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Abstract

There is frequent fretting damage at the mating surface of a connecting rod because the connecting rod in a combustion engine is heav-
ily loaded as well as rotated. The flexible multi-body dynamic analysis including the elasto-hydrodynamic model is introduced to calcu-
late the actual force acting on the connecting rod that is applied to the full cyclic simulation during one cycle. The fretting possibility at
the planar upper split of the marine-head type of connecting rod is predicted by the Ruiz criterion that requires three main parameters:
slip, tangential and shear stress. The Ruiz criterion is more simple and useful than the prediction model based on multi-axial fatigue fail-
ure. The fretting damage prediction at the upper split of the marine diesel engine’s connecting rod is compared to the actual inspection

result taken after 20,000 running hours.
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1. Introduction

Fretting is a phenomenon that concerns mechanical com-
ponents in contact that are designed to be fixed but undergo
small relative displacements (typically 5-50 micrometers)
due to fluctuating loads. The deteriorating process that re-
duces the fatigue properties by promoting early crack initia-
tion is usually referred to as fretting fatigue [1].

Fretting damage begins with local adhesion between mat-
ing surfaces and progresses when adhered particles are re-
moved from a surface. When adhered particles are removed
from the surfaces, they may react with air or other corrosive
environments. Affected surfaces show pits or grooves with
surrounding corrosion products. A physical model of fret-
ting is shown in Fig. 1 [2].

Surface cracks can be initiated by fretting and led to
catastrophic failure after crack propagation. Under fretting
conditions, fatigue strength can be reduced by as much as
50 to 70% in comparison to fatigue strength without fretting
[1]. During fretting fatigue, cracks can initiate at very low
stresses. The initiation of fretting fatigue cracks depends on
the state of stress on the surface, particularly stresses caused
by high friction.

Unfortunately, because the fretting phenomenon may be
issued after more than hundreds of millions of cycles, fret-
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ting damage and fretting fatigue damage could be experi-
enced after a long period of time. At that time, the cost to
retrofit is so unpredictable that engine designers should be
primarily concerned about monitoring whether fretting oc-
curs or not.

In general, the main parameters governing fretting and
fretting fatigue damage are known as contact pressure, fric-
tion coefficient and relative slip motion. The friction coeffi-
cient is related to a surface shear stress, which plays a role
in the driving force that initiates cracking on the mating
surface. The other primary parameter that has an effect on
crack initiation and propagation is the tangential stress on
the surface [1, 2].

A connecting rod is one of key components of the mov-
ing parts in internal combustion engines and continues to
translate and rotate during operation. The rotating speed of
a marine diesel engine is relatively low in comparison to
that of an automobile engine, and its power is much higher
than that of an automobile engine. Although the rotating
speed of a marine diesel engine has a medium-speed range
from 600 to 1,200 rpm, most of its moving parts are made
of forged steel with high strength and the inertia force act-
ing on the moving parts is not small.

The connecting rod mainly used in marine diesel engines
is a marine-head type consisting of three components: con-
rod shaft, big-end upper and big-end lower. The bearing
bush is shrink-fitted at the small-end and the bearing shell is
press-fitted by tightening the big-end bolts. The conrod



442 J. H. Son et al. / Journal of Mechanical Science and Technology 25 (2) (2011) 441~447

Fretting movement!

R nd

Amplitude
of motion]

Fig. 1. Physical model of fretting.
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Fig. 2. Marine-head type connecting rod.

shaft with bearing bush and the big-end with bearing shell
are assembled by tightening the bolt at the big-end upper
and lower and the upper split (see position C in Fig. 2).

As shown in Fig. 2, several contact surfaces in the con-
necting rod are assembled and these contact surfaces may
possibly experience fretting damage.

The connecting rod that is fractured by the fretting fa-
tigue damage between the bearing bush and small-end is
shown in Fig. 3 [3, 4]. Crack nucleation close to the oil
groove caused the failure. The small-end is deformed by
dynamic force acting on the bearing bush. Since the stiff-
nesses of the small-end and bearing bush are different, the
deformation of each part is not identical in spite of the same
force. The differing deformation produces a different slip
that is a key contributing factor of fretting damage.

