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Abstract—Simplified coupled engine block-crankshaft models
based on beam theory provide an efficient substitute to engine
simulation in the design process. These models require accurate
definition of the main bearing stiffness. In this paper, an investigation
of this stiffness is presented. The clearance effect is studied using a
smooth bearing model. It is manifested for low shaft displacement.
The hydrodynamic assessment model shows that the oil film has no
stiffness for low loads and it is infinitely rigid for important loads.
The deformation stiffness is determined using a suitable finite
elements model based on real CADs. As a result, a main bearing
behaviour law is proposed. This behaviour law takes into account the
clearance, the hydrodynamic sustention and the deformation stiffness.
It ensures properly the transition from the configuration low rigidity
to the configuration high rigidity.

Keywords—Clearance, deformation stiffness, main bearing
behaviour law, oil film stiffness

I. INTRODUCTION

O produce a successful crankshaft design requires an
accurate determination of the main bearing loads. A
coupled crankshaft engine block quasi static model can be

used as a design tool to improve the performance of the
crankshaft and the main bearings.

In the beginning of engine development a “statically
determinate” scheme was used [1]-[2]. The reaction force of
each bearing depends only on the throws adjacent to that
bearing [3]. After that, a “statically indeterminate” scheme was
considered [2]-[4]. The crankshaft beam repose on rigid
supports without bearing clearance. The load exerted on each
throw affects all bearings. Later, the rigid supports were
replaced with elastic ones. In the 70’s, the main bearing was
modelled by non linear springs [5]. Subsequently, a coupled
quasi static crank model and hydrodynamic bearing model was
defined [6]-[7]. Recently, a coupled crankshaft-block
dynamics model through hydrodynamics was established [8]-
[9]. But these sophisticated models require a lot of information
and important calculation resources. So, the classical analysis
methods remain attractive and they are still used in the concept
design phase to support the choice of the crankshaft and
bearing dimension [10]-[11]. These analyses use simple
approaches and give quick and sufficiently accurate results.

The major nonlinear component in the crankshaft -engine
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block system models is the main bearing. So, to ensure that the
load calculation is fast and accurate a main bearing behaviour
law is suggested. Several models are used to investigate the
main bearing stiffness: a full smooth bearing model to explore
the clearance effect, the hydrodynamic lubrication model to
study the oil film stiffness and finite elements model to
determine the bearing deformation stiffness. Consequently, the
established behaviour law takes into account, in the same time,
the clearance, the hydrodynamic assessment and the
deformation stiffness.

II.MAIN BEARING STIFFNESS

The main objective of the analysis of reaction stiffness of
crankshaft bearing carried out in this study is to determine a
behaviour law of the bearing to use in a simplified coupled
crankshaft-engine block beam model. This behaviour law
connects the bearing reaction to the shaft motion compared to
the bearing centre.

The considered bearing consists of a bearing cap assembled
on the crank case. It has a hydrodynamic lubrication. The
relative movement of “the axis” of the shaft compared to “the
axis” of the bearing is mainly due to three factors:

- The clearance between the shaft and the journal
bearing: the clearance affects first of all the value of
the eccentricity due to the movement of
hydrodynamic lubrication. It also influences the
deformations stiffness of the bearing.

- The oil film stiffness: The stiffness of the oil film
under hydrodynamic pressure must be analyzed to
know if it is necessary to take it into account or
consider that this film is infinitely rigid.

- The deformation of the bearing and the shaft: This
deformation is not essentially localized in the contact
zone. Thus, it does not depend only on dimensions of
contact surfaces; the external geometry of the bearing
can have a considerable influence (function of the
applied efforts).

These analyses are made using analytical contact models to
investigate the influence of the clearance and oil film on the
stiffness of the bearing and finite elements models to
determinate the deformation stiffness.

A. The Clearance Effect

Classically, a simplified smooth bearing model is used to
determine the distribution of the contact pressure in smooth
bearings. Here a full smooth bearing model; without
approximations; is used to analyze the influence of the
clearance on the total rigidity of the contact shaft/bearing.

