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ABSTRACT

The article presents the solution to the interconnected problem of main
bearings dynamics for the forced internal combustion (IC) engine. For the
crankshaft main bearings system of the (IC) engines it is necessary to
consider the cross-coupling effect of the tribounits arising from elastic links
of bearings and journals (by means of an engine crankcase and a
crankshaft). The technique is based on the iterative scheme of the solution of
four tasks given above. It analyzes not only the influence of macrogeometry
parameters of each main bearing and the influence of non-Newtonian
properties of lubricant, but also elastic characteristics of a crankshaft and
crankcase and supports displacements caused by the thermal deformation
of an engine crankcase. The influence of technological coaxiality tolerance
for bearings and necks of a crankshaft is also estimated. The modeling
results of two types of engines are compared to various design of a
crankcase. The research shows the necessity of applying the integrated
approaches which allow considering simultaneously both the features of
autonomous bearings and many facts of their interaction.

© 2018 Published by Faculty of Engineering

1. INTRODUCTION

micro geometry of the friction surfaces, velocity
and loading parameters, viscosity-temperature

Performance assurance of the hydrodynamic
tribosystem is one of the basic problems in the
creation and operational development of
internal combustion engines design. Mainly it is
caused by complexity and interconnectivity of
the processes and factors defining the reliability
of the fluid friction units. For the performance
assurance of the hydrodynamic tribosystem it is
necessary to take into account the following
data: geometry of the tribounits, macro- and

and rheological properties of the liquid lubricant
dividing the complex loaded surfaces of the
friction. Together with these parameters
considered in the autonomous tribounits
simulation, for the system of crankshaft main
bearings of the internal combustion engines it is
necessary to consider the cross-coupling effect
of the tribounits arising from elastic links of
bearings and journals (by means of an engine
crankcase and a crankshaft).

139



Y. Rozhdestvensky et al,, Tribology in Industry Vol 40, No. 1 (2018) 139-148

Moreover, the factors determining a relative
position of its journals and bearings influence
significantly the reliability of the main bearings
system. Among these factors one should
mention technology and thermal factors. The
technology factors are correlated with coaxiality
tolerance of the holes into the crankcases and a
run-out tolerance of the crankshaft journals.
Modeling the influence of thermal stress state of
a crankcase on hydromechanical characteristics
of main bearings of diesel engines requires a
detailed description of thermal fields. This
description requires modeling a heat emission in
cylinders and liquid flows in the cooling system
of the engine heads and crankcases.

The existing methods of modeling the
interconnected processes of lubricant flow in
thin liquid layers and nonlinear dynamics for a
system of "a crankshaft - lubricating films - a
crankcase” are reduced to the separate subtasks
solution [1-3].

Such methods are mostly used for heavy-loaded
autonomous (isolated) hydrodynamic bearings.
However, they do not allow to estimate the
influence of design and technological factors
such as different values of elastic compliances of
crankshaft supports, misalignments of journals
and main bearings and so on.

The fullest model was suggested by S. M.
Zakharov [4], D. Bonneau et al. [5-9]. The
technique [4] considered the deviations of the
necks of the crankshaft and the angular
compliances of the crankshaft supports, but for
obtaining the results the authors were
compelled to apply an approximation method
(Holland’s method). The complete models [9]
simultaneously consider the bearings as a whole
with their relative displacements under the
deformation effect of the engine block and the
crank shaft, but authors didn't analyze influence
of admissions on coaxiality of pins of a shaft,
other technological and thermal factors on
operability of main bearings system.

2. METHOD DESCRIPTION

The efficiency of hydrodynamic tribounits can be
estimated by calculating the standard set of
hydromechanical characteristics (HMC) in order
to predict the fatigue durability and wear
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resistance of bearing antifriction layers, friction
losses, thermal loading of tribosystems, and
solve the problem of optimizing the design
parameters [10-14]. The most important HMC
for main bearings are: instant values of the
minimum film thickness h,(t) and the

maximum hydrodynamic pressure Ppa(t) of a

lubricant layer, and also their extremes inf h;,,

SUp Pax and averages h;in, p:nax magnitudes
per cycle of loading; effective temperature of a

lubricating layer T”, instant and average power

losses to friction N(t), N™ lubricant flow rates

Q(t), Q™.

