
10 . LR R
o.M 0.1 1
Entrainment speed. m/s

Figure 1.14. Electrical capacitance method; (a) schematic indicating the Hertzian contact area, the
outside of contact region, and the assumed spatial distribution of oil around and (b) example of

agreement between theoretical and experimental film thickness measurements (using a chromium-

coated glass disc) [87].
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1223 BRAVE—F U R

BRA v E—F v ALE, EHD #IRICASREEEZFIML, ZOIREE LTOERA
B AERET D LT, R S 72 T < JBEOMRETER b FRIRHCHIE T 5 2 & A
TE 2 [94]-[97]. F£7z, WMESHWrI 2 EASTFEEFEEICE W T OEMETH L 72D, Z
DRIZBWTHFEARIELVENLTNDLEEZD.

Schnabel & [94]1%, ZDOFEZ AV TEERE L O EIT> T D, LavL, HEE
S, MO O E &Rl £ TIZIEE > T eV, —J7, Nakano © [95]X° Manabe & [96]
X, FEBRBR AR EHWTEBY, Z0 LISl Z2 %A L2 IREET EERBR A (U2
RERF, HAWVITR—ARBRA) 2 LIAAERO, MRS, K ORWERORFRE 217
S>TW% (Fig. 1.15 /). KEZ2HWS Z & T, R oEMEETa 7 v —Emo
HREFELWERRT LN TELOTHRERSHIET 2 ZLBARETHD. LinL, THE
R & L CKEEZHWTWAD DT, EHD 8z x4 & LTuau.,

Nihira 5 [97]1%, FFEEZHOTEBMZSA LT « 2 7 R BRA IR —VilBrf % 1
28 SHT-REO IR X & MO B O [RIREFH 21T > T\ 5. LarL, EHD HfilgEin
AT EORERM7Z L TWDONAATH L7280, TOEKRICBTI2HERRELS
BIZANTELT, ZONEREMETLTWS EBbhb.

W, ZOBRA LV E—F U ARIFEROSHFTCHIER SN TEY, AfRERA v =%
A1k (BIA, bioelectrical impedance analysis [98]) & PRIV TV D, ARDNEFENED E VO FHGE
(conductor: BRAEAN) LKV VEAKR (insulator: {ARERA) THERINTWDH ERELTEY, A
ROy B & AR B O RIRERE A ATRETH 5.

a b
Steel as 1
0il o Ry
¥
- ]. = (1.'] S
Mercu i as (
Ty B

R, é R Ry
S l Y

Figure 1.15. Electrical impedance method; (a) geometric model and (b) electrical model of steel-oil-

mercury system [96].
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1.3 FXWMREDOHB

%%%%E%ﬁ@%ﬂﬁ%mn%aﬁmm%%@@%ﬁﬁé%%ﬁﬁ<%*f%’kﬁ
TEDHDOT, TNE T R EICHNONTE . LL, kEFRTILEND D
7o, EBEOEN D EZNICE T 2HEREZE=2 Y I THZ ENTERV. 2T,
5% & G EEEM B 23R E LI FEE LT, BEXTE (771971 B I T&E Tz,

HTET £ TSR LT BRI FEICEE T 20280 — I 2T, Table 1.1 127”77, EXIEHT
?%Wﬂ%mir—ﬂV%ﬁ:ﬁ%T%,%ﬁ®@%$%ﬂﬁ?%éﬁ%ﬁ@é%ﬂé_&
MTERV. —F, FFEREE [81]-[88IITIRAMEEEIRIC O Am A T, MEE S 2 HE
TE 5D, MEOHE=RAZD Z LA TE RN, %*,%ﬁ%/f*ﬁVX%[MHWWD
Fr, O I % RRHZHERTRE TH 0, 2 DU fEE ) S IR G HEE I E CHEA T 2.
L7~L, EHD #flusiicdsi) 2 R S 20 B HIE L2, REHRE ShTunan
DONFERTH 5.

& ZTAMIZE [99]-[102] TlE, TERDERA v B —F o AEZ R L, EHD #filukiZ &
T 2% MR & & IO REWT R A [RIREI, 22 R R S JIE T 5 FEL BT Lz, Ak L7z
WY, ANARZRREZE T A E OB E 5 BRI K L 72 25K G 2 3l
D708, AN DI I 72 DK M7 LR LTS, W ZIT, 1V sz I S
U2 T A OB BE A LSO L ASBE LT S ALV R IZ e > TE T Y, EHD ikl 1
F D HEOME NS SN TWD. (> T, BBV lZ O 2 (K b7 b & BHAG{LOW
A D ETRICEERBIE CH AR S, K ONMEOMEEE Z FRICE=4% ) 7 T
X DHIMOMNLS, RIFEEOBHITH 5.

Table 1.1. Past and recent in situ techniques using electrical method applied to study EHD contacts.
electrical method

author(s) year apparatus input
oil film thlckness breakdown ratio

Furey [76] 1961 ball-on-cylinder

Lugt etal. [79] 2001 2-disc DC

Load et al. [80] 2008 ball-on-disc AC
Crook [84] 1961 2-disc DC C: electrical capacitance A X
Aihara et al. [85] 1979 2-disc AC C: electrical capacitance (@) X
Jablonka et al. [87][88] 2012 ball-on-disc AC C: electrical capacitance (@] X
Nakano et al. [95] 2006  ring-on-mercury AC Z: electrical impedance O ( X EHD) (@)
Manabe et al. [96] 2008  ball-on-mercury AC Z: electrical impedance O ( X EHD) (@)
Nihira et al. [97] 2015 ball-on-plate AC Z: electrical impedance A o
Schnabel et al. [94] 2016 ball-on-disc AC Z: electrical impedance A A
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14 K| XDIERL

Z 2T, AMSLOBRRICOWTHRA~S. £, 1 ETIE, AR THRE T D830
sz OMEREE =4 U 7 OMEMHIZOWTHE X, ZIUCKH T OIAMROERZZ M X
R T BT, ARBFEO BEJIZ DWW TR~z

WIT, 52 ETIE, AWFZETHZE L7 EHD Sl 61T 2 KR & & Mo =R % [F
FRICHIE CE 2BRA v B —F  AEORERBIZOWT,  mB il & #5055 51245
JCRAT 5. 1, ST T VIR 5 EERER (glass/steel contacts, M OV steel/steel
contacts), #8MEEMET AT RERIZZNEAXHEL TV 5.

%3 I, AFIEOWEREIZOWTHRIET 2720, EERRBELZ O TIEkFIETH
DHFUWEE O AT 7. M, TWEEL WS-, EEEEBRAIIET 7 AT 4 2
7 R Bk & VT % (glass/steel contacts) .

BT, 34 BT, AFELEEREOWRBVEZICEH T 57200 T e LT, 53
BETHWA T 28T 4 27 A O 0 TSR T « 2 7 3B %2 v 7 23 3R
DFERIZOWTRT . 2T, AFELZMR O (steel/steel contacts) (2 L 725
AT DR, HDWTERTRE ROV THER L.

%5 ETIE, FEBROERD Vil OFIBIREE =42 ) U IR FELZ B EEThH D )ik
WU, BREEES (O : 608) & HWolls iR 217y, 15 6 7o BRs R oo 24 M1
DNTELE L.

RIRIZ, # 6 BT, AWIETH LN, KOS HROBELREICOVTRS, £&
HETDH.
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EE ERSAUVE—FUREDAERE

AWFFE [99]-[102] TiX, EHD I AREELHIML, ZOINETHLEHRA & —
B AERRET D Z LT, RN OMEE S, KOO 2[RI R D 5 EXA v
E— U AERS Lo, RETIE, AFEICL MRS, KOO0 5 iz
ZDOWTRT. ETHIDOIL, R AT 4 A7 MOERREBRIE A x5 & Ul mgEi o4
2OV TR, %@fﬁﬁ&;ﬂﬁ%ﬁ%k L 7=k it DA DWW TR %

21 REfMOBE

211 BEAETIL

Figure 2.1 (a)lX, 7 «4 A7 & BRI — ViR 2 # LAHT 72 IRe O~ v s i i o
KT 5. AL, Fig. 2.1 (@)L AL L T 25 ek & M2 BRI LT 2 sEIk AN R AE
THRGHBEOGEEZR LTS, £z, SO D Fig. 2.1 (a)D&E T /L % Fig. 2.1 (b)
\RT. 22T, hi[m]iE EHD £l ORI A IZ 36 1T 2 IR &, Si[m?]id~ Ly 52
fikmfg (3726, AT OEMER), o FNLMEOEEFECCHL (AL, 0<a<l). X
T, EHD fEflilac PN C il 7S hi e L'ﬂ\éﬁ%ﬁ (T2, BEEEME) X Fig. 2.1(b)IC
AT EYICaS EREIND. EEE, B EHD MR O 27 53, ZTOEIE b L
TW5b. LavL, EORERMZ SN TWDDNRHRDT, AL TIEAR—/LikBR A5 n
[m]DALE F Cliti7= STV 5 ERGE L7z, Figure 2.2 1%, EHD ##flUk CAA OFEIB E TR L
Te®MET LV TH D, AT, Fig 2.2 12T xy Vil EOx? +y? < n2 &= 3k E
THEHIZ L > THoME SN TS EGE L. AL, Fig. 2.2 1D h(x,y) [m]IE5 xp
BIZB T 2R S, o mliT~V Y8 EEE, S [m?]id EHD #Efifisl)si0 iz 617 2518
HIZ X > T SN TWD xy Fil EOBREmE TH S, Figure2.2 L0, KFO hx, y)id
UTFOXRQD~KQRI)DEIICETZENTE S,

0, 0<x?+y?<ac? 2.1
h(x,y) = { hq, ac? < x* +y? < c? (2.2)

hy —V1p? — (x2 +y2), 2 <x?+y?<n? (2.3)

2T, EX(@3)HD h[m]iX, Fig.2.2 (27”3 EHD Bl E L EIZ 3651 5 i KR
XThY, kL vkvons.

h2 = h1+ I‘bZ—Cz (24)
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A

ball

”l‘v\MJdV\/\r/” |

Figure 2.1. Schematic diagrams of contact area; (a) enlarged diagram, (b) geometrical model; a:

breakdown ratio of oil film, Si: contact area, /;: oil film thickness in lubricated area.

h
h = h(x, p) = "o
ball I
h,
’ - oil
h |
1 y
disc | 0 c "y
| ! =
‘ ontact area — > =
I
>
y &
=
B L) <
X 4 S
Q
o
= S
Q0
o T =
Q
@
Q
4 ! -
surround area: S, o >
lubricated area: (1-a)S,;
breakdown area: S, <~
o
>
S

Figure 2.2. Geometrical model of EHD point contact.
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contact area surround area

breakdown area

lubricated area

|Zlexp(j0)

R, C, C,

Z

Figure 2.3. Electrical model of EHD point contact; Ri: resistor in breakdown area, Ci: capacitor in

lubricated area within contact area, C»: capacitor in surround area completely filled with oil.

EEEOR—/VERER 1L, WEEZST DERICHMEE TN A C 5 0T EHD $#2flds LI/ 3 g
WIEERIRTlIE 22, A TIERQRIINTTRT L D ICEBE LA RERIRTH 5 & INE
L7-.

212 FHHEEERETIL

%V C, Fig. 2.2 DEMESEIEICOWT, Fig. 2.3 (233, (B L, Ri [QUEHMIEASALE L
TV ARSI 2 ESEPT, € [FliZ EHD BN O MBS IC B 2 FER R, G
[FlI% EHD s JEEIC I HDHERETHDH. ZORE, R, G, GlE, ZNENLUT
DEIZRTZENTED.

Ry =— (2.5)

c1-a)S; me(1—a)c?
R (2.6)

sfcrb J;rb hd();d;,) (2.7)

21

Cl=




voltage

Figure 2.4. Time evolutions of voltage and current; V: voltage, /: current, 6: phase, #: time; red line:

sinusoidal voltage; blue dashed line: alternating current.

B.L, e [F/mEBEEMmoEE=R (dielectric constant), Rio [QUIFFAY72EMIRELR a=1 &
R LTZROESIEIITH Y, ZOEMIRIEBIZH T 2EFEA =X 2 ZL[Q2HET S
TR LZENTED, 22T, XER3)EXRYHLY, KEHIFKRX(2.8)D X HicHk
T EenTEDL FH@8)DEHMFRL, Tk B1 SH).

ha

C, = 2me (hzln(h—1> +hy — hz) (2.8)

ZIT, RMIC, >, 1, > h 0T, EREB)LTHRND LI ITEUTE S,

U
C, = 2men, (ln (h_1> - 1) (2.9)

X(2.9)& Y, EHD #EMIR O SN B 1T D FFER R G I1X, ~V YR c OB %
FEAEZIT RN ERDND.

213 EHRAVE—FUREIW

Figure 2.4 T, ZRUREE, KOEROKRKEEMIZOWVWTRT. HL, HHPOREOIEHIL
AT E L TCORIRBIE, HOOMAIHENLE LTOBEHKEZEL WD, ZOK, HINEND
RUREIL V[V] L5 ER I[AIY, TRENOREZ |V [V], [[I[A] (V&% SE50E Ve
[V], L[AlZ& 2205 L) 8L &, XR10)EXRQIDDEIICEKENS.
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V =|V]exp(jwt) (2.10)
I = |Ilexp(j(wt —6)) (2.11)

L, jI-NTEE, ([sNEIRFH, o [rad/s]IZAQREEDOAIREE (B L, AZ5HEHE % f[Hz
LB bw=2nf), O[deg)lE Fig.2.4 |Z/- TR ELE L BRONMHEAETH L. LoT, FEK
BEROEHFRA v —F A Z[QIE, X(2.10)&XERIDE VW KRKXRI2)DEHIITEKREND.

Z =—=|Z|exp(jO#) (2.12)

4
I
ER@I12) LY, EREA L E—F R ZIE, ZORE S| Z\ENHZE O LD 2 DDORNIZE
BTSN THWAEZERDNS. LoT, ANIMILLEZ 2 2D F A—4, TRbbil
PEIE &, ROYHIEORMT R A [FFICE TX 5 2 L 2Bk T 5.
Z 2T, Fig 23 TR TEMEIBEAEOERSA L E—H A Z1X, R, O, GEHWDZ
ETwrXRIND LI ICEREND.

1
= —+jw(Ci+ C3) (2.13)

1
Z R,

2% 0, R(R12)EX(213)LY, K(2.14)ERQIBHELND.

17 cos@ (2.14)
sinf
Ci+C = T olZ| (2.15)

Y oT, &(25), #(26), KE@NEY, X(214)ERQRISNFTZNZAKRAD L 5 1cFS
no.

R _ 12 2.16
a cos6 (2.16)

ne(1— a)c? ) (l (rb> 1)_ sinf
I, + 2men, | In n, - __00|Z| (2.17)
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Pz, K(2.16)E VD, KDDMEDHWT R a 1%, LLTO LI IZEEIND.

_ R,c0s8 518
12| (2.18)

—77, RERIANLY, MBI DREELKE LTRADELND.

(1- a)c? ((1 —a) c2> (1- a)c? sin@
_ exp )

21,hq 21,hy 21,2 - 2mewn, |Z| (2.19)

22T, EXQADHFD b 12T 2GR OV TRDH =D, T N W B
(Lambert W function [103][104], f1#k C &) ZHW 5. [LEOEFEL kLT, T
b W B W(2)iE, R’ Q200D LD ICEFRESND.

W(zNexp(W(z")) = z' (2.20)

FoT, (219K (220080 mIZFET 5%, KAD X HickIND.

L _(A-a)c? - (1-a)c? (1 sing )
17 2n / 21,2 eXp - 2mewny | Z| (2.21)

W%, EHD $2fII I TB I & MEEN 2 MIEOEOEIR [3513FET 503, ABFE T
PEI N O SR Xh [m]Z R 7-. §72> 5, EHD ik TIOR3 4 ©
LA, RODATa & BN THRXQR22D)EVRDENS.

h=(1-ah, (2.22)

F-oT, XR21D)ZKQ2DIRATEHZ LT, MZETHIRAQR2)BELND.

- (1—-a)?c? - (1-a)c? (1 sinf )
B 21, / 21,2 P\ 2mewty | Z | (2.23)

Pk, K(218)EX(2.23) L v, SR 2 HEE S, KOO MKT 2 B 1
kbbb LERLE.
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22 EAEMOEE

221 BEAETIL

BT, BEAY D #3Z, FRICHEIEEMZ OBAIC OV TE XD, Rz oW, L OYk
i ORAE X, BEATH ZMERZ RZNT 5720 O LA STV D720, Bl o~
I I IIAE TR IC 72 2 [105]. 72, Wi & AMmO B ERNEN TR D70,
% % O EHD #EAISNIZ A U A IR S 13872 5 [39]. — 1, RFIEEZEZIC#@A Li25Ga,
= 2ROEFRA =X A Z ULHHETER20OT, WM OEEflEIZ SV TRl & 12
MR S, KOO A2 ET 5 Z LN TE R0,

Z 2T, AWFETIL Fig. 2.5 1237 K 9 ZefE AR &OSPAR OBk IE 25 2, NS D £ fih
BWICAE T ZMRE S, KONMEOMEEE O fEA k5 Z LI L. AL, Fig. 2.5H D
7 [mIFERERDERAY 0 S5 (M, x 8510 (2381) % AR O - %Al th =248, 7, [m]
TERENA DR O FFIaNc Tl 22 7w (K, y @51 (2380 2 NS oD - 24 Sl il =R %
THY, RLRIThThRAD LS IZRIND.

Te1 T 7
= (2.24)
I £Vl 1)
F=t 2 (2.25)

ST, ey [l x S C I B PR L R 0 S, 7y [m]it x TR
S0 B A & B AT OSSR, 1y, [m]iE y BSIICH T 5 0 L BB 0%
LR, 1y, (M) y WS 5500 & B Sl FEETh D, Z O,
Fig. 2.5 /R HF R (5L, HRID & xy R o B2 3 725K hCx,y) [m]i2,
BTFO LS ICRENS.

x\2 y 2 h;— h(x, y)
G +(2) +<T) =1 (2.26)

2

BL, EX(2.26)FDh; [m]i, Fig. 2.5 (TRTFEAEKFLO xp FEPLDOESTHY,
hy = h(x,y) Z 7= 3. EEEO 8 OHAdRIE, 778 % 51 D BRCHPELE A3 4 U 5 o ¢ EHD
PEARI LM IR AR Tk e vy, ERX(2.26) 1087 & 5 I AL H BARAY e FE IR
ThdHERELT.
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rolling direction

Figure 2.5. Consideration of effective radius of ball bearing.

W, R(2.26)F Dhy KD HI2IE, T~V Y HEMEMNORREREZ EXRTILENRD 5.
T IT, A~V EHRERR [105]22 6k b~ v ks ER (Fig. 2.5 RO y diliJ5H)
Z a[m], B (c#h7) 2 bmlEB<E, SRS ab# T R THD. ZhUL, K
(2.26) DN EMIRE L ER O MEE T [105]&2 BB L T\ W2 EICEKT 5. K 0 3
I 5728, Fig. 2.5 DMKIET MOV, Fig. 2.6 (279, {H L, Fig.2.6 H® h[m]iZ EHD
PEARIN O A TZRL L TV D HEIRIC I SRR S, ny [m]IZHEENRD L, S [m2]iE~
SV BERERE, S> [m2]id, EHD Bk 80z i) 2MEEMmIc L > Tl ST ay
Vi EoBEmE, a[-] (AL, 0<a<l) IZMEOMKRTHS.
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h=hx,y)l = Ty
ball
/ TTTTTWY hs
) ]
oil r th Ihz
: Py \n y
ing 0 @ n7
'« contactarea —»
i =
Y I
i >
‘ ~ =
* ; /s
I ] TN N T AT B <
! o Il
S — ©
g.— = T m Ny
,,,,,,,,,,,,,,,,,,,, m —————
@
QO
******* e o
surround area: S,
0 §s
lubricated area: (1-a)S, 33

breakdown area: oS,

Figure 2.6. Geometrical model of elliptical EHD contact.

Figure 2.6 LV, BN OMBEIE Sh, [m]BA—ETH D EIRE LTIHE, ~/L Y Efhe
RN DR BN D EEMAEH ORE B =a: b =TSR Q.26) TR SN DEHKD
EOWr (L, xy FEISHATRE) ICHFELRNI ENDnD. £ 2T, ABJETIEHE
R FES, [m?]A3S, = mabZifi7= L, 2ORE  FfE = 5 pAmic TN A ATIEICK T
DN & EFR LT, HICER Lo EEAis MR, KOERE 2 E1a’ [m], b’ [m]&
BE, KDL IcREND.

! ’r;
a'= |ab= (2.27)
rx

, T
b'= |ab= (2.28)
y
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ko7, XR27HEXR28)LY, XE26)FDhIIEAD X HIcEEND.

ot ab

hz =hy + (2.29)

T,

B2, AT Fig. 2.5 X° Fig. 2.6 (233 X 912, y WA MICy = ny OLE £ T @i
TN K> T SN TV D LE L7z, EHD #Eldsk oo JBI0I 331 2 fe K
JE&Xh, [m]iX, h, =h(x,y)=h0,1)L0, X(2.26)05&KX(Q230)DLHIICERIND.

T )’
hy = hy — xz 4 1—(;") (2.30)

EZAT, —BIICE <np/2?D T, x B MICx = nyONALE £ T w2 EEHc L > T
WS TWDERET DI ENTEARW., £ T, Fig. 2.6 \Z-T X918, x Ehmicix
h(x,y) = h, & Wi 7= T EEfEx =/ E TSN T D ERE LTz, Wiz, X (2.26)LK
(230010, n'IFRXER3IDEVEKDEND.

S
&

n = (2.31)

DLk, ¥EMEERROGE, & xy FEREIZ 1T DR S A )IC DWW T 5 &, (2.32)
~R(234)D LT D.

0, 0<x%/(b'/a")?+y?<aa'? (2.32)
hy, aa? < x?/(b'/a')? +y? < a'? (2.33)
h(x,y) =
R AN FAN e
hs — 1-(=) = \=), d?<x?/b'/d)?+y2<n? (2.34)
2 i 7

TR0 b, EEROZ OEEMRII E 221 2 BRICHMEEE 24 U250, EHD Bl
DIAMTREE 21X Fig. 2.5 1R T K 9 25 PR TIE /20 A3, Al L7218 0 A28 CTrE(2.34)
IR T LD ICER% BB 2 EHETH S EIRE L.
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2.2.2 F@EBETIL

FENT, ERAY0 EhRZ OZffiEE & R 12OV C Fig. 2.7 12789, (B L, Fig.2.7 H o R [QiE
TSN LTV 2 5EIIC B 1 A EBAIEST, G [FliX EHD #EfilIs N o I i s 51 %
HEEA R, C [FlIZ EHD Btk ENEICB T 2 ERRTH Y, Tl 1 &
Bl O ETHDH. FEIE, Wind SMmo = LR IR, o F 240 EHD #
fRINICE C DR S B2 20T, LiE R, G, G LEREHAOPNERA & Sl o4 il
WTENENRRDIITTHD [86]. LinL, RAFEEHZICHEN LI25GE, 2 ko
FALUE—H R ZIQILMHIE TE WO T, WNIMGOREMIRICAE L 2EHEAS v E—F
AEZNENED Z ENTER.

