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Abstract
The failure rate of crankpin bearing bush of diesel engine under complex working conditions
such as high temperature, dynamic load and variable speed is high. After serious wear, it is easy to
deteriorate the stress state of connecting rod body and connecting rod bolt, resulting in serious acci-
dents such as connecting rod fracture and body damage. Based on the mixed lubrication characteris-
tics of connecting rod big endbearing shell of diesel engine under high explosion pressure impact
load, an improved mixed lubrication mechanism model is established, which considers the influence
of viscoelastic micro deformation of bearing bush material, integrates the full film lubrication model
and dry friction model, couples dynamic equation of connecting rod. Then the actual lubrication
state of big end bearing shell is simulated numerically. Further, the correctness of the theoretical re-
search results is verified by fault simulation experiments. The results show that the high-frequency
impact signal with fixed angle domain characteristics will be generated after the serious wear of bear-
ing bush and the deterioration of lubrication state. The fault feature capture and alarm can be real-
ized through the condition monitoring system, which can be applied to the fault monitoring of con-

necting rod bearing bush of diesel engine in the future.
Key words: mixed lubrication model, connecting rod bearing bush, wear, fault feature, con-

dition monitoring

0 Introduction

Medium high-speed and high-power diesel engine
is the core power equipment of military and civilian
ships. It has been heavily dependent on foreign tech-
nology licensing production for a long time, and its in-
dependent research and development and operation and
maintenance management ability is weak. With the in-
creasing complexity of marine diesel engine system and
the continuous improvement of integration and intelli-
gence, the failure rate of key components of marine
diesel engine continues to rise under harsh environ-
ments such as high temperature, high speed, strong
corrosion, strong impact and variable working condi-
tions, as well as malignant faults such as connecting
rod fracture, connecting rod bolt fracture and valve
fracture occur frequently''”’. It seriously endangers the
safe and reliable navigation of military and civilian
ships.

Medium and high-speed, high-power marine diesel
engines have the characteristics of many cylinders,
large cylinder diameter, high explosion pressure and
complex structure. Under the combined action of high
explosion pressure combustion impact force, reciproca-
ting inertia force and rotating centrifugal force, their
crank connecting rod mechanism bears alternating and
strong impact loads for a long time. Their common var-
iable speed and variable load conditions superimpose
combustion impact in the cylinder, resulting in com-
plex lubrication conditions and frequent faults of con-
necting rod bearings, such as wear, cracks loose bush-
ing. The wear of connecting rod bearing will cause the
increase of fitting clearance, lubrication failure, abnor-
mal impact vibration and shear stress, deteriorate the
stress state of connecting rod body and connecting rod
bolt, and easily cause malignant accidents such as con-
necting rod bolt fracture, connecting rod fracture, and
even serious damage to the body'*’. Therefore, accord-
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ing to the structure, lubrication and operation charac-
teristics of marine diesel engine connecting rod bear-
ing, it is particularly urgent to carry out in-depth re-
search on the fault mechanism of connecting rod bear-
ing, so as to monitor and diagnose the fault and ensure
the safe and stable operation of the unit.

In recent years, researchers have strengthened their
investment in the study of diesel engine fault mechanism.
Daniel and Cavalca'*’ established a full film lubrication
state model for the small end bearing of connecting
rod, which is suitable for the small eccentricity of pis-
ton pin. For the connecting rod big end bearing, Chen
and Ranadall"®’ adopted the lubrication model of infi-
nite short sliding bearing based on the local coordinate
system, and obtained the dynamic response of connect-
ing rod bearing under the condition of full film lubrica-

tion. Haneef et al. '®

coupled the rough peak contact
model to simulate the most widely existing mixed lubri-
cation state in connecting rod bearings, and established
the lubrication state transition mechanism based on the
film thickness ratio. Hou and Du'” calculated the stress
time load of diesel engine bearing components based on
multi-body dynamics theory, and completed the surface
vibration analysis of engine block structure by finite el-
ement method. Yuan et al. '® studied the fault mecha-
nism of diesel engine timing gear fracture by computer
simulation combined with metallographic analysis of
metal materials. Bi et al. "’ established the thermal
elasto hydrodynamic lubrication (TEHL) model of con-
necting rod small end bearing and analyzed the effects
of bearing clearance and surface roughness on wear
characteristics under the influence of heat load. The
existing research on bearing lubrication and wear gen-
erally ignores the micro deformation time and rough
peak contact effect of bearing materials. Assuming that
the bearing bush material is completely elastic, the
quantitative relationship between local micro deforma-
tion and wear evolution of bearing materials cannot be
established, and it is difficult to accurately analyze the
generation and change law of weak impact signal of
early wear of connecting rod bearing under strong im-
pact load and variable working conditions.

