An insight analysis of piston slap
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In this research, an analytical model is presented for the impact force and the vibratory
response of the cylinder liner induced by the piston slap in internal combustion engines.
In this model, the equation of motion for the coupled system of piston and cylinder liner
is derived taking account of several modes of the cylinder liner to simulate accurately
time histories of the impact force and the vibratory response. The piston slap
phenomenon in a wet-liner, six-cylinder diesel engine is analyzed at different engine
speeds using the dynamic characteristics of the cylinder liner, which are determined
experimentally. The calculated results show that the impact force is amplified by the
piston liner impact vibration. The calculated and measured vibrational time history and
the frequency spectrum of the cylinder liner acceleration, are in good agreement. i
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1. Introduction

In the internal combustion engines,
piston slap causes engine noise [1] and liner
cavitation [2]. It is an impact phenomenon
between the piston and the cylinder liner
when the side force acting on the
reciprocating piston changes direction.

With a view to predicting noise and liner
cavitation due to piston slap and reducing
their levels, it is important to achieve an
accurate estimate of the impact slapping force
and the vibratory response of each engine
part, e.g., liner.

Piston slap is a complex transient
collision phenomenon [3, 4] on which the
vibratory characteristics of the liner have a
large influence. Many investigations of piston
slap have  been carried out both
experimentally [5-7] and analytically (8-11).
The study of piston design and its motion has
taken a great attention [12, 13]. The
experimental investigations simulated to a
great extent the gas presssure force, but the
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actual running conditions are different due to
piston dynamics and its cross motion inside
the cylinder. The analytical analysis always
assumed gas presssure force as a unit step
input.

In this study an analytical model of the
piston slap, is presented taking into account
the actual gas pressure force, impact force
acting on the piston and the liner and the
vibratory properties of the liner and engine
block assembly.

2. Experimantal work

The studied engine is a six-cylinder, in-
line dry-liner turbo-charges diesel engine.
The bore and stroke are 116 and 129.5[mm],
the piston and the connecting rod masses are
2.774 and 2.914[kg]. Its maximum speed is
2500[rpm].

The piston is freely hanged; using a robe,
from its pin guide. An equipped B&K impact
hammer type 8202 is used to apply the force
and a B&K accelerometer type 4375 (2.6 gm)
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is used for measuring the piston response.
Both signals are fed to B&K charge amplifiers
type 2635. The accelerometer signal is double
integrated through the charge amplifier. The
outputs of the charge amplifiers are acquired
to a computer and used to calculate the
receptance function (X/F) is then calculated
(fig. 4).

The same procedure is repeated for the
liner and the measured signals are used to
calculate mobility function (V/F) for the liner
(fig. 5).

The running engine is equipped with a
pressure transducer B&K type 601-A. The
measured signal is used to calculate the gas
and piston side forces. The liner is equipped
with accelerometers (B&K type 4375) fixed at
the upper part (point "A" fig. 1) and at the
lower part (point "B" fig. 1), to pick up the
liner vibration at the appointed points when
the engine is running.

3. Theoretical analysis

3.1. Definition of coordinate system and
collision model

Referring to fig. 1, axis y is set at the
center axis of the cylinder with upward
positive direction. Axis X is taken at the TDC
of the piston, passing through the center of
the piston pin, while setting positive direction
to the minor thrust side. Clockwise direction
is set positive for the crankshaft rotational

angle a and piston pin rotational angle ep.

It is assumed that the piston and the liner
collide at the four points A, B, C, and D. The
liner is treated as an elastic structure
because there are several response points in
the frequency range below 3kHz (fig. 5) in
which the engine noise spectrum becomes
dominant.

Fig. 4 shows that the piston first
resonance frequency is higher than 3kHz.
Therefore, in the frequency range below 3kHz,
the piston can be treated as rigid body having
a resilient spring at collision points.
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Fig. 1. Piston liner collision model and coordinate.
3.2. Forces acting on piston and liner

Forces acting between the piston and the
liner are shown in fig. 2, where:
Fix is the inertia force in transverse
direction, due to piston motion
Fry is the inertia force in vertical direction,
due to piston motion
T is the rotational moment of inertia
around the pin, due to piston tilt

Fy is the gas presssure force

F is the reaction force of connecting rod

T, is the moment around the piston pin
due to friction force between the
piston and the piston pin

Fy is the friction force in transverse
direction between the j-th piston ring
and the ring groove

Fy is the friction force in vertical direction

between the j-th piston ring and the
liner

Fi1,Fr2 are the friction forces in vertical
direction between the piston and the
liner

Fa, Fg,

F¢, Fp are the impact forces between the
piston and the liner
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Fig. 2. Piston and liner system forces.

