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The Study on the Dynamics and Friction Characteristics of Piston
Skirt with Consideration of Mixed Lubrication
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This paper reports on the dynamics and friction characteristics of piston skirt with
consideration of mixed lubrication. Piston skirt is an important part of the engine that
transforms fuel into mechanical energy. The durability and low friction characteristics are
important recent issues in piston skirt design. In this paper, the piston skirt motion is analyzed
with consideration of mixed lubrication and piston skirt tilting motion. The entire trajectory of
piston motion is obtained by using transient numerical method. Also various parameter studies
are performed for piston skirt design and the development of lower frictional engine.
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Roughness
Nomenclature Fy . Asperity contact friction force
A : Bearing Surface Area Fon . Hydrodynamic friction force
a . Distance from the top of skirt to the pin ~ {'zes » Combustion gas force
b : Distance from the top of skirt to the Fi - Hydrodynamic normal force
C. G Fpinx . Inertia force due to pin mass in x-
C . Clearance betw. Skirt and cylinder F ] ;jlrcc_tlot'_l d . )
Ce . Distance betw. C. G. and wrist-pin by - inertia force due to pin mass in y=
R . . . direction
Co - Distance betw. wrist-pin and piston . . . .
nt Foisx . Inertia force due to piston mass in x—
center .
. , direction
E " Young’s Modulus . ) . .
) o ] Frisy . Inertia force due to piston mass in y-
Es . Eccentricity of piston bottom direction
e . Eccentricity of piston top 2 - Nominal film thickness
ee - Radial velocity of piston bottom I - Non-dimensional oil film thickness
é: . Radial velocity of piston top b * Local oil film thickness
F . Total normal force T . Average gap
F. : Asperity contact normal force Ipis : Piston moment of inertia
Foon . Connecting rod force L . Piston-skirt length
Fr : Total friction force / * Connecting rod length
M . Total moment about wrist—pin
* Corresponding Author, M. * Asperity contact moment
E-mail : jink @amed.snu.ac.kr M " Total friction moment
TEL: +82-2-880-8049; FAX : +82-2-882-3718 4 L
San 561, Shinlim-dong, Kwanak-ku, Seonl 151742,  Mre - Friction moment due to
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hydrodynamic

M . Hydrodynamic moment

My * Inertia moment of piston-skirt

Wpn © Wrist-pin mass

Wps . Piston-skirt mass

B . Hydrodynamic pressure

P . Asperity contact pressure

R : Nominal radius of piston-skirt

R(8, ¥} : Function of skirt surface profile

¥ . Crank radius

f . Time

U - Sliding speed

Vi, V.2 Variance ratio, Vrl=(%1'")2

V.Y . Piston-skirt velocity, acceleration

a . Piston—skirt bearing angle

A D Asperity radius of curvature

) . Composite roughness amplitude

Es . Dimensionless eccentricity of piston
bottom

&t . Dimensionless ecceniricity of piston
top

s . Dimensionless velocity of piston
bottom

& . Dimensionless velocity of piston
top

dx, Oy . Pressure flow factor

s . Shear flow factor

@r, @rp, Prs - Shear siress factor

@ . Connecting rod angle

¥ ? Roughness pattern parameter

7 - Oi] viscosity

7 . Asperity density

e * Friction coeflicient

i . Angular coordinate around piston-
skirt

i . Bearingangularcoordinate(=8+a)

o . Composite rms roughness, o=
Jot+ o

T * Hydrodynamic component of shear
stress

w . Rotational speed

¥ . Crank angie

1. Introduction

Because fuel economy is the most important

aspect of modern engine design, it is necessary to
reduce the frictional power losses in internal
combustion engine. It is well known that piston
assembly accounts for approximately half of the
total engine friction and piston skirt contributes
about 40% of the total friction of the piston
assembly. The piston-skirt ideally operates in the
hydrodynamic lubrication regime. However, di-
rect contact between the skirt and the cylinder
bore can be caused by secondary piston motion.
The direct contact results in wear of the skirt and
the bore, and increases the frictional loss. There-
accurate understanding of piston—skirt
motion is essential for the reduction of frictional

fore,

toss and the insurance of engine durability.