Since the connecting rod is subjected to high compressive
firing force and the direction of dynamic forces acting on
connecting rod is continuously changed, the fretting damage
of the connecting rod can be observed more frequently than
that of other components.

Recently, numerical simulation has been widely used to
predict the cyclic behavior of the connecting rod, and the
lubrication analysis in this simulation is also included. The
lubrication film between the inner member and bearing is
made and lubrication behavior, such as oil film pressure and
thickness, continues to vary with the change of direction
and magnitude of the dynamic loading [5]. A numerical
simulation to predict the cyclic loading means the flexible
multi-body dynamic analysis with the lubrication behavior.
The flexible multi-body dynamic analysis model cannot

Fig. 3. Example of fretting fatigue failure.

take the stick-slip conditions into account because there is
no contact surface. The lubrication analysis is an elasto-
hydrodynamic lubrication (EHL) analysis to take into ac-
count the flexibility of the connecting rod.

As the results of numerical simulation, the body force
and hydrodynamic pressure acting on each bearing is ob-
tained during one engine cycle and is applied to the finite
element model as boundary conditions. The finite element
model with mechanical contact definition is suitable for the
stick-slip simulation that can give the contact pressure and
the slip on the contact surface.

The location and orientation of the fretting damage can
be estimated by different multi-axial fatigue models [6].
However, most of the contact surfaces in the connecting rod
are planar and the prediction of the fretting damage in the
planar surface is not easy because there is no surface with
locally high contact pressure. Thus, Ruiz criterion is used in
order to predict the occurrence of fretting and the potential
of fretting fatigue fracture. The Ruiz criterion is simple and
useful in predicting the possibility of fretting damage and
fretting fatigue damage [7, 8].

Fretting severity at any mating surface is quantified as
fretting damage parameter (FDP). Eq. (1) is used to quan-
tify the fretting damage related to surface separation. FDP is
defined as

FDP=1-§, Q)

where 7 is the frictional shear stress at the interface and J is
the absolute slip value in the tangential stress direction. The
surface separation by fretting starts from an adhesion be-
tween the mating surfaces. After the adhesion of the mating
surface, a small amount of slip results in wearing out the
adhesive particle. Finally, the surface is delaminated and
delamination is repeated.

The potential for fretting initiated fatigue fracture at any
mating surface is quantified using the Ruiz criterion, de-
fined as fretting fatigue damage parameter (FFDP).The
fretting fatigue damage parameter is defined as follows:

FFDP=c-1-3, @
where ¢ is the tensile tangential stress on the contact sur-

face.
In this study, results of the flexible multi-body dynamic
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Fig. 4. Flexible multi-body dynamic model.

simulation using EHL analysis are shown and the possibil-
ity of fretting damage at the upper split is investigated based
on numerical simulation and Ruiz criterion. Prediction of
fretting damage and fretting fatigue damage is compared to
visual inspection after 20,000 running hours.

2. Numerical simulation
2.1 Flexible multi-body dynamic analysis

In this study, EXCITE program [9] has been used for en-
gine dynamic analysis, including the bearing lubrication
analysis [5, 10-11].

The equations of motion for the bearing and pin structure
of the connecting rod are as shown in Eq. (3) and Eq. (4),
respectively. The physical behavior of bearing and pin
structure is described by the dynamics of elastic bodies.

M-y+D-y+K-y=fiq 3)

M- q = .fhyd + f;?xr (4)

The bearing is described as a kind of force element and
the hydrodynamic pressure force, fj,,, on each bearing is
transferred and mapped to bearing and pin. M , D
and K in Eq. (3) denote the mass, damping and stiffness
matrix of the connecting rod, respectively. yin Eq. (3)
denotes the displacement vector of connecting rod. yand
y are the acceleration and velocity vector, respectively. ¢
in Eq. (4) is the acceleration vector of the pin at both ends
of the connecting rod. External force, f,,, acts on each pin
at the small-end and big-end. The oil film pressure and
clearance between bearing and pin varies as time changes.