F T, AW TIE Fig. 2.5 \R L- & 91, Wilm—isEiAR, MK OWh i — Bl A o 4%
flifh R % Z N Z AV L To R IR &SR DO FEfRE 2 & 2, 45 4 OHfdigIZE U 5
BHEA L E—F L RAFEZBR L THD EELZ. DF D, Fig 2.7 17T X512, Wi
& Al & [F CSARERE T 0, T2 OBiisi X E SR CTHERE S, - olsER D
B FWHERIZ 2> TWD ERE LT, & o T, KFEZETOEMEMNORE SN —E
THHHE, THROLEmBRVEZIIT XV T AMEOREZAR L TWAHEICO A A T
5. FUTNEEAMN L2 E, A L IFAMBEISEET 5720, kg oK E 3
M—ETIERNDOT, KPEEZBEHATERNI LICHERETILERD .

ZZT, Fig2THDO R, G, GlE, TNERKRKADOELIICRT Z LN TE 5.

Ry=—- (2.35)

B t(1—-a)s, B ne(l —a)ab

Cy I I (2.36)

c frb ™" dxdy
=& _—
2 w br h(x, y) (237)

BL, e[F/mITiEFMOFER, R [QUIFFNZLREMREL a=1 & AR L7zREOEKH
PICTHY, ZOBMREBIZBITOIERZA L E—F R Z[QERIETHZETRDDLZEN
T&%. Zz27T, X2HN~HX(2.29), KUOXR31)EXR23HLY, KE3NDFKRADLS
WCRTZENTEDS (K(Q2.38)DEHEREE, {14 B2 &MH).

T h
C, = 8me——= O%m(£)+h1—ha

(Fx_l_@)z hy (2.38)
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contact area surround area
breakdown area | lubricated area
ball
VS R, 5=C =G, -
inner ring
Sy
N
o
5
- ball 2
Il
N
ball
VS — J— — —
outer ring

Figure 2.7. Electrical model of ball bearing; R:: resistor in breakdown area, Ci: capacitor in lubricated

area within contact area, C»: capacitor in surround area completely filled with oil.

—fRIIZ, To>a, B> b, §o»hAOT, R(238)FKK(239)0 & 5 ITHERIT X D,

< ame s (1n (52¢) <)
C2~4n£r;+@ In o 7)-¢ (2.39)

BmL, EXQR3DFDI[-]1F, FTROIIICRINDIERILOERTHS.
2
s
(=1- |1- <:> (2.40)

Ko, K(2.39) LY, EHD BN OJEDEICEIT 2 HEERE C I, ~/V Y kM E
Ba, ROFEED DEBELITEALEZITRN ENbND.
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223 W/ERAE—F O RBEBIT
Figure 2.7 2R MBI R OEHR A o B —F 2 21X, W30 sz 1 IS sl
A E n[-1E B E, ®AQRADDE I ITEREND.

1 nf1
753 §I+1w(0f+Cﬂ (2.41)

W $BZPU$HEXZ]Z1“D@@$B$EH Rt Th R EL 2B EHWENS. Lo T, B
ADICINAMEE R E D720, WERG LR DN V0% k [-]1& L% ~%%x
5. k fHO#h ﬁﬂmﬁ%f%é%é,%ﬁ@%xiiﬁ CEE NS DT, K(2.41)IC
At E R 5 LR (242)D X HICEEND.

1 kn
7T \R; +1w(C1+C§) (2.42)

BL, RQ42)FO [[-)F, BBER 1 EY 70 oo Tchs. oF 0, BEERHARO
Hal=1(F7ebb, R— AR &7 0 27 R BRI O 1 &), s lBRoSa0 =2 (F
b, ERENA L WM O 2 ) ThDH. AETIE, BEEABRLMRE Lz
T, RRADEHNWD Z LT 5. Miw, BEOMZZAESRE T 256, 2Tl
%, RO TOHEMIBICI T 5 EEEZRD L Z L1k D,

Z2TC, RR12)EX 4LV, K(243)EXRQRAHOBBFOLND.

_kn|Z| -
17 IcosH (2.43)
CotCo e [sinf@

LT, #(2.35), #(2.36), ®(2.39)LV, K (243)L R @24DTFNERKRAD L H 1T
xIns.

Ry kn|Z|
a lcosB (2.45)
ne(1 —a)ab 4 7y (l (Fx +7 ) ) _ Isinf
h, TtV 2h, 07 )T T knolz| (2.46)
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(245K 0, KD DMEDMH R a 1F, WADIHIZERIND.

[R{ycosO
= kniZ] (2.47)
—7, X(246)L 0, mIZBETLREEE L TREADRELND.
1-a)ab(1 1 1-aabf1 1
Tan, \5 )P\ Tan, 57 R
(2.48)

B (1 - a)ab Isin@ 1 N 1
= 2in P\ T Imknew iz \5 T

BT 2550, KQ202HWHZ ETU T XY IckREND.

L _(1—a)ab 1 1 (1-a)ab Isin@ 1 1
=71 \7T5)® 255 P\ T mmknewiz) \5 TE)) | 249

Lo T, BBV i N OSBRI T 2 FEEE S [m]iX, 2(2.49)% X (2.22)12 1%
ALT®K(2.50) L VskpbN 5.

}_l_(l—a)zab 1 1 - (1-a)ab Isin@ 1 1
R 75 )" 2mng P\ Tkneaiz \F TR (2.50)

Pk, K(247)E K (250)L 0, MHEEAICI T D MBE S, K ORI % 2 B
koo n ZLamR L. W, REMOLGE (T7hbb, a=b=c, = =n, k=1=
n=1), EXQ250)FX223)EE LD T, KQS50)IIAHIETHIELIZEXR A E—
K ZEOMBERSICET 2 - ThHoLERD.

Pk, RETHE, #kicRmELEZAML, ZOIETHLIEFZA L E—F v AZHE
T%Z & T, EHD ##fildk (RgEfih, & 23R ML) 1230 2 MIEE & &l o g ==
ZEERAIICRO DD Z L E/R LT, IRETIE, BRA v E— X U AEORIEREIZ DWW T
FREE L 7oA SR 2 7”d.
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31 ®ERAE

3.1 BEREE

AWFFETHZE LTERA v =& o AEOMBEREREICOWTHGEES 27290, R—L
F T 4 A7 MOERRBHE AV, 1ERFIETH 2 THE 6212 W F2HIE, &K
Hamrock-Dowson DF [39]7> 638 i1 2 BEEGIE & bhie U7-. £70, WO I 3R
LT D 2 & TRRRE L 7o AWFIE TH W2 BB OB XISV T, Fig. 3.1 1R,

monochrome high-speed camera

N

spectroscope ™ data logger
1
RS
microscope 121, 0
N
light source AN
\ color high-speed camera
slip ring
, LCR meter
glass disc

I steel ball

semi-reflective Cr layer

ITO spacer layer slip ring

rubber coupling AC servomotor

rubber belt

AC servomotor
torque meter

? rubber belt

Figure 3.1. Schematic diagram of ball-on-disc-type apparatus for glass/steel contacts.
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AT, T AT 4 2R BAOTHIR— VB 2/ LT 5/ETH Y,
Bx ORBAITENENHOET—Z — TN L CEERSEDH Z ENTE S, 72, A—nilk
BRp AR ST D 2 & T, FANANADDEMBISEEm A MG T o2 &8 TE D W, A
T ABT ¢ 2 7R OFIEITIL, ANy X35 (sputtering) & VT Cr F-iiafEE, & OV ITO

(indium tin oxide) A #KE L7=. ITO BIIN 2% CX 28 E MM E 2D T, &EXA v E
— X AEE T HEDRIRFREDN AR L 72 5.

S EEZ MW 584, BEOt%Z EHD #AlliZ B L TR o2 TR A 8l 2 3
WD, ABETIE, 2 BOmmMEET A Z % T EHD #filikD 53 t% (£ 7 v @)
WM (17 —mlifg) ZRFHCHRGE L. M, Fig 3.1 ISR TBMEIOX L o XL, %
10 O RAFBIHEE L o XA TH S,

—7F, BRA =X A EEROCLEGE, R—ARBRA T 0 A7 BRER R RN O AAZ
BEZHMT 20N H D720, ZTnEnolaltxihz R 285 osiikict 7 3 v 7
ERAMMA Lz, £, T—F—Likx LR CHEEEICE) ) 252 2720, T L0 % A
T MW, K x ORESENIEA Y v 7Y U R S TR Y, LCR A—X
WO DORFMEIEAZAM U, B, 7—2a—4%8E# L@ ED A 7252 LT,
DI L T, KONZ ENLAE 6 Z RIRFICHRS LTz,

F 72, EHD #EMUsNICAE U 2 BEEEH u bIET D720, 7 4 A7 R B ORI R
NI A =B EBH LT, T 4 AR ORISR e MLy s A—H1X, FLOT TV T
I L CHEfR L T 5.

312 RFHEONERE

ZZTE, RTHIE [62]-[75], FHCAS—P— LA ¥ —ik [62]OWE ROV TR~
% [106]. Figure 3.2 1%, Cr B, K ONITO A_—H—EAEfii L= 7 AT ¢ 27
BT DT LD R— L iRBR R & LA T REOERN), K OB 2R BERLREE I DV ORT

a
( ) reflected ray (b)
incident ray

ey

semi-reflective
Cr layer
glass disc

|,
CT feosatszs i

oil

Figure 3.2. Enlarged diagrams of contact area; (a) stationary contact and (b) dynamic contact.
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BL, BPD hp mMIFAR—P—EDEE, heyp [mITREBR T OFRFEH S I X W EEIN
DRRE,  hoi [m]IE EHD £l C 361 HMIEIE S TH D (1, KD Zo[Q], KT Z[QIFFk
1), R OB R BEMREICBIT 2 ERA L E—F U ATHY, BRA v E—F L AEETEN
THBRICHET DMENSH D). Z Ok, Cr Fdi@E TR 20t & A — Vil i & T
T 2NN TWTHDT, Fig. 33T EIORTHRZBETLHZENTEDL. e, &
JetmE AN T ZOTHREBHEIT S &, Fig 3.4 lORTHOENEOND.

F F

(@)

Y
—_
()
~—

—

rotation

A ‘ | | E0m,
; s \ l . i

k A

Figure 3.3. Interference fringe images of contact area and its vicinity; (a) stationary contact and (b)

dynamic contact; red arrows: rotational direction of steel ball specimen.

= —
— —
— il
=—
— -
— —
- a—

.IH'HH’
i

Figure 3.4. Spectroscopic images of contact area and its vicinity; (a) stationary contact, (b) dynamic

contact.
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Z ZC, Fig. 3.4 Offtdhix Fig. 3.3 (27859 EHD ik i 2@ % y il 7 m OEECH Y,
REBI T e SN0 EA2FT. £72, Fig. 3.4 PO (bright fringe) 235D A > TV
HWETHY, R (dark fringe) 2D E > TWAHIKRETHSH. T 2T, AP RE
IZBT RO OWE E% Ji[m], ZNEBED A OBROEESL Lm] (AL, L>4) &
B L, WE, KOWSREO XTI 7 (OPL, optical path length) %, Fig. 3.2(a) &V %
NRAD Lo IZRIND.

1
2(noilhgap + nsphsp) = (m + E) A4 (3.1

2(noilhgap + nsphsp) = m/12 (32)

RL, AN— B f £imZ KA LoeE, BENB (HEH »o8% () TR
W, ERIZHE & RO EEE TN TS Z L ICHEERLETHS. 72, Exfo
Hoit [V X W D JEPT=  (refractiveindex), nsp [-[IZAX—H—EDO ST, m[-]IL m=0 H>
BIGE D IEDEETHY, MkE (fringeorder) &FEIN TS, 22T, A(3B.1)&H(3.2)
K0, mEHET L ERADEGELND.

171 1\7*'
noilhgap + nsphsp = Z (/1_1 - /1_2) (3.3)

[FERIZ, Fig. 3.2(b) LV, @ fikiBlc 1 20K, MORFREORKEIL, ThEhn
D% Js[m], a[m] (HL, >Ak) &< &, K(B4)EXBE)PENND.

1
2(noilhgap + Noji Aot + nsphsp) = (m + E) A3 (3.4)

2(noilhgap + noilhoil + nsphsp) = m/14- (3.5)

FoT, XBHEABSEY, m ZHET L LRADHTOLND.
-1

1/1 1
noilhgap + Noithon + nsphsp = 4 (/1_3 - /1_4> (3.6)

P z1Z, K(3.6)HH(3.3)x 51 < T & TWA(B.7)23F B4, EHD Btk 351 2 HEE
X hn X RODHZ LN TE S,
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A 1 (1 1)‘1 (1 1)‘1
T AV VR (37

EXGBNEY, ny, by, e lIARETHD Z ENRNDD. B, EFITHENHEES (h
<50 nm) ZPETHHE, PR L HOWEERROBERE S 1-0ICEH 5 BRED
HHEEDMETHY, ZOTDIZAN—F—ERLETHDH bbb, DLk, A=
— LAY —EZNND5E, TR REARKERIC T 20ME RO E (L, L) &3
EL, TOBRBREMINEICRBIT2HE (b, &) ZHIETLIZLICL-T, XBHLY
MIEE S hoy ZETEHZ & AR LT

L 2AT, XEBIHPKBOIWRT LI, —HOMHKEE RO EE AW CIREZ 1l E
T 5 FEE, =27 3L —ik (PV A, peak-valley method [107]) & FRIZNL TV 5. PV LI,
EEOBEY &5 EROEREZHNWTEHRET L ENTE, OMKE m &5 03
WIRNEWS AU ERBH L. AL, BEREMIRIEIZIWNT, D72 &b —XtOBIkE & i
MOWEPVE LD, A=Y —IbLBEDES (hp>0.5um) BMELRS.

313 BHEBRA

ABFFENZ T3R8 DFEICIZ DUV T, Table 3.1 (2R3, AR — /L3R A (diameter: 25.4 mm,
arithmetic average roughness: Ra1 = 8.2 nm, root mean square roughness: Rq1 = 13.9nm) O E I,
52100 steel (Young’s modulus: 207 GPa, Poisson’s ratio: 0.30) TH 5. —JF, H 7 AT 1 X
7 3 8% (diameter: 100 mm, thickness: 10 mm, roughness: Ra» = 4.4 nm, Rqx = 5.4nm) OF'H
I%, BK7 %77 A (Young’s modulus: 73.1 GPa, Poisson’sratio: 0.23) ThH 5. N7 AT 4 27
B ICHE L7z Cr PEmEOE ST 5nom THY, o EiICegbtzdEim L, HhoEE
PEH A G A= —EEL LCITO 5 (refractive index: 2.12[108]) % #J 0.7 um 5 L7=.

3.1.4 BERHMH

ABFFETIE, Table 3.2 TR TAEE DR 5 2 FfHD PAO (poly-a-olefin, viscosity at 40°C: v
=30 and 396 mm?%/s) ZFERIME L TRV, W, IRINANIER L g, PAO OJET#
noit [-11E, JEPTRFHZHWTHIEL, KEICEDOT =146 THDZ L 2R LT,

—7J7, PAO DILFEER eon [-]1F, SRR (diameter: 38 mm, depth: 0.3 mm) (ZiFVEH %
7z L7 RRE T, RZPiEME (RMS amplitude: Ve=1V) ZHINT 2 Z & CRIE L7z, ZHt/HE
WeH f=30 Hz~1.0 MHz OHIPA T ot = 2.10 TH Y, FEIZ X DB WNTIZ LA E o7

(kD Z28). KoT, EHHDHED PAO biFHEF ¢ = eoieo=2.10 g0 F/m & L7z, fH
L, BZ2OFHER e =885 102 F/m Ths. W, v7 A7z /L2 (Maxwell equations
[109]) £V, HFFERELESFROMIITIU TIORTERANEIND.

Eoil = noilz (3.8)
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Table 3.1. Test specimen specifications for glass/steel contacts.

ball disc
radius, mm 12.7 50
thickness, mm - 10

material 52100 steel BK7 +Cr +1ITO
Young’s modulus, GPa 207 73.1

Poisson’s ratio 0.3 0.23

surface roughness, nmR, 8.2 4.4

surface roughness, nmRq 13.9 5.4

Table 3.2. Oil properties for ball-on-disc tests.

oil poly-a-olefin oil
additive -
density, g/mm? 0.826 0.85
kinematic viscosity at 40°C, mm?/s 30 396
pressure-viscosity coefficient at 25°C, GPa™! 12.5 16.3
refractive index 1.46
relative permittivity 2.10

Table 3.3. High-speed camera specifications.
image pickup device CMOS
number of pixels, pixels 1024 x 1024
frame rate, frames/s 2000

Table 3.4. LCR meter specifications for glass/steel contacts.

RMS amplitude, V

1.0

frequency, MHz

1.0

38



315 HERFIR

AHFFENC BT HRBRIREE L, & T=E (§ 25°0) I TiT-72. RBREZIT O ANC, Al
YV EAWTHEANNR, R VilB R, T4 AR B 2 LT, BERE, AN
Z, OB & BRI R0 A, R— L iRER A ISR 2 B A LT REE T, T R
REBATICH LY Tz, 2 LT, ZOFNZREARRREIC I 1T 5 EHD #At o Ti5, K 0%y
FABIZDOWT, EEE D AT (framerate: 2kHz) AW CFRIRICHRE L. BEELI AT D
BEEMITONT, Table 3.3 1R, B OB EZEGITT D 2 LiIck-> T, T
OPREOWPR 4 [m], KOENLERY G O RO R 4 [m]Z K72

£z, ETWIE L FRHCERA v =X RELEAT 5720, Z OFRERLREE (4
bbb, a=1) IZBTHEFZA L E—X X Z[QIHWE L. LCR A —% (sampling rate:
20kHz) % W TRt AZFREE (RMS amplitude: Ve=1.0V, frequency:f=1.0 MHz, Table
3.4 20) #HML, §IEFE (T b b, a=1) IZBIFHHEFEA L E—FX L ADKE X2 [Q],
K OMEHE O [deg) = ET 5 2 & T, wA(3.9)L VA (2.18)H D RiplZ DN TRz,

1 Zo]

107 cos@,

(3.9)

D%, RN— /I/niﬁﬁﬁ%T% 27 RERF N HHEEL, nﬁ%ﬁﬁ%@%ét‘ﬁ«ﬂi ECH O =
Hio. ZoOBRREARERIZ T 2 TiME, aeBaiRE L, WROKE 4 [m], XOTh
EREY & %ﬁ®ﬁ§bhﬂ%@mhk.ik,@*4/t &/X@k%émuu ZAH

0 [deg], K OVEEALREL u [[]HRIRFICHIE Lz, BREAREL u 13 Fig. 3.1 (R T b7 A—X

(sampling rate: 10Hz) Z MW CHIE L7z, @, XFEEZHAWZHEFEE S EXG7)HLED,
BRA v E—F A EE DT IEE S 135(2.23) K W k7.
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321 BlEAHEEUOEE

ETHIOIZ, BIZIARME U % U=0.005~0.5m/s £ TELIETZIFOR, o, KR ulZ>
WTHIE L7 RICOWT, Fig. 3.5 10T (Z ORERSRIL, (8 E1&8). AL, 3B
& LT PAO (viscosity at 40°C: v=30 mm?%s) ZH\ Tk, BEMEF.=10N TEL
L7z, £, A=Vl A OAERRSE (T7205, §X0R ¥=20), U=0.5m/s 1L
BEAIZIOE S B2, 22 C, TR0 R I[IERRBI0)D LI ICEFRSINDL T A—ZTh
v, XGB.1O)F D U [m/s]iEA— VikBR T O, U, [m/s)iZzT 4+ A7 RB R OFHTH D

_ U, —-U, _ 2(U1_ Uz)

=Ty T U+, (3.10)
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W, Fig. 3.5 FORNT 1y MIBERA v E—X U AEZRHOERER, H0nray Mdk
THEZHOTRER, BAofi#tiE Hamrock-Dowson O [39]122 545 5 5 BigafiE (L,
HBEE X) TH 5. Figure3.s kv, BRA v E—F U AEEZHOTHIE LZhE, 2
BT, RTHIEIC L 23ME (HL, FRMEES) & HIRFE %95 2 & 2R
L=, 72, U< 0.02m/s OFPATIZ o, p HIZEFLTWDZ 205, ZOHERITES
TR TH D Z LR ENTZ. DY, a LEBMICTHMETE 5 Z LR ST,

& ZATFig.3.5 10, HTUREIC X 2 MIERER SRR IR B\ CHEER ) b 24
IEHDONTWNWAEZ ERNbD. ZOIELD2XFDERICOWTHEZRT 5728, U= 0.005m/s,
KON U=0.5m/s (Z81) 5 TR 2852 Lic. BIERERIZ OV, Fig. 3.6 IZ7” 7. Figure 3.6(a)
£V, U=0.005m/s D%A, EHD #EMIRIZI1T 2 TR0 ANRE—TIER N2 L 2GR L
72 (U=05m/s DFE L —TIEaWD, ZiudBEEIE [39]1CL5).
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Figure 3.5. Measured values of oil film thickness /4 (top), breakdown ratio a (middle), and friction
coefficient u (bottom) for varying entrainment speed U under glass/steel contacts; oil: PAO (viscosity
at 40°C: v = 30 mm?/s), normal load: . = 10 N, and slide-to-roll ratio: X' = 2; red open circles in top
and middle graphs: measured values by electrical method; blue crosses in top graph: measured values

by optical method; black dashed line in top graph: theoretical prediction by Hamrock and Dowson.
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e\ T, Fig. 3.6 DIHIE S 17 7 7 A LIZHOWT, Fig. 3.7 (2R, {H. L, EHD #filusirh.0 %
W2y WM OWH TH 5. Figure 3.7(a) L 0, MBS EMERT & EWBEFTNEE LTV D
ZERDLNY, BERENETTHD I EDRBEINT. 2F D, BRIV TERENAE T
722, HTHIEC X DB ERE RN ERE L 0 2 0IEb o\t EX b5,

Figure 3.6. Interference fringe images of contact area and its vicinity for v =30 mm?/s, . = 10 N, and
2=2;(a) U=0.005m/s and (b) U = 0.5 m/s; red arrows: directions of U (rotating steel ball) under

U» = 0 (stationary glass disc).
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Figure 3.7. Measured oil film profiles perpendicular to rotation direction of ball specimen (y-axis) for
v =30 mm?/s, F-=10N, and X =2; (a) U= 0.005 m/s and (b) U= 0.5 m/s.
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322 T RYEIOERE

WIZ, U=05m/s T—EEL L, X OAEENIEIREORBRERIZOWVWT, Fig. 3.8 (TR
F. AL, XB10)L Y, R—nE B OEHE U »T ¢ 27 H BT OJEE U L 0 iEWGE,
X>0&725. Figure3.8 1V, X &#ZLEIETYH, AFEEZHOTHE L/7-hIEX, Hamrock-
Dowson DO [39]7 L5 L ALAHBERIEZ I T, T HREIC L A2 HEAE L HIFIE—KT 5
TEEMR LI, ZOR, plX X ORBERISZITTVDLI ERbNS. I, a DHEIE
SRR T Y KRB AEEER TH D T L bbhs. S0, AR TERE LEER
A = U AE, AR O CHEAE AR 2521 2REETH - T, MR
TEREIC R RIES N Lotz
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Figure 3.8. Measured values of oil film thickness /4 (top), breakdown ratio a (middle), and friction
coefficient u (bottom) for varying slide-to-roll ratio 2 under glass/steel contacts; oil: PAO (viscosity
at 40°C: v = 30 mm?/s), normal load: F: = 10 N, and entrainment speed: U = 0.5 m/s; red open circles
in top and middle graphs: measured values by electrical method; blue crosses in top graph: measured
values by optical method; black dashed line in top graph: theoretical prediction by Hamrock and

Dowson.
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323 EEWMEFOEE

VT, U=05m/s T—EE L, F.=1.4~59N F T I H7=REORBRFERIZONT,
Fig. 3.9 12”9, K(2.23) &V, hiFA VY EERT AR c OBEZ 5. LirL, Fig.3.9 &
D, cZEELTHMBERESZRBERSAETE S Z L 2R L7z, Jablonka [87][88]5 13,
OB ENFERICEZ DHEEIIOVWTERLTEY, BEIXEORE [34]ThH 5.
UL, AFRERCIT o 7o Bl £ O#PH (pmx =0.18~0.62GPa) TIE, Hfiliii/ EAFHERIC
B2 B8/ NEhotzZ LR SN, £, E@TOMESRTIZBNTa =~ 0 TH
S22 DD, MREEER CH S Z LRI, ZOR, F280TIEE, w238
LTW%. ZilE, EHD #AliNIZis T 2O S ERE B33 L2nb TH D.
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Figure 3.9. Measured values of oil film thickness /4 (top), breakdown ratio a (middle), and friction
coefficient 1 (bottom) for varying normal load F. under glass/steel contacts; oil: PAO (viscosity at
40°C: v = 30 mm?/s), entrainment speed: U = 0.5 m/s, and slide-to-roll ratio: X' = 2; red open circles
in top and middle graphs: measured values by electrical method; blue crosses in top graph: measured
values by optical method; black dashed line in top graph: theoretical prediction by Hamrock and

Dowson.
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324 HEYOXE

B, EkEE PAO (viscosity at 40°C: v=2396 mm?/s) % I\ T U=0.005~0.5m/s £ TE
b 7= REOFRERFEFRIZ OV T, Fig. 3.10 IR T, U < 0.1 m/s OFPHIZBWT, KAFEE
FHUCHIE L 72 hi% Hamrock-Dowson Dz [39]7 B4 5 5 BEHETZ T T <, ST HRIEIC
KDEHEE HIFFT BT 5 & &R L.

