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Coupling of dynamics and elastohydrodynamic lubrication
for spur gear

ZOU _Yu-jing, CHANG De-gong
(College. of Electromechanical Engineering,

Qingdao University of Science and Technology, Qingdao Shandong 266061, China)

Abstract: A six-degree-of-freedom tribo-dynamiics model for spur gear pair was pro-
posed based on the load sharing theoty and dynamics theory. Time-varying mesh stiffness
and film stiffness, surface roughness-as well as the friction torque were considered for estab-
lishing the model. A decoupling method was used to solve the tribo-dynamics model . In the
iterative loop, the tribe“dynamic model predicted the dynamic tooth forces and surface veloci-
ties and applied-inito the lubrication model. In return, the gear lubrication model provided
the tribo-dynamic model with friction coefficient and film stiffness. An example of gear pair
was analyzed using the proposed model and method to demonstrate the coupling relationship
between tribological and dynamic behaviors. The results show that total gear stiffness de-
creases slightly with consideration of coupling effect. Sliding friction force has significant
effect on dynamic response that’s perpendicular to action line. Dynamic load will affect oil
film thickness, portion of load carried by film, film temperature rise and the friction coeffi-
cient greatly. Moreover, the effect of dynamic behavior on film temperature rise depends on

the relative sliding velocity.

Key words: spur gear; tribo-dynamics model; load sharing theory;

dynamic behavior; lubrication property

Wis B 2014-11-11
BEEWAB :FAxm AT RIETR (2012AA110701)
TEFR N AR E#F Q977 —) 2, IR E T PR, 185 A=, 32 50 A S5 45 56 14 3l ) 08 i F .



5% 8

AR L AE T IT B R R B 0 S R T R 2011

PR A% Bl 3 G0 I 0% R 5 i AR R R B2
TR T O PR RE RN Bl ) 2R R kL TR, B R X
IR S R AL Sh A R H AR DT, DL K
Bl 72 PR SR T W S 0 AR IR N A A
XoF 1A A 1) 90 T R R Bl ) AT R T R T R R Y B
g%, Hor U W O T, BRAS AR ARk R LR
TR LR J32 20 25 28 A 4 DR 3R 0T 10 9 4 1 %) 52 i)
E % TEAE N o (H 3K 26 30 1 DF 90 3l AN AN % i U 48
I R Bl A S R E R (N 2 G
TtV T AR e R e P T Ak AR A, TR B AR R R
TR 38 R 5 20 T i T R 1) 52 ), L Y A 7 T T
FEMEXT 4 %8 30 ) 22 0y 2 e, RIS R 2 48 8 ) 2
5 G RGO E R 3
J12 07 T © 7% BE A R AN O L R e | 5 2%
O P 52 55 PR 2R 10 52 Wl AFL R 2% FE i 3 Jih X 5l
JIE R RS A SEBR b, U558 09 B D) E R R
W Y7 JIBE . 7 9oty B JEE R R R DR A A R A A e M
[Fi) B 52 JBE 462 2 4 5 i) 1A TED R L B IR B v UL, 51
{70 b R /)N | i R R RE AR ) — 7 i, i T
TS A A7 AE L 14 %8 2R 8 0 S AR W 8 4 e HE g L DA
R PR 4 DR RS 1) 728 A 0 K 5 i 47 A8 Y Bl 0 R
PRI, Ay B o o 4 b, S5z 145 %6 4% B R 4 Y PERE L D
TR U e A R O 0 AR RN Bl ) 2 AT R B
9 R DBV 0 R 2 e M ok L Bl e AT i 5
Wi [] i 25 P& Sl 2 e, 3 B8 B Sl B 48 7 SRR X A7
[TRERERTi YR (YA E

FRAE LA E o3, A SO 145 58 19 2 B2 3 )
AR & e AR A S S T 2 A
JE 1 6 JEE 488 2 g 2R R BIE G UG T ) R 4 s e
Bl J1547 R DA KW Z [ RS & C &L IR
AN T 3 BE TR Bl 28 W - g 4 2l 25 0 i AE A 2ot
TR b i AR AR AR o A R 7 2l 285 48 A A R O 2 1
FEUT b B JEE 3 4 DR S0 Vb RS I 1 ) 78 Ak e 4.
| % R R M B R B

CE

1.1 NEHEHNFER

K1 RS — X R 5 e K AL mE & 1y 15 B
N, » N, NG 25 3 3l 4 58 T AE M2 B Y 1)
Ko PO R PR B8 0 3 B2 AR 00 0 s e s
PAT 58 19 A B B2 0 50 R, AT o CR AR p AR
e, g RN BIEE, T RD RS XT 18 AT
ACZIR D (A BWEA R C iU Bk W5 XY
e mL B AR AR dD S T X 2 8 LR Y CD
LR (D g w5, HA Xt 1 858 B &