Much research on the theoretical prediction of
piston motion has been performed. Knoll, et al.
(1982) performed a hydrodynamic lubrication
analysis for the piston skirt and presented the
load-carrying capacity of the piston-skirt. The
significant results for the piston motion was
presented by Li, et al. (1983), Suzuki, et al.
(1987). They analyzed the effects of arbitrary
surface profile of the piston-skirt and the wrist—
pin offset on the piston motion. Oh, et al. (1987)
and Zafer, et al. (1994) performed numerical
analysis for the piston motion by using the elasto—
hydrodynamic theory. But they didnot consider
the contact of piston and cylinder bore. In the
recent years, Zhu, et al. (1992, 1993) and Liu, et
al. (1998) developed a solid-to-solid contact
model and calculated the piston motion by using
numerical iterative method.

In this paper, an analytical model for the piston
motion is presented with consideration of mixed
lubrication theory. The analytical model uses the
average flow model (1978, 1979) for calculating
the mean hydrodynamic pressure and asperity
contact model (1971) for determining the asperity
contact force. The effects of roughness patterns,
operating condition and design parameter on the
piston motion are investigated.

2. Governing Equations

2.1 Modeling
The equations of motion in this paper are the
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Fig. 1 Dynamic modeling of piston skirt

same but a few modifications are made as those of
previous studies by Li, et al. (1983) and Zhu, et
al. (1992, 1993).

A schematic diagram of the piston assembly
system is shown in Fig. 1. In Fig. 1, F, F;, M, M;
consist of hydrodynamic force and asperity con-
tact, which are expressed as follows:

F=Fwt+F. Fr=FutFr
M=Mh+Mc, Mf:th+Mfc (1)

The combustion gas force Fg,s is calculated by
using the measured explosive gas pressure. The
force equilibrium in two directions and moment
equilibrium are given by the following equations:

Ff+F£'-’JS+FPBy+Fpm+FcanCGS¢:0

F+pr:s‘x+Fpmx+Fcon5in¢=0

Mpa:+Fp.'sx(a—b)+M+Mf+Fgast
—FpiyCe=0 (2)

The first and secondary motions of the piston
within the given clearance between the piston-
skirt and the cylinder bore are very important
factors to predict the lubricant condition and for
system design. The primary motion of the piston
is the translation motion along the x-direction,
and the secondary motion of the piston is the
rotational motion about the axis of the cylinder
center. From Eq. (2), the equilibrium equations
for the primary and secondary motions of the
piston are given by:

_Fpesx—Fpmsz
—(Fy+ Fgast+ Fpusy+ Fpmy)tang
—Mpis— Fpsx{la—B)=M + M+ FgasCo
— FpuvCo (3)

p——_

Fig. 2 Piston motion

In Eq. (3), the connecting rod angle is calculated
by the following geometric analysis.

Co+rsing )
VE—(Cptrsing)?

the analysis, all

¢:arctan( (4)

To simplify forces and
moments in the governing equations for the
piston motion have to be expressed by piston
eccentricity, velocity, and acceleration. In this
paper the piston motion is described using the top
and bottom eccentricities of the piston, e, and e,,
and its velocity and acceleration (see Fig. 2).
Therefore Fpisx, Fpmx, and Mps in Eq. (3) are
expressed by & and &, which are defined as

follows:
Foa=—mpa{ e+ 2-—20) )
Fpmx: — m_bm( &, +%(éb_ Qt))

Lults— o
Mps= _% (5)
The acceleration of piston in y-direction is deter-
mined by using the kinematics analysis, and given
by:
vy Cp+ vsing)cos ¢)°
HE—(Cpt+rsing)™®
({racos ¥ — re?(Co+ #sing)sing) 6)
JE=(Cotrsing)?) ‘

Therefore, the inertia force of the piston in both

VY=rwlcosv+ (

+

directions are defined as follows:
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Fig. 3 Schematic diagram of surface roughness

Fpis'y= — Mpis Y

Fpmz — Mpin Y (7)
From the above equations, the final governing
equation of the piston motion is expressed in the
following matrix form:

gl et |

IDT“‘*‘THN@{H—[J]([_”%) mg.s(ﬂ b}i If €
:[F_(Ff+Fgas+Fpisy+pr)tan¢} (8)
M+M_f+Fgast_Fpi.s-ng

2.2 Average reynolds equation
The Average Reynolds equation derived by
Patir et al. (1978, 1979) is used in this study to
consider the surface roughness effects.
dimensional form of the equation is written as
_( boht’ iﬁ)+i( pylt’ @)
dx\ 7 dx 7 dy

=—6U(‘i,k‘+6 ‘éﬁs)ﬂzdd’;‘ (9

Two-

In this study, the nominal oil film equation,
considering the piston-skirt shape, is expressed as
follows: (10)

h(@, Vv, t)=C+e:cos(3’—a)
+er—efcos(B—a)+R(@, y)  (10)

Equations (11} and (12} define the local oil film
thickness and the average gap.

kg=h+31+82 (Il)
h, =1:(h+6)f(6)d6 (12)

& is the composite roughness and f(J) is the
probability density function of &.