HMC determination of main bearings system for
IC engine is based on the solution of four
interrelated problems: 1) the dynamics of a
journal on the lubricant layer under the
influence of non-steady external forces and
reactions of the Ilubricant layer; 2) the
hydrodynamic theory of lubrication to
determine the pressure distribution in the
lubricant film taking into account the design
features of tribounits and the rheological
properties of the oil; 3) a determination of the
thermal state of the bearing for the correction of
the lubricant viscosity; 4) elastic model for
determination the interrelation between elastic
compliance of crankshaft and crankcase and
bearing reactions

2.1 Dynamic subtask

The position of each central of crankshaft necks
X(z), Yi(z), a¥(z), pI(z), j=1..,n+1 (where
n is number of cranked port of shaft) defined by

the decision of the dynamic equation system (the
subscript j isn't specified):

Jy = _F(LT,U_,}7,77,T)+ (1
_R(U,U,y,y,r)+ _G(U,U,7,7,r)
where U ={X,Y}, 7={a,B}={-ycose,ysine},

U, 7,[7, ;7 are vectors of linear and angular

coordinates, velocities and accelerations of the
journals respectively; y is the skewed angle

between the neck and bearing axis; ¢ is the angle
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between the skewed and coordinated planes;
m,J are the journal inertial characteristics;
F= {IEX,IEY}, Mg = {MX,MY} are forces and
moments acting on the bearing (they are defined
by solving the system (5); R, I\WR are the
resultant vectors of forces and moments received
by integration of the Reynolds equation for the
lubricant pressure; I\WG is the gyroscopic torque.

Unlike autonomous bearing, the vectors for non-
autonomous bearings system depends on elastic
characteristics of all supports and thus
coordinates and accelerations of all crankshaft
journals centres.

2.2 Hydrodynamics subtask

For the definition of a hydrodynamic reaction of
each bearing lubricated by non-Newtonian
liquid it is necessary to know a hydrodynamic
pressure distribution in a thin lubricant layer
p((p,z,r). This function is obtained by solving

Reynolds’ differential equation [2,15,16]:

O |cksof =~ @) P
IRkt g B, Py
op P ) Op

0 k+2| — (712 %
+—1h - |p—=—|= 2
82{ [(Pz D paz @)
=3[co—pﬁ{1—<ﬁ—1ﬂ+i(a?),
op Po or
where 2 is lubricant density;

Ez(p—pa)q/zl,uoa)oh are a non-dimensional
hydrodynamic pressure and film thickness
respectively; p,p, are a dimensional
hydrodynamic pressure and the atmospheric
pressure value; y,w are relative values of a

bearing clearance and angular velocity; Z is a
non-dimensional coordinate in the direction of a
bearing width; ¢ is an angular bearing
coordinate; k is an index characterizing the
degree of non-newtonian behavior of a

V2 N
lubricant; ¢, = | Vk/ﬁ dy, k=012;y is a
1
non-dimensional coordinate on the frictional
surface normal; z" is a non-dimensional value

of viscosity which depends of viscosity versus
shear rate, pressure and temperature:

2= (D12, ¢ xeC2TesCa)aTele  (3)

where I_Z:(G\TX/(?V)2+(6\72/8V)2 is the second
invariant of the shear rate; T, is the temperature
of the lubricant layer; C;, C,, C; are the

constants, which are the empirical

characteristics of the lubricant; A(T,) is a

piezoelectric coefficient of viscosity which
depends on the temperature and chemical
composition of the lubricants. The empirical
procedure for determining the characteristics of
a lubricant is proved in [17].

The dimensional function of the film thickness
taken into account the skewness of axes is:

h((/’y 2117)2 h*((/% 21)_
—e(z)cos(p - 5(z))+ (4)

25(7)

+2Z; TCOS({D - 8(1’))+ Ly

where e(z-) is the displacement of the journal
mass centres relative to the bearing; &(z) is the

angle taking into account the skewness of axes of
the bearing and the journal; S(z) is the distance

between the geometric centres of the journal
and the bearing at the ends of the tribounit; B is

the bearing width, Z, e[-B/2;B/2]; h(p,Z;) is
the bearing layer thickness with non-ideal
geometry at the central journal position; L, is

elastic deformations of bearing.

