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Study on Contact Characteristics of End-face in the Mechanical Seals Under
Dry Operating Condition Based on Fractal Theory
CHEN Zhi, CAI Yao, GU Canhong
(School of Chemical Eng., Sichuan Univ., Chengdu 610065, China)
Abstract: The contact characteristics of end-face in the carbon graphite and tungsten carbide matched mechanical seal under dry operating condi-
tion were investigated. Taking account of the effects of the material properties of the seal ring and the mating ring, interaction between the end
faces of contact asperities, direction of friction motion and frictional heat-flow, a three-dimensional thermo-mechanical coupling model of rota-
tional friction between a rough entity and a smooth rigid entity was established. The instantaneous dry friction processes were numerically simu-
lated by the ABAQUS finite element analysis software. The results showed that the true contact area of the rough face increased approximately
linearly with the increase of the external load. Moreover, with the increase of external load and sliding velocity, the maximum contact pressure of
the rough face was maintained in the range of 415~432 MPa, which is “self-limiting”. The temperature distribution on the sealing end face was
uneven, the increase of external load and velocity will lead to the increase of the overall temperature of the end face. The position of the maxim-
um temperature on the rough surface was affected by the local contact pressure, the local sliding velocity and the local heat transfer. It is neces-
sary for the containment seal in API682 that the medium pressure should be less than or equal to 0.07 MPa, which could prevent the temperature
rise of the sealing ring from being too high during dry friction. The studies provides a reference for exploring the thermal damage, friction and
wear problems of the end faces of a mechanical seal, and may help the design of the mechanical seal under dry operating condition.
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Fig. 7 Contourmap of temperature on rough surface when sliding at 60 ps under different external loads

B A1 2847 A 8, R SRR 2 THT e R Ml e
TR AR AL A 7 A A RS 2 1T 42 Ak )
UG 2, W Sl A RS R i b 0 JEE AR
2, SECT S 10 R VA TRLSE TR, A e e i EE 45 A

PERE L AZ 25,
I8 I 718 My 038401 10 MPa, 15 33 B 4130 mi/s,
JEEHE I 51300 ps A5 T O REDRE 25 19 s () I A Ak i 22
(WA E 7 () iR ) o HEI8AT LA Hi: 0~40 ps



194

TR SHOR

% 53 %

Sk A0 A IR B B, LR TR0 4519 AR B PR AN AR s Y
Wi IT UG 1 3, 40~42 usPN H T3 i 98 48 B pup
S R R R TR 2 S5 42~340 ps, 7EH
BIESERT, &1 SRE I RS LT, R
TR R, HIE 8160 pshy iR TR 5 W 3h
300 wsHY it FHAF AL AR 7] o XIS IE T AR SR H EE 4%
T 8160 usiy T B HEF AT S R AT 1 o

38 ¢

T/°C
W
S

80 120 160 200 240 280 320
THELN 8)/ps
B8 EEIZIERN300 nsPIAEKE T T mUR B R AT (B Y 1L
Fig. 8 Temperature change of rough surface node with
time within 300 ps of friction sliding

API682H VI 53 15 U HL AR 2% 35 56 290 42 fh =0 T
iz LR 510 A 5 1 B 45 1 #£.0.07 MPalA P o A
TR IZ A B A SRR HI R A T 52325000 hiz
R AT RRE , AR SCHIIT I T 4P 84 0.2 MPa., 1 5
B30 m/s S R 3160 ws s REURE I R BE 43 A5 2 1A
WEFT A . H K 9nT LI 3|, BE 1S 3160 usfa, MUk
AT B 5 e M AN A BRI 25 C AR #25.42 L i
FHXA0.42 °C, HLRE L AR (LA B o 104 1 o
TR EE30 m/sHif, AN R 2k A T REDRS T S5 e T 1 AR 1L,
Bt 25 AN AT OB o R R R MR Y, 50(3)
R R AR AT o T DL R AR AL AR 2% 3 1) S0 28 A 1T LA
R B 1k H A B I A SR R R T i i, APT6S 245 i
FRE A TR 11<0.07 MPajg A3 A