—J7, U = 02m/s OFFAICENT, AFEZHOCHE L MIERMEE Y < 2o
TWDN, HETHIECI2FERE L IZE—FH L TWD Z &b o7-. Figure3.11 12, #fik
W ABER L AT, Figure 3.11 (b)) XV, U 8NS5 Z & THVETHE M (starved
lubrication [42]-[46]) NAUTWAH Z & & L7z, ->F 0, EHD B E I B8\ CF
T2 STV OEBENRZAML T, AFETHFEESZHERNETE L2 &%
ffERd L7z,
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Figure 3.10. Measured values of oil film thickness / (top), breakdown ratio o (middle), and friction
coefficient u (bottom) for varying entrainment speed U under glass/steel contacts; oil: PAO (viscosity
at 40°C: v = 396 mm?/s), normal load: F. =10 N, and slide-to-roll ratio: X = 2; red open circles in top
and middle graphs: measured values by electrical method; blue crosses in top graph: measured values

by optical method; black dashed line in top graph: theoretical prediction by Hamrock and Dowson.
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Figure 3.11. Interference fringe images of contact area and its vicinity for v =396 mm?/s, F.= 10N,

and 2= 2; (a) U = 0.005 m/s and (b) U = 0.5 m/s; red arrows: directions of U; (rotating steel ball)

under U = 0 (stationary glass disc).

%72, Fig. 3.10 XV, ZoOE#HER (U= 02m/s) TEu BN EFLTHWEZEHEbho
oo iU, 1 EOX3)EY, WEE I AL 725 & EHD SN T iRk ow
AWHEE GEEEARL) NN 5 DT, BEEICHMN D EAMIS RN L720b ThHhDH L&
bbb, A b [12]Y, HBEEEFETICEW TN ERTLZ L 2MELTVD

33 EE

331 HEEIOZR4H

AWFFETHZE LTI ERA v B — & Ak, Fig. 2.3 (2R $ & 912 EHD il oo J& 0 §512
BIOHERE G LEBREICANTZZ ERFHETHD. £ 2T, CBARFIED M ERE
WZHZDEBIZONWTEE L., GEBSELRZVHFEE XX, K (2.15)I2 G=0F #fX AL
TR LV RkDBND.

(1 —a)?c?ew|Z|

h=- sinf@

(3.11)

Figure 3.12 1%, Fig. 3.5 (/R L7ZfE RIC EXGBADNOE SN D HEE & 28N L 72k 7T
H5H. L, Fig. 3.12 FORWEEHRO 7o v b2, KBIDLVESNIMFEES THS.
W, JHEEOKTE a X, GEBELR2VWEETHLHRIDEFRLUTHD.
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Figure 3.12. Measured values of oil film thickness /4 (top), breakdown ratio o (middle), and friction
coefficient u (bottom) for varying entrainment speed U under glass/steel contacts; oil: PAO (viscosity
at 40°C: v =30 mm?/s), normal load: > = 10 N, and slide-to-roll ratio: X = 2; red open circles in top
and middle graphs: measured values by electrical method; red open dashed circles in top graph:
measured values by electrical method not considering effect of C3; blue crosses in top graph: measured
values by optical method; black dashed line in top graph: theoretical prediction by Hamrock and

Dowson.

Figure 3.12 £V, G ZF[E L2 W HEE S THERHMEOL TEEIC L 2 FERM X » <
BHEN, WENEL 221 ZEZ0MENRKEL D ZEBbholz. 2FE0, GEEET
D& TSR E A BT D 2 AR L. AL, MBEISEWGS, HERE & o TRk
DWINEL Tpo TNDZ NS, ZOHBIZHOWTEET L=, X(2.6), LU (2.9)
ERHOWTEBOMBERE S h WELLIZRED G, KON GIZHOWTEHHE L. FHERSRIZ O
T, Fig. 3.13 12777, {HL, €=2.10gF/m, ¢=0.12mm, n, =12.7mm & L, JFRiAEEER

(T7bb, a=0) THDHEMEL. Figure3.13 £V, h<44nm THIHIHEE, G>C L
LI ENDhoT. DFED, MENRHEL 2D L CQBRKEMIC/ DT, GEBE LKL
THMEESZRBERMETE D LR bhoTz.
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Figure 3.13. Effect of oil film thickness on capacitance under F.: = 10 N with no breakdown area (i.e.,
a = 0); h: true oil film thickness, Ci: capacitor in lubricated area within contact area, C>: capacitor in
surround area completely filled with oil; red line: theoretical prediction of Ci; blue line: theoretical

prediction of C2; black dashed line: /# =44 nm.

lubricated area: (1-a)S,

breakdown area: oS,

Figure 3.14. Schematic diagram of contact area and its vicinity; a: breakdown ratio, f: air entrainment

ratio in surround area, Si: contact area, S»: surround area.
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LEIAT, AT G BMEEHICL > TRl T2 & EE LT, K(2.23)
AWM L7z, —H, Fig 3.11(0)ICRTHBIENA U B354, A— L RBR A I0EEm X -
TOERITHIZINTWARNWZ EIEFHLNTH L. IRIZHSEE TH - TH, Fig 3.11 (a)llrR
F L 91, BHD Bfiligits /i T v B 7 — v a VVEL TV ADT, HIEINIC Lo TR
72 S TWRWDIIB S THSH. £ T, Fig. 3.14 (2”9 & 9 (2 EHD il 05 0>
—EAZERUC L o T ST 5 EUE L2836, (2.23) & 0N 5 HIRIE S 12 &0
£ D A RIZT OO TELZ Lz, {HL, Fig 3.14 10 S [m?)id~/L > Befibimfg,
S> [m?]i% EHD #£flis S50 5 O wiAE, o [-]IEMIEORNTE, B[-]1% EHD #2filus 805 % 5 o
HERDEEGETHSD (AL, 0<p<1). £72, Fig. 3.14 OFfHEIEIZSWT, Fig.3.15 128
T 22T, R[QUATRBEAHEET L T2 SIS 1) 2 BAURST, € [F1I3 EHD Sl iz
BUTHBMFET 5 I 31 5 HEA R, Coon [F]13 BHD S0 25HHHRIC X -
Tz SN TV B BB 2 HBEARE, Cour[F11X EHD Bl 22 QU & - Tl
STV HEHIRICE T H2FFEAETH D, Figure3.15 KV, Cuoi & Couir lTZNFNIRAD &
NIRRT LN TED.

c -8 J‘Tb ™ dxdy

g =& —_

20il ; . h(x,y) (3.12)
c .Bfrb frb dxdy
2air 0 c c h(x,y) (313)

e}

2T, e [FmITEWEHOBER, & [FmlIIEZEOFHFER (= EXADOHEER) THY,
e =¢on& (HL, &on [[NTEMEMOLFEESR) ThHbH. Lo T, EHD HEAEEIEHIZI T
HEFERE GIFIE, XGB12)EXGB1)E AN THRABI1H)EvRDOEND.

™ ("o dxdy
Cp = Cyon + Comir = @f.f
2 20il 2air = P . Je h(x,y) (3.14)

HL, RGBIYFDOR [iF, f=1-10-1/e))BTHD. LI, #2=DOX(213)LLT
ERERICARNT, RO 2 FEEME SAL FXGBAS)D LS IcRKRSIND.

- (A-a)?c? (1—a)c? sinf
"= 2, /‘~’B< 267 exp(l—WD (3.15)

W, JHIEOIWTR a 1L, p BB LEHATLRA(R18)EFLUTHS.
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Figure 3.15. Equivalent electrical circuit considering air entrainment in surround area; Ri: resistor in
breakdown area, Ci: capacitor in lubricated area within contact area, Caoi1: capacitor in surround area

filled with oil, Ca.ir: capacitor in surround area filled with air.
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Figure 3.16. Effect of air entrainment into surround area on measured oil film thickness under 7. = 10
N with no breakdown area (i.e., a = 0); A: true oil film thickness, 4" theoretical measured oil film

thickness obtained by electrical method, f: air entrainment ratio in surround area.
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Figure 3.16 |2, FEEEOHMBIE S h X (3.15)E VKD LN D MPBE X h'E OREFRIZHOWT
9. fHL, f=1.0MHz, ¢ =2.10e0F/m, ¢=0.12mm, 7, =12.7mm & L, FAKMEEEE (a
=0 KLY, h'=h =h, 6=-90deg) THDHEWELT, 0<p<1 OFPTEHE L. Figure
3.16 X v, K (3.15) L VKD BN D MIEE S A%, EHD S50 ,5 0 522K OEIS 3
RELSBRDIZFEREL 2D bz,

—J, EEEOMBEE S h 3L 72 DI1FE, RFEICH 2 BR[O EBN NS 252 L1
Dnolo. T, Fig. 3.13 ODFERNL LW LN TH L. T7hbb, HMENE 251ZE G
MXELRNZ72 D, G ICEENDIEROEEGNARTIECG Z BN NS D ERb)
STz,

YL EDBERERNG, AT LIERA v B —F v ZAENHBEEICB W T H R
FER S HBEE X ZHETE -0 (Fig. 3.10 2/8), fSEEEIZBT 2 HPFEE S8 —&iic
NS TH Y, ZOfEHE EHD S fE 12 &5 6 % 2250 B4 S AT 15 D MRS kS FE 12
HEVRBERIEI RS RoTNDLTHS.

332 HEOHMEORIM

AMFFETIE, BIZIALEE, T30 R, FEHMEH, HEZZN B ERARZEL
T, RFEOWPERERBE IOV THER Lz, AL TITo 72 2N b2 TORBRSGMEICBIT
L MBEHERE RS, HEES L RAH SO THHHEART A =% 4 [[&2FHE L, WK
DOFEWIE o & OREFRIZOW TN, 22T, 4% LvkdENS [20].

h
A=—
qulz_l_quz (3.16)
BL, X(B.16) T Dh mITAFIEEL AW CRIE L7 EFAMEE S, Rq[m], R [m]iTHEA

MRFZH T 2R —L, KOT 4 R 7 B REO _FFEHHETHD. 4 & a DRARIZON
C, Fig. 3.17 IZ7”" . Figure 3.17 £V, 4 <3 O#FFHIZB W TSR L TW\Wb Z & 2vb
23> 7=, Tallian [20]1%, #5723V @52 2 VT A4 L8 0 g NFFa & ORERICOWTIHE L T
BY, A<15 THLGE, WIKHERIZB T 23EFMLY BESRDLIZLEEZHEHL TV,

Bair & [110]X° Nishikawa & [111]1%, 4 &BEERBOBMRIZOWTHEEZIT->TEBY, 4 <
1.5~3.0 D%E, L 5 BEREOMMNOEEL Z 1 CEERHEDHENT 52 L2 RLTW5.
Guegan & [112]1%, A<5 THLYE, EEHAEN L L URGEBL R L 2EMLT
W5, F72, Guegan b [113]1%, Bl 2352 200 HE S VT T b bl S A3l 1 &
IWHEFE B A E T, Wb b~A 7 12 EHLICK 28RN E L D700, BEEREN L
FLIDHEIBRRTND.
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Figure 3.17. Relationship between film parameter A4 and breakdown ratio a under glass/steel contacts,
oil: PAO (viscosity at 40°C: v = 30 and 396 mm?/s), entrainment speed: U= 0.005 to 0.5 m/s, normal
load: F-=1.41059 N, and slide-to-roll ratio: 2’ =—1.6to 2.0; black dashed line: 4 = 3.
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Figure 3.18. Relationship between breakdown ratio o and friction coefficient x4 under glass/steel
contacts, oil: PAO (viscosity at 40°C: v = 30 mm?/s), entrainment speed: U = 0.005 to 0.5 m/s, normal
load: F:=10N, and slide-to-roll ratio: 2= 2; black dashed line: fitted curve by quadratic function.
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Figure 3.17 \Z/R 95 RIEL, 2R HIEEITHER I TE IEATHEE O [20], [110]-
NBlICEENDZ b0 d. 2F 0, RUFETHIE LICERA v E—F U AL, a bE
BIICEHMECE 5 2 LAURME Sz, HIZ, Fig 3.5 X0, MEOMETRN LR35 & [FE
WCEEBRE D ER LTV D Z Enn, ARBRIL Guegan & [112][113]34E/M T 5~ A 7 v
EHL |2 K 2 RO T2 <, @REMICEID2DTHL Z LARB I,

VT, Fig. 3.5 ORBRFER AW T a & u OBMRIZOWNT T =1y b LR % Fig. 3.18
(27”9, Figure3.18 KV, o O u 23 “RBIEMIZIEMNT 5 Z &£ 375 . Bowden
O [14][115]1%, HrIREEERIZ 381T 2 BEEARE p 1T BN T ORI £ 69, EEEAERE
WG El R TS, 77205, plZkAGBL17)O X IR D.

B 7,45,
H= F, (3.17)

BL, ERXdo g [Paid, ~/LV VRN OBSETICBIT 5 EARRS THS. DF D,
THBESHET L CODBEIIC BT 5 a N —ETH LA, 1 & a IFEERICH D Z L 2 EK
T 5. L, Fig.3.18 £V, wid a OHINNI - T REIEANCHIM L T\ 5. 26, Fig
318 I TH AR I e IR EGTHIBIC B T 2R BRIE R 0T, RO AW X B B
B (Thbb, KRR LA T TWD. B L, a OHEINIES T p o b DRt E
BT 20T, ZRBIEMICEEIMT 2B B IIER LR, Ko T, KBADLED, ad
BIMZE->CTa bMNT 5, 2FZ0 a BH S a OBEBTH L Z LRI, T7hbb,
L 5 B OB I AR U 2 BEELRE pw 1E, IO o & WRAUTRT L5 720
RIZbDEZZOND.

art;aS,; T,a%S;
FZ FZ

p o (3.18)

n BE Y a O E 70D DX, BEIEEEAHR T U 5 junction growth [1161IZ1E~ T, {EH:72
L dEBREFREDEET 206 THLEEZLND.

34 FEOH

AREETIE, AT LToERA v B2 ZEO MR ER BIZOWTHREET 5 72
b, K=t 7 ¢ 27 BOERERGH (glass/steelcontact) Z FHVY, ARTIEESETHIEICK
2 MR S OFEIRHAE 21T > 72, B2, AFiEIL EHD #AURNIZ 31T D MO & [F]
REAEDATRE T 1, MIRE S RLBEEBMRBORIERH R L R Lo, KETH LML
W, BUTFICRT.
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B2 LT 2 832 XU, EHD #2lug NI B W TS TRET 2 fElk, K&
N EHD $EIsE0 5 28I L - Tz S Qv p iz o v s o — L R L
SEMERARE L, MESNIEHRA L E—F U AL HEE S &l i b =R 2 7
RO HERA v E—F U AEERFIE L.
KFEOREREIZONWTHERT 5720, R—IL 4T 4 27 BOEHERBREE W,
TEORTFIETH 20 THHEIC K 2 MIERIER R & O A21T o 2. AW TR, 7T 28
T A A7 A=Y —FEL LT ITO AL, EXA rE—F U REE T
WIEDFRRHZRIECE S L9 TRLE.

Gl EAREE, )0 R, WEMEZZCSEZRBEZTO, WToORBRTHLERA
VB —Z U AYEZ K AR X1, YT A< Hamrock-Dowson DT K 5 Hi
BRI LT BT 2L aHRA L. T720bb, AFRTHE LIZERA v E—F
ZIENE, ST WIEICILET 2 E CHEE S A METE 52 Lnbhr ol

AT, BHD @0 s o o7 o — L R LT i f T d 5. EHD #2 il
JEINE 2 B RE L2 e, MR S 8@ B S, WEBEL 25138 ORRERK
LD ERDbhoTo. WMENEWNGE, TOREIT/NERD0, THUTHME
{72% Z & EHD #flsk N O FER &4 EHD HEflgE O BERE LIV b K& <
7L EBRRTHD.

K2 B S TR AT o 7o/ R, SR CREEIENAE LTS Z L 2R L
7o AR L, VBT S FIcB T 2 MR S b, ATk & TURNEDO R I OWERE R
FE—BT 52 L AR L. 2L, MBI T 2 MR S RN —AICEL< 22 5
ZEICERT S oF Y, WMESHEL 725 &, EHD HEAIEE I 3\ TRV T
I TRV (DF D, BRICK > Tl SN T AR 23, ARFIEO B
EREEICHE Y FELRIEI LRI E2HRNICAH L. 3 b b, AL CH
FHLIEERA v E—F U AE, MBMEETH-o T EHD #Ai1T 2 MEE & %
WERTFIETH DT VBT T 2 ECTRIETE 5 Z L bh o,

I RT A —% A L IMBEORWR OGNS, 4<3 O CTHREEN LRI L%
R Lo, ZAud, MEICHERINESHEEERE ERINL2HEICEEND. OF
D, RBFGE TR LTIcERA v B — & v AEE, OB b E &M TE 5 2
EVTRBE ST, FTe, A <3 ORI MO &[RRI EREGH D EA L2 L
D, A 7\ BHLIZ X 2 BB O T <, Rkl S 22k e F 1 o EsEhic
EH5bDOTHDZ EBRBINTZ.

IRA TSR T2 DI & BEERE O BRI O, IEEr=R OB, B
BARES TRBIEROICHIINT % Z L N bino T, 2O LD, EEEEREICE T 58
AWTR S B LMW RO E L 2T 5 Z LRI S Tz,
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F4IE /sHEmICH TS5 BEEREE=42) VT

41 HEBRAE

411 BEREE

AFEEFEBEOEN VEZICEAT 27200 FRRE LT, & 3 ECHW I 7 2l
T 4 A7 ORD VI HRT 0 A R RBA 2 AWBERRBRAEmRL 2. AET
i%, SR Lok (steelsteel contacts) ([CARFEZ WA LIZBRICAE U LMER, H 5 WIHE
BT REAIOVWTHRTHZENHNTHD. RETHOZERRBIHE O I o0

T, Fig. 4.1 27

data logger

1], 6

X optical method

slip ring

LCR meter

slip ring

rubber coupling ober belt AC servomotor
rubber be

AC servomotor
torque meter

? rubber belt

Figure 4.1. Schematic diagram of ball-on-disc-type apparatus for steel/steel contacts.
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% 3 ECHW-ERRERE & ANICFE CAARRTH 223, s « X 7R Bk 2 4
WIZDT, JETFHREIC X 2 MIRAIEIXFEMm T 220, £ 2 TARETIE, EXA v E—F R
E% W= lIFE X % Hamrock-Dowson D [39]7> 53 /i 2 BlGmIMIRIE & & ik 2 =
LT, KFEOMPBRIEREIZ W THER L.

412 HEHR

AFZENZ W3R i DFETCIZ- DUV, Table 4.1 12”77, AR —/LikBR A (diameter: 25.4 mm,
arithmetic average roughness: Ra1 = 8.2 nm, root mean squareroughness: Rq1 = 13.9nm) DO E L,
52100 steel (Young’s modulus: 207 GPa, Poisson’s ratio: 0.30) TH 5. —JF, LT « 2
7 B F (diameter: 100 mm, thickness: 10 mm, roughness: R, =0.6nm, Rz =2.2nm) DOF'E ¢,
R—/V iR [FIER, 52100 steel Th 5. sz T « 2 7 3Ry ORI ITBImIL B 2 i
LTohY, HIWECTHEA LA T AT + 273 B (Table3.1 ) L0 bREH S 23/
IhoTlz.