The shaft is supposed to be stiff. Therefore all the
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deformation is supposed to be undergone by the main bearing.
Imposing a displacement to the shaft, it’s supposed that the
shaft imposes its form on the deformation of the bearing. The
reaction force is obtained by the integration of the contact
pressure on the entire contact surface. The reaction force has
the same direction as displacement (Fig.1).

Notation:
 Re : Bearing radius
 R : Shaft radius
 J : Radial clearance J = Re - R
 Oe : Bearing center
 Oi : Shaft center     OeOi = J+U
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Fig. 1 Smooth bearing model

The contact pressure p in a point M of the surface of contact
is supposed to be proportional to the “deformation” =PM:
p( ) = k R

Using the geometrical closings (Oe,Oi,Mo) and (Oe,Oi,M) it
is possible to determine the angle and thus p( for a
given displacement U, the integration of the contact pressure
results in the reaction force RF. It has the same direction as the
displacement: RF = kU
Using the following dimensionless variables:

- The relative displacement u = U/R;

- The relative clearance j = J/R;

- The dimensionless reaction force f = |RF| /2kLR.
We obtain:

cos( ) =
))(1(2

222 22
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If the clearance is null (j=0), the previous equation
becomes:
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The curves of the figure 2 show the evolution of the
dimensionless reaction force f versus the relative displacement
u for different values of relative clearance j.

We note an important variation of the initial slope between
the case without clearance and that with clearance. But, for
important values of relative displacement u, the variation
becomes smaller. The curves of the figure 3 illustrate the
evolution of the slope df/du.

Fig. 2 Dimensionless reaction force f(u)

du

df

Fig. 3 Dimensionless stiffness df/du

A fundamental difference is immediately noted between the
existence or not of the clearance: at the origin (u=0), for a null
clearance, initial stiffness is equal to the unit (df/du=1). For a
non null clearance (j 0), even with low value, initial stiffness
is null (df/du=0).

When the displacement increases, the influence of the
clearance decreases. The lower is the clearance, the quicker
the corresponding curve merges with the null clearance curve.

So the clearance influences the deformation stiffness of the
bearing especially under the action of weak efforts. It affects
also the value of the eccentricity due to the movement of
hydrodynamic lubrication.

B. Hydrodynamic Film Stiffness

The hydrodynamic bearing theory is used to investigate the
oil film stiffness. The shaft and the bearing are supposed to be
perfectly rigid. Only the oil film undergoes the deformation.
The bearing is supposed to be infinitely short account of the
main bearing dimensions.

U is the motion of the bearing center, J is the radial
clearance and = U/J is the relative eccentricity.

For a given rotation speed, the load on the shaft generates a
relative eccentricity ; thus a shaft displacement U = J

The curves of the figures 4 represent the evolution of the
dimensionless bearing load f and it’s slope df/du according to
for different values of relative speed r = 0 ( is the

rotation speed and 0 the reference rotation speed).
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The slope df/d remains very weak for lower than 0.75 and
increases very quickly for higher than 0.9 whatever the
rotation speed value. The oil film rigidity is very low for little
loads and becomes very important for strong loads.

So it appears that the oil film has no stiffness for the weak
loads and it is infinitely rigid for strong loads.

(a) (b)

Fig. 4(a) Dimensionless bearing load f( ;r)
(b) Dimensionless stiffness df/d ( ;r)

C.The Deformation Stiffness

The deformation stiffness is caused both by the main
bearing deformation and the shaft deformation. In addition, the
main bearing deformation is not mainly localized in the
contact zone. So, it does not depend only on dimensions of
contact surfaces. The external geometry of the bearing and the
boundary conditions can have a considerable influence.

To determine the deformation stiffness of the bearing, a
finite element model was created. This model is based on real
CADs of the crankcase and bearing caps, of a four-cylinder in
line engine (Fig.5).

Fig. 5 Burst finite element model
The crankcase was embedded at the bottom surface

(cylinder head side). The bearing caps were fixed to the
crankcase. A deformable beam, owing the same diameter as
the crankshaft pivot, was considered. More than 20000
elements divided on two types are used to describe the model:

- tetrahedral elements with 4 nodes (C3D4) adapted
well for the mesh of the complex geometries.

- hexahedral elements with 8 nodes (C3D8R) adapted
well to solve the contact problems.