Fig. 4(a) shows the finite element model of the connect-
ing rod, which is used to perform the flexible multi-body
dynamic analysis. This finite element model consists of one
big-end bearing, one small-end bearing and one connecting
rod body, which are fully constrained by a multi-point con-
straint at each interface without the mechanical contact
definition. The bearing element at both ends of connecting
rod body is necessary for the elasto-hydrodynamic lubrica-

tion analysis.

A full FE model has 33,027 DOFs. The full mass and
stiffness matrix of a full FE model is not suitable for effi-
cient numerical simulation and the whole matrix size needs
to be reduced. Fig. 4(b) shows the condensed model that is
extracted by using a component mode synthesis method.
The condensed model is generated by using Abaqus/Stan-
dard which is a particular case of the Craig-Bampton
method extended to allow for large rotations and transla-
tions of the substructure. The 16 eigenmodes were extracted
in the eigenfrequency extraction step at the generation level
and the total number of retained DOF is 1,124.

2.2 Elasto-hydrodynamic lubrication analysis

Bearing lubrication analysis is needed to predict the oil
film behavior between the bearing and pin of the connecting
rod. The elasto-hydrodynamic lubrication analysis consider-
ing the stiffness and damping of the bearing and oil film is
achieved by solving the extended Reynolds equation that is
derived from the Navier-Stokes equation. The extended
Reynolds equation can be written as

9 L;ﬁgaip _,.E L;ﬁgaip =
ox\ 127y ox ) 0z\12n 0z
u tuy Oh . u+u, 08 o(h8)

17 +h + , %)
2 oOx 2 ox ot

where p is the oil film pressure, 0 is the fill ratio, h is the
clearance height, n is the viscosity, t is time, u; and u, de-
note the circumferential velocity of pin and shell, x and z
denote the coordinate in circumferential and axial direction.
Egs. (3)-(5) are simultaneously solved. The clearance
height is calculated by subtracting the displacement of the
pin from the displacement of the connecting rod. Eq. (5) is
used to obtain the hydrodynamic pressure distribution of the
oil film in a lubrication region between bearing and pin.
The lubrication pressure force which is calculated by Eq.
(5) is transferred to the pin and connecting rod, respectively.
A fill ratio for mass conservation is introduced and de-
scribes the oil percentage in the gap between the bearing
and pin. The fill ratio, 0, is necessary to take into account
cavitation. The value of the fill ratio is from 0 to 1 in the
cavitation region and is equal to 1 in the lubrication region.
If the distance between the bearing and both pins be-
comes very close, the clearance height, h, becomes ex-
tremely small. The extremely small clearance height turns
hydrodynamic lubrication into mixed lubrication. In order
to predict the pressure distribution in the mixed lubrication
region, a contact pressure model is needed. The contact
pressure model used in EXCITE is the Greenwood and
Tripp model which has statistical values of summit rough-
ness for asperity contact [9, 10].
The total pressure between gap clearances resulted from
EHL analysis including the asperity contact model is a sum
of the hydrodynamic pressure and asperity contact pressure.
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Fig. 5. Configuration of bearing and oil film pressure at CA 15°.

Fig. 6. Mapping of the oil film pressure on FE model.

Locally high contact pressure by elastic effect depending on
surface topology between the mating surfaces is a key pa-
rameter related to bearing life due to wear.

3. Result of numerical simulation

The medium-speed diesel engine for EHL analysis is
used for stationary power generation and an operating speed
is 1,000 rpm. The bore and stroke of a 4-stroke engine are
250 mm and 330 mm, respectively. The maximum firing
pressure is about 190 bar and the engine power per cylinder
is 300 kW.