At integration of the equation (2) the Stieber-
Swift boundary conditions are used.

The lubricant thermal state (1-4) is based on the
isothermal approach. It assumes that the
calculated current temperature is the same at
the all points of the lubricant film. This
temperature is a highly inertial parameter and it
is determined by solving the bearing heat
balance equation for correcting of the lubricant
viscosity. The calculating method for the
autonomous bearing is in more detail presented
in work [15,18].

2.3 Elastic subtask
The mechanical model presented on Fig. 1 is a

statically indeterminate 3D beam system on an
elastic foundation. Forces and moments, acting
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to the j-th bearing I%g (z), IE\) (z), I\~/|->J<(z'), I\’/Iv\J((z')
are defined by redundant problem solving. The

solution of this problem is based on equation of
five moments:

[51xiM =R} (5)
where [5] is the band matrix of the influence
coefficients
R G N N G N G
KA K KEE I KA ) s the
vector of unknown moments; {R} is on the right

part of Eq. (5), each vector entry is the deflection
under external forces and moments

— j=Ln,(s) A, j=Ln,(s L j=Ln A j=Ln
Ri_Ri(FX ()'FY ()-Ks,x Ky
Lj=Ln A j=Ln

KL,X 'KL,Y ’Acase’Anecks) Acase, Dnecks  are

misalignments of necks and main bearings.

Usually these misalignments are correlated with
technology and thermal factors. The
technological misalignments are caused by a
coaxiality tolerance of the holes into the
crankcase and a run-out tolerance of the
crankshaft journals. The technique of thermal
state definition is presented in works [19,20].

Identification procedure of the elastic properties of

the shaft and linear KQQ,KQ\} and angular

K XJ , Ks”fg(j compliances is presented in work [21].

Influence of the lubricant layers dividing friction
surfaces of the main bearing journals of a
crankshaft and a crankcase of the IC engine is
modelled by means of non-linear elastic

elements with the compliances K&bj((r), K&j\j((r),
KEX(@) KLY ().

These compliances depend on the lubricant
layers thickness which varies with time because
the centres of the journals move on some

trajectories under the loads Fi'(s), where i is

number of the cranked port of shaft, s=1,..,7 is

number of the external force (see Fig. 1).
Instant values of the compliances can be defined
by the expressions:

(z), 6)

where I%g (r), IE\} (T), |\7|~>J((Z'), I\?I\J((r) are instant
values of the forces and moments, acting to the
j-th bearing; X 1(¢),Y!(z), a!(zr), p!(r) are the
positions of the centre of the j-th main bearing

journal of the crankshaft.

Fig. 1. Dynamic models of the crankshaft and bearing.
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At the performance evaluation of non-
autonomous main bearings (main bearings
system), the determining methods of the

autonomous bearings HMC are combined by an
iterative process with the calculation of the loads.
The iterative process is based on the continuous
scheme of the multisupporting crankshaft on the
elastic foundation. The elastic structural
properties (a crankshaft and a crankcase), the
misalignment of the journals and the main
bearings, the nonlinear damping properties of the
lubricant layers can be considered in the
calculation of acting loads. For the solution to this
problem it is offered to use the iterative algorithm
which requires consistent calculation of loads,
acting on bearings, and trajectories of movement
of the centers of their journals into bearings. For
calculating loads not only gas and inertial parts
are considered, but also elastic properties of
supports and a shaft. They are defined by means
of three-dimensional finite element models of the
engine crankcase and crankshaft. The finite
differences method by the multigrid technique for
the Reynolds equation was applied for the
definition of the main journals movement
trajectories. The method allows to consider a
dependence of viscosity on temperature, pressure
and shear rate. In addition the scheme of oil
supply in each bearing layer, macrogeometrical
characteristics of friction surfaces and other
parameters are taken into account.

3. RESULTS

The described method is applied to the
calculations of the main bearings system of 4-
cylinder in-line and 6-cylinder in-line engines
(cylinder bore is 13 cm, stroke of piston is 15 cm).
Input dates are given in Fig. 2 and in Table 1.