The considered clearance is about 30 m.
The crankcase and the bearing caps are made of cast iron

(Young’s modulus E=210GPa, Poisson's ratio =0.27). The
shaft and the bearings liners are made of steel (E=120GPa,

=0.27).
The average line nodes of the deformable beam were

coupled to a reference point. A vertical displacement was
imposed to this reference point. So, the beam crushes the
bearing liner.

The figure 6 shows the bearing 2 deformation stiffness
versus low vertical motion of the shaft.

Fig. 6 The bearing 2 deformation stiffness

The same shape of the deformation rigidity as the figure 4 is
found. Initially the stiffness is null. The effect of the clearance
disappears gradually as the movement of the shaft increases.

III. SUGGESTED MAIN BEARING STIFFNESS ANALYTICAL

MODEL

The smooth bearing model highlights the influence of the
clearance on the bearing stiffness: the influence of the
clearance intervenes only for low shaft motion, therefore for
low efforts (Fig.3). For great efforts, stiffness is relatively
independent of shaft motion.

The hydrodynamic lubrication model highlights the
influence of the oil film rigidity on the overall rigidity of the
bearing: the oil film stiffness is almost null for low effort. The
shaft moves of 75% of the value of the clearance for a very
weak effort (Fig.4). This influence becomes ever weaker (very
important oil film rigidity) as the load increases.

The finite element model results approve smooth bearing
model results (Fig.6) and it allows us to determine the
deformation stiffness Kd.

To illustrate the different findings, the following data
corresponding to a real case are considered:

- the maximum crankshaft bearing effort is about
50kN;

- the bearing radius is equal to 24 mm;

- the bearing width is equal to 22 mm;



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:5, No:8, 2011

1580

- the bearing clearance is equal to 30 µm;

- the oil viscosity is equal to 0.005 Ns/m2;

- the rotation speed is equal to 3000 tr/mn;

- the deformation stiffness Kd is about 7.5 108 N/m.

For a given load F applied to the shaft, his displacement will
be the sum of hydrodynamic displacement Uh=J obtained by
the hydrodynamic lubrication model and the displacement
Ud=F/Kd due to the elastic deformation of the bearing.

The maximum relative eccentricity due to hydrodynamic
deformation is about 0.952 which correspond to a shaft
displacement U of about 28.6 m.

Figure 7 shows the effort curves:

- F(Ud) corresponding to the bearing effort versus the
shaft  centre displacement due to elastic deformation.

- F(Uh) corresponding to the bearing effort versus the
shaft  centre displacement due to oil film
deformation.

- F(U=Ud+Uh) corresponding to the bearing effort
versus the total shaft  centre displacement.

Fig. 7 Shaft motion/bearing load curves

We suggest regularizing the function stiffness K=dF/dU
through the consideration of the oil film effect and eventually
the clearance effect as follows:

K = Kd (
1
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Where: dx is the regulation parameter.
The integration of the regularized function K(U) compared

to the displacement U gives the bearing load F(U):
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To illustrate the quality of this regularization, the model (4)
is identified starting from the curve F(Uh+Ud) of figure 7. The
identified values of Kd, dx and J are presented in the table
below:

The identified deformation stiffness decreases of about 9%.
We note that the suggested analytical model envisages rather
precisely the behaviour of the main bearing and ensures
properly the transition from the configuration low rigidity to
the configuration high rigidity (Fig.8).

Fig. 8 Quality of the identification

The merit of the behaviour law proposed is that it can be
advantageously useful in beam crankshaft-engine block
combined models.

IV. CONCLUSION

This work presents an investigation of main bearing
stiffness. Due to the use of smooth bearing model it was shown
that the clearance effect occurs for low loads. Due to the
hydrodynamic model it was shown that the oil film has a very
low stiffness for low loads and becomes very rigid for
important loads.

The main bearing deformation stiffness was determined
through an appropriate finite element model based on real
CADs.

Subsequently, a main bearing behaviour law has been
proposed. This behaviour law takes into account at the same
time clearance effect, hydrodynamic sustention and
deformation stiffness. This behaviour law is useful in
simplified beam engine models.
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