0 40

S KAH: 44.84°C

— +57.52 g = 2l ~

+52.20 ” ]
+46.88
+41.56
+36.24

+30.92 ._IY A

2560 X

A
L
AY

T/°C

(a) 20 m/s

— +57.52
+5222 \
+4691
+41.61
+36.31

e

+25.70 X

7/°C

O

(c) 40 m/s

KA 52.99°C

.,
/

| 42542
1 42534

| +25.27 :
|1 42520
L] 252 _IY"'.
2505 74
1 40408

&9 0.2 MPaTEEIE/EEN60 nsETHAME R EIRE =&
Fig. 9 Contourmap of temperature on rough surface when
sliding at 60 ps under 0.2 MPa

7/°C

60

—a— =30 m/s
55 ¢

50

& E/°C

45 |

%_

40 |

35 ¢

FELHE T 52

30

25 ¢

0 10 20 30 40
s PIMPa
B 10 RESMTE FIEE60 nsE MM H &SRB T
Fig. 10 Change of maximum temperature on rough sur-
face under different load when sliding at 60 ps

Kl11(a)~(d) s RP=30 MPa, V'=20.30.40,
50 m/s I, 15 3160 skt %43 T8 LR T )T 40 A1 = 1
AR DL & B, FEAR R] A A aianr T, X 07 AR RS 2
AL e T AL 43 1) R 44.84 . 49.12 . 52.99F1157.52 C,
Fifi 5 i Sl s 1 i R 5 b TR A KRS 2R T 0 IR
FE NI A FAR ], 25 DX R A T
 wKfH: 49.2°C
— +57.52 T
+5220 WA
+4689 O\ | ¢ .} 4
+41.57
+36.25

+30.93
— +25.62

7/°C

(b) 30 m/s
XA 57.52°C
— +57.52
+5224 {
+46.95 N\ '
+41.67
43639y,

+31.10 ,_I e e R

Tioss0 X

7/°C

(d) 50 m/s

11 FEERE TiEE160 psh it R mEE = E

Fig. 11 Contourmap of temperature on rough surface when sliding at 60 ps under different sliding velocity



5339 73

A&, A ST G B U T PRE I i T 2 R O TS 195

MRAE(3), LRGN, EEAE A ARG, AR 2 i 13l
JERRBER R Z A2, R0 Sy 2 g o

3 &

#£P=0.2~40 MPa, V=20~50 m/s, £=0.25 FIHL k&

R Ra=0.8 pmiy LA T, BFXT Bk A7 85— 5T 5 4 e

Xof BE A5 I A B SRS TR A Ak R PR R AT T a0

WF5E R B

1) R i T S5 3 il T AR R/ 2 Ik 1Ak
AT o A/ 1 I L S T BT (A R R 3 K, HL
BTN

2) A Hh 3 ans 55 9 Bl R R BN, 7 SR R

TE ™ A 42 fih s g W 7E 415~ 432 MPafi il I, &

B —Fh e AR .

3 ) HELRE S A 3k B 53 AR AN 150, Jr S il R A v 5 i

T 5 e ek B O AR 62 i s ) e R B, T2 52

3] Jeg 8 4 foh Hs 3 R J P8 3 R B SRy R A 3ok ) A

[R5

4) HNEAT | R I DR 2 i T R AR HE o

5) API682 b5 I H SR A HILAR S B A9 T <

0.07 MPaje A7 A B o KR A 57 Hs g vl DAREARA M AT

T AT LAAT S5 B3 1 PR 4 i 2 e it T o v

S Hk:

[1]1 Wei Long,Gu Boqin,Sun Jianjun,et al.Friction mechanism
and friction state of end faces of mechanical seals[J].
Lubrication Engineering,2008,33(6):38—41.[2 J, {1 1,
PNV A AU ki T P S AL -5 B SRS (0] T 0 5
%5 %+,2008,33(6):38-41.]

[2] Ding Xuexing,Yan Ruqi,Yu Shurong,et al.Simulation and
analysis of contact state of friction end-face in contacting
mechanical seals[J].Journal of Lanzhou University of Tech-
nology,2015,41(3):45-48.[ T35, ™ A&y, Avi o, 5 J fk
OB da PR 458 i T 42 bR 285 1) 0 L A3 B [0 2= M LT
F2441R,2015,41(3):45-48.]

(3] SRR AR T EESE 2 M. 21 AL B h A, 2012,

[4] Majumdar A,Bhushan B.Role of fractal geometry in rough-
ness characterization and contact mechanics of surfaces[J].
Journal of Tribology,1990,112(2):205-216.

[5] Majumdar A,Bhushan B.Fractal model of elastic-plastic
contact between rough surfaces[J].Journal of Tribology,1991,
113(1):1-11.