CHA W45 DX R (I A FE e b ) B 48 14 X 2
AE D ASGR WG G ¢ O AIE A S A B 5K B — 1wk
A K B TE], 65 N A T A 2 S R L e
R — AW TE ] b, S AT A S AR A
A B e ]

BT T & E R R A RS A

Fig-1™ Contact pattern of spur gear

L5875 A 00 18] B | 1A 5 R A% g 1R 22 55 R
PRI 28, I FH 4 v 2 500k A 7 2% ST RS A ) R JE 42
B RS RGN A ) 2 B, sl 2 i
7~ Horh WS L L S o Bl EE E R 5
By il 1 vh 32 N3 4 48 B e s A R L HLEL £
iR EEHE AR T,y Tgs 0,5 005 T, » Ty s il 2K W B2
ﬂ]l;ﬂ}:!f;ﬁ’juﬂjjﬂ ky, F Cb(F*/]#T X yﬁ’jualut%é Ts Yy
Jrm, FED s kCO R cCo) 43 51 A B A8 25 4 NI EE i
B AR 22 A B E R B 0Co T eCo) 43 ) R Bl 25 4 i
TR 25 R AT 1B 1R 22

M2 ENRRIZS A M ES e

Fig. 2 Dynamics model with six-degree-of-freedom of

spur gear pair



2012 - B B $31 %
1.2 BEMSHRIDSEESR A(D = sgn(t, — 1) 0Lt ¢,
sgn[mod(t,t,) —t, ) 0Tt ¢,

/7"\ x(t):rbp(?p(t)*rhgﬁg(t)ﬁl?r e(t)U\ff(%

I 3 0 R AT 1 L I R T
e() = e, + 2 e;cos(jwt+ ¢;)
=1
e e 16 58 1R 25 IR AE o0 WG S R,

= EE T S B WA 0 A

5 m, » Z, 0 A FE 0 i A KR
S IRZE N
o) = 1,0, (D) — 1 0, () + a2, (D) — a2, (D)
(D
A Bl 5 4% 338 % 25 PR S AR B IR 25 1 25
sCo, A

s(o = () + 2, (D) — x, (D) —e(t) (2
&V MITR] B b, 9028 BRI AL ACO N
sCt) — b, sCt) > b,

A<r>=J 0 sol<b D
sCt) + b, s() <— b,

F N ER s ARSI

Fipi () = Foui (D = k(DA + ¢, () sCD€4)
H k(DR ¢, (O5F TR @ XFEH500 B 2545 5
Wil FE RN AR 25 G BH e R4 Tbr i [RR S X 48
Wi, T 1A

AR

Fri(t) = Fri (D '= L) f:() Fopi(t) _€5)

Horfr £i(o 5 @ X A Y EE 82 R R0, A€ S T Tl
I Z A HL

2 2
L0, = T, — D) ny Fa (D + D RieF i (0
i=1 i=1

2 2
L0, =— T+ D) rp Fapi () — D) R Fie (D

i=1

2

my, -‘r‘p ( t) + Cl)p.l’-].:p ( t) + khp.x"rp ( t) + Z dei( t)
i=1

g 22 (1) ooz (D 4 ko, (D — D) Fage (D
i=1

2
my yp( 0+ Cbp_vi/p(w + kbpyyp(I) + 2 Fp.(t) =0
i1

M ¥ (D gy ye (D gy yx (D — > Fii(D = 0

Hh m, B omy 3R SR &

)\z(t) —
0 o <1<t

BB LA R A Y B R

R () = & 4 1, (t/t) (6a)
R (D = N, N, — Ry (D (6b)
Ry () = & + 1, (/1. + 1) (60)
R (D = N, N, — Ry, (D (6d)

H & 8 N, sl 2ImEA 5L A BUBEES . L, A5 iy

B[54 15

1.3 ZRiMERNENRENEERERE
TEARBE ZRGEH , PIAT e %0 A ) 40 1 o 5 T L

Oy BAT — R WL A 95 5 e 1k X il 5 1 B e

FH R IBC. DRI T T S A A AR B R 0 e R SR £

A MIEE. FErR a0 Rt il R Sy

dF; (D
dhe (D

Horp FooN ek sh 28 WE 45 1 0 he DRy H Tl 55 B2

TS MO 2 ] 47 0 07 i T R — L LA
AR DRIE ™ 1 0 908 T Qe A R A ) e 0k X 0
LR IS NHE R (0 A

S ki (D ki (D
k= D+ k(D

s (0 S 7 58 WG 15 W
1.4 HAhEFE

w1 Bl g A R T A AR A G 32 g R A AR
SE AR ST U 6 % 3 R e J1E Iy T

khi ( t) -

(7

€))

(9a)

9b)

i=1

=0 (9¢)

=0 Od)

(9e)