By adapting the
variables,

following nondimensional

=t

=% T=2
g Y o

B r H=

23
o

G=2
Fig. 4 Hydrodynamic and contact pressure analysis

domains of two lubricated surfaces of piston

skirt
—_ NC/RY
Thow

o =t — _dhe

77 _'7’0: U— ]VCU’ T wt, c— dh
Equation (8) is normalized as follows

A (k> dpN, d ($h dD

dﬁ( 7 d€)+dy\ 7" dF)

=—6L_U—¢ca—i?—

¥ O agﬁs

GR CUa +12qﬁcdr (13)
Equation (13) is solved to obtain the

hydrodynamic oil film pressure using the classical
Reynolds boundary condition, which is given by:
PE=0)=p(8=2a)=0
Ph=n—a)=p(#=r+a)=0 (14)
The hydrodynamic normal force and moment are
calculated by the following equations:

Fh:R'[kacos(a—a)d?dy (15)
M=R P;.(a-y)cos(??—a)d?dy (16)
J

The hydroedynamic friction force and moment
are calculated by the following equations using
the previous study of Patir and Cheng(1979):

==L b+ b+ b nr an

Fp=R Aff dfdy (18)

M= 4R f r(Reos(D—a)—Co)dBdy  (19)
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2.3  Asperity contact model

According to the asperity contact model of
(1970}, the average contact
pressure and contact area are expressed as

Greenwood et al.

follows:

83

pl =2 oy [ S (20)

In Eq. (20), for the surface roughness with
Gaussian distributed asperity height, the function
Fa(H) is defined as:

Fo(H ):J%Tr_ _/; m(s—H )”e“sfzds 21

Therefore, the asperity contact force and
boundary friction force are calculated by the

following equations
=R [/Pccos(ﬂ @)dBdy 22)

Fro= pflle'[[Pccoe(B @)dBdy
(23)

In the same way, asperity contact moment (4{;)
and asperity contact friction moment (M) can be
obtained by:

M.=R jfpcm vicos(d— a)dddy 24)

Mfc_-fifR‘-—r fch(Rcos(e 0 — Co)dBdy
(25)

3. Numerical Method

The numerical procedure for obtaining the
trajectory of the piston motion is as follows:
1. The initial value of e es e, and e, is
assumed.
2. The fluid film thickness and flow factors are
calcutated. The flow factor (@x, ¢y, ¢s), contact
factor (), and shear stress factor {(@r, @rs, drv)
can be determined by the previous study of Patir
and Cheng (1979).
3. The pressure distribution is calculated by using
the SOR method for solving Eq. (13), and asperity
contact pressure is obtained by using Eq. (20).
4. Al the applied forces and moments of the oil
film and the asperity contact are obtained by
using numerical integration.

[ Assume:nlhalva]ueaf “E £=a7

T

X

Caleulatc oil film height

%
L]

Caloulate flow, contact, shear stress factor |
¥ ¥
Catculate ol film || Calpulate the

pressuse from agperity contact
Reynolds eq. PEssre

o,
i

O, Qw
el"’ |

Caleulac the
inertia forces &
momenty

E&dﬁe reassing forces & lmn:n;i

[c.lculm £ . using the pumerical mgmrl

T

|e(0)~ e(720) s Ofe

&(0) = £(720)
180} - &(7200 < Oey _J

H0y= {720

Fig. 5 Pregram flow chart
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Fig. 6 Combustion gas pressure

5. The new values of and are determined by using
the fourth-order Runge-Kutta method for solving
Eq. (8). The procedure is repeated until conver-
gence for the trajectory of the piston motion is
achieved.