Table 1. Input dates.

Parameter Value
angular velocity of bearing, rad/sec 219.0
main bearing diameter, m 0.105
main bearing width, m 0.035
main bearing clearance, m 0.000103
oil feed hole diameter into the journal, m 0.007
oil feed hole angle, deg. 90,270
groove start angle at the bearing surface, deg 100
groove finish angle at the bearing surface, deg 260

FEA models of the crankshaft and a crankcase for
two engines (see Figs. 3-4) are used. The elastic
compliance coefficients are given in Figs. 5-6.

m |
\
) VAN

gas pressute, MPa

0 120 240 360 480 600 720

crankshaft rotation angle, deg
Fig. 2. Gas pressure.

Fig. 3. Models of the crankcase and crankshaft of 4-
cylinder engine: model of the crankcase design No 2
(a), the crankcase design No 1 (b), the crankshaft
model (c).
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(b)

Fig. 4. Model of the crankcase of the 6-cylinder engine
of design No 2 (a) and design No 1 (b).
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Fig. 5. The elastic compliance coefficients (um/kN) of

the supports for the 4-cylinder engine for XOZ plane
(a), YOZ plane (b).
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bearing number
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(b)
Fig. 6. The elastic compliance coefficients (um/kN) of
the supports for the 6-cylinder engine for XOZ plane
(a), YOZ plane (b).

B designNo. 2

3.1 Influence of elastic properties of supports

Calculations of the main bearing systems for the
two types of a crankcase of 4-cylinder and 6-
cylinder engines are made. The comparison of
HMC is presented in Fig. 7 and in Table 2 (bearings
and necks are coaxial). In this table is designated:
1) rigidly crankcase model; 2) crankcase of design
No1; 3) crankcase of design No 2.

4,0
inf A,

nm
2,0
1,0
0,0 T T T
1 2 3

bearing number

(a)

4

3,0
inf Apin
um

1,0

0,0

bearing number

Clrigidly crankcase model Cdesign No 1 B design No 2
(b)

Fig. 7. Comparison of HMC for 4-cylinder (a) and 6-

cylinder (b) engines (bearings and necks are coaxial).

If supports and necks are coaxial then the increase
of elastic compliance coefficients of support most
often positively influences the HMC of main
bearings (see Fig. 7). Minimums of film thickness
are 5 - 29 % more (for a design No. 1) and 12 - 36
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% more (for a design No. 2) than for the case with
absolutely rigid supports of a crankshaft.

Table 2. Hydromechanical characteristics of main
bearings for the 4-cylinder engine.

Nur(l"l})el‘ inf Nin, @hmin ' h:nin , | SUP Pmax: | Pmax:| N7,
bearing| MM deg | pum MPa MPa | W
28910 | 70 (1195 79 15 545

1 3.742) | 184 | 7.83 108 19 594
3.933) | 184 | 8.23 98 17 580

2.68 | 243 | 9.10 225 40 651

2 2.81 15 |11.53 156 25 584
2.69 15 |12.98 180 29 585

2.68 243 | 9.10 225 40 651

3 2.81 15 |11.53 156 25 584
2.69 15 |[12.98 180 29 585

3.64 609 |11.00 148 26 588

4 3.37 15 [12.99 130 26 559
3.51 15 |12.95 121 25 560

Comparison of the main bearings HMC for
designs No. 1 and No. 2 of the engine
crankcase between themselves shows that the
twofold increase by elasticity does not lead to
unambiguous change of values infh;,: the

film thickness of the second and third bearings
increase by 5-4.5 %; however at the same time
the film thickness of the first and fourth
bearings decrease by 4-5 %. Apparently, the
change of structural elasticity of a crankcase
leads to the redistribution of the loadings
acting on main bearings and corresponding
change of HMC.

3.2 Influence of displacement of crankshaft
supports and necks

The distribution of possible displacements of the
crankshaft supports and necks were set on the
basis of coaxiality tolerance of the holes into the
crankcases and a run-out tolerance of the
crankshaft journals according to technical
documentation of the engine. Possible versions of
displacements for design No 2 are presented in
Fig. 8 (blue and green lines). The most dangerous
displacement distributions are chosen by
calculations of main bearings HMC considering
crankcase elasticity and different combinations of
supports and necks relocation (see Fig. 8,
highlighted in red).
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Fig. 8. Possible misalignment distribution for
supports: dimensional tolerances for necks (a), (b) and
coaxiality tolerance of the holes (c).