9D

i=1

$a (D~ O RAK O P, I8 X 920 F Ob) P05 45 B 40 F 4550

2
mSCH — moxy (D + mea, (D + D5 [ (DD + k(DA ]—
i=1

2

=1

N {Mt)f,(z)[c,(t);(z) k(DA ]

pri Ig Tbp + ngi Ip Thg
2
L7+ L,

J}: wy — mee(t) (10)



5% 8 AR 1A O 2k A B R B ) S SR T R 2013
- I 1, KoL C(90) ~ (9D HE—7 1 A 45
g Top p Tbg
1y (D ety (D 4+ D SO —+ ko, (D 4 (DA = 0
My 2 (O + g (1) — () sC8) + Ry, () — RCD A = 0
m, yp(t) + Cbpy:;)p(t) + fg(t) «;( t) + kbpyyp(l) + fk(t) A( t) =0 (11)

My e (D + gy ye (1) —

mes(t) —

)
.

2
c(t) = 2 (D)
i=1

2
fo(D = D0 fi(De(D
i=1

2

(=) {c,u)[l — A (D £i(D

i=1

2

SOEDY {k,-u)@—xi(t)fi(n

2 HALKERRES

T 2 LU R Ak DX S /N T O T Ml o
Ab iy il AR DRI K 1 AR WG T PR WA T
0, 5 80 Ay A 1 4 [ ) 2 A
2.1 HAZESREMSHE

AR 90 T 2R AR BT, M e K A B 1 B gt 3R
F1eH

R, (0= N, K
— ] (12)

R. (.~ N/K

UEES S S @)
R, (DR, (D

R()=——"—""—"— (13)

R, (D) + Ry (D)
7 18 B M 1 i 2l 51 RS Y 3o B2 O B L Y
R MR T4l KR

w () = g, R, (D +0,(DR, () — 3, (D
U (D = ey Ry (1) + 0, (DR, () — v, (1)
(14)
A I P 24 (R A ) s R 5o
(D = Lu, (D + u,(D]/2 (15)
AH X ¥ ot T ) Sk
u, (D = u, (O — u, (O (16)
R E AT E R

2.2.1 Ao EIE
I Johnson % A" WY HF 5%, 48 K 2 80k 4

2.2 BA

f(-(t> \( t) + khgyyg(t) o

fOAD =0

m.x, (1) + mox, (1) + (D) + k(DA = wy — mee( )

k(D = D k(D
i=1

2
£l = D00 (D k(D
i=1

{prilg Tbp + Rf}ZiIP Thg ] :| }
Ig T%)p + IP nZ)g

Rpyilgny + Rl rhg] :| }
I, '%p =+, rl?)g

1 SR & SR AT AR R F, i i
AR R 0 I [] AR £ T 147 T PRE 452 0 e DUl 0 9
R EE 57 Fo, FIURLRS I JBE 452 77\ Fe, 38 [ 4 A2, B

Fd 7 Fh+ Fa
{ 17
Fi = Fyp + Fe
T Fy o 47 0 SRy 10 3 R 7R FH 28 qn7 FOR A 0
AR A
Iy, = Ly F, = Ly (18)
" Vs
A 1/ v i I R R s 1/ S R R U
A L.
E**ﬁ*ﬁﬁﬁ@%ﬁﬂ%@%ﬁ
= f.F, (19)

AU f O A s g JEE fl?ﬂl
) T 00 RSB 45 0 P W9 /DN Sy i 2 A T A
1A ThT L #9515 90 A B

Fu = BJ tdx (20)

Ho B A 5E s w, R THE X b AARAR 20 B
TR X SR AR bR L © BT ).

NATTHE G 32 T Z2 il A 1 i (A A 7R 44 3% Vi

T 0 A 2R g R L T AR T IE SR L T

%uﬁ#¢ﬁmﬁmﬂmm%@ 2 53 AT B T X

B 7 AR 1) B 43 AT T R L S U0 2 vt

T SR T 00 e d e

H Y % pR AR AR 0 A8 AR 8 Sk Carreau-

Yasuda #ER, HAHK 5 A2 R



2014 W 2

H.}/Z (n—1)/2
/,ae—r/}’—‘u[lJr[G }} Q2D

Kf e AREBTYIZEEE .y MY AR, G, i Y148
Bt

1% F Doolittle-Tait B H {4 FH 25 B A5 8 5k
I R TR U T R R R OC R AR R
LTS R

o 5 31 %
Vv _
Vr
B »
1 HKOln[wKO(HK)]}
[+ a(T—T)] (23)
2.2.2  JE VI AR L) SR A

pee Greenwood-Tripp 2 filt #1 51 5 Gelinek-
1+e(T—T) 1 Schipper # filt B 1 AS [5] Ay B2 BF 5 T 2k 4% fih
expl B R, %—Ro[ljte(T—Tr)] 1= Ry o33 I o BB 8 0 B A 91 7] — 0 AR
r A5 T WHE B 0 MK 0 ) 61 4%
(22) -
Jpt
FE 0337 | Os |02 oo LTy 05882
ZT:BR{l - [1' 558 (7, R/B.R)"™ {%J W“‘””] | =
N __
81{ B E | o dd} (24)
PRI Fs o 38 1 T 2 A
Fs/z (H) = 1 J (s— H)S/'Z eisz/zds 4)? — h_; — [1 _’_O. 75(1 + S"/‘)F]"/(1+O‘22SY):|3-](1771)1'6
2nc Y H )