4. Result and Discussion

Figure 6 represents the measured combustion
gas pressure at 1500 and 3500rpm. The peak
pressure slightly increases as an engine speed up.
Figure 7 shows the entire trajectory of the piston
skirt motion during 4 cycles. 1t shows that the
skirt tilts repeatedly and inclines to the left side of
the cylinder bore. This is very similar to the
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T T T
C =1%um , o *0.5um , n «0.016Pas , t300rpm

Crank angle{deg.}

Fig. 7 The entire trajectory of piston skirt motion

05 -

4.0

04

Nondimensional eccentricity

.04

Fig. 8 The position of piston skirt top and bottom
according to the operating speed

T T T

¢ =10pm , o w0.5um , 7 =0.016 Pas

Crank angle{deg.}

Fig. 9 Calculated results of piston motion according
to the operating speed

previous result of Zhu, et al. {1992)

Figure 8 represents the oil film thickness. The
center point represents the left side of the cylinder
bore. In Fig. 8, as the operating speed becomes
higher, the oil film thickness decreases. In other
words, the center of the piston moves to the
cylinder wall because of the higher slap force
caused by the high engine speed. The friction

00 T T T
C=t0pm , o =0.3um , =0.016 Fas

Crenk rngle(dey.)

Fig. 10 Calculated results of friction force according
to the operating speed

-

€=10 pm , n =0.018 , 2500 rprn

Crank angle{de) )
Fig. 11 Calculated results of the piston motion ac-
cording to the roughness height

150 T T
€ =10 pm, n =0.015Pa.5 3500pm

Crank angle(deg.)
Fig. 12 Calculated results of the friction force ac-
cording to the roughness height

force is increased because of higher shearing rate
in the oil film at the high engine speed. There is
no significant asperity contact during the whole
engine cycle.

Figure 11 shows the results of the piston sec-
ondary motion according to the roughness rms
height. An roughness pattern is
considered in this paper. When the roughness

isotropic
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r T
€ =10um , & =0,5um ,15000pm
¢~ --g 1 =0.008
PPS R R J—— g =016 |

Crank angle{dag.)

Fig. 13 Calculated results of the piston motion ac-
cording to the oil viscosity

= T T T

€ =10pm, o =0.5um , 1500rpm

7 =0.008
=== =0.016
80 L L
0 180 k- 540 720
Crank angle(deg.)

Fig. 14 Calculated results of the friction force ac-
cording to the oil viscosity

height increases, the amplitude of the piston
motion is reduced. The increase in roughness
height results in the reduction of radial clearance.
Also the increase in roughness height results in
the increase in the friction force.

Figures 13 and 14 represent cases with two
different viscosity coefficients. At a low viscosity,
the motion of the skirt increases due to weaker
hydrodynamic action in the oil film, but the
friction force decreases. These results agree with
hydrodynamic characteristics in the Stribeck dia-
gram.

Figures 15, 16 and |7 represent cases with two
different masses. For a light skirt, the oil film
thickness increases and the friction force de-
creases. This means that the engine durability and
fuel economy can be improved by reducing the
piston skirt mass.

100 T T T
G =1%pm , o =0.5um , n =0.016Pax , 1500rpm
075 |- 4
——— ¢, mass=0.23
030 |- e g, MAGER0.28 T
-+ g mase=d 388
o e, mass=0385 |

Crank Angle{deg.}

Fig. 15 Calculated results of the piston motion ac-
cording to the mass

—g= =g m=028kg
tes gee—g, m=0385 kg

Crank angle(deg.) w
0 4

=
5
E ETR
B ool 15
2
b2}
§
E
'E A5 4
2
DDJ
Fig. 16 The position of piston skirt top and bottom
according to the mass
80 T T T
€ =15un . o =0.5um , n =0.016Pa.5 , 1500rpm
Z
8
frd
£
F
w
hr]
Crank Angle{deg.)
Fig. 17 Calculated results of the friction force ac-

cording to the mass

5. Conclusion

This paper describes the dynamics and friction
characteristics skirt with the
consideration of mixed lubrication theory. The

of the piston

following conclusions are derived.
{1} The trajectory of the piston skirt can be
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easily obtained by using the transient method.

(2) Decreasing the surface roughness, controll-
ing the ofl viscosity, and using low weight skirt
can reduce the friction force and power loss in the
piston skirt. For example, the total power loss can
be reduced by about 5.5% by using low weight
piston skirt. Besides, frictional power loss and
piston skirt motion vary significantly according to
the engine operating speed.

(3) It is thought that the above analytical
model is a useful tool to verify and enhance the
tribological performance of the designed piston
skirt system.
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