[6] Wang S,Komvopoulos K.A fractal theory of the interfacial
temperature distribution in the slow sliding regime:Part

I —Elastic contact and heat transfer analysis[J].ASME
Journal of Tribology,1994,116(10):812-823.
[71 Wang S,Komvopoulos K.A fractal theory of the interfacial

temperature distribution in the slow sliding regime:Part

I —Multiple domains,elastoplastic contacts and applica-
tions[J].ASME Journal of Tribology,1994,116(4):824-832.

[8] Sun Jianjun,Gu Boqin,Wei Long.Leakage model of con-
tacting mechanical seal based on fractal geometry theory[J].
CIESC Journal,2006,57(7):1626-163 1.[Fh WL B {1 &), 8L
Je FET o0 IE BE B Ak P UM B it i L (0] AL T
#2,2006,57(7):1626-1631.]

[9] Wei Long,Gu Bogqin,Feng Xiu,et al.Contact fractal model
for friction faces of mechanical seals[J].CIESC Journal,
2009,60(10):2543-2548. [ I AT 8,75 75, 55 AL
JEE 5% ) i T 422 A o0 FEASE TR [0k T2 412,2009,60(10):
2543-2548.]

[10] Ding Xuexing,Yan Ruqi,Chen Jinlin,et al.Fractal model of
temperature distribution of frictional interface in contacting
mechanical seals[J].CIESC Journal,2014,65(11):4543—
4550.[ T 5%, nar MRk, 5 4 AU R 5 5
TET ¥k B 73 A7 A3 TR AL (D] 4k T2 42,2014,65(11):4543—
4550.]

[11] Xiao Qiangming,Li Peilin,Wang Wai,et al.Reconstruction
and extraction standard for rough surface of service parts
based on fractal and gauss filter[J].Machinery Design &
Manufacture,2011(11):253-255.[ 4 5 B, Z=R5 0K, F 2%, 5.
BE T3 A0 s S 0l 14 A 16 1 R 2 v A AR
I WU T 5 3E,2011(11):253-255.]

[12] Liu Liyan,Chen Fugiang,Yang Wei,et al.Establish and val-
idate of the model between fractal dimension and milling
parameters[J].Machinery Design & Manufacture,2015(5):122—
126.[XI A, R 5, 0%, 55 o3 TR A0S BE R S sl
IR e [T AU T 5 13,2015(5):122-126.]

[13] Liu P,Zhao H,Huang K,et al.Research on normal contact
stiffness of rough surface considering friction based on
fractal theory[J].Applied Surface Science,2015,349(15):43—
48.

[14] Liu Y,Meng Q,Yan X,et al.Research on the solution meth-
od for thermal contact conductance between circular-arc
contact surfaces based on fractal theory[J].International
Journal of Heat and Mass Transfer,2019,145:118740.

[15] Li L,Tian H,Yun Q,et al.Study on temperature rise distribu-
tion of contact surface under cyclic load[J].Proceedings of
the Institution of Mechanical Engineers( Part J:Journal of
Engineering Tribology ),2020,235(1):138-148.

[16] Yu R,Chen W.Fractal modeling of elastic-plastic contact
between three-dimensional rough surfaces[J].Industrial Lub-
rication and Tribology,2018,70(2):290-300.

[17] Sun Xingxing,Meng Xiangkai,Zhou Guozhong,et al.Study
on temperature field of side-entry single face mechanical
seals[J].Fluid Machinery,2017,45(7):1-6.[PME 2, d F45d,
S A A A e s AL A % R 458 1 I 3 114 B
FE[I AL, 2017,45(7):1-6.]