Horp E R 2 G siorh a8 5 o 0 HURE 6 %5 5 5 B L
Rl s 24 4% 5 o, A HELRE 06 T P AR AL 5 o b MRS Ly
e R b O Z A BE A1, 156,

AR i MRS W 7R 2 HE A, 38 B 120K R
TR RS R

MG Moes Jr 2N, ] 15 % & 2 1 MRS J (1)
%EQVJEPIL\{H%EEVV N=W|

H. = (¥ [HY + (y) WO HYP P +

VTS2(H;)7,Z+H:})/2) 25’/]1,5(71)1,’/2 (25)
Hrp
S = %[7+8e(%> ]

A 25) I L i WS BT E LA
Hr; - SMil

H, = 2.621M '
H, = 1.287L1%*
H, = 1.311M *1%

H. — U™ u:%

M= WU "* L =Gu"

o Fd o Mo Ur
~ BE'R U= E'R

Moes J7 2 {8 i i 5 BE X b7 F 2R [0 K. Jang
AT Carreau HiZS AR HL BY w0 vl IR R BEAE 1

G = oE’

(26)
P Hsu A1 Lee BY#F 75557, 51 AU IE R
B C, 75 TE A iy T 7 Vi 3k B T vl B JEE R A 5 i)
he 1

C= - = 14+0.0766G ™ W17 0 527 0. 8755

27
L Sy PR AT 2 805 he 0y A A 0503 1A B4 it

Hrp
JE.

W y

WG (24) ~ 3L (27) AT 14
717Y29]1v1-
2.2.3 EBENHT
W A A% sl W SO0 R B T i i
ARV L 5 PR U 42 fnk 1) R 1y R A

p (’)2 T{ - Q o ]Cé\pé\ Us
102 te e he

28
it':':' Ors Crs Ups Kp» T; ﬁ‘%’]ﬂﬂﬂ‘ﬂ{’%‘{m%%ﬂ‘ﬁxtlﬁﬂ@
BV AR B

5 A [ W I 20

B 221D X il 5 SR 5, W] A5 3 O
S S = (29)
H
e r_dt
He™ 9% ‘ dz

15 3 T UL BE RT fR 3 4 1Y Jaeger 7 FRVTOR
filiig



5% 8

AR A T IT AR B SR RO B o S R R R

2015

+dT ds

T(x,0) = T, TL#J - .
J ’ VT Uy K 29 =0 x— s

= dT ds

T(x,h) = T TL#J o .
1 O V Tt Og Cg Ug Ky =9 x| VI TS
(30)

T 0,0 00 s Cos s Ug s K, 5 i T IR T2 N Bl P
RmE LR E REBE. FRRE 0N
Hertz 2 fil - 58.

AE 5 & (28) Fl 3 U7 F2 (29) AH HLAK &, v]
H A BR 22 7312 3R Atk A1) 52 A0 BR 0 12 3K ik 7 T
TR R e R AR AR B R A5 8 e 2 0 T
Yy By LAy oy A

2.2.4  PBEBHBOKME
20 (18) ~ 20 (23) Al 15 B BE #82 [H 4
ngmqu$“M+L
Fq F, Fq 72

(3D

AR HE 2. 2.1 95 ~2. 2. 2 35 3Rk il 15 2 k%

W R LB 1/ 7, , FFARIE 2. 2.3 IR . oK
A BB R F) o B HAR A (31) , BT 4584 ]

T £ A ) PR R
3 BEENNFRARIUMNRMBRE

X TR AR, 3 () AR (5) Hp 1 X AR
ZEANIEE Ry Co Hy U5 X6 5 5 B 28 W BE ks (O 5 30
AU BN EE Ry (o e [6) PR . F T 10 94 9l 6 ) E
WA 0 BB L o A s SRS G B A
FREMI B R (o) {3 56 TC 0 UL, 5 76 BE 488 8h 1 2
A THE 15 5]

JEE 482 2y ) 2 R A WL R SR O 1l 1 S SR AR
Vet shah 12 7 B L AR AR OR R W A s 20 9 1 T
SNAWE A 1 L5 A R A W B A X B
WRE A Bl 1 S8 SR R R AT U R S O e v
G3 AT A5 3] S0 2 T RS I 85 IR 1 JEE 4 R 8. % vl
W J3E 5 7 I 75 ) K i R0 8 42 PR 4 —
FAHACA B T2 07 B HE-AT 8 01 2 A Bl PR
T A3 BT FF 2% AR5 B 15 20 0 0 BRI 5k
Vi Y BT I R A 0 A il R N AT X L
J2 S8R AR B B A I I R Sk A RS
SRR AR R R AR 3 TR

