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1. Background

» A cam-roller unit Is the core component of valvetrain
systems of an internal combustion engine.

» The surface of the tribo-pair is easy to wear, which affects
the working accuracy of valve mechanism and reduces the
reliability and service life of an internal combustion engine.

The 11th International Conference of ICE Reliability Technology, Jinan, China, 17-19 Feb., 2023



1. Background

The tribological design of a cam-roller unit is a complicated and difficult task.

~ Rotate speed

-~ Lubrication < Surface characteristic

Materials Type of lubricating

Friction and wear of a < Supply of lubricating

Machining precision

cam-roller unit . Skidding of cam and roller

Surface engineering
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1. Background

Skidding of cam and roller:
Cam and roller are in pure rolling state theoretically, but it is not so in practice

O Duffy et al. confirmed the existence of skidding between 7000
cam and roller through experiment(1993) £ 6000 'l B
2 5000
O Lee etal. pointed out that once the contact pair had skidding f 4002:
it would cause wear problem(1995) ’fﬂ .
O Khurram et al. experimentally studied the influence of 2 “’“Ej
oil viscosity on skidding(2016) 2°C G0°C 95°C
Operating temperature ("C)
O Abdullah et al. pointed out that WPC treatment had 20 HUntreated SWPC Treated
a significant inhibition effect on skidding(2019) 330
5N

25°C 60°C 95°C
Lubricant temperature
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1. Background

Research objective:

0 To establish the lubrication model of an cam-roller unit

O To study the factors dominating roller skidding
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2. Theoretical Analysis

2.1. Mathematical model Cam and roller contact

Cam-roller unit
Roller and pin contact

Roller-pin

The 117th International Conference of ICE Reliability Technology, Jinan, China, 17-19 Feb., 202:5’



2. Theoretical Analysis

2.1. Mathematical model Cam and roller contact

Cam-roller unit
Hydrodynamic _
lubrication model Roller and pin contact

Roller-pin

“Cam-roller

Elastohydrodynamic
lubrication model
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2. Theoretical Analysis

2.1. Mathematical model Cam and roller contact

Cam-roller unit
Hydrodynamic _
lubrication model Roller and pin contact

Roller-pin

“Cam-roller

Elastohydrodynamic
lubrication model
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2. Theoretical Analysis

2.1. Mathematical model

» Cam-roller contact:
i E h3@ +E B h3@ = 6u a(p"::h)_|_6u a(p;h)+12 a(loeh)
ox|[\n) ox| oy|ln) oy * X o ot

PXins Y) = PXours ¥) = P(X, Yin) = P(X, Your)
p(x, y) Z 0 (Xin S XS Xouv yin SyS yout)

_ X (y£1/2) () | 2 p(x', y'.t) iy’ [
h(x,y,t)_ho(t)+2R+ 2R, fA+ht{1 (I/Zj](l fA)+TEE"LI\/(x—x’)2+(y—y')2dXdy l S
B
7 =moexp{A)x[-1+@r A (A/A) ] n=n’ /% i
sinh(z, /7,)
L= ,00[1+C1 p/(1+C2 p) _C3 (T _To)] ” dedy =W+ W,
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2. Theoretical Analysis

2.1. Mathematical model

> Roller-pin contact:
(% n’_op ]+%(¢gh_3@j:6us¢c on +6uU.o o, +12¢@

R,00 R,00 n oA R,00 > R06O

p(6,0)=p(6,L)=0

op (6, 2)
0,,A)=0,——==0
h=c+ecos(6—g)+5=c(l+ecos(0—p))+o S el
( Gr e e L X\ B
12 . h Roller o x
paSp - 15 ﬂ.( ﬁD) \/EE F2-5 (_j : Oh..? -l .
) p o 0il film ‘ 0w ;17
2 2 h
A =7°(opfD) AF,, (;j Pin
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2. Theoretical Analysis

2.1. Mathematical model

[ Input parameters ]

O Numerical calculation |

Roller-pin bogdyoc T T T o m——=———-——- N Solve equations of Solve equations of
’\x\wm"” Il Cou p|ed equ ation: : the cam-roller contact the roller-pin contact
S ' I
(et F R -F R +1d L Je Je e
i =r _ K. W il ~ v Fmmmo-- |
et S roller : 1_9 _fé‘?_l ( Solve torque balance equation ) :_g_f%‘?__-
: — ' 1 . Update the speed of roller |
T e T ,
I | e !
“Cam-toller : 1 No l'. I£6 =360 deg , No
I
: I Check convergence
I : of the rotation period
: I
I
I t t-1 y I Yes
I —
I a)roller roller + wrollerAt :
\