413 EABRH

ARFZECTIE, 553 3 & FRE, KiEDEZR D 2 FEO PAO (viscosity at 40°C: v =30 and 396
mm?/s) ZiBil & L THWZ (Table3.2 Zf). Ko T, EHHDRE Y PAO OifER e=
goite0=2.10g0F/m & L CHIREE S 2 Rd7-. (HL, BEZEDOFHER £=8.85-10"2F/m TH5.

Table 4.1. Test specimen specifications for steel/steel contacts.

ball disc
radius, mm 12.7 50
thickness, mm - 10
material 52100 steel 52100 steel
Young’s modulus, GPa 207 207
Poisson’s ratio 0.3 0.3
surface roughness, nmR, 8.2 0.6
surface roughness, nmRq 13.9 2.2

Table 4.2. LCR meter specifications for steel/steel contacts.

RMS amplitude, pA 50

frequency, MHz 1.0
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414 HERFIE

AWFZEIZ BT AR L, & T=IR (8 25°C) I2TITo 7. HIED glass/steel contacts
DOEHFAER & [FEE, RBRE21T O ANCATMR P B W TAHA VSR, R—Vil B, 7«
2R B LTz, Yeidtk, FA VA, RO % EHL 3B ICER Y 1), &R
— VB A IR 2 B LT2RRB T, T4 A7 BRI LY T/, 2L T, LCR A —
X EHNT, ZOFRNRERREE (T72bb, a=1) BT 20HE (12/[Q], O[deg]) %
HEL, (39X R [QakDT. ZDH, f—/vﬁiﬁ%ﬁ)#%:ff% 27 RERF D HREL,
RER T & [FlE SR CH OB S, BINREMIREICB T 2B L E—F 2D
K& E|Z)[Q], K OiAH O [deg) Z#WET H Z & T, Triéj‘/ﬁﬂﬂ%};é & MR DM R A FHAE LT,

HIZ, AWFZETIE EHD Sl NICA U 2 BEER S w RIE L. AFEZHWTHE LR
MR X 1%, Hamrock-Dowson D [39]2> HE i B B GmilE & ((HL, HohiE
) LU, ARFEOMBRIEREIZ OV THREE L 7.

4], AIE Tl glass/steel contacts |24 EEE (RMS amplitude: Ve = 1.0 V, frequency: /' =1.0
MHz, Table 3.4 Z/) ZFUML7=728, 5T ART ¢ 2 7 3B I~ i3 7« 2 27 3R
RO Zo B3NS Wz, BRI N 705 L HERAENE C D ATt d 2 (A EED
WAL, fHERF 2). £ 2T, AT EHD #Ei 9 ac i E i (RMS amplitude: 1. =
50 pA, frequency: f=1.0 MHz, Table 4.2 ) % —E L L, @ﬁfé#%<&of%%h 2
CCHIMNT 22MEEN/NS 72D L5 TRLE. 2, KRB CTHW =T —¥ o —0kx
INGRRREDS 10Q T o 72728, AT (Re=0.33kQ, 16k G ZM) 24T 5 2 & TH
ERLHETED L) T RLE.

42 BRERER

42.1 BIEFAHREUORE

ETHIOIL, BIEABHE UIZOWT U=0.005~0.5m/s £ TELSEIZREDR, o, KO}
w ZHE LIRS RITOWT, Fig 4.2 1077 (Z ORIERRIT, 8 E2 2. HL, Wk
& LT PAO (viscosity at 40°C: v=30 mm?%/s) ZH\ TV, FEEME F.=10N T—EE
L. &7, A—nillh ozblisst ($2bb, § 0% $=20), U=0.5m/s 5B
BERIIZIOE S H72. Fig. 42 FORGBOT 1 v M, BRA v E—F 2 AEE O HER
BThHV, BADOMHRIL Hamrock-Dowson O [39]1720 515 50 5 BaaME ((H L, H i iE=
I) Th . Figure. 4.2 L0, WAEEHEEK (F7205, ax0) TIE, AFELZHOTHE
L7ZhTE R E E RE T2 2 L aR L. —FH, U< 002m/s 2752 & Ta, puit
ICEF LTS ZE0E, ZOEREERIFEGEBEE TH D Z LAVRRSNTZ. XD, K
??ﬁ I steel/steelcontacts TH a ZEEMIZFHMIETE 2 Z L2 RBEINTZ. LivL, ZDEA

WIS T DR, BRI L 0 SRS B S, FrS, —FERHOEMHETH D U=0.005

m/s DEE, h=>10°m~10 um EEFIESRHHINT-Z b hoT-.
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Figure 4.2. Measured values of oil film thickness /4 (top), breakdown ratio a (middle), and friction
coefficient u (bottom) for varying entrainment speed Uunder steel/steel contacts; oil: PAO (viscosity
at 40°C: v =30 mm?/s), normal load: > = 10 N, and slide-to-roll ratio: X = 2; red open circles in top
and middle graphs: measured values by electrical method; black dashed line in top graph: theoretical

prediction by Hamrock and Dowson.

422 FRYXRIDEE

BT, U=05m/s T—EE L, 2 ORI ETRORBFERIZOWT, Fig.4.3 12
/R, Figure4.3 XV, AFEEZHAOCTHE L7zhiE, 2 2263 ETHERM S IEIE 8T
LI hHMER LT, ZOR, w2 ORBLRELZTLHIENDLND. £z, o ORER
REV, RRBITRAEEERCHE LR R TH L Z edbhoTe. DF D, AFFECH
B LIZERA v E—F o AE, MEEEEBICE DGRBS AN E 2T 5KkETH
S THIMPERIE RS E I8 A MIFE X722 & %, steel/steel contacts CTHHIERRT H Z LN TE
7.

L ZAT, Figd42 10, RFEEEZHOCCTHE LZRD, =2, »OiRGHEERIZHB T
HEREIZ Y GIEFIESHIESND Z ERbhroTnD., £ T, ¥ OFBIZ OV TEEMIC
FET D72, U=0.005~0.5m/s £ TELS WD 2=0 28T 5h, KD a ZHE LT-.
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Figure 4.3. Measured values of oil film thickness 7 (top), breakdown ratio a (middle), and friction
coefficient u (bottom) for varying slide-to-roll ratio 2 under steel/steel contacts; oil: PAO (viscosity at
40°C: v =30 mm?/s), normal load: F- = 10N, and entrainment speed: U = 0.5 m/s; red open circles in
top and middle graphs: measured values by electrical method; black dashed line in top graph:

theoretical prediction by Hamrock and Dowson.

Figure4.4 12, 2=0CHB T 2B R (MF, REOT oy ) 2250 TRT. HL, K
HERAO T Ty MIX =218 2RBMERTHY, Fig 42 1R LIEREOT 2y b EF
UTohd. Figure 4.4 £V, 2=0DO%5E, RFEZROTHE LZhZ, BEEEHEKICES
WTHHERME S IFIFE L RDERB™GE LN, £, 2=012BIF D ald, 2=2 DHE X
DHNEL DB ENbIroT=. DFV, T=2084, Ly dYBHEICBWTERICL DA
U (running-in wear [117][118]) 2342 U, EEEAMEENSIENM LIZOTIXR20WhEEZ BN
5. £ 2T, MTHBMEE W CREZ DT ¢ 2 7 3B OREH S 12OV THIE L7z
%, Fig. 451277, Figure 4.5 @)LV, 2=2 OBFE, BREICIVEEHHINKREL 25
TWHZ AR L. DF VY, EHD #AURIZIH W TERENE L 256, KAFEEZHNT
HIE SN DR, BEHEmMEES L0 HEGHEE LD 2 & AVRIEBE STz,
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Figure 4.4. Measured values of oil film thickness /4 (top) and breakdown ratio o (bottom) by electrical

method for varying entrainment speed U under steel/steel contacts; oil: PAO (viscosity at 40°C: v =

30 mm?/s), and normal load: - = 10 N; red open circles in graphs: measured values under pure rolling

contacts (i.e., 2= 0); black open circles in graphs: measured values under pure sliding contacts (i.e.,

2 =2); black dashed line in top graph: theoretical prediction by Hamrock and Dowson.
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Figure 4.5. Surface roughness images of steel disc specimens for v =396 mm?/s, U= 0.005 to 0.5m/s,

and F:= 10 N; (a) surface roughness image at 2= 2 and (b) surface roughness image at 2 = 0; red

arrows: rotational directions of steel ball specimens.
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423 EEFREF.OEE

WIZ, U=05m/s TEEL L, F.=1.4~59N F CT&L S E ORGSR IC OV T Fig
4.6 |27~ Figure 3.9 (278 L7 glass/steel contacts (23517 2 5BRA5 IR & [FER, F. (7205,
ALY AR RS o [m]) BAEML THAFETMEES ZRBERSAETCEL 2 L%
steel/steel contacts CHAERT H T &N TE T,

& Z AT, Fig. 4.6 OFEFIL Fig. 3.9 L U CEERE u PREL 2oTWDH I ERD
"5, EBLLORBRBLMESRMN (F.=1.4~59N) R CTHIN, H7AHT ¢+ 27 BN
AW (Poex = 0.18~0.62 GPa) XV &, #8277 3B & F 7o BEfih
HE (pmax =0.29~0.98GPa) D F N K I VDT, u 23HENN L 7= O I BRI 351 F 2 178 H O
RS 33NN L7 ThHDHEZEZLND.
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Figure 4.6. Measured values of oil film thickness /4 (top), breakdown ratio a (middle), and friction
coefficient 4 (bottom) for varying normal load F. under steel/steel contacts; oil: PAO (viscosity at
40°C: v = 30 mm?/s), entrainment speed: U = 0.5 m/s, and slide-to-roll ratio: X' = 2; red open circles
in top and middle graphs: measured values by electrical method; black dashed line in top graph:

theoretical prediction by Hamrock and Dowson.
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ENT, Bix RmEMESME T (F.=14N, 10N, 59N) (BT D, 5l&iALEE %2 E(L
S EEOMFEE Sh [m] & RO a[-)I2OWTHIE L7-. AL, Fig.4.4 XY, 7
T (steelsteel contacts), 2> OIERATHEEE (7205, a>0) TiX, KFEZHNT
HIE L-RITBERRE L 0 L IEFITIEL D 2 EBND > TNDE DT, BEFENA LT WA

(T7hbb, 2=0) TRBREIT-o77=. RBREERICOWT, Fig. 471277, HL, MHh#HE
D7 vy MIF.=14N, fktaO7 1y MIF.= 10N, REOTa vy NI F.=59 N2

LR TH %, Figure 4.7 £V, F.=14~59N F TEILSHETH, MEESRITLALE
BERFIIRN 2B L. AL, #ELTIEHDLN, F.ORIWIEERNHEL D2 L
Rbhot=. ZiuE, R(1.14)I1277% L7 Hamrock-Dowson DR [39]4 ¥, h o« E, %7 L5
BN OHLNTHS.

—7, WO o 1%, F. OEBELRELZT LI ENbrolz. T7bb, F- K
ELMBIEE, MIELS D a ITKRELRDZEBDIST-. ZD o OREKFIEL, Fig
4.7 OIRATWEEE (a>0) 2BV T Fig. 4.4 (IR T XL 9 RhOBE KPR SN TN &
Nh, BERENFERETERNEEZXLBND.

10'6 ,:EE?F
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Figure 4.7. Measured values of oil film thickness /4 (top) and breakdown ratio a (bottom) by electrical
method for varying entrainment speed U and normal load F. under steel/steel contacts; oil: PAO
(viscosity at 40°C: v = 30 mm?/s), and slide-to-roll ratio: 2 = 0; red open circles in graphs: measured
values at F- =59 N; green open circles in graphs: measured values at /.= 10 N; blue open circles in
graphs: measured values at F> = 1.4 N; dashed lines corresponding to each color of F- in top graph:

theoretical predictions by Hamrock and Dowson.
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424 HE OXE

P\, TEKEE PAO (viscosity at 40°C: v=396 mm?/s) Zf#iH L C U=0.005~0.5m/s £ T
TS TRBR AT 72, BB RICOWT, Fig 48 (237, U < 0.1 m/s DFPHIZEN
T, RFEEZAOCTHE LizhE, BEmE L IEE 8722 2B L.

—J7, U = 0.2m/s OFFAIZEBNT, RFEZHOCTHRIE L7zhlE, Fig.3.10 L [FIEE, i
B bEL 2D ERNbholz. EIZ, uN U= 02m/s O#EPAIZISWVT, Fig. 3.10 &[F
BRI L T D Z & bR Lz, A, BT 2T ¢+ 27 R R o b 0 2z il ¢
AR & BB E L THEH L CnWA 7, EHD OB TXdo 72
DY, T OEEEE CIXANED L Cu NEIML TS Z D, f51BEH (starved lubrication
[42]-[46]) BWELTWAH ETHREND. B 1 EOX(1.3)L V0, FBEEIC XD MBE S3HE
725 L, BEHICHNDEAMNGINEMT 52 L Nbnd.

L1001 F o 000
=
o 0 O 0000

10_2 I I I
103 102 10~ 100 10!
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Figure 4.8. Measured values of oil film thickness /4 (top), breakdown ratio a (middle), and friction
coefficient u (bottom) for varying entrainment speed U under steel/steel contacts; oil: PAO (viscosity
at 40°C: v = 396 mm?/s), normal load: F. =10 N, and slide-to-roll ratio: X = 2; red open circles in top
and middle graphs: measured values by electrical method; black dashed line in top graph: theoretical

prediction by Hamrock and Dowson.
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43 ER

431 HEREBE=OXHME

Figure 4.4 1V, RFEEZROCTHGE LIZhD, 2=2, D OIRGEMEFEK (0>0) 2B\ T
HEE LY IEFITRORERAG LN, —F, 2=0 OBFE, 2 TOBERICB VTR
HLIFTHELLIRD I ERbhotz. Fio, =2 IZB T 2EHERD a 1X, 2=0 DHAE X
D H K& <, EHD #filiB1T 2BRICFERN S 5 Z L 3rm sz (Fig. 4.5 ().
DFE Y, EMINIC A U7 EEREDS, AFIEOMERER I S hOR B E JEF LTI LB X
bihd. X (223)& 0, KFEZHOTE LN D HEE S IXEFHOFBEROLEL T 5
ZLinh, AN TAE U B SEEMOFERICEELZRITLOTIE RV LS
2 HiD. Ak, BEICHWTEEIICE £ 58I E & EFERDOBIRIZ OV THA S
HRETH LN, HFEREZNET DRSNS 2720, 7 —ATRA L. filk
") —Z (base oil: mineral oil, thickener: Li-sorp, base oil viscosity at 40°C: v = 100 mm?/s, worked
penetration: 280) (Z, £k (material: cementite, particle diameter: 70~150 pum, hardness: HV870)
WM LUTERED 7 ) — ZADHFFEERIZOWTHIE L2 R %, Fig. 49 17T, AL, @pe
[vol%]iX 7" U — ZAHIZ (5D D8 DIERFES 3, eorcase [ 11F 7V —ADLFHEEHR TH 5. Figure
4.9 XV, @pe BHEMT 2 & egrease HEFRHINT D LR oT2. 2L, BIKTH D8
W7V —=ARCH BT 22 & TR OFERNMENT 22 L2 EH®T 5.

5 —
o
4 B ’/”’
T s
3
8 g
[=2) ’
w 7
3 B 'I,’ o
O’p
2 1 1 1
0 5 10 15 20
Pre [VOI%]

Figure 4.9. Relationship between volume fraction of iron particles in grease ¢r. and relative

permittivity of Li-soap grease egrease; black dashed line: fitted curve by linear function.
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H(223) L0, HEHOFEER ' [F/m]NEL LIZFEOARATIEL VLD HFEE S ' [m]
Yz lb—v gy LERRICOWT, Fig 4.10 I2R7. {HL, f=1.0MHz, £ =2.10& F/m,
c=0.09mm, r, =12.7mm & L, VAREEER (a=0 LY, h=h =h =100 nm, 6=-90
deg) TH D ERE L. Figure4.10 LV, ¢DBEINTDIEE WA+ 52 &
LY YIREY

LIk, Fig. 4.9 & Fig. 4.10 OFER LY, RFEZHOTHELNZAIONT, =2, 7D
IRAETEWETEE (a>0) IZBWTEERME L D HIFFITEWFIR (Fig. 4.4 Z2) BEoNn7-0
I%, EHD BEUsNIZIWTERENE U TE Y, MEHO LT OFERSEM L7216 T
HDHZEDREENT. Fig 44 X0, he a RELLLEMT D &V I FERITA S IR
HARTHY, ZO LI RERDFONTHE, #EEICISWTERPEL TN D LT
HEZEZTND, £ZT, Fig. 4.4 O =2 |28} 5 EBEOMPBEE X8 X=0 1281 5 ilbks
FLEFALUTHD EELT, 2=2 287 2O RLENT OFFEER e [F/m)ic >V THEE L
7o, Vab—va VEERIZOWT, Fig 411 12T, (HL, KT e [Fm]iXiEiEmo s ESR
ThV, e=210e0F/m Th . Fig.4.11 XV, KHEKIZISWT e (X EH L, $7IZ U=0.005
m/s DY, BEFE (Fig.4.5@Z M) 1 X 0 o LN OFERNK 10 5 EH LT
ZERbholz. bbb, KEEICT 51EE EHD #flukic CEEFENSE U, IR
FEMRAL TW=Z VRIS L=,

102

101
i
—
=

10°

10

101 10° 10
g'le []

Figure 4.10. Effect of dielectric constant on measured oil film thickness under F. = 10 N with no
breakdown area (i.e., a = 0); ¢: true dielectric constant of oil (¢ =2.10 &9 F/m), ¢": estimated dielectric
constant of oil, 4: true oil film thickness (2 = 100 nm), 4" theoretical measured oil film thickness
obtained by electrical method; black dashed vertical line: ¢'= ¢, black dashed horizontal line: 4’ = h.
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Figure 4.11. Estimated values of dielectric constant of oil ¢’ under pure sliding steel/steel contacts for
varying entrainment speed U; oil: PAO (viscosity at 40°C: v = 30 mm?/s), and normal load: - =10 N;
black dashed line: ¢'=¢=2.10 &0 F/m.

L Z AT, glass/steel contact D57 (Fig. 3.5 M), X=2, D OIRAEEEK (a>0)
HEDLLT, AFEITIKERSMEEIZHETEDL I 2R L TWD. Thbb, FEEE
DOMIEE S OEFHHEIC XD RERCHRME) L0 bESFHMI SN D Z Li3RnoTz. 2,
glass/steel contact DG, HFEEF I DMl 72 D T steel/steel contact |F E DEEFEFENAE LT
[119], FERANCATFIEOWEREREEICH E 0 REE RIS RINST2NDTHDL LEXD
5. HDHWIL, ITO D F Mz L 0 & EMENMRN 2 ITO OIEHLE plo = 1072
QmlZx LT, SkOERIE pr~10"7Q-m[120]), ITO FEDEFENIZ X 5 BT DOFERD
EAPEMZTEAEC o LB X DILD.

432 HIROBEERORZR S

T, Fig. 4.7 IR THEE X ORIEREEN SR (3.16) 2 HWT 4 ZFH L, steel/steel
contacts (23T D IHIEOMEWH o & OBHRICOWTHE L. 4 & a OEKRIZOWT, Fig
4.12 IZ/”7F. Figure 4.12 KV, 4>3 THLYGE, FAZX LTI E A EHKT L Tz
W ERbDhrole., —J7, A<3 ThHHY%6, REEBHEIKTHL ZLARBIhz. Zh
1%, Fig. 3.17 |27~ 7 glass/steelcontacts (Z351F 5 all#AEF & [FEE Td 5. Johnson & [121]14,
BRI 2 HHH S OREENHFEE SIS U TR Y o afi Thz bnd EIRE L,
HERHIZ A <3 TIN5 2 L2 RH LTS, Lo T, ARFIEIL steelsteel contacts
IZBWTSH o ZEENITFHETE 2 Z &R S L.
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Figure 4.12. Relationship between film parameter 4 and breakdown ratio o under steel/steel contacts,
oil: PAO (viscosity at 40°C: v = 30 mm?/s), entrainment speed: U = 0.005 to 0.5 m/s, and slide-to-roll
ratio: 2= 0; red open circles: measured values at - = 59 N; green open circles: measured values at F.

=10 N; blue open circles: measured values at F- = 1.4 N; black dashed line: A = 3.

B2, 4 <3 Th2HE, MLATH FEAREWVELE aBRERDIERDNST.
F72, Fig 4.7 R ThOPERER (2=0) L0, BAHEEEE (a>0) 2BV T Fig. 4.4 12
R KD RO RIIFER SN o7, ©DFE VY, Fig 4.12 (287 a Off EKFIEIL, BERE
PR T RN Z EPRE S N7z, T O ERFMEIR, WENRKES VI SEEEMIC ST
LA E (bDHWE, MULEE) PRESROTLIENERTHLEEZXLTWVD.
Johnson & [12171%, i [F L OEEMKAEIZ 351 % BHL [ & 22kl S 22 e in O [E BERE il
ORfEFAEIEIZ OV CHEERIIZEWTE Y, BHL BEIFRmH S 028 L 0 & Ml 1 o
TEWIZIEEZRHL TS, 2F 0, REM I OEELIGIIEZICER L5 AL
THEY, 2O LN a ORELRFIENGDNZRETIZ ARV EEZ TS, HL, fER
REWIZELYEH B RE 722 O THIGHBIER A LT < RY, a BWEELY HRE
SEFHfiSHZmTREME S B A S D, T O EKEMERE TR RIZ SN T, 51% bR
VETHD (MEEOREL, kA KOS F ).

%12, Fig. 4.2 ORBERZH VT a & u OBRICOWT T e v b LIZER A, Fig 4.13
WRTLEL, PR N7 e M, 53 EO Fig. 3.18 12/~ L7/ R (glass/steel contacts)
To 5. Figure 4.13 £V, glass/steel contacts DG & [EAER, o O LV w23 ZIR B
’iﬁéj][]ﬁ‘%’) Z e bhois. DF Y, steelsteel contacts T a DOEINNILE - CE A4

HEEICHB T A EAMERS ML TWD Z LR STz,
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Figure 4.13. Relationship between breakdown ratio a and friction coefficient x, oil: PAO (viscosity at
40°C: v =30 mm?/s), entrainment speed: U = 0.005 to 0.5 m/s, normal load: F.= 10 N, and slide-to-
roll ratio: 2 = 2; red open circles: measured values under steel/steel contacts; black open circles:

measured values under glass/steel contacts; dashed lines: fitted curves by quadratic function.