WIS H
B iy N — g v iy
I LTSS
(st bfice, sk vo b | LHEH
ZH L
FEP B ) R
0 -r
'I"“ v

=]
it

A

TR 5

G RIEE A

h

%

Xk, 0

5 LR T,

SRR T

[k (D=2, ()

A7 THT S AR PR S

At 7 e
S i

=0

001

LEHLHLF,, 8%

Fig. 3 Coupling solution flowchart

P R A 3 12



2016 i

E¥

]

VAR N %31 4%

4 HREWiE

AR A ST 69 30 g = 5 00 T AL F 5 4
Fe AL S AN Al 5% N AB-A 2R G014 8l ) Ak A
Rtk JF 5 A HEE 1S L E AT X L.

O3 M e B R I e DR R AL PR B
SN (9 3 T 2 3 5 R I Buckingham i
L F P 45 PRSBSOS 2 R A RN
F 108 B 3 A P 30 I A 25 2 T

HEAL A U B A% s R VS S 800 3R 1R
%‘5& 2[21: .

0.06 ~
800 r/min
0.05} —— 2000 r/min
——— 4000 r/min
0.04 6000 r/min

=
=
e

Friction coefficient

T

]

0 0.4 0.8 1.2 1.6
Normalized meshing time (#/1))
K 4  Buckingham #& Y fisf A5 EE 82 [K] £

Fig. 4 Friction coefficient for Buckingham model

F1 EOERRGESHAELED
Table 1 Parameters and properties of example

gearing system""]

EVIN 9 ST e 3 HfH
g 28
%/ mm 37175
FEJ1f/ ) 20
s B/ mm 88.9
% 9E/mm 6.35
HPER B/ GPa 207
W/ (kg/m*) 7850
HEE /N 0.3
i/ kg 0. 4058
R /10 ' (kg + m®) 6.7
53/ (r/min) 2000,4000
56/ (N« m) 71.8
RHJE 1 Z %L 0.1
A7 [ B/ e 6
BN EE /10" (N/m) 1
HLRE B 7 AR A / pm 0.4
HEBE e 2 42 / pom 6
SHAEB/(W/(m « K) 47

2R/ (J/kg + K) 460

&2 Carreau if k8 M ES H

Table 2 Parameters of Carreau lubricant properties[“:I

S B fH
i/ (W/(m + K)) 0.14
o/ (kg/m*) 864
a/(J/ (kg » K)) 2000
w/(Pa e s) 1.42
T./K 348.15
B, 4. 423
Ry 0. 6694
¢/K™! —0.0008
K¢ 12. 82
Koo /GPa 11.5
B/K™! 0. 0006
o /K™ 050007
n 0.74
G. /kPa 31
o/GPa™! 19

T R HPRER A5 1 WSO 21 .
4.1 HROBENNEZHESN
4.1.1 ZEENER L

Bl 5 S g TOUT % I8 SR AR & 2O 5 A %
JE AR RN B U 8 2 T EE B I ] 1472 Ak
k.

SEa

Coupling 800 r/min
| — Coupling 2000 r/min
—— Coupling 4000 r/min
Coupling 6000 r/min
— Uncoupling

Total stiffness/10% (N/m)
=

0 0.2 04 0.6 0.8 1.0
Normalized meshing time (#/1))

P55 %6 45 G MR o A ] 194 28 £ it 4%

Curves of total gear stiffness varying with

Fig. 5

normalized meshing time

H T8 T G A M BE L 9 B R BRI TN I
NG Vi 58 2545 W B2 s /)N T EL 4 58 25 45 W BEE I
4 1 L5 TR B RO 2R AT IR &R &5
A5 A it R B2 L A A R S M RE e A R
G, R 25 TERE A RN e T B £ W AUAT R 1R

1.



