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NOMENCLATURE

a

: vertical distance from top of piston skirt to the
piston center of mass [m)

: vertical distance from top of piston skirt to the
wrist pin [m1]

: radial clearance [m]

: distance of the piston center of mass from the
wrist pin axis [m]

: wrist pin offset [m]

: eccentricity of piston at the top of skirt [m]

: eccentricity of piston at the bottom of skirt [m]

: load capacity of the hydrodynamic fluid film [N]
: combustion gas force [N]

: lateral inertia force due to piston skirt mass [V]

: axial inertia force due to piston skirt mass [N]
: lateral inertia force due to wrist pin mass [N]

: axial inertia force due to wrist pin mass [V]

: force along the connecting rod [N]

: viscous friction force [N]

. oil film thickness [m]

: moment of inertia of the piston about its center of

mass [kg-m?]

: piston skirt length [#1]
: connecting rod length [m]
: moment about wrist pin due to the hydrodynamic

force [N-m)
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ABSTRACT-Secondary movements of piston in the bore clearance are closely related to the side impact to the engine
block as well as many tribological problems. Some of the major parameters that influence these kinds of movements are
piston profile shapes (barrel and flat), piston pin offsets and the magnitudes of bore clearances. In our study, computational
investigations are performed about the piston movements in the bore clearance by changing the skirt profiles and piston
offsets. In this work, it is found that curved profile and larger offset magnitude to thrust side provide better performance
that has low side impact during the engine cycle.

KEY WORDS : Secondary movement of piston, Skirt profile, Piston offset, Side impact, Hydrodynamic lubrication

: moment due to viscous friction force [N-m]

: moment due to piston skirt inertia force [N-m]
: moment due to wrist pin inertia force {N-m]

: piston skirt mass [kg]

: wrist pin mass [kg]

: hydrodynamic pressure [Pa]

: gas pressure [Pa]

: piston radius [m]

: crank arm length [m]

: time {s]

: piston axial velocity [m/s]

: lateral piston displacement [m]

: axial piston displacement [#1]

: fluid film axial coordinate measured from top of

piston skirt [rm]

: piston tilt angle [rad]

: lubricant viscosity [Pa-s]

: crankshaft rotational speed [s™']
: superscript, dimensionless value

1. INTRODUCTION

Clearance design is very important to many mechanical
elements of moving parts in many aspects. Among the
various mechanical components mving with clearance,
the performance of piston strongly depends on the skirt
profile as well as the magnitude of clearance itself, which
in turn decides the endurance life of the piston. In
general, tight clearance design makes many tribological



24 S. JANG aad J. CHO

problems with low noise and vibration, while loose
clearance design have less friction and wear with larger
side impact of piston to cylinder block. Piston movement
is under high combustion pressure and sudden change of
velocity and its directions. This is the reason that the
clearance design of skirt profile greatly influences the
tribological problems and side impacts on the cylinder
wall (Ohta and Yamamoto, 1987). Therefore, it is
necessary to consider both these effects simultaneously
for better efficient engine that has low impact vibrations
and tribological problems.

In order to investigate the movement of piston in the
clearance between piston and cylinder wall, verification
of fluid film behaviors due to hydrodynamic lubrication
needs to be performed in advance of manufacturing.
Many researches have been performed regarding this
matter. However, most computations of hydrodynamic
lubrication are studied with half Sommerfeld boundary
condition (Dursunkaya and Keribar, 1992) that does not
consider the real hydrodynamic lubrication condition. In

N§E. = -

it

axi

skirt profile  “cylinder wall
(a) Profile in piston skirt area

100

- straight profile
- barrel type profile

80

60

40

Profile drops [micrometer]

20

0 6.6 13.2 19.8 26.4 33
dimensionless axial position of skirt

(b)

Figure 1. (b) Comparison of skirt profiles between flat
and barrel types of pistons.

our work, the fluid film pressures are computed with
three kinds of piston movements such as sliding, rolling
and translation with Reynold’s boundary condition
(Hamrock, 1995) during an engine cycle. Piston move-
ments are traced in the bore clearance (gap between
piston skirt and cylinder wall) by equating the applied
forces from combustion pressure and many other inertia
forces with fluid film pressure by hydrodynamic lubri-
cation.