L Z AT, Fig. 4.13 LV, steel/steel contacts D5 72% o< 0.25 OFPH Tl u AR EWVDITHS
LT, a DREL2DIZEZOAFLL glass/steel contacts L D AERLIZIR > TWND Z L0
5. steelsteel contacts DN a<0.25 OFIPHCTIX u DR E o728 & LTk, #FELD
PR CH DT DEEGENA L, EEEAMIIZIS T 28 AWE I8 glass/steel contacts &V K
XMool Z ERFRERTHDL EEZ NS, —FF, ABLH glass/steel contacts L ¥ & steel/steel
contacts DT BA/NE K R BEHICHOWTIE, L 2BEIREDO e CANET HiLb. Figured.s
(a)X° Fig. 4.11 £V, steel/steel contacts, 7>D> X=2 OFA, U=0.005m/s (2 TEREIZ X
LR CHDIENRRENTEY, ZOFRERE u D LABRI/NES K 2o O TIERWn
EEZTVD. DFY, UL XY EEEMZ L U T D RIS D EMmEME T L,
ul o DBMRIZEZ KT LIZO TR0 EEZ TN,

44 FL&H

ARETIX, AWFETHIE LIZERA B —F o AELZ FEEEOEEN VS IZ@EH T 5 72
DOFFERERE LT, & 3 BCTHWA T 2T ¢ 27 F B ob 0 I il « 2 7
R 2 W-EERER AL EhE L, SFE Lo (steel/steel contacts) 12 & ARTF15 % 1w fHA]
RETHLDMER LTz, AR THONIHILIZONT, TFITRT.
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GlEIAHREE, § YR, FEME, HELESEERABREZITY, B/ v E—F
BT & o THIE SRR & & Hamrock-Dowson DT X 2 Bilgafa 4 ek L7-. &
DRGSR, BERENA U D50, &2 WIS 234 U 5 5 CIIBERE & O TefEn £ L,
TN DG TITHEGRMEE T BT L2 2R L. 2%V, L2 20%&H%
bR, ARFVEIT steelsteel contacts T4 EHD Bl 351 2 MEE S A E R < HIET
EHT LR L.

EHD #ZfillliNICI W CTEFEN A U205, AFiELZ AW TE b1 2 HIRE S 3835 E
I L@EOICESEHEIND Z Lotz ZhE, IR ICEER S RAT S Z
T O RN OFEBENEM UL Z LICERRH L EE 2 TND. S0z 5
&, RFEEHND Z & CTHBEBEODARICONVWTHE=X U VI TE5H 2 &P RE
S, BARAIZIE, WIRE S & MEOMWT R FRIC EH3 28R 136G o nBE,
EHD i NIC I W TERENE L TV D AREMER H D LI TE 5L B2 TWD.
EREEE I A W 2356, mdE TR S S EERE L 0 b RO RN G L.
Z DRE, BEELREN EH L TWAD Z &2, EHD BEilisiz W THREIBIFVE 2 A U T
DT ENRBEINT. AU, AFEEZ O TG L U b EOIIRE S35 5 sk
REXFFTHLHLDOTHS.

BT A —% A L MEOIEE=ROBIRN D, A< 3 OFRIPH CHMBEOMEr=:A L5795
L AEMER LT, AU, glass/steel contacts (2T HRERER EFRECH D, £, 4
< 3 OFPHTHEOMEIR & BRI NERIC EH- L2 & D, KAFET steel/steel
contacts C & MDAz 2 E EANZFHII CE 5 Z L A RB I 7.
MEMENRIVIEE, 4 <3 OFH THEOBMW =N L7522l L. fifE
IMREWVIEE, Rk S 28 Jehn O EEEMEIC1T DML TR & (DWW, BHE
&) HRELRY, ZIUTEOHEORIBr =R IEIN L 72D TRV EBEZ TN D.
IRA TR S TR T 2 I OMEIKr=R & BEELRER DO BIR D &, MR O, B
BUREN “IRBABMNCHEINT 5 Z E b o2, i, glass/steel contacts (233 1T DRk
Bk ERRTHD. L L, steelsteel contacts DG, FEBEMREN L@ 9 Bhim O ERE
IZR DR CHDRELZT, MO & BEEARMORICEEL RITT 2 L 2R
e X A7z,
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51 ®HEAE

511 HEREE

ARETIX, AL CTHRE LIZERA v E—F v AEEEEORN Y il O kg =
2V IR RE T D iERE LTz, AR CHW =iz B oA IXIZ- 2>\ T, Fig. 5.1
R, ARBAEORE S L 72 2= I REEZ 2 HTh 0, Zhboiizizidhng H
WCT T ATE F N|O A E AR S, W, AR, NmE#ERE N[min ]2 21k
ST REO LR Sh [m] & MEOBWTHE o [-]720 T2 <, B SMmIEE T[°C) & il
V2 M[N'm]$ RRHCHERTEETH 5.

axial load
spring
e test bearings (608)
h: oil film thickness
a: breakdown ratio !
T outer ring temp.
i M: bearing torque
LCR meter
—

carbon brush

AC servomotor

1 rubber belt

Figure 5.1. Schematic diagram of ball bearing test rig.
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Figure 5.1 2" T BRI IC R FIE AT 5720, sz N OO [RIEREh S LA 720
—R T TN U T LCR A= DO ELEZHIN U=, F7z, (Al
T L MOX A IV TV ERNWDZ LT, B — i LIRETE 2B 2 7.
W, sz A IR | X BN AR A RS A I R D AR CRIE L7e. 72, s by s i3z
NI TICROF T ThLHMEr— FEL T 2iED Z & THIE L.

Table 5.1. Test bearing specifications.

test bearing 608
mner diameter, mm 8
outer diameter, mm 22
width, mm 7
number of balls 7

material 52100 steel
Young’s modulus, GPa 207
Poisson’s ratio 0.3

Table 5.2. Oil properties for bearing tests.

oil poly-a-olefin oil
additive —
density, g/mm? 0.82
kinematic viscosity at 40°C, mm?/s 19
pressure-viscosity coefficient at 25°C, GPa™! 11.7
relative permittivity 1.97
Table 5.3. LCR meter specifications for bearing tests.
RMS amplitude, V 1.5
frequency, MHz 1.0
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512 HERA

B S DOFELIZ OV T, Table 5.1 12”3, AWV RBRENS 1Y, VRIE LRI 608 (inner
diameter: 8 mm, outer diameter: 22 mm, width: 7 mm) T& ¥ , #/'E 1% 52100 steel (Young’s modulus:
207 GPa, Poisson’sratio: 0.30) T®H 5. M, frREFsIIBIERTHY, v — i EHTHD.

513 BUERM

AGRBRCIE, Table 5.2 [Z/R T {HEE PAO (viscosityat 40°C: v=19 mm?/s) Z M\ 7=. Z oD
PAO D LFEER eon []1F, ZIEELE (RMS amplitude: Ve=1V) DJEH$ f=30Hz~1.0 MHz
DHEIH T eoi1= 1.97 TH 72D T, e=coico=1.97eF/m & L THMBEE S Z3HH L7z (8D
ZM). HL, HZEOFHEER ¢0=88510"Fm TH 5.

514 BREBRFIE

AFFENC I D BRIEE 1L, £ T=IR (] 25°0) IZTiTo72. RBREITH RIS, Al
VUV R AW CRBRENS 2 L, A 40mg BAR, &Ry — L E2EE L. B
sz 2 {8 Z BRSNS B Y A5, Fig. 5.1 ISR TIERENNTT F 7 M EO 2 Al LT
WRET, [BldRfh & sz T o > VR REE (RMS amplitude: Ve = 1.5V, frequency: /=1.0
MHz, Table 5.3 ) ZFIINL7Z.

& Z AT, Table 5.3 12739 K918, BRI ICEININT £ AZHREHE I Table 3.4 (23 23K
REOLE LY bREL L, Ziud, S EEOEEIAEZ A LT\ 25 DT 1 DOHfluk
N D EIRA/NE 72D, LCR A—ZDMENMET T 202 ThH 5. Wi iT
IR, FTHOICHM R BEARRE (T2 b, a=1) BT EEAN L E—F R 2,[Q]%
WMELE. 2020k, ®XGDEHWTRQERADTOESIES R0 [Q]azRO LS.

kn|Z, |

107 Icos6,

GHY)

BL, XGDFD|Z)| [Q], 6 [deglid, ZoDKESEMMBTHY, k[-NTMESRE 2D
HR728 0 sz 0%, 1 [-)IFERENAR |72 0 OBl 0%k, o [-NIEERBRES 1 IS bk
A CThH D, H T, RN A RS S, B BEAIREICB T D)2, 0, T, MO
4 DPDIRT A—=F|ZDOWTRIFFICHIE 21T > 72 (sampling rate: 1 Hz) . [#], AHFZE CI3at
= OWiiEEIHES N= 50 min~! 7> & 40 min 3 (ZHE A IS, K& N=6000 min! T
BRAa1T o7 (RRBREERD: 10h). 72, AFECTRd 3B RIL 2 CREREHS 2 {82 O 4l
ThHV, BEXA L E—F 2 AEEZHNTE 55 FHMEE 1%, Hamrock-Dowson @z
(391722 HE N HBEGRIMIEE S (EL, PR & RB AR A U 2 W JuiiRE S o H)fiE)
LR LT, BT, WA W 2356 | Zo| 23 ERERRY /N S 72 o T O THMBIRST (Re = 0.03 kQ,
8k G ) 2L, MERJHETEL L) LRLE.
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521 [EEHNOELE

BRSO NEREIFEEL N = 50~6000 min~' F TE(L X H 72RO FHMBE Sh [m], JHE
DWW a[-], 2/ MmIEE T[°C]l, 5 hv 2 MIN-m]ZHIE LRI oW\, Fig.52
R (Z ORIEREST, FHRE3ZR). AL, %78y MIFEEEK CRBRETT -7 40
min % OREFERTH Y, 230 4 [ERBREIT> T FHMETH D (KT ORZEHPHIT, FEUER
7). W, RaoTay MY, APFEEFAVTELNERERT. £, HEESOWHE
FERAERT 77 7NORAOMIIE, EiR (K 26°C) 2B T 2HmMEIES [39]ThH 5.
il =z SR EE O RS RO T R EAORIR T, |IREERT.

Figure 5.2 £V, KAFiEE AW TH LA, (K ISR T 2B 5mE & 12IE—
BT D2 ERNbhrotz. —F, MBEEECITXIERMEL Y LE#E Lo TEBY, ZOK TN LR
LTWBZEnD, MBHOEAMBEIC XM ERKTFAFRK THD EEZLND. N =
6000 min™! T M M L7cD b, FERBERTHL EEZ NS, B, KFEEZHWNTHE
bz ald, EEBICBNTM SR EA LTS 2 enn, EREFHTE TSI L
DR ENT. £z, ETOEERICE O ChOBRZERBIT M &l L CIHEFIT/hEN D
Eb, BEMEICEN TS Z EnbhroTz.
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Figure 5.2. Measured values of oil film thickness /4 (left top), breakdown ratio « (right top), outer ring
temperature T (left bottom), and bearing torque M (right bottom) for varying rotational speed N; oil:
PAO (viscosity at 40°C: v = 19 mm?/s) and axial load: F, =30 N; red open circles in graphs: measured
values by electrical method; black dashed line in left top graph: theoretical prediction at room

temperature (26°C) by Hamrock and Dowson; black dashed line in left bottom graph: 7= 26°C.
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VN T, N=50 min ' 123 1F HRREEEAIZOVWT, Fig. 5.3 137 (Z ORIERERIE, T8k
E3 ). hOWEFER LV, BB E R ITFGRE L 0 LIE - T3 & I < 720,
REHICBRIZHEME L E LI RD 2 R bho . BRBILGE®, BRME I Y LIEVH
PR S NHE S22 &6, 55 4 3D Fig. 4.4 (2R L7z X 912, EHD #flii N ic 8 CEE
FEDNVE U T el BEME SV RIB S iz, F72, he a TR & LT LTnd Z ennh, #
fibdal (235 1T D EERES A L, 2R UAMTET LTu\of_&%z bivs.

KIZ, N=100min" (2 %51’*8%%le IZ2WTC, Fig. 5.4 17T, hOWERRELY, FFx
FENICHEL 25N EGME L IZFE L WVHEES Th L L 2R L. bbb, 2ol
18 Cl1% EHD #fili i b\fﬁ*iﬁ%ﬁ%i DAELTWRWI EARBINE. —FH, ab M

DFERND, BEWIETZ X2 E®BE2 R L TWA I ERbhroTo. DF 0, EEEMNE
U5 LMz Mvr s @hind s 2 Exbhotz.

Fef%1Z, N=6000 min ' \Z351F HREFE(LIZDOWT, Fig. 5.5 1", a ORIERRLY,
TAREEEE TH D Z EnboTz. £72, he M OFERNS, AV ZEE® 2R LT
HILEMR LI, DFED, WMESHEMT D L@ MLy HINT 5 2 Endbholt. I
1%, EhS2 N O AN R A T O AETTERMZ FEA (replenishment [122]-[124]) 55 Z & C, »
AR AARHTCHEDS O REMEIRPI M L 7= D Th D 2B 2 6D (Fig 1.6 2%). £7-, Fig
5580, THRFHEHICERFLTWDHZ & bR L.
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Figure 5.3. Time evolutions of measured oil film thickness / (left top), breakdown ratio a (right top),
outer ring temperature 7' (left bottom), and bearing torque M (right bottom); oil: PAO (viscosity at
40°C: v =19 mm?/s), rotational speed: N = 50 min™!, and axial load: Fa = 30 N; red lines in graphs:
measured values by electrical method; black dashed line in left top graph: theoretical prediction at

room temperature (26°C) by Hamrock and Dowson.
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Figure 5.4. Time evolutions of measured oil film thickness /4 (left top), breakdown ratio a (right top),
outer ring temperature 7 (left bottom), and bearing torque M (right bottom); oil: PAO (viscosity at
40°C: v =19 mm?/s), rotational speed: N = 100 min~!, and axial load: F.= 30 N; red lines in graphs:
measured values by electrical method; black dashed line in left top graph: theoretical prediction at

room temperature (26°C) by Hamrock and Dowson.
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Figure 5.5. Time evolutions of measured oil film thickness # (left top), breakdown ratio a (right top),
outer ring temperature 7' (left bottom), and bearing torque M (right bottom); oil: PAO (viscosity at
40°C: v = 19 mm?/s), rotational speed: N= 6000 min~!, and axial load: F, =30 N; red lines in graphs:

measured values by electrical method.
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BT, EREEMEE A VT, N =50~6000 min' £ TakBR L 7214 o PN finiis A 1 A 852 L
ToFERIZ OV T, Fig. 5.6(b)IZ759. Figure 5.6(b) L ¥, RERE OETHI AL AICEEG L TR
O, AOENTERELTWD Z EaR L. it T, JeTHBAMEEZ AW T, WNinlsEm o
KA S 2T LRI OWT, Fig 5717, (AL, Koyl (B (g
FHRNZHEE /M & Th 5. Figure 5.7(b) L 0, RERZRIT L W > BRI W TEENAL,
REHINKELS o> TWND I EaMER L. —J5 T, Fig. 5.3 XV, o TR & L0
LTWAHZELHERLTND, DF VY, BRICL Y REMINDKEL Lo TWEHIZHLEDL

T, BEFEBEMEENED LTS Z ENREBE T,

wear track

Figure 5.6. Photographs of inner rings for v =19 mm?/s, N =50 to 6000 min~!, and F. =30 N; (a)

photograph of inner ring before experiments and (b) photograph of inner ring after experiments; red

arrow : rotation direction of inner ring.
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Figure 5.7. Surface roughness profiles of inner rings for v =19 mm?/s, N= 50 to 6000 min~

=30 N; y-axis: coordinate across rotation direction of inner ring; f{)): height of surface roughness; (a)
measured profile before experiments and (b) measured profile after experiments.
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522 TXUTFILGE F,ORE

WIZ, Ba 2T X T AMESMNE T (Fa=30N, 60N, 90N) 2B\ T, RERHHZ O N
B3 % N = 50~6000 min' & TE(L S 72K Dh [m], a[-], T[°C], M[N'm}Z-2O\TH|
ExEITo7-. #ERHIL, PAO (viscosity at 40°C: v = 19 mm%/s) TH 5. G ERIZONT,
Fig. 5.8 2R, fHL, MFHFAEOTm Y M F.=30N (Fig. 5.2 ), k07w v M
Fa=60N, REOTH Y MIF.=90N OFRTHL. £, WERESORIEMREZ =T/
7 7NORBEAOMRRT, =E (8 25°C) 128 2HEHGHBEE S [39]TH Y, Fu=30~90N
OFPHTIZIZIER CHEE S 725720 T Fa= 60N OFAoR$ . 1, #hsz S R IEE o ik =
R T RBEAOKRIL, BRE2RT.

Figure 5.8 £V, Fo=30~90 N £ LI HTH, AFEEZANTELNDRTIZIEZR T
ThoD, KHEEKTIEL Fa=90 N DGAOHETH 2D 2 2R L. £, T OW|
ERR LY, EEEHIC B TR TOMESEFTRERIC EAT2 2 & 2R L. 2O,
h R ETORMBEFICENTHRE LD LE<RoTWND I 0D, #IZNOE ABIFREIC
X B O ER T 2NN TN LIz B2 55, £z, T OfRFERFIESHH
IR INR o122 s, MWNEBICAET DM A2 EBE A 1TA T D BRICA
C2PT, T7b b TAEPL (Fig. 1.6 Z2H) BREAOEER Tl s THRINS.
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Figure 5.8. Measured values of oil film thickness /4 (left top), breakdown ratio « (right top), outer ring
temperature T (left bottom), and bearing torque M (right bottom) for varying rotational speed N; oil:
PAO (viscosity at 40°C: v = 19 mm?/s); blue open circles in graphs: measured values at F, = 30 N;
green open circles in graphs: measured values at F. = 60 N; red open circles in graphs: measured
values at F, =90 N; black dashed line in left top graph: theoretical prediction at /2= 60 N under room
temperature (25°C) by Hamrock and Dowson; black dashed line in left bottom graph: 7= 25°C.
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—Ji, AFEZHNTHRONT alF, EKEEHRKICEWNT FaPREWEE EATH 2 e
bhofz, BIZ, MIZHOWTH Fa BWREWVIE EREERTHML T\ 5 Z En3bnoiz.
SFY, REEBRITRAEBEI CHY, o & MITMHERFENRH D Z & 2R L.

53 EE
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F1gureS2 £V, RFEEZRHOCTE NI, Rl ER CIXERICH T 2 BEmTEE S &

FFE-HLTWD (ENIEVWREREIZELDEEZZ0ND) 2, mEER CITERELY b
%< B ERbholo. EEEE TS AMRIEE T[°CI8 EA-LTWnWa Z b, A
WA 2T K D XEEEAR T, T 72 HEAEMEGR A (thermal EHL [47]-[52]) Th ol L& X
bID. 2T, BEEGTEICRT ATIBm ORI T 2% L EGE L7 RO B AR
JESIZOWT, Fig. 5.9 1077, HL, KPORWERO T vy F 33 smiEE 4 B & L
THERMBE S CTh . Figure 5.9 KV, TZ2FBE L 7-HamE HFEo7m2 > b)) Kb, K
FEEHNTHE LN GEROT ey b)) OFBREITHENZ Lotz DFY, Pl
BOEPHIC I T 2 O IL, ZARIERE T L0 bRIETH D Z LRIz,
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Figure 5.9. Theoretical predictions of oil film thickness considering outer ring temperature 7 oil:
PAO (viscosity at 40°C: v = 19 mm?/s) and axial load: Fa = 30 N; red open circles in top graph:
measured values by electrical method; red dashed circles in top graph: theoretical prediction at outer
ring temperature 7' by Hamrock and Dowson; black dashed line in top graph: theoretical prediction at
room temperature (26°C) by Hamrock and Dowson; black dashed line in bottom graph: 7=26°C.
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L AT, Fig. 5.5 XV, @Ed#ER TIZhE M REWICHIZE8H 2R LTS Z L AR
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FRAELTEY, ZOMERFEZHNNZMEE S ITHRME LY bE kol EZ BN
%. F7=, Fig. 5.2 XY, N=6000 min"' CM MNP L7=D b REZEBTHD.

—J7, REERTIT, Flg S531CRLZIEY, FIOIFEGRE L 0 & IEFITIED o 72 A3 RFH
EITHEELS 20, BRREICHEERE S IITE LD 2 & i Lo, RIBRBIHIZ W T
HERE LY %rb\fﬁﬂﬂﬁréﬁi(ﬁﬂméﬂt\_kﬁ o, EHD MmNV CTEEFER A LT
e Z R ST, EERICRBRE S O VRS ERE L T\ 5 2 &%, Fig. 5.6, KU\ Fig. 5.7
FOMERELTWD. £22T, EDOX DT DERENET LD MERET 2720, HIES
HEE S & BRI EE S 2 bl U C, A28 SV AVETIO BT OFEFR IO W TEHAE L
7-. Figure 5.11 £ 0, BRI RENT OFERNED LTEY, MBHPICE T b ERE
M OWREPWAD LT o Tz Z ENRE STz, BLEOREREN G, RFIETEBEOES %2 v
THEEOE=2 U VIR AETHDL Z LRI NI,
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Figure 5.10. Relationship between oil film thickness /4 and bearing torque M; oil: PAO (viscosity at
40°C: v = 19 mm?/s), rotational speed: N = 6000 min!, axial load: F»= 30N, and ¢ =40 min; dashed
line: fitted curve by linear function.

78



102

101 -

e'le [-]

100 ---------------------------------------

10_1 1 1 1 1
0 10 20 30 40 50
t [min]

Figure 5.11. Time evolution of estimated dielectric constant of oil ¢’; oil: PAO (viscosity at 40°C: v =
19 mm?/s), rotational speed: N= 50 min~!, and normal load: F- = 10 N; black dashed line: ¢'=¢=2.10

go F/m.
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Figure 5.12. Relationship between breakdown ratio a and bearing torque M; oil: PAO (viscosity at
40°C: v = 19 mm?/s), rotational speed: N = 100 min~!, axial load: F, = 30 N, and ¢ = 40 min; dashed

line: fitted curve by logarithmic function.
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Figure 5.13. Relationship between film parameter 4 and breakdown ratio « for varying axial load F’;
oil: PAO (viscosity at 40°C: v = 19 mm?/s); blue open circles: measured values at . = 30 N; green
open circles: measured values at Fa = 60 N; red open circles: measured values at F. = 90 N; black

dashed line: 4 =3.
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Figure 5.14. Relationship between breakdown ratio o and bearing torque M for varying axial load Fi;
oil: PAO (viscosity at 40°C: v = 19 mm?/s); blue open circles: measured values at F, = 30 N; green
open circles: measured values at F» = 60 N; red open circles: measured values at . = 90 N; black

dashed line: fitted curve by linear function.
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1. BB O WNfigRIERE 2 20 S S BR 21T, 2 E RO EREEICEIT S 40 min %
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& Hamrock-Dowson DORUZ L2 MR S IXZE—BT 2 Z Li3bho Tz,

2. —F, MEERTIIAFELZHOCTEONZHEE S FERME L0 bE< 20 2 &N
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7o ZAUE, RSB R T S 2 & TR O RN OFFERES ML 2
CLIWRRR D EBEZ TS, ERRITEIZ NS EFRE L TV Z &b, KFEZ W
5 2 L CEBEOMSZIZEIT DEREEOFBIIONTLE=X V7 TED 2 EHR
Sz,
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EARMER LTz, Zhud, EHERER (glass/steel contacts, 2 TN steel/steel contacts) & [Alfk
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LIz, DED, FEAKE WIE EREHL S Z2E e 0 BRI B 2 AR &

(DT, WA E) RRELRD, EAUTEWVIIEOBBERS ML 72L& 2 b
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TLERMER LI, F72, A <3 O THEOMETE & BB RIRIC R L2 &
G, RFIETMBEOWW 2 EBEICFI TE 5 2 L 2R LT,

5. AFEEZEBEOENVEIZICHEAT 2700 Pk e LT, 77 A2A8T + 27k
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ORI CHEFENE U WIS, AFEIMEESZBERS METE D 2 & & iR
L7-.