55 8 1 AR A T IT AR B SR RO B o S R R R 2017

4.1.2  ShAREXT I -02¢ —
Coupling
[ 6~ 8 41 H S 4 RUR A R 3 il Uncoupling
bR 25 . 34 o 0B L K 15 18 3l A W ) &
\ 7 E‘S. 0.6}
B P 1] 11 728 e R A =
9~& 10 435Il Jhy % JE 50 M S R S S 0.8}
PIRI S OL T F3h 5 v o AL # (2 5 W& 405 1)
- N . -1.0¢ . : . . -
U T 25 B 1 B 1AL 0725 1L L R
Fh A 1 5 25 0 O EE L 5 4 4 1 K Normalized meshing time (1)
, X N b) 4000 r/mi
PSR S I LA 5 5 5 4 I 5 I U () 4000 t/min
NG T Sh S AT AL W AR /N, B sl S RN S B 7 EshEe x m RS B ] AR fh i £
15 56 kA I B 5 0 92 S S A, D) 2% e B A5k Fig. 7 Curves of displacement in x direction of pinion
U5 T 20 25 2 1 255 3l ) 2 e M0 2 A 4 e AR varying with normalized meshing time
E 60 ' 3200
B Coupling
5 Uncoupling z
£ sl 3 2400
o =
R 5
% £ 1600
5 40 2
2 g :
= £ 800 Coupling
£ o) Uncoupling
&' 30 ; : : . Static load
0 0.2 04 0.6 0.8 10 L 4 4 .
Normalized meshing time (#/1)) 0 04 08 1.2 1.6
(a) 2000 r/min Normalized meshing time (#/t)
(a) 2000 r/min
g 60 .
“g Coupling 3500
= Uncoupling % 3000 s
=1
g 2 2500 :
& S 2000 ]
5 g
£ 40} S 1500 .
E § 1000
g g2 Coupling
A& 30 L . 1 1 s 500 Uncoupling
0 0.2 0.4 0.6 0.8 1.0 Static load
Normalized meshlng_umc (t/t) 0 0.4 0.8 12 16
(b) 4000 r/min Normalized meshing time (#/t)
Pl 6 B e i 2t i (b) 4000 t/min
Fig. 6 Comparison of dynamic transmission errors _
B8 RS E It
Fig. 8 Comparison of dynamic tooth loads
0.08
& 0.06 e CoUpling 1
= 0.04 ¢ Uncoupling 1 T
e g :
2 002
=
-12 ——— Coupling 0 yi
14k —— Uncoupling | -0.02*
I I L 1 =0.04 I L L L
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Normalized meshing time (/1) Normalized meshing time (#/7))

(a) 2000 r/min (a) 2000 r/min



2018 /IS BN B O 14 %31 %
0.08 " . 0.50
006t T Coupling . 045 . )
Uncoupling £ i
g 004 L 2 040f :
=00 2 03sf i I T
- 0 = i
2 030}
-0.02 PV = :
R = 025}
~0.04 - : : - &= j _ _
0 0.2 0.4 0.6 0.8 1.0 020} weeeeeeeeeee- Coupling dynamic load
Normalized meshing time (/1) 0.15 . :Sianc load \ \
(b) 4000 r/min 0 04 0.8 1.2 1.6
Normalized meshing time (#/7))
B9 Eahfe v 5% R E] 22 Ak ih 26 (a) 2000 r/min
Fig. 9 Curves of displacement in y direction of pinion 0.45
varying with normalized meshing time 0.40 )
= A\
2 035}
L 1
120 - Z 030}/
% . Coupling é i
5 70 A, Uncoupling T £ 025[7
g N 3 0.20 / reesesssssssannens Coupling dynamic load
3 ' Static load
'.:—: 0.15 L 1 ' 1
= 0 0.4 08 1.2 1.6
E Normalized meshing time (#/7)
=) 130 , . , , (b) 4000\r/min
0 04 0.8 12 16 o \ :
Normalized meshing time (#/1) B 11 P A I ) v R R e ] 11 AR Ak il £k
() 2000 r/min Fig. 11 ~€urves of film thickness varying with normalized
meshing-time under two loading conditions
% ----------------- Coupling 0.75
2 Uncoupling-7 E o
= = 070t ; 3 1
2 1 B , \
5 = 0.65f g O )
S 30 2
2 S 060} y -. i
5 —80 = v
£ £ 055F v
o] = ;
~130 ) . ) . S 050k / i
04 ;. 0.2? . 2 16 8 - _“‘ ~wreeeeees Coupling dynamic load
Normalized meshing time (#/¢) E 045 Static load y
(b) 4000 r/min & 040 . . . .
0 0.4 0.8 1.2 1.6
& 10 #15 Bh 25 BE 4 7 [t ) e ih) 28 4k il 2% Normalized meshing time (#/t))
Fig. 10 Curves of dynamic friction force varying with (a) 2000 r/min
normalized meshing time _ 0.75
=
= 070}
HRAE N SO, AN % B R G 2% T 5 0, £ 0,65
w S )
(18 FEE 482 DR K0ORH 22 B K. ELIRT 6 ~ &1 8 3= W 25 [ E 0.60T
o -
2 2 Y N S5¢
RIS 2 RS A TR 0 14 5 Y 4 2R D 1] £ g?;
—_ N = N7 N — -:’ i
25 R 5 M 2 AR U B B R U 1 % ousl
~ " 2 - ine dv i
B 22 00 R B2 W A/, TR 9. 1/ 10 2 B I £ 040} glc‘:llljir::llllt;:(?}namwload
A — AN - o i i i
L TPk e P 0350
PEZE A R AL A, 150 B R 458 IR 8 A X 3% ) Normalized meshing time (#/1,)
1 45 ) o B () 4000 rmin
4.2 EEEHETHER SN P12 PR3 T 6 i IS R Ak L {91 il e i g 22 £k it 2
Fig. 12 Curves of Portion of load carried by film varying