,
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2. Theoretical Analysis

2.2. Numerical Results 7 E—
16 — U, (M/8) [ 5000 3.4
Parameters Value — v
€14 . - 2900,_\ —3.2/(-,)\
Length of roller (mm) 14 5 | 21 £
Middle length of roller (mm) 12 w2 | 2206 0
Inner radius of roller (mm) 16 101 \L\I\ [ 2.8
| — 1500
Outer radius of roller (mm) 25.5 8 - _ 2.6
Radius gap (um) 5 — | | LWWMTA 24
Elasticity modulus (GPa) 2.1 ° 00 120 0 (cltlscgg) 240 300 360
Pressure-viscosity coefficient (Pa-!) 2.2x108 _ _
Solid density (kg/m?) 2050 Comprehensive radius, Speed and Load
Viscosity (Pa s) 0.08
Oil density (kg/m3) 870
Surface roughness (um) 0.5
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2. Theoretical Analysis

2.2. Numerical Results 7 E— e
16 — U, (i) [0 g,
Parameters Value L — v I
Length of roller (mm) 14 £ - Z| é
Middle length of roller (mm) 12 @12-_ | 2200 0
Inner radius of roller (mm) 16 101 \L\I\ [ . 2.8
Outer radius of roller (mm) 25.5 8 26
Radius gap (um) 5 " — \'V—Wm 5
Elasticity modulus (GPa) 2.1 ° *0 120 Q(élség) 240 300 360
Pressure-viscosity coefficient (Pa!) 2.2x108 Comprehensive radius, Speed and Load
Solid density (kg/m?3) 7850
Viscosity (Pa s) 0.08 » Steady running
Oil density (kg/m3) 870
Composite surface roughness (um) 0.5 > StartUp
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2. Theoretical Analysis

il Skidding state (Solid line) 7 6 oo
Rolling state (Dot line) '
- 12
2.2.1. Steady running M gs]
”é“l. E ’é“
Roller-pin . \:-’:;1 120 Sgol
[ X Wrolier 2 | . g
o9 s Srs)
0.8
0.8 7.0
Fr—p 0.7 ] ] ] ] 1
0.04 0.05
Fex
“Cam-roller
0.02 0.04
o
— - a
E\? o> 003
0.02
L ES -0.02 -
Obvious difference at cam-roller pair: T Ve I
. . .. 0 60 120 180 240 300 360 0 60 120 180 240 300 360
O Friction coefficient 0 (deg) 6 (deg)
(a) Cam-roller contact (b) Roller-pin contact!

O Maximum temperature rise
Under conditions of the skidding/rolling between cam and roller
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2. heoretical Analysis

2.2.1. Steady running

Contact point speed of cam and roller

Skidding coefficient. SRR= 2 (e —Urter)

ucam + uroIIer 34T Uy
_ 0,
0.025 ol
| Base | Openging|  Closing Base =
0020 FCircle]  Ramp Ramp Circle 21
2 -~ - > € ~
5
0.015 F 28
-\—I\/\I\ Nen AN S\
8:: 0.010 F 26 -
)
0005 24 1 1 1 \u 1 " 1 "
l i 0 60 120 180 240 300 360
6 (deg)
0000 - Skidding coefficient:
oo b—w 1ol O The max value occurs in the base circle.
0 60 120 180 240 300 360
6 (deg)

O The negative value appears at closing ramp part.
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2. heoretical Analysis

2.2.1. Steady running

Contact point speed of cam and roller

C . . . 2(u._—u
Skidding coefficient. SRR= (Yoam V)
ucam + uroIIer
0.025 345 L
| Base | Openging|  Closing Base >
0020 FCircle]  Ramp Ramp Circle £ 340
L - - > L >
0.015 |
_\_.4\/\1\ Nen AN S\ 335 L
(ne
X 0.010
w
3.3%.20 122 124 126 128 130 132 134 136 138 140
0.005 |- 0 (deg)
0000 - Skidding coefficient:
0,005 ¢ - o - ” ] O The max value occurs in the base circle.
6 (deg)

O The negative value appears at closing ramp part.
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2. Theoretical Analysis

2.2.1. Steady running

0.04

0.03
o.02
w

0.01

0.00

O Effect of oil viscosity

T T T T T T —
512
— 1,=0.11Pas R
. 1, = 0.15 Pa 5 . 2
; - 4 AN I r wn T \ sf: “_9
v - - 7,=019Pas S
I I
! ! 0.6
i ' i 0.04
1 ! ’
i ! !
. |
' i . T

120 180

0 (deg)
O More difference of skidding in the base circle.
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0.00

-0.02

002 hasanaas)

— g =011 Pa-s
sases g1 =015 Pas
= g, =019 Pas
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(a) Cam-roller

360

0.08

120 180

¢ (deg)

(b) Roller-pin

For various viscosities

J_F
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2. Theoretical Analysis

2.2.1. Steady running The minimum film vs. viscosity in the cam-roller contact zone
O Effect of oil viscosity 14
T T T T T T T T T T 12 +
0.06 - —
=
0.05 0=0 deg 4 31.0 -
| —0—60=100deg £
0.04 L —/— @=155deg - = 0s |
o ©
@)
0.6 -
—8— (¢=0deg
—#— (¢=100 deg
0.4 —m— 9= 155 deg
l 0.04 l 0.06 l 0.08 l 0.10 l 0.12 l 0.14 l 0.16 l 0.18 l 0.20 l 0.22 l
1, (Pa s)
0ol I0:)4l0:)6I0:)8I010I0I12I0I14I0I16I0I18I0I20I0I22I Th |d ” t SRR
: e slide-roll ratio
no (Pa-s) The optimum « ( )
Vviscosity range