6. SR LOBEAMIZINT, BRENAE L D556, AFELZ W TE LD MIEE S I XEERRE
KO LENIESEHEND Z ERbo o7z, T, BIEHFICERERNREAT S Z
E T O RENT OFEERHEM UL Z EIZRRRH D EE X TS, S0z 5
L, RFEFEEREOHEEIIONWTHE=FY I TEDLHTENRBINT.
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ol ABL, 52 ML 7 SR S MR ORI LEE T SR AE O, Thbb
ARFEFIZNOMIPKEBLEEMICE=F Y 7 TEDL I EAREBINT.

U EDRERDN G, KFEIZFEEOERN Y iz 2 7 Eiikee =2 U o 7~ i ol fg
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ARFEOYRRTRERE, WONENEINTND., 22T, FA6RREIZONT,
UTIZEEDD.

1. AFEEZFEEOEN A LR, T AMIREE 4 U e VB R C 13 e
Fé%%ﬁﬁ<@mf%é EERMER LN, Wz o E K& < T5 &8 AW
B\, KONV K DB FRIRFICHEA L TS Z ERmRe S, HmtEEEs Lo
m@&ﬂif%@#ok.;of,Hoﬁ%%%bkﬁ7x%®%x%%%¢Wb,t
TWIEE AW ERE & OB ULETHS.

2. AWFFETIE, Fig 2.3 OEMEIKIRT X 91, BEEIC L - Tl ST 2 5kl
ATV —OHR (Thbb, X G) THERESNLTWD EELZ. Lirl, FEE
DHAN V) 2 TiX, mEENHIN SN D BREE T CIXER [128][129] & FRIXN DG £
CTWa. T7hbb, BEICIEary T o —ln2i) Tl EXIRPk Y b FET 5 2
EEBRT D, A, TOZLEBEBLZMEFEXAENTL2ET, BRBEAD
ZAXALORIZHLEMRTE 52O TIERWMNEEZE LTINS,

3. AKBFZETIE, o OFFEEFVEDSBLIN S22, ZIUIMES K E VIE L~ Bl i
WKEL 725 DT, EHD BEMIBICEIIT 2 MRS A U9 < ol 2 L2 i L 72
RTHDIAEELBZ DD . A5tk FUNELESHBEOBE RO EREIC S 2 5%
BIZOWT, FERICRET 2MERD S, Fiz, BESELCDLEE, RoPZEHZEHEL
LTWD AR B 2 B, a DRIEREICEE L 52 THRWNIZOWNT HIERES L
HCHD.

4. KW THWZEEE#HZIL, A LTS 7 UGEORTHEHA S D EIFD 72 <,
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FEEI~NVEMHORE IBETETHIHEOARENRE LTNDHH, #HiL
WL (AW E—IEAMBINEET 256) OBERNETHDH. £z, Z A
MEZ A, BPEM A G R L LIEHERROBE LTI LEND D.

5. RIS, ERS D BRI ZIEN L 0 7Y — W [130] TEH SN Z LD HREL,
FZTHIR Y U — AT A RIMAINE EFN TS, Lo T, 5 1 5 FICUINAI AR
FIEOREREEICG 2 BB HOVWTHET 2V ERDHD.

6.  AWFSECIXMERRIE O PAO Z 3l & L CHW DS, fiiE 2 ROl O B
X VREE DB EARAFNE [131][132]2 AT 5 Z EBMESNTNDS. Lo T, 2D X
D 7R C b ATIRILEA ATREN R T 2MER S 5. -, FHEROERERTE,
TR LIFHEE [131]-[136] (18 D ) MoH oD ERICOVTH S ERGTT
HWENDHD.

7. #% b s L MBEORIETRDBMRICOWT, REMEAVED R WER RGNS S FL T A
B =R BZOWTHRAET 2720121, T30 BEEZT T <, D <IXAEPT, R OMEA
O RPEIRPUC OV T HREMICEE T 2 HNER H 5. T D= DITIX, 15z N OO
BRHEIC O W TR T 2 0B’ H 5. il 21X, CAE [125]X° SPH[127]% OB AEfENT %17
)L TIMENREAE HORRE T TE 508, 210 OFNTREEEIC DUV TR A BT 72
RINZ\. 22T, R CTRRE LIoERA v B — X v RIEE, 23 O BUERRT O R
BAEIZBRIATE D EE 2T D BIRIICIE, BUEMET 2 O TSI 5 o 2 = A
NARS [B)E#HEL, 200G 28mMEES &, AFELVELN 5 K
RS 7T 5 2 & TR ORFEN TEX 5O TIERN N EEZZ TN,

63 SHRORE

AWFFE TR LT ERA v B — & v AL, EBEORN Y i O MREEL2 ) 7 v 2 A
LATE=H VT THZENTED. LoTC, EREN Yz OFmiliR (B =FHam, &
T < BEFmME) 1T E~ TR & W O IR 2 253 228, KFEEZ WS Z & TF
MICELETOT B ERAZIERET L2 LN TE, ERQICEDIANCGIMEEZHEZD Z LR TE
DO TIERWINEZZTWD. T72bb, sz oOHpE & B I ) 2 KR 2 FHE © & 2 nlRetk
DD EEZTND, HDHWE, AR ESCTIEBSE I FEHAIN TV IEZOE=4 )
7, W% 10T (internet of things) (ZHM T 5 Z & T, T L 72 WBEI O IR 2 AR
T EMTE, BRFWBERZ RIBICHIR TE 2[R H 5. £72, AFEIETHHEIZIT
W9 5 KGR T EHD #2AC BT 2 MIRE S A METEHDT, h AR P—IZlT 5%
MR AT IE B I B A TE D LB X TN D.

S1%1E, AWFIETHFE LICERA v B — & o RiEL R4 70 85 B 380 i 58 o 43 BF 1T
W S, R T d 5 2 EKIRECRTEOMRICER L THWETZVNEB X TN S.
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Figure A.1. Geometrical model of squeeze film in EHD point contact.
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Figure A.2. Interference fringe images of squeeze film for v =396 mm?/s, F.=10 N, and Ve=1V;

(a)t=1sand (b) £= 25 min.
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Figure A.3. Measured squeeze film profiles in y-axis for v =396 mm?/s, F-=10N, and Ve=1V; (a)
t=1sand (b) t= 25 min.
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Figure A.4. Time evolutions of measured maximum squeeze film thickness /mx (top) and breakdown
ratio o (bottom); oil: PAO (viscosity at 40°C: v = 396 mm?/s), normal load: F. = 10 N, and RMS
amplitude: Ve.=1V; red open circles in graphs: measured values by electrical method; blue crosses n

top graph: measured values by optical method.
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Figure A.5. Measured values of maximum squeeze film thickness /mx (top) and breakdown ratio o
(bottom) at ¢ = 1 s for varying RMS amplitude Ve; oil: PAO (viscosity at 40°C: v = 396 mm?/s) and
normal load: F: =10 N; red open circles in graphs: measured values by electrical method; blue crosses

in graphs: measured values by optical method.
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Figure A.6. Measured values of modulus |Z| (top) and phase € (bottom) at # = 1 s for varying RMS
amplitude Ve; oil: PAO (viscosity at 40°C: v =396 mm?/s) and normal load: F-=10 N.

—J7, Ve WRE WG, EHD #£IBNIC THEFRAE DA U TV D ATREMED B 5 (4% F.2
ZPR). Figure A.5 ORIEZITTZBED|Z|E 012DV T, Fig. A6 IR, Vem KEL<THZ
ETIZIBVNEL 72D 0= 0 deg (272D, T b HHEEAMBIZ THEfRAEE A £ U CnDd Z & 20R
WENTZ. OFEY Fig. A5 LRIV, Ve=1.5VIZBIT 5 HBEHIER BN REITIELS o7
DIFBERRIS N O KE B W THERRAEE N A U, MIEOE Y T a T oh—L R LA
FIEORMHESRME (Fig. 2.3 2M) PN bTHH LEEZ TS, LoT, RFIEZEIMN
FTOBENNSTECHRETECTHLHEICKENH D Z 2D, WY Z2FINFEE O i
WIFET D 2 e nbhrole (HNEED EREIZOWT, 8k F2 ).

K&, Ve=0.05VIZBITS t=1s BOMET 17 7 A 2O T, Fig AT(@)lIR7.
ARFEE AOICHBEE S TFBEORK R LY bRENICE FEVWL oD, HET 7 7 7
A NVOFIRIE Fig. A3(a) L0 LRIZIBIRE 272, BE £ TIZ, Fig. A1) T k% H
W AR T R/ MR & hin = 14 nm ThH 72O T, 2RI 14nm 72 L5 W iR % Fig
ATONIART . AFEE R THEORERIL, 1ZEE LT a7 7 A MR D 2 ERbhoTz.
DFEY, Fig. 35D a & u OFERNOHRBENTND KL, KFEEDFPHETHIELY
b IEREICHEOMEMR 2 WE L TV D ATREMER B 5. o872 &, SE T USHEIZ MR E R D 22
A RRE Coy J71) DSEERE A A T OfRBIEEIIKTE LTIV, AR L TV 230 72 K i
TR EINT, ZOHERB KON D RSN L1HTHD.
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Figure A.7. Measured squeeze film profiles in y-axis for v =396 mm?/s, F-= 10N, and V. =0.05 V;
(@) Amin = 14 nm and (b) Amin =0 nm.

AS F&H

ARKETIE, BERA L E—F 2 AEIC LD HBEOBEEEE ORI EREIZ OV THGEET 5729,
EERMESLMF T CTELDL AT A XEOMWET 0 7 7 A VIZHOWTHIEL, STk s Hu
TPRER L. BoN-mAIZHOWT, LLFIZRT.

1 ARBFZE T, EEEMAEIC L > TEBHAM CiAD b TV L 5EBE R Th 2 LK
EL, BRA Vv E—F U AEEAWTR Y A RO R RMEE S 2Rk 7. B, AF
TR RHIRE S 7200 Tl S RO R RO D Z LR TE 272, 27 A XD
W7 07 7 A MIZOWTHRIERETH D Z & 2R L.

2. AEEZMAOCTHE L7z B RIBEE &1, SeTise MO iERR L IZE T 5 2
EaRERR LT, £, A7 A AMED L 72 213 EMIEOMBMT RGN+ 2 Z &5, il
BRI 2 E BEIZRII T & 2 2 LRI S iz,

3. AT 2 &iEEE/NS<T2I1FE, BTFEEL VBN 07 7 4 VTS
LT E&DBbhole. T7bb, ZRIEEN/NSWIE L MBI R O [ EREEE A 19
LD ENTRIRS NI

4. ETWIETRGE L T2 MBS S OZER 710 O S EREII I 2 71 A T DA% BT R AT
T o7, HUINS 2 i BEL /NS WG, ATIEOTTH L0 B B O RN =R 2 1
RETE T 5 ATHEME AR S hure.
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f+#B  EHD #ftEFIHOHERTE ¢ DEH

B.1 REMODBE

22T, R HHX28)EFEHT LW OV TRT. (2.3)2XQ2.7DITRAT D
&, EHD B E i o EREC, [FIIX, LFOXkoickEns.

c erfrb dxdy
=¢
2 c Je hy—4n? — (x2 +y2) (B.1)

ZZ T, Fig. 22 0?2 <x?+y?<n? O#HEATR—LHBRAIFERKIKTHLDOT, & X
h(x,0), MJE2mx, #BoMEdxDENHEROaF o —%2E 2, ¢ < x < O TR
THZETCGERDDIENTED (Thbb, N—AL7—~VFE7D). £V, X(B.1)
DOEMIE, FTROLIICHEZHWZ L LNTES.

c frb 27X p

=¢| ————=dx

2 ¢ hy,—n?—x? (B-2)
ZIT, x=nsingp LB &, dx =n cos pdp72 DT,

s
2 1,2 sin ¢ cos ¢

C, = Znsf -
’ arcsin% h, —n, cos ¢ ¢ (B.3)

BIZ, h=h,—nycosp b < &, dy =n,singpdp72D T,

h2h, —h by h,
C,= 21T£fh A dh = 2me[h,Inh — h]h1 = 2me (hzln(h—l) +hy — hz) (B.4)
1

£-oT, KE)ynHEH sz, W, XB.DIIHOWNT, Y iz D 2 & CTHERE
X VX (Q2.8)ZFERIZE N TE 50, ZOFMIZ OV TIXkHE B2 IZ TR T 5.
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B.2 EHAEMDIES

22T, R@E3NNMHA(2.38) A HHT LRI OV TRT. R(2.34) &2 (23DITHRA
+ % &, EHD #EEI0EOER=C, [FlIX, LTOXricRksnd.

T (Tb! dxd
C,=¢ f f Y (B.5)
b

I i

¢ e+ 7 x\? 2
h3_x2yj1_(g) -

ZITC, BRIEARESR(x,y) AR (r, 9)ICEHT D, x = Rrcosp, y =T, rsingL
<&, Faet sl Jjo, ok, UTDXDIZR5.

10x  Ox!
ar 0¢ o

Jr¢) =det|o, 5| =BT (B.6)
ar 9¢

o T, K(2.27), HX(2.28), X (2.31), XB.6)L YV, EXB.5)IXTFXB.7YDLHITET
ZEMWTES.

™
c SJZ”F J(r,9) drdg
N r, +r
2m Lk
— y
=erxryf =T 7 drd¢
o e, EEE =
o %’ 2nr
=£rxryj = dr (B.7)

b r, +n

ERB.7)E, mifioA(B.2) L FMERO T, LIBEOEHERITEET 2.
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f18C SN WEH

C1 BB H

ZITIE, TV b W B (Lambert W function [103][104]) DRHEIZ DWW TR~ S,
K(220) %Y, WEEB T ()NIEEOEFELZICH LT FAD LI IcREIND.

Zz'exp(z") = W1 (z") (C.1)

SFE Y, ER(CDDOEDITRT L O ITHEEER ORI L IR CEBZ S FET 25
&, WOEMNWD Z & T2ICET2BABEES LN TELZ L A2E%RT 5. M, X(C.1)
Oz NEE x Th D5, W) 1dx = —exp(—1) i 7= THPH TCOAER NS, y = W(x)
DYF7IZoWT, Fig. C1 25T, W)X, W(—exp(=1)) =-1, WO) =0, KW
W(exp(1)) = 1D 3 HEBHETHS. £7=, B M (—exp (-1),—1) LT AHOBEE L 72 5.
y=-1722% EORZ FEW () &EMEWL, y<-1 725 FTOFEEEB_; (x) LML DG, HIRE
SIXEDFEE DT, ARIFFETIEW, (0% V2. Eiky = W (IZOWT, xfEkHETHF
R L7227 T 7% Fig. C2 127”77, Figure C2 1V, AENEFEIT/NIWVEETHDL Z 03D
D . AREFZETIE, BHCEr S 20 RY T2 ~UL b W B3O TRV TW(x) & itdi T 5.

2 ]
i QBo(x)
E (exp(1),1)
0 ____________________________________
(~exp(-1), -1)
=2 |\
-4 } i
W_1(x) i
—6 : 1 1
-1 0 1 2 3
X

Figure C.1. Lambert W function y = M(x) for x > —exp(—1); black dashed vertical line: x = 0, black
dashed horizontal line: y =0.
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C.2 #nbhREe

T UL N W BBUIZRUGEL L W S RD D MER S D12, FHRNPOCEMEIC D (8
C3ZM). £ZT, 7y~ b W BHWB(x) Dt 2B (asymptotic expansion) ([Z-2VNT,
BUFIZRT [104].

L, L,(—2+1L,) L,(6—-9L,+2L,>
2+ 2 2 + 2( 2 2)+“.

W(x) =L, — L, +—
R PR T 6L,
© (_1)1' [l +m
_ i+1 —i-m, m
- L1 - L2 + m' L1 L2 (C.Z)
i=0 m=1 '

L, L =In(x), L, =In(In(x))THYH, J:ithOD[iitrT]&i?Eﬁ@%—@X 2= T

(Stirling number) T 5. FigureC.3 (a)iZ, ba(C.2)AWDH 2~5 THE THLER L7z
ZHROWIZRERSRICOWTRT. AL, FOREOIRIL, Fig. C2 IR LT ULk
W BT 5. Figure C.3 (a) LV, x> exp(D)DOHPHTILE 3 HOREB W(x) ~ L, — L, +
Ly/Ly) DARE, HEERAURSE R SR TE TV D 2 ERnbnd. L, x <exp(1)DO#FH TIX
WTNHENEHL TWD 2 D, R(C2IT L DERITx = exp(D)DHIPH TD A LT
DT ENbroT.

10°

e [ e e ety

b eme ¢ mmm—e——————

10~

10~ 10° 10 102

Figure C.2. Lambert W function y = I(x) expressed as logarithmic scale; black dashed vertical line:
x =exp(1), black dashed horizontal line: y=1.
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FEWNT, 32 oA (2.23)I2 ER(C.2)ZEH L 72/ R IC 2\, Fig. C.3 (b)lZrd. HL,
77 7 OREIEOMEES h TH Y, Hmid(C.2)Z A L EE X 'l BEOhRE
ShEDHTHSD. hiE, f=1.0MHz, ¢=2.106F/m, ¢=0.12mm, 7r, =12.7mm & L, i
RIEWEREER (=0 XY, h'=h =h;, §=-90deg) TH 5 LT L CTEHE L7-. Figure C.3
()& Y, h>559nm OFPHTIERENIEFICRKE L RDZ ENDbo7. h>559m 13+45H
VIFLMBEE S 20T, BT o~V b W BEEHWTEHE LI AR RN ERbro Tz,
WEITIE, 7 ~Uv b W OB DWW TORT .

C3 ZEXEl
—a— b % (Newton’s method) ZH\W\7=T o ~L b W B W(x) Bk ITEIE, R
(CIAD LI IZRIND.

W(x);exp(Wx);) — x
exp(W(x);) + W(x); exp(W(x);) (C.3)

W) = W(x); —

BL, i[-11Xi=0 DA EDIEOEETHY, W), 1% i B TEEFEEZIToMART
& %. Corless & [104]1%, /> L —i% (Halley’s method [137]) Z W\ /=B RIT{EL & RO TV 5.

101 102 T
(b) h= 559 nm
i 3rd

10" } 5th
T
> 10 =
=

100 ...............
2nd
10~ 101 L i
10~ 100 10° 102 10-8 10-7 10-6 10-5
X h [m]

Figure C.3. Asymptotic expansion of Lambert W function; (a) approximation by asymptotic
expansion and (b) effect of asymptotic expansion on measurement accuracy of electrical method; 4:
true oil film thickness, 4" theoretical measured oil film thickness obtained by electrical method using
asymptotic expansion; black dashed vertical line in (a):x = exp(1), black dashed horizontal line in (a):
y =1, black dashed vertical line in (b): # =559 nm, black dashed horizontal line in (b): 2'= A.
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W(x);exp(W(x);) — x

(W0, + Dexp(W(x),) — (W(x); + Z)EQSIBB((J%iieipZ(ﬂB(x)i) —x)  (C.4)

W(x) 41 = Wx); —

— RN, NL—EOFR =2 — FAEL D L RESINETH I ERMLITWS  [104].
L, =a— FUEIEZ 2 RONKTHLDIZH LT, N—ETI 3 ROETHLZ L
kD, XoT, AT ER(C HITRTEREL ZERH L.

107



183D BFEEM

D1 FBEEMICONT

T (electric field) (ZXF9 %50 1 DIGEMEIZEE T 28X [133]%, Fig. D.1 2T, &
FIZES MR- (electric dipole) 73& DB (dielectric) (ZFBWT, ELNHIIME 41T
WRUVREETIX Fig. D1OD X 9 IZ43 FIFEM L TE 6T, T2bbaotmidAE Ly, 2o
WD ESHZEIINT 5 &, Fig. D.1QO K 95120 Lig 2 28 BRFZ I3 L72zyvy. Bl
R Z AW T W FIEES 7 BBV TR Lig®, +o R A > 721%%, Fig. D.1@D
EOWCHBNRTET T 5. D%, BH AT R &BGEEFIC LV I3k EICE M L7 <
72% (Fig. D1@ZM). Z 0BG A2 HEMRM (dielectric relaxation) & FES. F7o, SHROK
X IN exp(-DIZ72 D F TITH /2 IEH 288 FIRERE] (relaxation time) £ [s] & FEOY, 43 F-Bd Atk
DIFERL 72 5.

ONIN) ® @
ol s N

DEIFYASZAY

S N
o

HiLiR S

l'

I

AEHES

NTINTIZED

SO
ILEEN

/

EE-) %)

[ BRES (=50 4B

COEDD
STEBORESH
1/elTRAHFETIC
HBEIGER
= R AT

e =d
Erpsey  BIIE)

Figure D.1. Molecular response in electric field [133].
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L AT, HEEROIWAHIMNES & BEBRICH D56, FEROFERE ¢ [Fm] L
B< &, WADDAELND.

D =¢E (D.1)

AL, EXD.DFO DO NTFERICEAET DEREE (electric flux density), E [V/m]
IFFERICHMENL2E S TH L. FEMRICRREE (B) NI 2546, otz 4sL
LA ERIIEINEY & RIRFICERE IR AT, Fig D1 ISRT X O ISHEFEERE « 72172
NTRETLDT, RMEHIBITS D & EXFENETNORENES|D| [C/m?], |E|[Vim]EE
CERKDEHITREND.

D = |D|exp(jw(t - t;)) (D.2)
E = |Elexp(jwt) (D.3)

AL, j[-NEEE, ¢[s]IEFH, o [rads|IZRREEOAREIB THS. Lo>T, H(D.2)
EXMD.)EAD.DIRATLHZET, e FRADAD LS ITERIND.