3.3. Inertia force and moment of inertia of
piston

3.1.1. Piston and piston pin velocities
In fig. 3, the coordinates of the piston pin

are represented by P(xp, yp), its rotational

angle by (6p), coordinates of the center of
gravity of the piston by G(xg, yg) and its
rotational angle by (0g). The following
relationship holds between the velocities at
piston pin and the center of gravity of the
piston and rotating angular velocities

X‘G :X'p +Lyép

VG :YP“LxéP ’ (1)
b =6p

Ly =xa - %p
where ;

LY =YG_Yp

3.3.2. Acceleration of piston in vertical direction

Assuming a constant rotating angular
velocity (o) for the crankshaft, vertical
displacement (yp) is uniquely defined by the
rotational angle of the crank a. Referring to
ig. 3, vertical acceleration of the piston pin
(yp) when the piston pin offset (yp) is
considered, is given approximately as follows;
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Fig. 3. Coordinate of the piston c.g and piston pin during
motion.

Where;
¢ is the connecting rod length,
r is the crank radius,

sin ¥ =—(tp +%p0) /(£ +1) ,and

A =ysin(@t-v9)=Xp +Xpo)

3.3.3. Kinetic energy of piston (T)
From eq. (1), kinetic energy of the piston (T) is
expressed as follows;
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Fig. 4. Measured frequency response (receptance) of the
piston.

Where;
mp is the piston mass
my is the mass of piston pin and the small

end of thr con. rod
mrg is the piston ring mass
Ie is the piston moment of inertia.

3.3.4. Inertia forces due to piston motion

Transverse and vertical inertia forces at
piston pin due to piston motion are
represented by (Fi,) and (Fi,,) respectively.
Then egs. (4, 5) are obtaingd from eq.(3) using
Lagrange's eq. [9].

d| oT aT : #
11=gt‘[a—i:]‘§p'=( p*“‘r)xp‘““pl“vep’ (4)

d| aT aT A

—mpLpr.

Rotational moment of inertia about piston
pin due to piston motion is given by

p
+mpLyXp-m,LyVp.

. d| oT oT -
Ty = —| === A S
dt{ 56, ) By (6)

where [, =Ig "’mp(Lx2 +Ly2) is the moment

of inertia about piston pin.

3.3.5. Force from connecting rod

Denoting the cylinder pressure by (p), and
diameter of piston (D), force acting onto
piston due to the cylinder pressure is given

by,
Fg = %Dz ¥pi (7)

Reaction force from the connecting rod (F)
is determined by the equilibrium condition
among vertical forces acting on the piston.

m S
Ft=Fg - cf:sé‘ 6, (8)
where
! Nr
(mp +mpg +mr»p i Fg =, Fqi T —Fra
FR = i=1
cos

The first term of eq. (8) is determined by
the rotational angle of the crank while the
second term is governed by the rotating
motion of the piston.

3.3.6. Force and moment due to friction
Reaction force of the connecting rod
(Facts on the bearing of the piston pin. By
representing the friction coefficient between
the pin shaft and the pin bearing by (up,)
moment around the pin (Tp) is expressed by

T, =sgn(¢)rpRpFy 9)

where,

Ry, is the piston pin radius,
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bbbyt sdr={

Vertical friction force between j-th piston
ring and the liner is given by the following
equation using friction coefficient between
the ring and the liner (pq)

Fgj =-sgn(y p)ugW;zD , (10)

where W, represents compressive load per
unit length of the j-th ring which is calculated
by the method shown in [4].

Transverse friction force between the j-th
piston ring and the ring groove (Fy) is given by
eq. (11) using friction coefficient ().

Fg = —sgn(i g)ngFgj » (11)

where % ;represents the transverse velocity of

the pin at the position of the j-th ring.

Vertical friction force between the piston
and the liner (F;), (Fyp) using friction
coefficient (u;) are expressed as follows;

Fp =sgn(ypuj(Fa +Fg)
(12)
Fip ==sgn(ypn;(Fe +Fp),

where Fa to Fp are impact forces between the
piston and the liner.

3.3.7. Impact force between piston and liner

Impact force Fs between the piston and
the liner at collision point (S), is given by
eq.(13) using spring cohstant (Ks) and
damping coefficient (Cs), that simulate the
dynamic stiffness of the piston and the
damping effect of the oil film.

F, =8, 1K, (tps = %ue) + Colips — Kis) » (13)

where s =1 colliding
=0 not colliding

As shown in fig. 4, spring constant (Ks), at
the collision point of the piston is estimated

by using the measured results of the driving
receptance at the collision point of the piston.
The constant becomes 400MN/m at the upper
part of the piston skirt and 250MN/m at its
lower part.