https://doi.org/10.3969/j.issn.0254-0150.2008.06.011
https://doi.org/10.3969/j.issn.0254-0150.2008.06.011
https://doi.org/10.3969/j.issn.0254-0150.2008.06.011
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.1115/1.2920243
https://doi.org/10.1115/1.2920588
https://doi.org/10.1115/1.2927338
https://doi.org/10.1115/1.2927338
https://doi.org/10.1115/1.2927341
https://doi.org/10.3321/j.issn:0438-1157.2006.07.023
https://doi.org/10.3321/j.issn:0438-1157.2006.07.023
https://doi.org/10.3321/j.issn:0438-1157.2006.07.023
https://doi.org/CNKI:SUN:HGSZ.0.2009-10-022
https://doi.org/CNKI:SUN:HGSZ.0.2009-10-022
https://doi.org/10.3969/j.issn.0438-1157.2014.11.047
https://doi.org/10.3969/j.issn.0438-1157.2014.11.047
https://doi.org/10.3969/j.issn.1001-3997.2011.11.098
https://doi.org/10.3969/j.issn.1001-3997.2011.11.098
https://doi.org/10.3969/j.issn.1001-3997.2011.11.098
https://doi.org/10.3969/j.issn.1001-3997.2015.05.033
https://doi.org/10.3969/j.issn.1001-3997.2015.05.033
https://doi.org/10.1016/j.apsusc.2015.04.174
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118740
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118740
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1108/ILT-02-2017-0048
https://doi.org/10.1108/ILT-02-2017-0048
https://doi.org/10.1108/ILT-02-2017-0048
https://doi.org/10.3969/j.issn.1005-0329.2017.07.001
https://doi.org/10.3969/j.issn.1005-0329.2017.07.001
https://doi.org/10.3969/j.issn.0254-0150.2008.06.011
https://doi.org/10.3969/j.issn.0254-0150.2008.06.011
https://doi.org/10.3969/j.issn.0254-0150.2008.06.011
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.13295/j.cnki.jlut.2015.03.010
https://doi.org/10.1115/1.2920243
https://doi.org/10.1115/1.2920588
https://doi.org/10.1115/1.2927338
https://doi.org/10.1115/1.2927338
https://doi.org/10.1115/1.2927341
https://doi.org/10.3321/j.issn:0438-1157.2006.07.023
https://doi.org/10.3321/j.issn:0438-1157.2006.07.023
https://doi.org/10.3321/j.issn:0438-1157.2006.07.023
https://doi.org/CNKI:SUN:HGSZ.0.2009-10-022
https://doi.org/CNKI:SUN:HGSZ.0.2009-10-022
https://doi.org/10.3969/j.issn.0438-1157.2014.11.047
https://doi.org/10.3969/j.issn.0438-1157.2014.11.047
https://doi.org/10.3969/j.issn.1001-3997.2011.11.098
https://doi.org/10.3969/j.issn.1001-3997.2011.11.098
https://doi.org/10.3969/j.issn.1001-3997.2011.11.098
https://doi.org/10.3969/j.issn.1001-3997.2015.05.033
https://doi.org/10.3969/j.issn.1001-3997.2015.05.033
https://doi.org/10.1016/j.apsusc.2015.04.174
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118740
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118740
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1177/1350650120919877
https://doi.org/10.1108/ILT-02-2017-0048
https://doi.org/10.1108/ILT-02-2017-0048
https://doi.org/10.1108/ILT-02-2017-0048
https://doi.org/10.3969/j.issn.1005-0329.2017.07.001
https://doi.org/10.3969/j.issn.1005-0329.2017.07.001

196 TRERp A HEOR

% 53 %

[18] Fang Guifang,Wei Long,Zhang Penggao.Simulation calcu-
lation of frictional heat of the end face of contact mechanic-
al seals based on fractal theory[J].Fluid Machinery,2020,
48(5):38-43. [ FED7 B e, BN & 2k T 43 TR Bie 1) 422 fik
P A o i 1 EE 5 AVISE UL 3 [0]. A BILAR, 2020,48
(5):3843.]

[19] Li Xiaopeng,Yang Zemin,Xu Jinchi,et al.The fractal leak-
age model of contact mechanical seals considering wear and
thermal deformation[J].Journal of the Brazilian Society of
Mechanical Sciences and Engineering,2019,41(11):1-12.

[20] Huang Jianmeng,Gao Chenghui.Thermo-mechanical re-
search on frictional sliding between elasto-plastic rough sol-
id and rigid flat[J].Journal of Mechanical Engineering,2011,
47(11):87-92. [ B AR, = il vF . 5 98 MDA 44/ I (457 ThT
BRSSP A T [ WU T 22 41,2011,47(11):
87-92.]

[21] Huang Jianmeng,Gao Chenghui,Zhou Chao.Influence of
different contact deformation between a rough solid and a
flat one on the VonMises stress under the thermo-mechan-
cial coupling[J].Journal of Basic Science and Engineering,2013,
21(6):1187.[ AT, iy o, Jo] e KEL R T /~F i 4 A [+ 7
FEREHE A TR A T VonMises &R0 1 HYFE I [I]. 5
SERl S TR 727 402,2013,21(6):1187.]

