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Abstract

In the calculation of the Elastohydrodynamic Lubrication,
EHL, of a journal bearing, a compliance matrix which
expresses the relation between deformation and oil film
pressure on a bearing surface is necessary. However, the
derivation and preparation of the compliance matrix is a
difficult task. In this study, a method of deriving the
compliance matrix using the structural analysis in a Three
Dimensional Computer Aided Design software, 3D-CAD,
is described and performed using CATIA V5. The EHL
analysis of the con-rod bearing using the compliance
matrix is performed under the dynamic load of an engine
and the deformations and oil film pressure distributions on
a bearing surface are obtained over the engine cycle. The
stress distributions in the con-rod are studied using the
structural analysis in the 3D-CAD. In this case, the
pressure distributions on the bearing surface are used to
calculate the boundary condition, namely the nodal force
distributions on the bearing surface. Finally, the change of
the maximum stress in the con-rod under the engine
operation is shown for the design of the con-rod.
Keywords: elastohydrodynamic lubrication, journal
bearing, computer aided design, structural analysis,
compliance matrix, stress analysis, con-rod

1 Introduction

Deformation of bearings used under high loading
conditions like engines could not be neglected. Therefore
the Elastohydrodynamic Lubrication, EHL, analysis of a
journal bearing is necessary and the study of EHL has
been started [1]. In the calculation of the EHL, a
compliance matrix which expresses the relation between
deformation and oil film pressure on a bearing surface is
derived from a structural analysis and improves
calculation efficiency [2]-[6]. However, the derivation and
preparation of the compliance matrix take a lot of task.
This is an obstacle to apply the EHL to design of a
machine with dimensional changes.

In these days, the design of a machine is performed
using a Computer Aided Design, CAD, and a recent CAD
includes the function of a structural analysis. Therefore in
this study, a method of deriving the compliance matrix
using the structural analysis in a Three Dimensional

Copyright © 2014, The Organizing Committee of the ICDES 20]] % 5

Computer Aided Design software, 3D-CAD, is described
and performed using CATIA V5.

The EHL analysis of the con-rod bearing using the
compliance matrix is performed under the dynamic load of
an engine and the deformations and oil film pressure
distributions on a bearing surface are obtained over an
engine cycle. The stress distributions in the con-rod are
studied using the structural analysis in the 3D-CAD. In
this case, the pressure distributions on the bearing surface
are used to calculate the boundary condition, namely the
nodal force distributions on the bearing surface. Finally,
the change of the maximum stress in the con-rod under the
engine operation is shown for the design of the con-rod.

2 EHL of journal bearings
In a lubrication analysis, Reynolds equation is used

(251, [7].
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where 4 is clearance [m], p is pressure [Pa], R is radius
[m], ¢ is time [s], U is velocity on a journal surface [m/s],
6 is bearing angle [rad], and u is viscosity [Pa s]. Share
stress 7 [Pa] is
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where u [mv/s] is velocity of oil at y [m] in oil film thickness.

Fig. 1 Journal bearing and EHL



Figure 1 shows a journal bearing with explanation of the
EHL. W,and W, are loads on big end bearing in x and y
directions, respectively [N].

In the case of a con-rod, moment of force on a small
end by means of pressure, share stress and W in big end
bearing is zero. Therefore they do not any influence on
load in the cylinder direction of an engine. The force
balances on a big end bearing are
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where b is bearing width [m], / is length between centers
of the big and small ends [m],a is the angle between
cylinder and con-rod axes.

Oil film thickness between a journal and a bearing is
described as

3)
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where r is radius of the journal [m] , E. and E, are
eccentricities of a journal center in x and y directions [m]
and L is deviation from a clearance circle [m]. L can be
treated as static deformation and is described with a matrix
and vectors.

[£]=[c][p]+[L] (5)

where [L] is the deviation vector from a bearing circle,

[C] is compliance matrix which expresses the relation
between elastic deformation on a bearing surface and oil
film pressure distribution vector [p] and [L,] is the

shape of bearing expressed by deviation from the
clearance circle. The [C] is derived from structural
analysis.

Equations (1) and (3) are numerically solved for the
region of p>0 with the oil film thickness calculated from
Egs. (4) and (5). Pressure in the cavitation is assumed to
be zero, p = 0. Figure 2 shows calculation flow of the
EHL. In the EHL analysis, the oil film thickness changes
with elastic deformation. Therefore calculation must be
continued till convergence in elastic deformation and the
EHL results are obtained.