Since the formation of oil film in the
actual engine has mnot been examined
completely under operating condition,
damping coefficient can not be determined
theoretically, consequently, the damping
coefficient is estimated.

4. Vibration response of piston and liner
system

4.1. Equation of motion for piston system

The piston is regarded as a rigid body
having a resilient spring at the collision point
with the liner. In addition, vertical motion of
the piston pin is uniquely determined by the
rotational angle of the crank. Therefore,
transverse displacement (yp) at piston pin
position, and rotating angle (0p) around the
piston pin, are considered. The equation of
motion for the piston is given by the following
equation according to the equilibrium of
forces acting on the position as mentioned
above.

m, +m; mp(Ly -L, anP) iy, | [f, (14)
m,Ly I, 6, Lfo]’
where;
' Nr A-D
jx=FtsmB+ ZlFrj+ % Fg, (15)
= ;

2
fo =mply¥p —Fglu —xp)= X FriCiusj=xp)-Tp
1=1 , (16)
Nr A-D
LT Frj(ylj_)'p)+ % FS(ys_yp)
r=1

N, is the number of rings.

xt is the x coordinate of the upper center of
piston

%s is the X coordinate at piston where friction
force between the piston and the liner is
acting.
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y,i is the y coordinate of the j-th ring.

4.2. equation of motion of liner system discrete
expression of equation of motion

As the liner and engine block are
considered as an assembly, the effect of the
engine block must be taken into account
when evaluating the vibratory response of the
liner. In this paper, a combined system of
engine block and liner is referred to as "the
Liner system".

The equation of motion for the liner
system, where impact force with piston fis
acting, is expressed as follows by using mass
matrix M, damping matrix C and stiffness
matrix K, for the liner system.

Mii+Ca+Ku=f . (17)

Where u represents the displacement vector
of liner system.

4.3. Dynamic characteristics of liner system

The dynamic characteristics of liner
system, including engine block, can be
obtained by either calculation or vibration
test. fig. 5 shows the measured result of the
driving point mobility for the liner of a wet
liner engine. From the result of such a
vibration test, the modal parameters of the
liner system (natural circular frequency (on),
normal mode (¢n), effective mass (M),

effective damping ration (£.), suffixes n
represent the relevant quantity relates to the
n-th mode) can be identified by using curve fit
technique shown in [14]. Where the influence
of damping is negligible, the following
orthogonality holds with mass matrix M and
stiffness matrix K [15].

\

»'MO=| @, |.0Ko=|me,’| . (18
V \
Where © = (@, ..... , @n) is the matrix of

vibration mode. In addition the following

orthogonality is assumed also for the
damping matrix C.

\
O'Ch=| 2,0,M,| . (19)

\

4.4. Vibratory response of liner system

Vibratory displacement u of the liner
system, impacted by the piston, is
represented by a linear combination of the
normal modes ¢n from the first to Nt mode,
as follows ;

N
uz(l)lal Fores +q)NﬂN =z q)nun ’ (20)

n=|

where a, is the modal response of the ni
mode.

Substituting into the equation of motion
for liner system , eq. [17), taking into account
the orthogonality previously mentioned, eqs.
[18, 19), the equation of motion for the n-th
mode is represented as following;

A-D
i +20 0n0, +“)n2"n = Z Pnlys)Fs/my - (21)
S

In the above equation, the n-th normal
mode ¢n (ys) at impact point S changes
dependent on the rotational position of the
crank.

4.5. Piston - liner system vibration response

The piston and the liner are subjected to
coupled vibration via impact force F. The
equations of motions for the piston and the
liner, namely eq. (14) and eq (21), are reduced
to simultaneous ordinary differential
equations. Thus, the vibratory responses of
the liner and the piston can be obtained at
each crank angle, together with the time
histories of impact force.
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5. Example of calculation
5.1. Test condition:

Table 1 shows the test conditions. The
dynamic characteristics; shown in fig. 5, of
the liner system including engine block are
obtained from the result of a vibration test.
Clearance between the piston and the liner is
calculated using measured temperature of the
piston [1] and liner vibration measurements
[16].

Measured

"

—
<
1

Mobility &/F Jm/s.N)

b
10
T | Y 4
Frequency [kHz|

Fig. 5. Measured frequency response (mobility) of the liner.
5.2. Gas, inertia and piston side forces

Fig. 6 shows gas, inertia and piston side
forces at 1800 and 2300 rpm. The cylinder
pressure changes  approximately 3%
depending on rotational speed. However, the
inertia force changes about 40%. Accordingly,
the side piston force near the top dead center

Table 1
Test conditions of calculation

becomes larger at 1800 rpm. However, away
from TDC, the side force at 2300 rpm
becomes larger.