YRR S 2T MR 8 25 3 26 18 T L AN [a]
3 IsF 22 B4 5 V5L o A A8 051 e I L P R
P BB A X He 2300 WL IR 11~ &1 14, K h] 7

with normalized meshing time under two

loading conditions



%8 AR FRAT T2 B FE 1 B ) 2 T SR T RS 2019
30 0.065 - ;
__________________ Coupling dynamic load L“oulpling dynamic load
» Static load E 0,055} Static load
2% 2
g | N T
% 40t '-,::_:' ’ ; 0.045}+
2 2
£ 3
:E 204 & 0.035¢
: : : 0.025 - s . .
0 0.4 0.8 1.2 1.6 0 0.4 0.8 1.2 1.6

Normalized meshing time (#/1))
(a) 2000 r/min

120 T j j
------------------ Coupling dynamic load
s Static load
>}
.2
=
2
=
]
5
&
3

0 0..4 0.8 I._Z I._6
Normalized meshing time (#/7)
(b) 4000 r/min
&1 13 WA 2 A I el UL P B e I g 2 A it
Fig. 13 Curves of film temperature rise varying with
normalized meshing time-under

two load conditions

H R AR TR B A5 A R A A 22 R
PR S i T2 2 3o A L 091 O T LB S A
B A BRAA.

AT B o H ARG 3 AR J AR R i I
G . 20 25 AT 5 R AT A B il R T
A B AT AR 0 SRR 0N L A Y EE A T U R
MBS T DRI /0N T DL A X 3 gl R i 5
U T3 A B 5 W R AR R 2 3 o B BOR , Bl A A
A7 X 90 5 I T ) 1 e i T DR b s 2 A A
IR i U L P 0 i g T 244 A RS B R AR
o 2l 285 2804 X 3l T ) 52 o DU R 53

0.06 . .
------------------ Coupling dynamic load
o oy Static load
g 0.05F
=
v
S
£ 0.04
2
=
0.03}F

0 0.4 0.8 1.2 1.6
Normalized meshing time (#/7))
(a) 2000 r/min

Normalized meshing time (/1))
(b) 4000 r/min

Pl 14 Wb A anr T EE 4% PR 0 I ) ) 78 Ak it £k
Fig. 14 Curves of friction coefficient varying with
normalized meshing time under

two loading conditions

52 R 11 G 2k A 728 A B ol Bl 2 A
R X 20 3 R T S B PR T e [ e . mk
ffy B o o T AR RS Bl R R R B il R R
JE B, LERAA G 51X, Bl A 8 7 I S ik B
JEE ] SRR AR T A A R B S R R AR U
ZN SRR T AR S R R it R 5 R /. Bl A
AT 55 A AT A B D Sl 0 R DR I i R R
BAEA, AT UL gl 285 o Xl 5 TR B 82 e A
B

e 4 BOMIG H B BE b 5 R BE /)N L 3
A5 = B R R U 7R £ DRI R 458 DR BOB I 5 719 A7
EL AR AT Bl R A R 4 DN RO S AR R
M A o A e 2l 2 e - R A R A A EE L i B R 2K
Ll 91 1B 458 DR 5o A7 5 W] gl 5

5 & i

LR 2 B R RE I AR G 5 W L ik 5 M JEE | 5 T
LR J32 LA % JBE 458 T 45 6 8 03 "2 47 O B S W,
TR S M Bl e BE S TN A
e BE A5 Bl A Rl i RO AOR i O X 46
PEAT M AR BILLF 4548 .

D) 25 W Fe 3 2 5 B 2 0 5 2R Y
R i A W BE Ul /N sk /)~ W JBE L5 8l 285 3l I 19 R )
A IR A Sl AR M 1A e ke PR
WU 4 £ T B 1T 0 /1 o AT 8 045 e 8y ) o
Rtk = A R AL,

2) Bl AR R 2 1A 58 WE A I EE | B N EE L AR
IR EEE B RS R ISR, % I8
B RO A e 25 A M JRE AT L I 2 JEE 4 D
Xt G 5 £ 5 1) 14 2 285 W 17 52 W 668 ok 55 5 P b G
27 1) 1 8 25 R 1R A8 A AN DL {EL I 2l JBE 452 T X 3