The connecting rod is of the marine-head type and the lu-
brication oil is supplied from the oil supply hole in the
crank pin. The big-end bearing and the stepped small-end
bearing are plain bearings with radial groove.

Fig. 5 shows the bearing configuration in EHL analysis
and the oil film pressure contour at the crank angle (CA) of
15° when the firing in the combustion chamber occurs. CA
0° and CA 360° are TDC. BDC is CA 180° and CA 540°.

As shown in Fig. 5, total oil film pressure in the small-
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Fig. 7. Deformed shape of the connecting rod.

end bearing is higher than that in the big-end bearing and
the maximum total oil film pressure in the small-end and
big-end bearing are 244.7 MPa and 92.6 MPa, respectively.
There is no asperity contact pressure in the big-end bearing
because the piston pin is bent and the clearance between the
bearing and the piston pin is very close. The maximum as-
perity contact pressure and the hydrodynamic pressure in
the small-end bearing are 14.9 MPa and 229.8 MPa, respec-
tively.

After EHL analysis, structural analysis is performed in
order to understand the overall structural behavior of the
connecting rod and more detailed interfacial characteristics
at each contact surface.

After EHL analysis is performed by intervals of CA 1°,
the analysis step for full cyclic simulation of the connecting
rod during one cycle is divided into 47 steps, which consist
of the uneven crank angle of 10° or 20°. The inertia loads
and the total oil film pressure at each step are applied. Fig. 6
shows the total oil pressure distribution mapped on the FE
model. The arrow indicates the nodal force, which is con-
verted from oil film pressure.

The deformed shape of the connecting rod during one cy-
cle is shown in Fig. 7. At TDC (CA 0°) near the firing time,
the big-end is widened horizontally and is contracted verti-
cally due to the high pressure in the combustion chamber.
The upper split at this CA is deflected by the pressure force
transferred from the conrod shaft. However, at another TDC
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Table 1. Maximum contact pressure and tangential stress during one
cycle.

Parameter Value
Contact pressure (MPa) 260 @ CA 490°
Tangential stress (MPa) 82 @ CA 110°

Unit : MPa =)

Fig. 8. Contact pressure distribution at CA 490°.

Unit : MPa
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Fig. 9. Tangential stress distribution at CA 110°.
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(CA 360°), the deformed shape of the big-end and the upper
split is reversed due to the low cylinder pressure and the
high tensile inertia force. There is almost no deformation at
CA 190° and 550° as compared to the initial deformation at
the assembly state due to bolt-tightening.

The big-end and upper split at TDC and BDC are de-
formed symmetrically in the horizontal and vertical direc-
tion, while the deformed shape of the big-end and upper
split at CA 90°, 270°, 450° and 630° is distorted to one side.
The deformation of the big-end and upper split changes
continuously as the crankshaft rotates and firing in the
combustion chamber occurs. This time-changing global
deformation results in the continuous change of interfacial
characteristics such as contact pressure, tangential stress,
shear stress and relative slip which are Ruiz parameters.

The relative slip is related to the full cyclic simulation
and the slip value at each crank angle is the cumulative
slip value from assembly step to each crank angle. There-
fore, the slip value at the corresponding crank angle
should be the difference between the slip value at the cur-
rent crank angle and the slip value at the previous crank
angle. The relative slip and the absolute slip in Eq. (1) are
the same.
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Fig. 10. Cyclic variation of contact pressure, tangential and shear
stress.
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Fig. 11. Cyclic variation of relative slip and FFDP.

4. Prediction of fretting and fretting fatigue damage

Cyclic variation of Ruiz parameters is needed to predict a
possibility of fretting damage and fretting fatigue damage.
The maximum value of each parameter is found from full
cyclic simulation during one cycle and occurs at different
times. Maximum contact pressure and tangential stress in
the upper split surface during one cycle are shown in Table
1. Maximum contact pressure during one cycle is 260 MPa
at CA 490° and occurs at the edge of both sides, as shown in
Fig. 8. Contact pressure is much higher at the edge and
around the bolted area than at the planar surface. As shown
in Fig. 9, maximum tangential stress during one cycle is 82
MPa at CA 110° and occurs at the bolted area where the
contact pressure is high and the structural constraint is
strong.