[22] Ding Xuexing,Wang Wending,Jin Haijun,et al. A numeric-
al simulation study of frictional characteristics of seal faces
on the starting and stopping process of a dry gas seal[J].
Journal of Petrochemical Universities,2017,30(2):91-96.[ T
T SO AR, T U B B RS T B A
P 84 07 ELOFFE ] A7 0 AL T 42 17 412,2017,30(2):
91-96.]

[23] Yan W,Komvopoulos K.Contact analysis of elastic-plastic
fractal surfaces[J].Journal of Applied Physics,1998,84(7):
3617-3624.

[24] Wei Long,Gu Boqin,Zhang Penggao,et al. Average film
thickness prediction of end faces in contacting mechanical
seals in running-in period[J].CIESC Journal,2013,64(11):
41374142 B e Jo1 80, MG v A5 H o O L2 i T
e P R4S R BN (] £ T274412,2013,64(11):4137—
4142.]

[25] Deng Keyue,Liu Zheng,Deng Jujun,et al.Variation of sur-
face profile topography based on W—M function model[J].
Machinery Design & Manufacture,2017(1):47-50.[X3 7] H,
XA XS B2 25 WM R ESURE 7R S 2 T 8 B TS 3 1472 F AL
BRI U T 3,201 7(1):47-50.]

[26] Mandelbrot B B,Ness ] W V.Fractional Brownian motions,
fractional noises and applications[J].Siam Review,1968,
10(4):422-437.

[27] Hibbitt,Karlsson Sorensen,INC.ABAQUS/Standard 4 R JC
AT T8 R (M. P 45 16 b 5t 0 R R 2 Hh AL,
1998.

[28] Gu Yongquan.Friction coefficient of mechanical seal[J].
Fluid Machinery,1998(4): 19-24.[ ik S HUM 25 &5 Y FE 12
R AR, 1998(4):19-24.]

[29] Wei Long,Liu Qihe,Zhang Penggao.Sliding friction sur-
face contact mechanics model based on fractal theory[J].
Journal of Mechanical Engineering,2012,48(17):106-113.
(B X G 5 MHG g  T JE BERE F) 0 0) JEE45  ThT 4c
1A R I] LB T AR~ 41,2012,48(17):106-113.]

(w3 AN

D e S SR S S S S S S SR S S S R R S S R R S S SR SR S S S S S S S SR S SR S S i S SR S R SR R S SR

¢
+ 5|F#&3X: Chen Zhi,Cai Yao,Gu Canhong.Study of contact characteristics of end-face in the mechanical seals under dry op-
Y erating condition based on fractal theory[J].Advanced Engineering Sciences,2021,53(3):188—196.[ i, 2% 21 Ukl 8 & 14>
. A > re Qarly Urad N A .

o JPEMEROHURCE BT RN AR VRO BT ()] TARRA 550K, 2021,53(3):188-196.]

> o ® *

A S S S S R R S S R SR R S S S e S S S S S S S S S S S S e S R S R S S S S S S S S S S S 2


https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.1063/1.368536
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.1155/2015/139043
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/10.3901/JME.2012.17.106
https://doi.org/10.3901/JME.2012.17.106
https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.1063/1.368536
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.1155/2015/139043
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/10.3901/JME.2012.17.106
https://doi.org/10.3901/JME.2012.17.106
https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.3969/j.issn.1005-0329.2020.05.007
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.1007/s40430-019-2026-y
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3901/JME.2011.11.087
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1005-0930.2013.06.018
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.3969/j.issn.1006-396X.2017.02.017
https://doi.org/10.1063/1.368536
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.1155/2015/139043
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/10.3901/JME.2012.17.106
https://doi.org/10.3901/JME.2012.17.106
https://doi.org/10.1063/1.368536
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.0438-1157.2013.11.034
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.3969/j.issn.1001-3997.2017.01.012
https://doi.org/10.1155/2015/139043
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/CNKI:SUN:LTJX.0.1998-04-004
https://doi.org/10.3901/JME.2012.17.106
https://doi.org/10.3901/JME.2012.17.106

	1 计算模型的建立
	1.1 粗糙表面及转动接触模型的建立
	1.2 位移边界条件
	1.3 模型假设
	1.4 热边界条件
	1.5 求解方法

	2 算例分析
	2.1 计算参数选择
	2.2 结果分析与讨论
	2.2.1 真实接触面积
	2.2.2 接触压力
	2.2.3 温度分布


	3 结　论