_D_IDlespGa(t—t) DI o
" E |Elexp(jwt)  |E| PAmj@t) =

1P|
|E]

(cos(wt,) — jsin(wt,)) (D.4)

EX(D.4) LV, ¢ IFERLE O TEFEFHEER (complex dielectric constant) & FE{XIL, R
(D.5)DEricERSND.

e=¢g" —jev (D.5)

Z 2T, & [F/m]iEiFESR (dielectric constant), & [F/m]IXiFEEH>E (dielectric loss factor)

LI TEY, 3o MORE S %, T InmoENZRL TS, EA(D.5)DAHEITIE
FIEIVERBARAF DN BV, BEEITIE & O JEEEUK A7 2 55 78 70 (dielectric dispersion),
e DJERBURAFNEZ TR B, " OMEIRFIE 2 FHEERKL (dielectric loss) &S, Lo
L, 2NHIEARTRUBEGICHT IMOL THDH. £, &1 OJEEBIRFYEZ OV THIE
T 5B TFEORMZHED I (dielectric spectroscopy [134]) & MRS,

LZAT, EXDSTOEMEEMOLIZONTRODL E, ITOLIIZh5.

*%

€ sin(wt,) ,
e~ costaty) tan(wt,) = tans (D.6)
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22T, R(D.6)F D 6'[degliFtE KA (loss angle), tand’ [-[IZa5E1ERE (loss tangent) &
e BRREM 7 2 o7 o —08%G, N b 52 b EmaER<{Ex, £ LTHK
T E DN, TR 2 T Y — T EMO B RIRGUR B O RIVENR, #F%E
RO T OBIRENC L 2FFEBREENAEL, EWMORY &0 2T 5O % /LX—1H
Kb d, LoT, tand13FED X 9 RFEERNICAEL 2=V F—HELOES W2 RTFEIE
ELTHWHERTWS [133]. 1, eMFRALVKRDOOEND.

YT " wge 7

BL, EXO.7DHF D0 [N m  NITEXURER (electric conductivity) , p' [Q-m]ido’ D ¥k
ThHEIBILFE (electrical resistivity) TH VY, o ITEL[DMNLRLT %, p lTEBX DRI
I E2RTHIETH D [135].

L ZAT, FEKRICZREELHIL THERMPEL D256, JEIE f[Hz) DI E
> THEBDOBRINGE T NEZOEIBRTE /272572, FERSHETL, FFFZE
RAREE o' M, FHEEK N —27 27T (Fig. D.2 ). Z OFF, {KJE BT R
HNDFHEER ¢ DI KIE es [F/m] & @ AR EA TR 5 2 e/ ME 6. [F/m] & DFEIT, fRF5R
JE Ae [F/m] & FEIZIL TV S,

Figure D.2. Dielectric relaxation phenomena [135].
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Flo, O —7 5 2 DI fu [Hz] D> HAEFIREE & [sI2OW T, IRNLVRDDH Z
EINTEAS.

1
t, = E (D.8)

ERXVRDOEND 6 1F, AR L7l A3 2 FUN L 72 BROFERN A 55 F il
FPEICBET DR L e D

D2 BFMOZRE RS

AWFIETIL, FEDORI 5 3 FifEHO PAO (viscosity at 40°C: v =19 mm?/s, 30 mm?/s, 396
mm?/s) ZFREBRME L THW, 2D OFFER eon [1%, BHIAZRA  (diameter: 38 mm,
depth: 0.3mm) (ZIVEMZ w72 L7-HREE T, ZWEE (RMS amplitude: Ve=1V) ZHIN¥ 5%
ZETHIELZ., 2D 3O PAO F AW IFEERE eon ORTEAMIARIFIEZDNT
A L7k R %, Fig. D3 TR, AL, MPOREADT vy ME v=396 mm?/s at40°C, %
BO7 1y ME v=30 mm?%s at40°C, HEDO7 2 v NI v=19 mm*/sat40°C @ PAO %\
TR THS.

3
25
T a8
3 2 r O
1.5 |
1 1 1 1
100 102 104 106 108

f [Hz]
Figure D.3. Measured relative permittivity of oil e0i1 for varying frequency of sinusoidal voltage f; oil:
PAO; RMS amplitude: V.= 1V; red open circles: v =396 mm?/s at 40°C; green open circles: v =30

mm?/s at 40°C; blue open circles: v =19 mm?/s at 40°C.
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Figure D.3 £V, ZUEEIEEL f=30Hz~1.0 MHz OFEFAIZE T, gon 1LKEEIC L & FIHIF
—ETHDHI NG, AR THZ PAO O FFEERIZE IR AN 202 LR bho
7. OF V0, ZOBEEEOFME TITHEIC L O THRMIEH 4=0s THHZ L2256, Fig. D.1
(R T R RGBNIEEAEAET TN ERbotz. 22T, X(D.4)IZ 6=0s 218
AT 2 EXDS)Nbe = BHFEHNDLDT, ABFETHM L7 PAO DFEE ¢ IIFEHTH
HZ ENhoTz.

ZEFETIC, 2FEEOTRZ Y —X LiATAZ Y —X, U7 7Y —R) ZHNTEH
B egrease [(JHWEL, THOOFEHIKAFAMEIZOWTIE LZ. BIERKRICOWNT, Fig
D4 ZRY. BL, HPREaDT oy MILATAZ V=X, FEOT oy NIy LT
UV —ADHERRTHS. Figure D.4 LV, Li filF A7 U — AT EBARAFNED & 2 73,
TLT T U= RTIRNZ ERDh oo, Zih 2 FEOTRS Y — A DI ENE I
XA U (baseoil viscosityat 40°C: v=25~30mm?/s) TH DM, HH x 9 FICHKEM, HDHWVE
WA OFEIEE PN R2 D DT, ZO K D REEEURNEDN G O AV RIRIC DWW T, 5%
MCHET L2 TETHD.

L AT, Fig.D.4 L0, HIEICHWEZ LiATAZ Y —A1X, EREEE 2L S8 75
WCHEEEMNELDZ ENbolz. ZZTC, ZOLATAZ U —ZADiFER ¢ [Fm]721)
T, BREEE [Qlm oW THHEEL, X(D.7) LV FEEE " [F/m] iR L
2. BofERIZOWT, Fig. D.5SITRT.

45

4 }
i
235
wU)

3 F

2.5 1 1 1

100 102 10¢ 106 108

f[Hz]
Figure D.4. Measured relative permittivity of grease egrease for varying frequency of sinusoidal voltage
/3 RMS amplitude: V.= 1V; redopen circles: Li-sorp grease (base oil viscosity at 40°C: v = 24 mm?/s);

blue open circles: urea grease (base oil viscosity at 40°C: v =31 mm?/s).
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fA.L, Fig. D.5H D " &o'lx, Rk L7z IRNENIZT 7 ) — AR a7 o —pdy
L BRIRH Sy OWHNERE L VRSN TV D ERE LERRL VRO BN D.

. dsinf B dsinf
¢ T Swlzl T T 2msf1zI (D.9)
.1 dcosf
P SIZ| (D.10)

22T, EXHo dmliFERARNOEMEIREE (Thbb, BMOES), Sm?2iLl
DRZNOEMEFETH 5. W, Fig. D.5 EXD %, Fig. DAIRLIE LiATAZ Y —A
DHFHEER corease (CELEDFHER £0=8.8510"2F/m ZHMNT=F R LU TH D.

e
w (3, ] L)
T T

£10-"" [F/m]

Lt
(2,
T

S
Y
3] - N
L}

6"10°5 [Q-"m-1]

0.25 |
0 1
1
— (o]
Eors |
e,
= 05} °
o (o] f
S o m
v, 025 | % !
0 1 1 1
100 102 104 106 108

f [Hz]

Figure D.5. Measured values of dielectric constant &™* (top), electric conductivity ¢’ (middle), and
dielectric loss factor ¢ (bottom) for varying frequency of sinusoidal voltage f; grease: Li-sorp grease;

RMS amplitude: Ve =1 V; fm in bottom graph: frequency of sinusoidal voltage at peak of ¢"".
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Figure D.5 £V, Fig.D.2 & [AkE, I f OB E-> THER DK T L, FRFICER
REFEG DN, FERK D —T 2RI 2 ERbho7c. 72, Fig.D.5 FTXIELD, &7
DY —7 %5 2 W fm~ 54 kHz THH>7=DT, X(D.8) L VFEFIHM =3 us THHZ
LMoo, ZOMMRERIE, S FEIAPEOTRIE & 725720, Skkkx AN OV T
LWET DL TETHD.

W, Fig. D.5 D e™ITBT 2R LY, (RBEREMA T " DBIEFICREL RoTNH I L
Wod., ZOBEIZONWTERT LD, X(D.6)HELNDFHEIES tand IOV THE
BT, #HEMEIZOWT, Fig.D.6 (2777, FigureD.6 £V, tand DMEJE B EA TIEHF TR
ELBRoTNDHI ERDMoTe. DF Y, ZOMREREN CITEANRa T —L LT
ZELTELT, TRAF—HEPRELRoTWNDLI RN oT. 2O RLFXF—HELK
1%, MO BRGSO EME OIRNVEREDSRE TEL 55, PAO OHFFER g &1
ELthDSi@ﬁﬁ&ﬁ%ﬂﬁ“f&mﬁ*ﬁf%okk@,@ﬁmﬁuﬁ.iﬁw
Ezxbhbd. KoT, Fig.D.6 XV, EEEHH TR X —HINKE RoloDlE, Z
ORER 7V — A ZHETHFEREPENM L2 EICRERH L EBZ 2oL, L, —
BN 75 FR 2 1 i B B AR U B 72 [135), IRE B TR BRI N L 72 BRI
DNWTEABREITHET 20N H 5.

WIS, 2O LU ATAZ ) —ADEFEA L E—F R Z [Q)EHIE LIS RIT DN T,
Fig. D.7 |\Z/”. Figure D.7 ISR THEFEA L E—H U ZADKE Z|Z|[Q], LUNAHEZ 0[deg]H>
5, Fig. DS ITRTHRERDEGELNTND.

10°

L]
o
00°

tand' [-]

10~

10-2

10_3 1 1 1
100 102 104 108 108

f [Hz]
Figure D.6. Measured loss tangent tand’ for varying frequency of sinusoidal voltage f; grease: Li-sorp

grease; RMS amplitude: Ve=1V.
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12| [kQ]
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100 ' '
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=,
D -50 F
~100 : : :
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Figure D.7. Measured values of modulus |Z| (top) and phase 6 (bottom) varying frequency of
sinusoidal voltage f; grease: Li-sorp grease; RMS amplitude: V.=1 V.

Figure D.7 £V, ZRMEWEE f 2 K& THIEEZF3NEL 72508, 013 0=-90deg TIZ
E—ETHDLZ ENbroTl=. 01 —1E, #oﬁﬁﬁﬁhibﬁw(ﬁﬁb%,e#~m)
B, A(D.9XY fOEINE L |1ZOBDENE LW &S, —JF, Fig.D.5 LV,

EBREMPELDLE, [ERELTDHIEESH/NESLeo>TWWD. ©FD, *$ﬁﬁﬂﬁb

HIEE, [ OBEINE] ﬁbfm@ﬁwiﬁméw:kﬁbﬁok.:nmfﬂk%<ﬁé
E, LATAZ ) —ANOERIRERFREHOEIBETE R 25 2 LITERT 5.

D3 FEENOAESE

Figure D.8 (X, kR4 228 12381 2 K FEHEFIEIZHOWTE L O TH D [136].
FHEEMN (DT, FESB), T2RbLWETOESINEF 23R 5 HlEEIX, LCR
A=K, A E—H AT FIFTAW—, Xy NU—2TFZ 4% —, TDR (time domain
reflectometry [136]) & FHWTITHOBHEA L E— X U RAE &, ROME, IR, SRR

DRI % AT RIE D 2 TR B 5. 452 OWETTIED J1 73— T & L JEE T Fig. D.8 1T
RLTZEY ThHD, Fr it & 2 O HEFH A IEN > TE T D.

AMWFFETIZ LCR A —Z Z W23, FFEEMPARFIEICE 2 558 OV T X EHMIC
AT 57202, TDR ZHWZHERKLETH DL B2 TWD (A%, TDR I —7 1
%7)«/H%ﬁaﬁﬁ%§ BRA LV E—F AR IOV THIET 2BICHV ST
%), Atk LumEEEEE 3 GHz) TORBREERT LI TETHD.
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AFEOER - fREH

-+
HFORM STEN
- AFORE BEFREDEE
Hz 1|03 1|06 1|09 1|012 1|015 1|018 1p21
S — ' electric wave—_(') Iightl -(Tre'\diation— ----- |
= icrowave . visie light

]
ghayJEaEL(Rayleigh) LF-Raman Raman scattering
IR absorption
Brillouin&gEL [ ]
A3 - SES RN
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NMR
TDR
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impedance material analyzer
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Fabry-Perot interferometry ———»
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cable .
waveguide

Figure D.8. Frequency and measurement methods [136].
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H8RE RS E—F DR Z DRIEH

E.1 EFRBER (glass/steel contacts)

ZITIE, BHEA o E—F A ZDRERRO—HFNZDOWTRT. ETHDOI, T AR
T 4 AR & O T ERRBR ORI DWW TORT . Figure E.1 1%, 51 & IAAEHE U=0.005
~0.5m/s ETELSHREOEFE A LV E— X U A Z[QOHEMFETH S, {HL, Fig. E1 12
AT ey MISHEE U CHIE L7 1000 SOFEMETHY, 27V 7 L— hE 20kHz
Thd. I, FHERROFEERZEDZ, FHEOK 1%UNTH 7. ABFZETIE, Fig E.1
R HIER RS, Fig. 3.5 12 LSRR & & MO =235 b/, £72, U=0.005
m/s DA, HEA L E—F U ADORKE X|Z=1.53kQ, (il §=-262deg, —J7 U=0.5ms
DA, |Z]=8.16kQ, 0=-863deg TH-o7-. M, SERBIMAATOBERE A L E— X 2 R Z) 13,
1Z0|=0.62kQ, Ho=-1.3deg TH-7=.

15

12| [kQ]

0 [deg]
(o)

0000 000
_1 00 1 1 1
10-3 10-2 10-1 10° 101

U [m/s]

Figure E.1. Measured values of modulus |Z| (top) and phase 8 (bottom) for varying entrainment speed
U under glass-steel contacts; oil: PAO (viscosity at 40°C: v = 30 mm?/s), normal load: - =10 N, and
slide-to-roll ratio: 2’ =2.
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E2 EXRBEE (steel/steel contacts)

e, T ¢+ 2 7 BB A 2 D TEFERBRZ 1T - 7o i RIT-OVW TR T, Figure E.2
L, BIEZIAZEEE U=0.005~0.5m/s F TEAL X B 72D steel/steel contacts (ZF31F B R A
VE—H A ZIQORERERTH D, AL, Fig. E.l &[FEEE, Fig. E21RT 71y MI%k
B U CTHIE L7Z 1000 SSOFEEETHY, o7V 7 L— R I20 kHz THD. W, %
RS RO 1T, EEOK 1% N TH - 72 ABFJETIL, Fig E2 ISRTHREEND
Fig. 4.2 [ZR L2 HMBERE & & HEOMW 235 67, £72, U=0.005m/s DEE, #HEA
VE—H U ADKE X|Z = 091kQ, [iFH O =-2.7deg, —F U=0.5m/s DA, |Z)=9.18
kQ, 0=-79.4deg ThHo7=. M, REREIMBATOBEHREA L B —F 2 A ZylX, |2)|=0.33kQ, 6
=-0.7deg Tho7z.

Fig. 42 X0, UDVNEWEE, MBEESROHEGRME Y LIEFITELS 2D Z N> T
W5, —J7, Fig. E2 £V, UA/NESLTHIFE1ZNTEFELD L, ZHISHE 6 IXEFRN
LTCW%. 2V, Fig. B2 k0, —AT25L UBNNSLKR2DIEERBELS 2o TNDH LD
R 25, L, F2EOXQR2)MELDMNDE DT, 073 0deg TS IFE sing NI
WIS 2 D2 ORE|ZNCBURIZ 22 D Z E N EECTE 5. 2L, EHD $EisiNIc AT 5
FEFE RIS Z HURICE =X U v/ TEDZ LB EKRT 5.

15
(o] foe) o
= 5} feXe)
= o
N o
ok o
_5 1 1 1
50
[ °
3, o
@ 50 | o
° 0% o0 000
-100 L L L
10-3 10-2 10~ 100 10"
U [mis]

Figure E.2. Measured values of modulus |Z| (top) and phase 8 (bottom) for varying entrainment speed
U under steel-steel contacts; oil: PAO (viscosity at 40°C: v = 30 mm?/s), normal load: F.=10 N, and
slide-to-roll ratio: 2 =2.
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E3 BAZEER

(2, RO & W -5 BRI oW R, Figure E3 (3, #BRE#=Z 0 N w[al#s
BN =50~6000 min' £ TL{LSHIERFOERA L E—F U X Z[QIOWER K THS. H
L, Fig B3R T7my MIZEHEE N IZKIT 5 40min BOETH Y, WREREI 2 {#545)
DFERTHSH. F£72, Fig. 5.2 1R LICHBFEE S & MEO K== o5 R34 T 4 Bz
{To - EHEICOWT T Yy hLTWS2, Fig. E3 R T7ay MIZOWNO 1 8] 29T
STAERTHD. FigureE3 LU, N=50min! D&, HEA L E—X L ADOKE X|Z|=0.12
kQ, A7AH 0=-9.6deg, —7 N=6000 min~' DEE, [Z=1.61kQ, 0=-847deg TH 5 &
WhhoT-. M, KRBRBIBETOEHEA L E—F R ZolE, |Z0|=0.03kQ, 6h=6.5deg TH
STz,

VT, N=50min! THFEA B —X A Z % 40min BHIE L 72/ RICOWT, Fig. E4
(9. W, oY L— I 1Hz THD. Figure E4 (T HIER RS, 25T 4 [
RREATSTZAD 1 EBI AT 2R BRERTH Y, ZOFREID Fig. 5.3 1ZR LI HFEES
& MIEDOMEWT R I T DR RN E STV 5. Figure E4 X0, 3BRZBI4A L T 5 min [
I 0>0deg THDHZ ENbMNoT=. ZOFE, Fig. 53 10, MEEShMIIEEICEVMEIC
0, ORI ald 1 LV L RERMEITRSTNDI ERDND. DFED, 6>0deg T
boHGE, RPEIIBERAETE RN ERNbh o7z, 0>0deg L7 -72DF, #lhisak
BR O WIHME DY Zo| = 0.03 kQ & LI/ NS o 72 BTH Y, EEICAEL TV D :14’»52 97
Tl bA XY 2 A (inductance) M7 EHEHA CEX o2 Z EMFRRTHDH EE X T
W5, %2 ED Fig. 2.7 IR LR OIS, RFEETA 0 F 72 A MELTHVRNVDT,
EBEFNDEBEBICANTEROWBENLETHD.

W, FRADICHEL L 7RBECA v & 7 & U Ao & L C X e a, AMIIRET Re & Bk
T 52 L THIMIONAE 6o & 0 deg ICITSIFHZ LM TED., HL, ReDRETED L, K
FIEOREREE ) 1&Fj‘5ﬂj’bﬁ)i§)%)@TYE.E.J\%)M\%T‘%%). FERIZ oW, G T
TR T 5.
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-100 .
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Figure E.3. Measured values of modulus |Z] (top) and phase 8 (bottom) for varying rotational speed
N in practical ball bearing; oil: PAO (viscosity at 40°C: v = 19 mm?/s) and axial load: F.=30 N.

150

12| [Q]

0 [deg]

_20 1 1 1 1
0 10 20 30 40 50
t [min]

Figure E.4. Time evolutions of measured modulus |Z| (top) and phase 6 (bottom); oil: PAO (viscosity
at 40°C: v = 19 mm?/s), rotational speed: N= 50 min~!, and axial load: F. =30 N.
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fTi&F XREENEFRICEZSEE

F1 EEEDEE

Z 2T, FIINT B AT O FENME Ve [VINATIEIC G2 2B W TR RS, £7,
KEBEBEDOH IOV TEHMI AT > 72, 55 4 3 D Fig. 4.8 [T~k & R BR S T (PAO,
v =396 mm?/s at 40°C, U=0.01~0.5m/s, Fz=10N, X =2, steel/steel contacts) (2 T,
Ve=01VDOHFE L Ve=1VDOFATHE L. (AL, ZORBREMFDOHA, Fig. 48 LV U
>0.2m/s OHIPHTHEHENAE LT D Z Lo TWnD. |Z1E 0 ZHE LT2FERIZONT,
Fig. F.1 (&R T. MFREOTa vy MI V=01V, BAOT o v I Ve=1V OHERERT
&5, Figure F.1 XV, Ve=01VOHE, Ve=1V L THEINLIBERA v E—F
AZDIEHDENRELRDLI N bNroT.

BT, Fig. F.1ICRTHRERDN DA B L FEMBIE Sh [m], K OHBEORMIER o [-]I12
DWW Fig. F.2 12787, FigureF.2 £V, Ve=0.1VDOHA, BEIE Ve=1V &[F UhEE
STHoEN, EHOENFig.F.l LREEL, RE<RHTENDNroT. XV, HUNEE
PETED LN DB/ NEL DT ELZD, LCR A—FZH N THESINDHEFE A
YE—H U AOEEMET L, WMERERENELS 2D Z Enbh ok,

15
(o]
10 | © 80
— [6) 0 80
S st ° ©
N
0 L
-5 1 1 "
50
—_ 0 F
[=2]
[}
=
@ _50 |}
o
100 0o O Bogp 000
10-3 10-2 10~ 100 10°
U [m/s]

Figure F.1. Measured values of modulus |Z| (upper) and phase 8 (lower) for varying entrainment speed
U under steel-steel contacts; oil: PAO (viscosity at 40°C: v = 396 mm?/s), normal load: F. = 10 N, and
slide-to-roll ratio: 2= 2; red open circles in graphs: measured values at V.= 0.1 V; black open circles

in graphs: measured values at Ve=1V.
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F2 ®BEEDESE

Figure F.1 (278 L7238k & [H US4fF (PAO, v =396 mm?/s at40°C, U=0.01~0.5m/s, F.=
10N, =2, steelsteel contacts) T, SJEIX Ve=5VIZCBIT2REREZIT-72. |Z1& 0 ZHIE
L7efERITOWT, Fig. F3 17, AL, MPOREDT vy ME V=5V, BaDn7my
NI Fig. F.1 E[RC Ve=1V ORIEMEFETH 5. Figure F.3 LV, Ve=5V OEE, (Kl
EREEIICBWT, (Z20Q, 70 0>0deg 72D Z LN bnoTn. 0>0deg &g o7 HE
FI%, EHD i CHEBMEENA U, 12188/ NS a2 2 & T, aA V4,
TROHBA L E T Z ARG ERELTENLTHDLEBEZ LN,

T, Fig FI3IRTHRERENSE LN D FHMIEE Xk [m], KOMWEOMNTE o [-]IC
DWW Fig. F.4 127”83, FigureF.4 XV Ve=5VIZT25Z LT, h <150nm O#HPHIZIBWTh
LoabBHTERNWZ EBNDroTc. ZOFPFATIZO>0deg 72> TEY, RFENA
Zy B AERELTWRWZ EIZRRRH D EEZLND. 2F 0, HNEENKE W
A, MEE SN 25 2 & THEGIENE L, KAFEEZEHATER2VWZ EB8bhroTz. %
2T, 4 BRI T ARMER A —E L L, MEE XS U CHIMEESZET 5
EIOTRLE., ¥, h > 150 nm OFPHTIE, BECIOTHEESIXIZER L THDH Z &
Mootz WMFEE S OWTEEKFEN 2V olE, K230 LHLNTHS.