Figs. 10-11 show the cyclic variation of the contact pres-
sure, the tangential stress, the shear stress, the relative slip
and FFDP at the position where the fretting fatigue damage
is the greatest. The position of the maximum fretting fatigue
damage is the same as that of the greatest tangential stress.
This means that crack initiation and propagation by fretting
are dominated by the tangential stress when the contact
pressure is high.

The change of the pressure in the combustion chamber is
related to the cyclic variation of the contact pressure at the
upper split surface. The value of the contact pressure peaks
as the firing in the combustion chamber occurs. The contact
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Table 2. Ruiz parameters and FFDP at CA 310°.

Parameter Value
Tangential stress (MPa) 54.3
Relative slip ( /£ m) -6.33
Shear stress (MPa) -8.6
Contact pressure (MPa) 127.9
FFDP (N%/mm®) 2.95

pressure has a peak and a valley during one cycle. The tan-
gential stress and shear stress vary more frequently with
changes of the rotating direction and magnitude. Changes in
the tangential stress and shear stress are closely related to
the inertia force rather than the pressure force.

The cyclic variation of relative slip and FFDP is shown in
Fig. 11. The relative slip is bigger at CA 0°, CA 310° and
CA 430°. The reason for the large relative slip at CA 0° is
the sudden change experienced by acting on the pressure
force after the assembly step. Therefore, the FFDP value at
CA 0° is unrealistic due to a numerical technique. On the
basis of CA 360°, the relative slip suddenly changes from
negative to positive, and this tendency has a dominant effect
on the fretting fatigue damage as shown in Fig. 11. The
FFDP is greatest at CA 310°, and the Ruiz parameters and
FFDP at this time are shown in Table 2. The contact pres-
sure and tangential stress at CA 310° are smaller in com-
parison to the maximum contact pressure and tangential
stress at all points during one cycle, as shown in Table 1.
The greater tangential stress and slip increase the possibility
of fretting fatigue damage.

The FDP and FFDP distribution calculated on the upper
split are shown in Fig. 12. As compared to Fig. 8, both ends
of the cam and exhaust side and the center area in the split
surface show high contact pressure, but FDP and FFDP are
close to zero. This means that the contact pressure at the
mating surface is not a good parameter to predict the fret-
ting damage and fretting fatigue damage.

A photograph taken after 20,000 running hours shows a
slight pitting mark on the exhaust side that is highlighted by
the yellow dotted line. The amount of slip in this area is
relatively bigger than on other planar surfaces except
around the bolting hole as shown in Fig. 13. Fig. 13 shows
the slip amplitude, which is half the difference between
maximum slip and minimum slip. The cumulative FDP
value at the pitting area is below 0.11 N/mm and the peak
cumulative FDP value is 0.8 N/mm. The difference of the
FDP predicted between the cam side and exhaust side is
very small. However, it was found that the fretting severity
on the exhaust side is a little higher than in the cam side
after overhauling and inspection, as shown in the left pho-
tograph in Fig. 12.

The maximum cumulative FFDP during one cycle is
27.0 N*/mm’ and there is no crack at the maximum cumula-
tive FFDP. Therefore, the threshold FFDP value for crack
initiation by fretting fatigue damage is regarded to be much

Fig. 13. Slip amplitude distribution.

higher.

5. Conclusions

Multi-body flexible dynamic analysis with an EHL
model and full cyclic simulation during one cycle are per-
formed to predict the realistic structural behavior of the
connecting rod for marine diesel engines. The marine—head
type connecting rod with three main split surfaces always
has the possibility of fretting damage and fretting fatigue
damage. The Ruiz criterion that is adapted to predict the
fretting severity is very practical from the viewpoint of its
parameters and is suitable for predicting the fretting damage
in the planar contact surface at the upper split in the con-
necting rod.
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