SRR vs. viscosity on the three key point The minimum film thickness
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2. Theoretical Analysis

2.2.1. Steady running

j _[ pdxdy = w+w, SRR vs. modified load on the three key point
W Effect of modified load

I ' I ' I ' I ' I ' I ' I ' I ' I
0.04 T T T T T T T T T I
I — w,=0 | 003 L —{—60=0 deg
W ........ w, =200 N —C—G=100 deg
003 | -
==+ w,=400N | —/_\—19:176deg
io.oz - _ 0.02 |- 4
X ~
%)
0.01
0.01 F .
0.00
' 1 ' 1 1 | | '
0 60 120 p 150 240 300 360 000 L+ 1 | | | : TR S
(deg) 0 100 200 300 400 500 600 700 800

. : i : : : wo (N)
O Effect the skidding situation, especially in the base circle.

O the skidding situation will be reduced.
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2. Theoretical Analysis

2.2.2. Startup

5
4k Accelerated rotation stage Uniform rotation stage
Roller-pin .
—~~ ’ N
L3r ’ A
& / N
~ == S—
F r-p 302 ~
P Y 1k --—-- Steady process
—— Startup process
0 M 1 M 1 M M 1 M 1 M
0 60 120 180 240 300 360
6 (deg)

Schematic diagram of cam surface velocities
in the startup running process

The 117th International Conference of ICE Reliability Technology, Jinan, China, 17-19 Feb., 2053’



2. Theoretical Analysis

2.2.2. Startup
0.05 - I \ I ' I ' I ' : X A . 1 ;‘ Ty et
. 206 0T —_—
0 | - | . Steady process ]
| | Steady process = e Startup peocess -
0oa | . o 05 Startup process ! - '
el I 1
. R ]
K . 0125
0.03 |1 i 7 ]
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o L .
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0.02 | i

= = — o —

0.01 |
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1 s 1

0 60 20 110 " 240 00 30 2008 q
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Comparison of SRR in the steady/startup running process _ . ) :
- L N 1 1 N 1 N 000 1 1 1 1 1 L 1 L 1 L 1 L
- . . . - . - 2 2 0 60 120 180 240 300 360
O The skidding situation is more serious in the T P ey 0 (deg)
Startup running process. (a) Cam-roller contact ___(b) Roller-pin contact!

00 The difference of slide-roll ratio is greater than Lubrication states of cam-roller unit in the steady/startup running process

50% in the beginning stage (0~18deg).
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2. Theoretical Analysis

2.2.2. Startup
c2t 1 E |
. - 308 i 13 6 -
W Effect of viscosity ! s |
04t 1 &
0.09 v T oTE, T T T T T T T L 3 a
§_ _ _ 0.0 H 1 1 1 . 1 . 1 M | ) |
(2025 | o~ = 5 | n=011Pas{ S 12} ]
- ok ny=0.19Pa s \;1-2- r m,=019Pas| T ol i
. - — © i i ‘1 1 I |
© 0.03125 09 } 'w‘/f\\ & 1 o6 }\ \ .
% E ] A85 _I L 1 L 1 L 1 L 1 L 1 L g 3 - . | | L N | | =
@) ~84 |- -
0.03 | 60 i Q_ 80 - 8 i
£75 1 %7r .
" 1 ol i
0.06 [
0.00 - < ’ j 0.06 [ 4
0 e 120 180 240 00 360 50,03 . 2‘04 0 ]
0 (deg) 0.00 ! . H:o.oz = .
O Hardly affect the slide-roll ratio at the beginning | L ., ] o~
of acceleration rotation stage(0~7deg). R T M P T 1o é((ljso )' 20 300 360
. . i .. ©g) |
O Relatively obvious affect the slide-roll ratio in (a) Cam-roller (b) Roller-pin
the range of 7~58deg. Effect of the viscosity in the startup running process
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2. Theoretical Analysis

2.3. Experimental Device

Loading device

Loading device

Came-roller unit
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2. Theoretical Analysis

2.3. Experimental Device

[ ] Experimental results
[ ] Theoretical results
100 |
)
S
N
[&]
Eh98 -
>
96

PAO4 PAO10 PAO20 PAO40
Lubricating oil

Comparison of theoretical and experimental results

“Cam-roller
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3. Conclusion

O Lubrication analyses of a cam-roller unit (cam-roller pair and roller-pin pair)has
been successfully carried out. The lubrication state of two contact pairs in a cycle

IS obtained.

O The skidding is not constant, and the negative slide-roll ratio appears. In general,
the skidding is more serious in the base part, and less skidding in other regions.

O Compared with the steady running, the skidding is more serious in the startup
process, especially in the beginning of acceleration stage.

O The optimized viscosity in the calculation is well correlated to that used in the
engines.
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