10-6 o/,—’
'6860 o)
- o)
'E' 107 /—"/O (6] 8000
= -
10—8 -
10-° 1 1 1
1
0.75 |
Loos |
o
025
 ""——-0—0—0~-000—0-000—t—-——
103 102 10-1 100 10
U [m/s]

Figure F.2. Measured values of oil film thickness /4 (top) and breakdown ratio a (bottom) for varying
entrainment speed U under steel/steel contacts; oil: PAO (viscosity at 40°C: v = 396 mm?/s), normal
load: F-=10 N, and slide-to-roll ratio: 2= 2; red open circles in graphs: measured values at V.= 0.1
V; black open circles in graphs: measured values at V. =1 V; black dashed line in top graph: theoretical

prediction by Hamrock and Dowson.
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Figure F.3. Measured values of modulus |Z| (upper) and phase 8 (lower) for varying entrainment speed
U under steel-steel contacts; oil: PAO (viscosity at 40°C: v = 396 mm?/s), normal load: F- = 10 N, and
slide-to-roll ratio: 2 = 2; red open circles in graphs: measured values at V. =5 V; black open circles

in graphs: measured values at Ve=1V.

10-6 =
””” 6 @
7 | -0
.g LAl 3 OOOO
= =
108 |
10_9 I I I
1
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Loos |
o
025 |
¢ -—-——>6—0—0-000—0-000—tn-v-——
10-3 102 10~ 100 10
U [m/s]

Figure F.4. Measured values of oil film thickness /4 (top) and breakdown ratio a (bottom) for varying
entrainment speed U under steel/steel contacts; oil: PAO (viscosity at 40°C: v = 396 mm?/s), normal
load: F>. =10 N, and slide-to-roll ratio: 2’ =2; red open circles in graphs: measured values at V.=5V;
black open circles in graphs: measured values at Ve =1 V; black dashed line in top graph: theoretical

prediction by Hamrock and Dowson.
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Table F.1. Electrical breakdown characteristics of various materials [141].

W4, tan ""E ‘ , f""ﬁ'm':if.-'ll."!r'f 1 *E!H-ﬁ}fﬂ
(B0Hz, 200C) [{-cm] (20°C) [k ¥ /m)

iRk (EL) 0.0LELTF 2% 10" 283
x B F A 0.3~0.5 10" 20~30
HF U o= F o 0.05LLF 10" 10 [200-~~400]
HUHAEE = 0, T~2 10" ~10" [100~200]
o= S o— il G~ 10 10" ~10" (1216}
= # % i W 0. 10~ 16 10" ~10" (10~16)
S T0k V2 5mmk DT, [ ) T oA E. () L8 TR EE

L AT, EEENEINE N BRICA U DMk, B ks R osE (electrical
breakdown strength [138][139]) Eb [Vim|Z B2 DAL D EEZ BTV, M, Epy i3t
BN/ [140][1411E BIFTINTWSD. 22T, EIIRA(F. DL RDBNS.

Ve

Ey, = B, (F.1)

L, Ve [VIZFIINY 2 AZFAEEDENE, A [m]i% EHD SN o BT AR 12
LIMBEE X TH 5. Figure F.4 LV, Ve= SV@%/E} h <150 nm @%ulff@n‘%ﬁﬁi%inéb
TWbEE2LNHDT, R(F.1DEY Ev=33.3kVimm THDHZ ERbroTz.

—J7, £k A @D Fig. AS ITRT A7 A XA PE LTZRER LY, Vex 1V Ol Tz
BERAETTWDZEIRBEINTWND., ZO, 27 A ZEOHEKRMIFEE S e ~ 100 nm
Thh, XADS h=333nm 725D T, NIV Ev=33.3kV/imm THDHZ Lixbiho
2. 370bb, Wil E L TERE PAO (viscosity at 40°C: v =396 mm?/s) % 72545,
Ex=333kV/imm Th2 Z EAVURE Iz (Table F.1 XV, $LilE Ey =28 kV/mm 72D T,
BEBELZFRIUA—F—THD). LoT, D Ey ) OAFIEENE C 72 WEIINEE O _ERE
BRODHZENTED. FlxiX, Fig 3.1 1T EERBPHEAEZHNT 1 <10 nm OF— % —
ifﬁi&%ﬁﬁmt/ﬂaﬂ%«ﬁm%%ﬁ@Lm\%é}, Ve<033VIZRRIET HRXETHDH. B3EE

(2, FINEIED EREICOW T Z R ¥ 5720, il b xR & L-Haic o0
1%7_5. MERFIE N A U2y Ve [VIO ERIEE, RA(F.2)LvkH b5,

Vo < lEph, (F.2)

.U, I[-]IZEEENA 1 E4 72 0 oRflbtk (0%, BERABROBEI=1, RO
ABl=2) Thr. Thbb, WZREBROLEA]=27207T, EHEREBRICBITHHINETED 2 %
FCHIIN I THHBIEERN A U ERREB I,
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]G  SMERER R D HHHEED—EHX

G.1 ZE{MERETIV

FIFETIE, T AT ¢ A7 BB ICAR—H — i & L TITO BEAHY 0.7 um #EHEE L7=.
Z ORER T 2 AW TEEEO TR 2R BB IZ B U D EFE A L E—F U R Zo1F, |Z0]=0.62 kQ,
Thotz (fEEE1ZMR). —F, 54 37, KO 5 BCTHWZRER A O I8 (52100
steel) THY, |ZITEHLLHE~E10Q LIEFIT/NIWETH -7, FrZ, EHRERRBRICH
W T — 0 H—DR/NIREEIZ 10Q Thol=720, ST A2 R T 5 2 & THRIERL
HETE 2 L5 TRLZ. B2 B ICHMNTHEIT Re [Q] 2 EFNIZHE U 72 I O MR 3K 12
DWT, Fig. G.1IZAT. KE LY, Re 2B LIz BXOEHIERIZOWTRT.

contact area surround area

breakdown area | lubricated area

ball __L
inn(:rsring " __I_ T _—I_ T
S
e
= == ball §
&
t:/as“ _—L — _:|: —
outer ring __I_

Figure G.1. Electrical model of ball bearing with external resistor Rg; Ri:resistor in breakdown area,
C1: capacitor in lubricated area within contact area, C2: capacitor in surround area completely filled

with oil.
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G2 fHFZFAE—HFREBH

Figure G.1 £V, SN HIZ Re [Q1 & B< &, FMEHEEAROER A L E—X X Z 13,
F2EOX(QR42)EZEIZLT, FTRGDHOLIITEREND.

1 kn
Z—Rg |

<R -+1w(61+-62)> (G.1)

L, & [IRRERS E 7 5008 0 Wi %, 1[I 1S ) ORsis (%
D, BRRROGAL=1, MEZRROFEL=2), n[JEEH Y W5 1S £ BB
¥Thsb, 22T, H2EORRI12)E ER(GD) LY, UFITRTR(G.2) & R(G.3)MBEH
ns.

R _kn (1Z] cos & — Rg)? + (|Z]| sin6)?
17 |Z| cos 6 — Rg (G.2)
CotC. = l |Z] sin @
1t = o \(Zcos 6 —Rp)Z + (12 sin6)? (G.3)

£-oT, F2wmoRX(2.35), K(2.36), R(2.39), X(240)LY, H(G.2)ERK(G.3)iFZEh
ZFRRAD IS IzERIND.

R10 _kn (1Z| cos & — Rg)? + (1Z| sin 6)?
a l |Z] cos 6 — Rg (G.4)
ne(l —a)ab Ty ( (FX+ry ) )
I +4m R n 2h, {)—¢
(G.5)

B l |Z] sin@
knw \(1Z] cos 8 — Rg)? + (|Z] sin 9)2

L AT, B EAREE (T2 D, a=1) IZBITDESKMIPL R0, |Zo], 0 Z T
KHX(G.6)D Lok ND.

kn (lZO|COS 90 - RE)Z + (lZO|Sln 60)2
R1o =T

|Zy|cos 6, — Rg (G.6)
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LT, A(GCH)ER(G.6)L Y, MIEDMHEIF o [-1ILTH(G.7) LV RDLND.
(1Z] cos @ — Rg)((1Z,| cos 8, — Rg)? + (1Z,|sin 6,)?)
Rp)((1Z] cos 6 — Rg)? + (1Z] sin 6)?) (G.7)

@= (1Zy| cos 6, —

RIEXT G & 2 DEaN 0 iz D% k [-], HE=BhA 1 #2720

EXE Y, HMEOHEMW=E ol
DR SE I [-], A0 5 1 ﬂﬁlé?”: Y ORREVAEL n [ IR LW 2 &5,
—7, R(G.5)LY miIZBET 2Rk E LT, kXN ELN5.
1-a)ab(1 1 (1—a)ab 1
“an, \n T 5)7P E 5
3 (1—-a)ab l 1 1 (G.8)
C2REC eXp (_4nkn£w|Z*| 54_%

L, EX(G.8)HF |z [QiF, KX(G.IHD LI IZREIND.
. (1Z| cos & — Rg)? + (1Z| sin 6)?
1271= |Z] sin@ (G.9)

k-oT, X(G.8)XY, micBTIBEEKIE, KQ220)0ZHNTLUTFOL I IcREIND.

1) (1-a)ab l <1 1)
W( ——=>—exp {_—4nkn6w|Z*| E+§ (G.10)

h_(l—a)ab 1+
o4 R OR 277G

2, EEMEE Xk [m]iE, (G.10)Z2 K (Q2.22)IZHRA LR A(GID LV RD BN D

Pz Iz
E_(l—a)zab 1 1 - (1-a)ab l 1 1
= &%) = oo ez \5 7 E)) | @

22T ARG ERGADITHEIEIL Re=0Q AT 5 &, ZhEh X (2.47) & £(2.50)
L 7D. LoT, R(G.7)EX(G1D)IE, IMBIEPLRe BEBE LT-ER AV E—F R

EO—RATHLHLERD.
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G.3 SEER ReDEE

Z 2T, AMBIHT Re BAMFE TR LI2BRA v B — X  AEOWEREIZ G 2 55
BICOWTERT L. BIRMICIE, 5 4 EO Fig 4.1 \ORTERERBEZ H O CRtAM g
Bz BT 538 (PAO, v =396 mm?%/s at 40°C, U=0.1m/s, Fz= 10N, X =2, steel/steel contacts)
ATV, 4 FEHOMTEPT (Re=0.33kQ, 0.70kQ, 1.70kQ, 4.00kQ) % T EHH =R
OIHIEE Sh [m] & HEOMEIR a[-|IC O W THIE Lz, BL, MBI EER Laangs

(T72bbH, Re=0Q OYE), FHICHEMIETREBICBIT2HFEAS B —F 0 A2 =
0.09kQ, Gy=-1.4deg TH Y, U=0.1m/s TEYIZEEM S B 72RHETIX|Z=10.29kQ, 0=—
90 deg ThHo7=. HUNL7=RMBILEIL Ve=15V TH Y, ZHEANEK =1 MHz TH 5. F
7z, Fig. 48 XV, U>0.2m/s OFFATHBEENEC DL ZLRbr>TVEHDOT, Eidik
B F Tl CTh o722 EXOND. Re 22 LS H - OMBEE Xh, K OVHEED
EWT R a 2 E L2 fERICo W, Fig. G.2 [T

10! 102 103 104 105
Re [Q]

Figure G.2. Measured and theoretical values of oil film thickness % (top) and breakdown ratio o
(bottom) for varying external resistor Rg under steel/steel contacts; oil: PAO (viscosity at 40°C: v =
396 mm?/s), normal load: F- =10 N, entrainment speed U = 0.1 m/s, and slide-to-roll ratio: X = 2; red
open circles in graphs: measured values by electrical method considering effect of Rg; blue open circles
in graphs: measured values by electrical method not considering effect of Rg; red lines in graphs:
theoretical values by electrical method considering effect of R; blue lines in graphs: theoretical values
by electrical method not considering effect of Rg;black dashed line in top graph: theoretical prediction
by Hamrock and Dowson.
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BL, MPREOT ey M ReZ2EE L1=HN(G.7), KO (G.11)E AW =3I, H&
D7 vy MEIRe L TVDIZHEDOT, TOREBIZOWTEE LR (Thb
b, X(G.7), XOK(GI1DIC Re=0Q ZfXA L) EHMMETHD. F£7=, Fig.G.2 HiRAaD
FHIT Re 258 L HGE, HROFBRITI ReZEELTHARY (Thbb, X(G.7), &
OR(GIDIZ Re=0Q ZRALT) HERETH D, 1, T 5ER TR UZBEEREE, Ak
LML L2 WEE (37205, Re=0Q OA) ICBITEF S v E—F L %
DOHEFREREBEICL TR, BIRICIE, Fig. G.3 OEARERGITRT X 912, ST
Re=0QIZBITHHFA LV E—F L ADRE I %&|Z| [Q), MUNAH%E 6 [deg] &< &, &
A 2R D|Z) [Q], 6[degliZZFNZENRAKD L HIcERENHDT, ZhbOHERRE%Z
WCHEE S & MBEOMEETE O B 2 K 7.

1Z| =+ (1Z.| cos 8, + Rg)? + (1Z.| sin 6,)2 (G.12)
o - |Z.|sin 6,
= arctan Z.]cos 0, + Ry (G.13)

Qoo e
>
S ke
Qo
A
)
=
contact area surround area Qo
5
. -~ N
breakdown area | lubricated area SNy —
'\E Il
gﬁ N
Rl Cl C2 G:
I
NU
\ 4 v

Figure G.3. Electrical model of EHD contact with external resistor Rg; Ri: resistor in breakdown area,
C1: capacitor in lubricated area within contact area, C2: capacitor in surround area completely filled

with oil.
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Figure G.2 £V, he alZEH D Re<1kQ OFFATHIUE, Re 2EME L7 < THIHRIER
JEIZRBE RIT SN2 ERbhote. UL, |Z] &g LT ReDH/hSWA, Re %
ERLEREZA VDR ER 2N EEZERT L. FFIC, MIKFREOHHBE TR L
Hamrock-Dowson D= [39]75>E?%=EH5@EH%YEH%E§E F—BLTWDHZ LR LTz,

—7%, Re>1kQ O#PATIE, ReZZELR2VEA, hl aDELLLHEGRMEL Y HRE
SFHET 5 Z &nbrol. AL, ReZBELRWES, o 3FEHE (Fao7my ) &
M (FAROER) NFE-HL WA LT, MIFIEAEREL Y bRE< A
DT ENbrolc. BIZ, MEReZBELIZERE REO7 vy ) T2 HimiE R
DER) LV HRELFML TS Z END o7, Figure G.4 (2, Re 2L B 7-H0|Z|
L OITONT, LCR A—Z ZHWFEHIE (v ) &, X(G.12), KUH(G.13)LviE
D5 BRI (B8 I2OWTRT . Re A REL THIEEEIED|ZITE R LV b REL<
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Nomenclature

h3

he
hgap
Pimin
Pivax
hoil
hsp

~ = ~

semimajor axis of contact ellipse

=

. . . . . y
estimated semimajor axis of contact ellipse expressed as a' = ’abr:
X

semiminor axis of contact ellipse

estimated semiminor axis of contact ellipse expressedas b’ = |ab=
y

radius of contact circle

distance between electrodes

frequency of sinusoidal voltage

frequency of sinusoidal voltage at peak of ¢

height of surface roughness in y-axis direction

oil film thickness

mean oil film thickness expressedas h = (1 —a)h,

theoretical measured oil film thickness obtained by electrical method
rigid body displacement

oil film thickness in lubricated area

maximum oil film thickness in surround area expressed as

hy = hy — 22 |1~ (i—‘i)z

2 Ty

coordinate of ellipsoid center from x-y plane expressed as

Tty 1 ab

TxTy

h3=h1+

central oil film thickness calculated by Hamrock-Dowson equation
gap formed by surface roughness

minimum oil film thickness calculated by Hamrock-Dowson equation
maximum thickness of squeeze film expressed as hp,x = 3h,
measured oil film thickness by optical method

thickness of spacer layer

integer

imaginary unit

number of bearings

number of contact points of rolling element

[m]
[m]
[m]
[m]

[m]
[m]
[Hz]
[Hz]
[m]
[m]
[m]
[m]
[m]
[m]
[m]

[m]
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CZair
Cooil

|E|
E.

integer

number of rolling elements of bearing
refractive index of oil

refractive index of spacer layer
contact pressure

mean contact pressure

maximum contact pressure

__J
TxCOSP Ty sing

polar radius expressed as r =

radius of ball specimen

estimated radius of rolling element in rotation direction expressed as

1 Tx
" =—h
Ty

effective radius in rotation direction of rolling element

mean effective radius in rotation direction expressed as 7o = (1 + 72)/2
effective radius in rotation direction between rolling element and inner ring
effective radius in rotation direction between rolling element and outer ring
effective radius perpendicular to rotation direction of rolling element

mean effective radius perpendicular to rotation direction expressed as

n, = (ryl + Tyz)/z

effective radius perpendicular to rotation direction between rolling element
and inner ring

effective radius perpendicular to rotation direction between rolling element
and outer ring

time

relaxation time

coordinate in rotation direction

coordinate across rotation direction

complex number

capacitor in lubricated area within contact area

capacitor in surround area completely filled with oil

capacitor in surround area partially filled with air

capacitor in surround area partially filled with oil

electric field expressedas E = |E|exp(jwt)

modulus of electric field

electrical breakdown strength of oil film

[m]
[m]
[m]
[m]
[m]
[m]

[m]

[m]

[V/m]
[V/m]
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2

E' reduced modulus of elasticity expressed as % = 1_5_1112 + % [Pa]
E elastic modulus of upper specimen [Pa]
E> elastic modulus of lower specimen [Pa]
D electric flux density expressedas D = |D|exp(jw(t —t,)) [C/m?]
|D| modulus of electric flux density [C/m?]
Fa axial load [N]
F. normal load [N]
G bearing characteristic number expressed as G = TI(U;—;UZ) [-]
He Hersey number expressed as He = n(U; — U,)/F, [m1]
I alternating current (AC) expressed as I = |I|exp(j(wt — 6)) [A]
7] amplitude of alternating current [A]
I. RMS amplitude of alternating current expressed as [, = \/% [ [A]
] Jacobian matrix

representative length in contact area [m]
L logarithmic function expressed as L; = In(x)
L, logarithmic function expressed as L, = In(In(x))
M bearing torque [N'm]
N rotational speed [min']
R resistor in breakdown area under dynamic contact condition [Q]
Rio resistance of the breakdown area at a = 1 [Q]
R4 arithmetic average roughness of ball specimen [m]
Rg1 root mean square roughness of ball specimen [m]
R., arithmetic average roughness of disc specimen [m]
Ry, root mean square roughness of disc specimen [m]
RE external resistor [Q]
S electrode area [m?]
Si Hertzian contact area [m?]
RY) surround area of EHD contact [m?]
T outer ring temperature of bearing [°C]
U entrainment speed expressedas U = (U; + U,)/2 [m/s]
Ui upper surface velocity [m/s]
U» lower surface velocity [m/s]
14 sinusoidal voltage expressedas V = |V]|exp(jwt) [V]
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7

Ve

BW_y

Ze

2]

|

&0

Ex
Egrease
Eoil
€S

Ae

amplitude of sinusoidal voltage

RMS amplitude of sinusoidal voltage expressed as V, = \/ii V]
Lambert W function

principal branch of Lambert W function

branch of Lambert W function

complex impedance expressedas Z =V /I = |Z|exp(jO)
complex impedance without external resistor expressed as

Z. = |Z |exp(j6.)

modulus of complex impedance under dynamic contact condition

(12| cos 8—Rg)?*+(|Z| sin 6)?

modulus of complex impedance expressed as |Z*| = Zlsno

modulus of complex impedance under stationary contact condition
modulus of complex impedance without external resistor

breakdown ratio of oil film

pressure-viscosity coefficient

air entrainment ratio in surround area

dimensionless constant expressedas B =1 — (1 —1/&,)B

shear rate expressedas y = (U; —U,)/h

displacement of elastic deformation

loss angle

complex dielectric constant of oil expressed as &€ = g6 = €* —je™*

1D

dielectric constant expressed as &* = 5 €8 (wt,)
. . D| .
dielectric loss factor expressed as €** = Hsm(a)tr)

estimated dielectric constant of oil

dielectric constant of vacuum

minimum dielectric constant at high frequency
relative permittivity of grease

relative permittivity of oil

maximum dielectric constant at low frequency

dielectric strength expressed as Ae = 5 — &,

f 2
dimensionless constant expressedas { =1 — |1 — (rb /@)

viscosity of oil expressed as n =1, exp(app)

[Vl
[V]

(€]
(€]

(€]

[F/m]

[F/m]
[F/m]
[F/m]
(-]

(-]

[F/m]
[F/m]

[Pa-s]
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Po

P Fe

p'mo

T1
U1
02

Pre

viscosity of oil at atmospheric pressure

phase of complex impedance under dynamic contact condition

phase of complex impedance under stationary contact condition

phase of complex impedance without external resistor
wave length of light

wave length of dark fringe

wave length of bright fringe

friction coefficient

kinematic viscosity of oil

0.59%x10°+1.34p

density of lubricant expressed as p = 059x100p PO

density of lubricant at atmospheric pressure
electrical resistivity
electrical resistivity of iron

electrical resistivity of ITO

. .. 1
electric conductivity expressed as ¢’ = o

shear stress expressed as T = ny
shear strength of junction

Poisson’s ratio of upper specimen
Poisson’s ratio of lower specimen

volume fraction of iron particles in grease

angular frequency of AC voltage expressed as w = 2nf

film parameter expressed as A = h/ ’quz + quz

slide-to-roll ratio expressedas X = (U; — U,) /U

polar angle

[Pa-s]
[deg]
[deg]
[deg]
[m]
[m]
[m]
[-]

[mm?/s]
[g/m’]

[g/m’]
[Q-m]
[Q-m]
[Q-m]

[Q—l .m—l]

[Pa]
[Pa]
(-]

(-]
[vol%]
[rad/s]
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