2300 rpm
- — 1800 rpm

" \Gas Force

=360 O Crank Angle 360

Fig. 6. Piston side force at different engine speeds
5.3. Impact force, and its spectrum

Fig. 7 shows the time history of impact
force between the upper and lower parts of
the piston in the vicinity of the TDC. In this
case, the piston, being pressed to the minor
thrust side before, starts to move toward the
major thrust side when the sign of the piston
side force changes, and collides with the
liner. At the upper part of the piston, the
greater relative clearance to the liner results
in an increased impact velocity. Furthermore,
because of large spring constant of the upper
part of the piston, an impulsive force is
generated at the point of impact.

Cycle 4

Bore x Stroke 135 x150 mm

Load full load

lmpact Points yu =30 , y.L =-65 mu

Impact Stiffness Ku=400 , K.=25 MN/m

Impact Damping Cu= CL= 10KN/m/s

Engine Speed 1800 2300

P wax. 11.6 12 MPa

Piston -Liner Sy =20 pm Su =10 pm

Clearance 8L =85 um S = 55 pm
suffix U: Upper, L : Lower
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Fig. 7. Piston impact force upper and lower (b) parts of the
piston.

Fig. 8 shows the frequency spectra of the
piston side force and the impact force at the
upper and lower parts of the piston.
Compunents below S00Hz consist mainly of
piston side force, however in the frequency
range between 1 and 3 kHz, it can be seen
that the components introduced by the
transient impact of the piston slap are
dominating the spectrum.

5.4. Liner vibration and its spectrum:

When measuring the spectra of gas
pressure, vibration signals, ... etc, the
important issue is to determine the peak

values and the corresponding frequencies (fig.
5). It is sometimes the custom to draw the
spectrum envelope for comparison reasons.
The valley values carry no importance at all.

10

Impact Force F,

Impact Force K
\Pislm Side Force

Force [N]
S

SN R
Frequency |kHz|

Fig. 8. Spectra of forces acting on the piston.

Fig. 9 compares calculated and measured
vibratory acceleration at lower part of the
liner at 1800 and 2300 rpm. fig. 10 shows a
comparisun between  calculated and
measured spectra of vibrating acceleration for
the liner.

Calculated values substantially agree with
measured ones in time domain, maximum
values and frequency spectra, of acceleration
response of liner.

The acceleration response at 1800 rpm is
larger than in 2300 rpm in the vicinity of the
TDC. This is because piston side force
becomes larger in the vicinity of the TDC
together with a large clearance between the
piston and the liner.

On the other hand, piston side force at
2300 rpm becomes larger due to influence of
inertia force in a range of crank angle from
360 to 540 and this results in greater piston
slap.
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Fig. 9. Measured and estimated liner vibraton

acceleration (time domain).
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In the frequency range higher than 3kHz,
calculated liner acceleration spectrum (fig.10)
is smaller than measured values. This is
because the dynamic characteristics of the
liner are taken into account only up to 2.7
kHz. Moreover, calculated spectrum becomes
smaller at frequencies loWwer than 1.5 kHz,
because liner vibration lower than 1.5 kHz is
more strongly affected by vibration of engine
block which is subjected to other exciting
forces such as bearing impact force.

1800 rev/min

Liner Acceleration[m/s’]

A 1 1 1
10 1 7 3
Frequency [kHz|

—
=
I
'

[

T l|lll|l

2300 rev/min

Liner Accelerationjm/s’)

o

1 i 1

1 3
Frequencyz[kHz]

—
<o

Fig. 10. Measured (dotted) and estimated (solid) liner
vibration acceleration (frequency doain).

6. Conclusions

This paper describes a method of
simulation  calculation for piston slap
phenomena, one of the major causes of
engine noise and liner vibration and

cavitation. The accuracy of the method is
confirmed by experiment.

This method enables the analysis of
coupled impact vibration between the liner
and the piston. According to this method, the
dynamic characteristics of a liner coupled to
an engine block are taken into account. A
spring and dashpot are assumed at the
impact point for simulating the dynamic
stiffness of the piston and damping of oil film.
Finally, the impact condition is analyzed by
time step integration technique.

Impact force and the vibratory response of
the liner, as obtained by the proposed
method, will be applicable to estimating
engine noise and liner cavitiation.

A calculation for simulation is performed
using the measured dynamic characteristics
of a liner of an actual engine in the condition
of full load and two engine speeds namely;
1800, 2300 rev/min.

Calculated time history and frequency
spectra of liner acceleration substantially
agreed with measured results, verifying the
effectiveness of the proposed -calculation
method and its application to the study of
reducing piston slap.
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