Modelling results of the main bearings system for
the most dangerous misalignment distribution
are presented in Figs. 9-10. The accounting of
misalignment of the crankshaft supports and
necks leads to decrease inf h.,;, by 20-80 % for

both designs of the crankcase for a 4-cylinder
engine. At the same time for more elastic
crankcase of design No. 1 the minimum thickness
of the first (third) bearing is 6 % (28 %) lower
than rather similar value received for the
crankcase of design No. 2. Values infh,;, are
approximately at the same level for the second
and fourth bearings. For the 6-cylinder engine the
values inf h.,;, are reduced by 2.5 times.

4,0

inf i

um |
2,0 1
1,0 1
0,0 .
1 2 3

bearing number

(a)
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4,0

inf A,
pm
2,0

1,0

0,0
1 2 3 4
hearing number

O without misalignments ®with misalignments
(b)
Fig. 9. Comparison of HMC for a 4-cylinder engine: (a)
design No 1 of crankcase, (b) design No 2 of crankcase.

3,0
inf hmin:
pm
1,0 |_'
0,0
1 2 3 4 5 6
bearing number
(a)
3,0
inf Apin» |
wm
ljo I “
1 2 3 4 5 6

bearing number
O without misalignments ®Bwith misalignments
(b)
Fig. 10. Comparison of HMC for the 6-cylinder engine:
(a) design No 1 of crankcase, (b) design No 2 of
crankcase.

It should be noted that the maximum difference of
the supports displacement for design No. 1 is nearly
8 times higher than design No. 2. At the same time
the change of the corresponding values inf h;, is

insignificant. It demonstrates desensitization to
misalignment of crankshaft supports and necks by
increasing the crankcase elasticity.

3.3 Thermal effects
The thermal field leads to crankcase deflection

from the axis OZ and arouses a misalignment of
the hole for bearings installation. The technique
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of a thermal state definition of a crankcase and
the respective field of deformations is in detail
considered in work [19, 20]. The misalignments
caused by various reasons are shown in table 3
and the modelling results are presented in Fig. 11,
12 for the 4th cylinder engine (rigidly crankcase
model), were type 1 is bearings misalignments
caused by thermal deformation, um; type 2 is
technological misalignments for the bearings, um;
type 3 is technological misalignments for the
journals of the crankshaft, um.

Table 3. Comparison of values of the misalignments
caused by various reasons, pm.

Types of Number of the crankshaft support
misalignment 1 2 3 4 5
Type 1 -65 67 127 69 71
Type 2 0,0 10 0,0 10 0,0
Type 3 10 -20 30 -20 10
4,0 9
inf A, 2,82 3,02
Hm 2y 17 51
2,0 £
1,44 1,06 58
1,0
0,0
1 2 3 4
bearing number
(a)
Ll 11,7 89 10,0
Prnin> | | 7,1 [ ]
Hm 801 138 []40 | |43
4,0 — —
0,0
1 2 3 4
bearing number

Owithout taking into account of thermal

deformation of the crankcase
B type 1 of misaligment

(b)
Fig. 11. Influence of thermal deformation of a

crankcase on the minimum (a) and average (b) film
thickness of the main bearings system.

20
]
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1 0}3 0{0 -0,5 -15,0

Falal
=)

N

10
15t

X

—without taking into account of termal
deformation of the blokcase

—type 1 of misalignment
(b)
Fig. 12. Influence of thermal deformation of a
crankcase on the distribution of minimum thickness
(a) and the movement trajectory of the journal centre
(b) for the third main bearing

Distributions of the minimum film thickness on
the bearing surface and also a journal trajectory
for the 3rd main bearing are shown in Fig. 12. Itis
obvious that misalignments from OZ rotation axis
significantly influence the performance assurance
of the main bearings system.

4. CONCLUSION

The research shows the necessity of applying the
integrated approaches which allow to consider
simultaneously both the features of autonomous
bearings and many facts of their interaction.
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