Hydrodynamic
(7 | lubrication E)J Convergence

:> EHL results

Deformation on
a bearing surface
{Compliance}{ Oil film }

matrix | pressure

Fig. 2 Calculation flow of EHL using compliance
matrix

3 Compliance matrix
In many cases, a structure is analyzed with FEM. The
relation between forces and deformations in the structure

is described by liner relation using vectors and matrixes.
[F] is a force vector on all nodes, [5] is a deformation
vector in all nodes in a structure and [K ] is a stiffness

matrix. The relation between the forces and deformations
of all nodes in the structure is

[7]=[x]le] - ()
When [D] is defined as [K]fl E[D],
[s]=[p][F] - @)

To make a compliance matrix, a unit force is applied
on bearing surface [2], [3]. [D'] is the matrix which
express the relation between deformation of structure and
force on load points of a bearing surface in x and y
coordinates and [Fb] is the force vector of node on a

bearing surface in x and y directions. Deformation is
expressed with

o]=[p'JIF,] . (8)
When a unit force is loaded in x direction at a node

on a bearing surface, deformation is a column of the |_DJ
corresponds to the unit load. When a unit force is loaded
in y direction at a node on the bearing surface,
deformation is a column of the [DJ

unit load.

The nodal points are determined by auto-mesh and
change with every calculation, so that they are different
from the calculation mesh of the lubrication analysis.
Therefore the deformation must accord to the calculation
mesh of the lubrication by means of interpolations.

|_6 J is the deformation vector on a bearing surface

in x and y directions according to the calculation mesh of
lubrication derived with the interpolations of the [5:;]

corresponds to the

xyL

which is the deformation vector on a bearing surface
selected from the deformation vector [d], [D"] is the

matrix which expresses the relation between deformation
on the mesh points of lubrication and force on load points
of bearing surface in x and y coordinates. Deformation of
lubrication mesh in x and y directions is expressed with

6. ]=[0"[F,] . ©)

When [AA] is the matrix which express the area of lord
points on bearing surface, [T ,] is the matrix which

transfer radial force to the forces in x and y directions,
[T,] is the transfer matrix which expresses the relation
between lord points and lubrication mesh on bearing
surface, [F,] is a radial force vector on bearing surface

and [E] is unit matrix, the following equations are
obtained.

[F,]=[1,][44][p] (10)

[0 1= [D"1lE, ] = [D]I7, ][]
= [o'][7; 7. J44]lp]

In the above equations, load points should be taken as

(11)
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mesh points of lubrication, namely [T , ] = [E]
When [5,,] is averaged mean vector of deformation

and [Tav] is the transfer matrix of averaged mean of

deformation on bearing surface in x and y directions,
relative deformation of a bearing is

s 1= (1[5, .
(-l i o Jallo]

When [Tr] is the transfer matrix of deformation on

bearing surface from x and y directions to radial direction,
the compliance is expressed with

[cl=[r. )([e]- [z, )ID[T, )I7 ]l44]. ~ (13)

When [Jr] is deformation in radial direction, the

deviation vector from a bearing circle is

[2]=[6,]+[Lo]=[C]lp]+ Lo] - (14)

This is Eq. (5). Figure 3 shows the flow chart of making
the compliance using the 3D-CAD.

In the practice, the structure is con-rod. Inside of the
small end is fixed and the deformations of the surface of
big end bearing are calculated in the 3D-CAD when 1 [N]
is applied every node on the bearing surface each in x or y
direction. Figure 4 shows the dimension of the con-rod.
Figure 5 (a) shows the structure model of the 3D-CAD.
Figure 5 (b) shows the auto mesh model for the structural
analysis in which element size is about 1 [mm].

[ CAD data ]

Structural analysis in
3D-CAD

Number of mesh
points on lubricating
surface
%2 directions

A unit force on
every mesh point on
bearing surface

[ Deformation data ]
||

Interpolation: Deformation on bearing
surface adjust to calculation mesh points

Compliance matrix

Fig. 3 Flow of making a deformation-pressure matrix,
compliance matrix, using structural analysis in
Three Dimensional Computer Aided Design
Software

The structure analysis was done with the mesh on the
bearing surface which is 72 in circumferential direction
and 11 in axial direction. The number of times of the
structure analysis is the number of the mesh points in the
lubrication analysis times 2 in directions. In this case, it is
1584. Con-rod is symmetrical shape in left and right and
in front and behind about the rod axis. The product of 37

in circumference, 6 in width and 2 in directions is the
number of times of the structure analysis which is reduced
to be 444.