2020 Wi oz @

Eird %31 %

LT W5 2677 1) 14 3 25 0 o
ISy I A ERE S B

3) Bl 2 A T R V5 EE ) B W K L B AR 3
Ay A I IV S8 B /1N i Bl g S A D ko ik R T
3 AT B8R e R T AR X 3 S R B8 R0 RH N T
2y 3 JRE A 2l 25 3 Xl T A TS T 25 A
Xof ¥ Bl 3R AR R Bl 2 28 A o 3l T B R W B
UL Bl 25 8 X i JRE 7R 2 L (91 -5 B 4 DA R Y
UERIERS N

4) 8 R T R gl AR AR L LR I AR AR A
Xof gl R AR IL R A RO 4R e SR G B . 52 3h
AW 7 AR X8 T 8l R Y R 0 i R IR T L il
IRV JBE e /0N 5 i S 7 28k B ARG DR Ik JRE 4 DR R
R s Wi 4 SRCBE L £ 1 23 2 A RAR o i 3k 119
A U B A

CESd &

L1 Ao, sk ZE. Va5 4% 2 3 e 2l 28 1m7 -l £ 245 500 38 Wi 0 F
F[1]. ¥ 5 % $,2002,27(1)  12-14.
LU Lixin,ZHANG Hehao. Nonsteady elastohydrodynamic

}?}”mtlﬁi‘ﬁ a

lubrication of gear transmission system under dynamic load
[J]. Lubrication Engineering,2002,27(1):12-14. (in Chi-
nese)

77, B N R IR b, M.
JE5C B 2 A1 997.

TR F TR PR A e [ M) BT . T AR R 2 IR
2002.

2]

[4] Johnson K L,Greenwood ] A,Poon S Y. A simple theory
of asperity contact in elastohydrodynamic_lubrication[ ] ].
Wear,1972,19(1):91-108.

[ 5] Bair S,Qureshi Fi"The generalized Newtonian fluid model
and elastohydrodynamic film thickness[ ] ]. Journal of Tri-
bology,2003,125(1) :70-75.

[ 6] Bair S, Vergne P, Querry M. A unified shear-thinning
treatment of both film thickness and traction in EHD[]].
Tribology Letters,2005,18(2):145-152.

[ 7] Bair S. High pressure rheology for quantitative elasto-
hydrodynamics[ M ]. Amsterdam: Elsevier,2007.

Yasuda K Y, Armstrong R C,Cohen R E. Shear flow prop-

erties of concentrated solutions of linear and star branched

polystyrenes[ ] ]. Rheologica Acta,1981.,20(2):163-178.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[183

[19]

[20]

[21]

Doolittle A K. Studies in Newtonian flow I : the depend-
ence of the viscosity of liquids on free-space[ ] ]. Journal of
Applied Physics»2004,22(12) :1471-1475.

Greenwood J A, Tripp ] H. The contact of two nominally
flat rough surfaces[ J]. Proceedings of the Institution of
Mechanical Engineers,1970,185(1):625-633.

Gelinck E R M, Schipper D J. Deformation of rough line
contacts[J]. Journal of Tribology,1999,121(3) :449-454.
Akbarzadeh S,Khonsari M M. Thermo elastohydrodynam-
ic analysis of spur gears with consideration of surface
roughness[ J]. Tribology Letters,2008,32(2):129-141.
Moes H. Optimum similarity analysis with applications to
elastohydrodynamic lubrication[ J]. Wear, 1992, 159 (1)
57-66.

Jang ] Y. Khonsaril M M. Correction factor formula to
predict the central and minimum film thickness for shear-
thinning fluids in EHL[J]. Journal of Tribology,2008,130
(2):1-4.

Hsu C H,Lee R T. An efficient algorithm for, thermal elas-
tohydrodynamic lubrication<under rolling/sliding line con-
tacts[ JJ-Journal of Tribology,1994.,/116(4):762-769.
Masjedi-MsKhonsari M M. Theorétical” and experimental
investigation of traction'coefficient in line-contact EHL of
rough surfaces[ ] ]. Tribology International, 2014, 70(2);
179-189.

Jaeger ] C. Moving séurce of heat and the temperature at
slidingeontacts [[J7]. Proceedings of the Royal Society of
New South Wales,1942,76.:203-224.

ZEk . Vi e 1% 3 3 25 S T 09 SR ST AL B R LD,
K JE KRR T2, 2004,

LI Duoduo. A calculating model study for the elatohydro-
dynamic lubrication of the transmission of the gear in mesh
[D]. Taiyuan: Taiyuan University of Technology. 2004.
(in Chinese)

Buckingham E. Analytical mechanics of gears[ M]. Dover:
Dover Publications,2011.

He S,Gunda R, Singh R. Effect of sliding friction on the
dynamics of spur gear pair with realistic time-varying stiff-
ness[ ] . Journal of Sound and Vibration, 2007, 301 (3):
927-949.

Anuradha P, Kumar P. Effect of lubricant selection on
EHL performance of involute spur gears[J]. Tribology In-

ternational ,2012,50(4) :82-90.

(RE. TR A