2. PISTON SKIRT PROFILE OF FLAT AND BARELL
TYPES

Better lubricant film of hydrodynamic lubrication can be
made when the sliding direction of moving element is
oriented to the narrower space of the gap. Straight profile
of piston skirt (flat type) can make lubrication film on the
narrower gap side of sliding direction (i.e. thrust side).
However, piston have wider gap of sliding direction (i.e.
anti-thrust side) on the other side, so the piston can not be
supported by the fluid film pressure and sometimes direct
impact on the cylinder block occurs with large vibration,
so called piston slap. When the skirt profile has curved
feature like barrel type, it can be supported by the fluid
film pressure on both sides of piston skirts, so that the
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Figure 2. Skirt profiles on thrust and anti-thrust sides of
barrel type piston.

Figure 3. Crank slider mechanism without any clearance
movements in the gap between cylinder and piston skirt.
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Figure 4. Forces and moments acting on the piston.

direct impact happens less frequently. Figure 1 shows the
profile differences between straight and barrel profiles in
the area of piston skirt and Figure 2 shows surface shape
of barrel type skirt.

3. PISTON SECONDARY MOVEMENTS

Piston system consists of piston, piston pin, connecting
rod, crankshaft, etc. Piston slides in the axial direction
through cylinder and the displacement of piston (piston
primary movement) is expressed in the following form:

Y = I(1-cos@)+r(l-cosB) (1)

Piston velocity, Equation 2 and acceleration, Equation 3
in the axial direction (y-direction) are obtained by
differentiating the above Equation (1).

_ (rsin8+ C,)(rwcos 8)
- M

U + rmsin @ 2)

;o (reosbw)’ (rsinf+ Cp)(rsin6a)
= ¥

3)

L (rsinf+ C,) (reos 8w)’

o + rcos 0w’

However, piston translates and rotates in the lateral
direction, which is called as secondary movement of
piston, and if the clearance is large, the piston moves
laterally with low friction but gives high impact on the
cylinder wall. On the other hand, if the clearance is small,
it gives low impact but produces high frictional power
loss and many tribological problems. In order to precisely
verify these effects, it is necessary to find out the forces
acting on the piston components, such as piston skirt,
piston pin, connecting rod, etc. Figure 4 shows the forces
on the piston components under the operating condition.
The forces in the x and y directions are shown in
Equations (4) and (5) and moment equation piston
rotating around piston pin is shown in Equation (6).

ZF}, = Fo+F+F,,+F,+Fcos¢= 0 4)

S F, = Fipy+ Fpt FomFising= 0 (5)
szin = Mhy([+Mf+M[S+F.\X(a_b) (6)
~F,C,+FsC, =0

With Equations (4) and (5), new force equilibrium,
Equation (7) is obtained by deleting the force component
along the connecting rod, F,

—'Fp;_st = thd+ Fftanq) + FWall (7)

Lateral Force F.,, is defined according to the angle of
con-rod rotation ¢ as in Equation (8).

FWaH = (FG + pr + F.ry)tan¢ (8)

Similarly, the moment Equation (6) is rearranged as in
Equation (9).

M- F. (a—b) =M, ,+M;+ My, )

and the magnitude of moment due to lateral force, M, is
defined as Equation (10).

MW«(( = FGCp_ F.vycg (10)
The axial forces by the piston and piston pin movements
are expressed by the following Equation (11) and (12).

Fo = -my¥ (1

sy

F

Py

= _mpinﬁv (12)

The translational accelerations, top and bottom sides of
piston about the piston pin is obtained by geometrical
relationship shown in Figure 5 by the following
Equations (13) and (14).

_ ¢ (13)

2, = é‘,+%(éh—é,) (14)

The acceleration of piston skirt mass center, Equation
(15) is obtained in the same way as above:

0 = 2,4+ 2(2,-2) (15)
L
The inertia forces in the x direction by the translational

and rotational movements of piston are expressed by the
following forms:

F, = —mp,-x(é,—g-(é,,—é,)) (16)
L
b,
F, = _mp,(e,_-(e,,_e,)) (17)
L
M[S = Iﬂi.\'(ét_éb) (18)

L
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In order to find out the motions of piston in the bore
clearance, system equation from the above Equations
(4)~(18) can be expressed as in Equation (19).

m (1 é)+m (1 2) m [—)+m g
pis - L pin - L pi.\'L pinL [é}
L, a L, bj|e
f+mpi\'(a_b)(l*i) __E-Fm)m‘(a_b)z L
- Foa+ Fprang + Fy,y, (19)
M+ Mo+ My,