4 Results

The EHL analysis of the con-rod bearing using the
compliance matrix is performed under the dynamic load of
an engine and the deformations and oil film pressure
distributions on a bearing surface are obtained over the
engine cycle. In the calculations, suction top dead center is
defined as crank angle of 0 degrees after top dead center, 0
[PATDC]. The stress distributions in the con-rod are
studied using the structural analysis in the 3D-CAD,
CATIA V5, using the nodal forces on the bearing surface
as the boundary condition. The nodal force distributions
on the bearing surface are derived from the pressure
distributions obtained from the EHL analysis.

Figures 6 to 9 show the results of engine speeds
1000 [rpm] to 4000 [rpm] at 390 [°ATDC] when the
maximum stress appears by means of the explosion in the
cylinder. In these figures, the deformation on the bearing
surface is shown in (a), oil film pressure is shown in (b)
and stress distributions in the con-rod is shown in (¢). The
loads on the con-rod bearing are shown in Table 1.

(a) 3D-CAD data (b) FEM structural model

Fig. 5 Mesh on bearing surface

Table 1 Load on con-rod bearing at 390 [°ATDC]

Load
Engine speed [rpm] Wx [kN] Wy  [kN]
1000 -0.05791 15.94
2000 -0.2329 14.88
3000 -0.5245 13.1
4000 -0.9329 10.62
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Fig. 6 EHL analysis and structural analysis at 390°ATDC under engine speed of 1000rpm
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Fig. 7 EHL analysis and structural analysis at 390°ATDC under engine speed of 2000rpm
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Fig. 8 EHL analysis and structural analysis at 390°ATDC under engine speed of 3000rpm
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Fig. 9 EHL analysis and structural analysis at 390°ATDC under engine speed of 4000rpm

-169 -



z
24
N

_5 1 1 1 1 1 1 1 1 1 1 1

0 60 120 180 240 300 360 420 480 540 600 660 720
Crank angle [ ATDC]
(a) Bearing load

25
=
=9
=)

O max

0 60 120 180 240 300 360 420 480 540 600 660 720

Crankangle [° ATDC]
(b) Maximum stress in con-rod
Fig. 10 Bearing load and maximum stress in con-rod
under engine speed of 2000 rpm

Figure 6 is the result at 1000 [rpm]. As shown in
(a), the load in the direction of con-rod axis, Wy, is high
and maximum deformation is about 6 [um]. As shown in
(b), the pressure is high in the direction of load and the
peak pressures appear at both ends in the bearing width.
This is a peculiar case in the EHL like as reported in the
past work [7]. The oil film thickness in the both ends is
quite low. As shown in (c), the stress distribution in the
con-rod is quite high all over the rod. Figure 7 is the
result at 2000 [rpm]. As shown in (b), the peak pressure
appears at middle in the bearing width. As shown in (c),
the stress distribution in the con-rod is like as that at
1000 [rpm] but slightly lower. Figure 8 is the result at
3000 [rpm]. As shown in (b), the peak pressure appears
at middle in the bearing width. As shown in (c), the stress
is slightly high in the left side of the rod by means of
bending. Figure 9 is the result at 4000 [rpm]. As shown
in (c), the bending of the rod is large and the stress is
quite high in the left side of rod. The relation between
the EHL analysis and the stress analysis is clarified and
importance of the relation could be understood. Finally,
the change of the maximum stress in the con-rod under
the engine cycle at the 2000 [rpm] is shown in Fig. 10
for the design of the con-rod. The engine is frequently
operated near this speed in a usage. In this speed, the
maximum stress in the con-rod is highest near 390 [°
ATDC] because of the combustion in the cylinder. The
highest maximum stress is lower enough in comparison
with the property of steel materials.

5 Conclusions
The compliance matrix, which expresses the
relation between elastic deformation on bearing surface

and oil film pressure, is useful in the EHL analysis. The
method of deriving the compliance matrix using the
structural analysis in the 3D-CAD is described and is
performed using CATIA V5. The EHL analysis of the
con-rod bearing using the compliance matrix is
performed under the dynamic load of the engine. The
deformations and oil film pressure distributions on a
bearing surface are obtained over the engine cycle.

The stress distributions in the con-rod are studied
using the structural analysis in the 3D-CAD. In this case,
the pressure distributions on the bearing surface are used
to calculate the boundary condition, namely the nodal
force distributions on the bearing surface. Finally, the
change of the maximum stress in the con-rod under the
engine operation is shown for the design information.

This method is confirmed to be useful. This is
because the stress analysis can be done with the practical
boundary conditions.
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