4. HYDRODYNAMIC LUBRICATION IN THE
BORE CLEARANCE

The force equilibrium between side force by piston
inertia and fluid film pressure due to hydrodynamic
lubrication is computed at each time step (total 720 steps)
during one engine cycle by tracing the upper and lower
positions of piston as it is done by Dursunkaya (1992).
The forces on the piston come from combustion pressure,
acceleration of piston components and fluid film
pressures (Equation 20), by three kinds of movements
such as translation, sliding and rotation. Many other
researches have performed the computation of hydro-
dynamic lubrication pressure with half Sommerfeld
boundary condition for three kinds of movements which
have many computational simplifications. In our study,
we impose Reynolds boundary condition for the comput-
ation of fluid film pressure, which meets more physical
conditions of piston movements as it is shown in Figure
6. In the region of cavitation, none of the movements can
make hydrodynamic lubrication pressures.

Figure 5. Lateral accelerations of top, bottom and piston
pin positions.
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_Uw((e,, - 8,2 cos 0 . 8f(y*,* 9))
L ady
+[3(é,cos 6+ (&~ é:,)%; cos 0) (20)

where, the dimensionless form of film thickness is
expressed by the following Equation (21):

y(gb—‘ll__‘_w +f(Y', ) 1)

h = 1+4¢gcos@+
Total pressure p is obtained by the summation of three
kinds of movements as Equation (22) according to linear
characteristics of partial differential equation solution.

p = —Upi+eps+ (- E)p; 2)

for the pressure of p, piston sliding:

i(hﬂal}ri(hﬂai) _ ((g,,_ e)cosd | af(y*,* e))

(23)
for the pressure p, of translation:
9 *s?ii) i( 5P _ Beos
8y*(h e +59 h 86) = Bcos O (24)
for the pressure p; of rotation:
0 (I, 2 (2 LY
ay*(h ay*)+ ae(h 30) = L:Bcos 25)

The pressure components such as pT, Pas p} and total
pressure pr are computed by applying Reynolds
boundary condition, which has not been considered in
many previous studies using half sommerfeld condition.
(Dursunkaya and Keribar, 1992) That is, if hydrodynamic
lubricant (total pressure) pr does not exist on the skirt
surface in some area region, then any pressure
component, p,,p, and p; is not computed. All the
simulations in our study are based on this assumption,
which predicts more realistic results.

The force and moment by the piston on the cylinder
wall due to the hydrodynamic fubrication pressure is
obtained after integrating the pressure over the contact
area as shown in Equations (26) and (27).

L'n

Fig = ZH.p*cos BdBdy (26)
00
L‘n

M, = ZJ.J‘p*(a*—y*)cosedey 27

(V)
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Figure 6. Pressure shapes of each component and total pressure using Reynolds boundary condition for barrel type piston at
crank angle 160°, engine speed 4000 rpm, & = —0.46445, £, = 0.87957, de/dr" = 0.02121 and dg/di" = 0.001048 (" = w ).

The hydrodynamic pressure is decomposed into three The top and bottom side accelerations of piston (e, ¢, )
components as in Equations (28) and (29). Therefore, are computed by finite difference method for time step
force and moment by hydrodynamic lubrication are using the values of (e, e,) and the Equation (19) is

expressed by the following Equations with applying simplified by the following form.
cavitation boundary condition.

N . s . . . . . thd(éb éby €, eb) _ LSSUM:| - 0 (32)
Fia = “U R+ &R+ (& -8)F, %) Mhyd(én e, e, e,) sum 0
M,y = -U M, + &M, + (&, - £)M, (29) where, Fiyuy, Mgy are the summation of inertia and

. _ . external forces and moments by the piston. The Jacobian
The corresponding friction force and moment by viscous . . . .

. > . matrix Equation (32) is expressed by the following
resistance of fluid film in the bore clearance are Equation (33) in order to get the next time st ) P
computed by the following Equations (30) and (31). '.gq and & 08 ¢ Step values o

t b
_ ap U
= 2[f(3n s " Jaody (30) T P
él —_ ét _ 8é! aéb hwl FSUM (33)

: LU o=

M; = -2[{3h A cos pdOdy (31) é, ¢, My Myl MO, — My,
y

dé,  deé,
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The values of é,, ¢, are computed by Newton-Raphson
method and once these values are determined, the next
step for ¢, ¢, is computed by the following procedure.

I

et + A1) = e(t) + Até,

(34)
e (t+ At) = e, (1} + Ar¢,

5. RESULTS

Regarding the effects of bore clearance size on the piston
movements, it is found that large bore clearance can
cause more side impact to the cylinder wall as it is shown
in Figure 7, even if hydrodynamic pressure between skirt
and cylinder wall exists on any spatial gap features. The
upper and lower locations of piston agitate in wider range
for the piston profile of ¢=60 um clearance than for the
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piston of £=20 um clearance.

The piston movements are more aligned with the
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offset piston (0.2 mm) for flat type piston as shown in
Figure 8(a), (b) and (c).

In order to find out the skirt profile effects, the piston
of barrel type has more rotating motions (Figure 9(b)),
especially at the location of bottom dead center (crank
angle 360°) than the piston of flat type profile (Figure
9(a)). This means that the piston of barrel type skirt has
less impact than the piston of flat type skirt, because it
has rolling motion rather than direct impact when the
piston changes its sliding directions.

Comparing the patterns of piston path line in the bore
clearance between flat and barrel types, flat type piston
has more simultaneous translational motions in top and
bottom sides (Figure 10) than barrel type piston. In case
of barrel type piston, the motion has more rotational
movements (Figure 11) as explained previously. These
kinds of motions by flat type skirt mean that piston has
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Figure 9. Piston movements according to skirt profiles at
0.2 mm offset and 4000 rpm.

more possibilities of direct impacts to the cylinder side.
All of the simulations performed in our study shows that
these kinds of movements are general patterns. These
results prove that barrel type piston has better vibrational
performance due to hydrodynamic lubrication effects
supporting both sides (thrust and anti-thrust sides).
Over all the period of one cycle, the rotational
movements of piston around piston pin has wider rotating

(a) Expansion

(b) Exhaust

(c) Intake (d) Compression

Figure 10. Piston pathline of flat profile piston in the
clearance during one according to piston pin offset of 0.2
mm at 4000 rpm and ¢=20 um.

(a) Expansion (b) Exhaust (c) Intake (d) Compression

Figure 11. Piston pathline of barrel profile piston in the
clearance during one cycle according to piston pin offset
of 0.2 mm at 4000 rpm and ¢=40 pm.
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pm.

angle range in barrel type than in flat type (Figure 12). As
it was previously explained, barre] type piston has rolling
movement as the piston approaches the cylinder wall.
Translational velocity is another factor to find out the
characteristics of piston movements. More investigation
of piston movements in the clearance will exactly verify
the characteristics of piston movements. During the
expansion stroke, the velocities of top and bottom sides
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Figure 14. Translational velocity of top and bottom sides
for barrel profile piston with ¢c=60 um, 0.2 mm offset,
4000 rpm.
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Figure 15. Pressure distribution at 30° crank angle (Flat
Skirt, Max Pressure 50.05 bar).

in flat type have almost the same magnitude as each
other, which means piston gives impact on the cylinder
wall (Figure 13). The translational velocity directions are
unique with barrel type piston, because the directions of
top and bottom sides are opposite to each other during
expansion stroke (crank angle 0°-180°, Figure 14),
where it has the most severe period for vibrational and

Anti Thrust side
Top s

Thrust side

Bottom =2
Circumferential Location

Figure 16. Pressure distribution at 30° crank angle (Barrel
Skirt, Max Pressure 55.09 bar).
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Figure 17. Friction forces on the piston skirt by changing
skirt profiles.

tribological behaviors.

As far as the viscous friction is concerned without
asperity contacts in the numerical modeling, the pressure
distributions over the skirt area for flat type piston has
lower values than that for barrel type piston (Figures 15
and 16). This means that flat type piston has higher film
thickness than barrel type piston for the same applied
load. Therefore, the viscous friction in case of flat type
has higher value that in case of barrel type as shown in
Figure 17.

6. CONCLUSION

Computational study of piston movement in the bore
clearance has been performed in order to verify the skirt
profile effects. Based on the assumption of hydrodynamic
lubrication theory, hydrodynamic lubrication pressure
shapes over the skirt area are computed and compared
among the results. According to the analysis of velocities
of piston top and bottom sides, it is found that barrel type
of skirt profile has better performance of clearance
movements than flat type.
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