In recent years, scholars have carried out research
on the viscoelastic effect of solid materials. Scaraggi

19 proposed a viscoelastic hydrodynamic

and Persson
lubrication ( VEHL ) model suitable for steady-state
point contact or line contact, coupled Boussinesq’ s

11-12 . .
! and viscoelastic con-

half space deformation theory'
stitutive equation to correct the calculated value of
steady-state deformation. He et al. ' further studied
the effect of temperature on viscoelastic deformation on

the basis of VEHL model, and proposed a new thermal

viscoelastic hydrodynamic lubrication model. Tt should
be pointed out that these viscoelastic hydrodynamic lu-
brication models are suitable for point contact or line
contact lubrication forms, such as rolling bearing and
gear meshing, and have poor adaptability to sliding
bearing. According to the viscoelastic deformation
characteristics of dynamically loaded sliding bearings,
a time-series related deformation equation is proposed,
which can reveal the mechanism of alternating transient
and time-delay deformation and coupling effect of lubri-
cation flow field boundary'"’.

Based on the existing achievements, this paper
takes the connecting rod big end bush of four stroke
diesel engine as the research object, establishes the
time series related mixed viscoelastic hydrodynamic lu-
brication model, considers the influence of viscoelastic
micro deformation of bearing bush material, and con-
structs the full lubrication state analysis model of con-
necting rod bearing bush by integrating the full film lu-
brication model and dry friction model. Furthermore,
the impact characteristics of the connecting rod bearing
bush under the actual lubrication state and wear state
are numerically simulated by coupling the connecting
rod dynamic equation. The correctness of the theoreti-
cal research results is verified experimentally by using
the diesel engine fault simulation test-bed. The simula-
tion and experimental results show that the high-fre-
quency impact signal with fixed angle domain charac-
teristics will be generated after the bearing bush is seri-
ously worn and the lubrication state is degraded. The
research results of this paper have a positive role in
promoting the research on the fault mechanism and di-
agnosis method of connecting rod bearing bush of diesel
engine.

1 Construction of full lubrication analysis
model for connecting rod bearing bush

Previous studies have proved that during the oper-
ation of piston engines, the lubrication state of the con-
necting rod bearing bush changes periodically and con-
stantly changes in three states, including full-film lu-
brication state, mixed lubrication state and dry friction
state, as shown in Fig. 1. These three lubrication states
can be distinguished by the minimum film thickness ra-
tio'™). In this paper, different lubrication models are
used to calculate the bearing resultant forces under

three lubrication states.

1.1 Mixed lubrication state model
When the minimum film thickness ratio 0 < H

min

<3 , namely eccentricity ratiol = e =1 -3 0 /¢,
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(a) Full-film lubrication

contact

(b) Mixed lubrication

(c) Dry friction

Fig.1 Schematic diagram of lubrication state

In this
state, local oil film thickness, surface roughness and

bearing bush is in mixed lubrication state.

deformation belong to the same order of magnitude, so
there is both oil film lubrication and microscopic rough
contact. Deformation and rough contact affect the oil
film thickness and thus the oil film pressure.

(1) Calculation equation of deformation and oil
film thickness. The time-series associated deformation
equation considering the viscoelasticity of bearing bush
material can be written as

5,y A |, = 8,(x' sy, D) [~ 1]
P B (g ) [ = e )
6(x', y', t+Ar) =86,(x", y", t +Ar)
+ X8 y, A
(1)
where, x and y respectively represent the two radial di-
rections where the bearing bush sections are perpendic-
ular to each other, 8, (x", y', At) |, is the unit delay
, t) is the cu-

!

deformation of bearing bush, §,(x’, y
mulative delay deformation, &7 (x', y', o) is
the complete time-delay deformation produced by the
corresponding time-elastic modulus £, under the cur-
rent oil film pressure p(x', y', t), 6,(x", v', t + At)
is the transient deformation corresponding to the transi-
ent elastic modulus £, at the next time, 6(x’, y', ¢ +
At) is the total deformation of superimposed transient
and delay deformation.

Therefore, the oil film thickness calculation equa-
tion including deformation and roughness correction can
be written as

hy(x', t) =c+e(t)cos(%) =¢ e [0, 27]

(2)
ho(x", t) +8(x", y',t) (3)

fj(h + Ra)f(Ra)dRa  (4)

’
r
’
Rb

h(x(’ y,, t)
hy = E(hy)

s nominal oil film thickness ( not

—

where, h,(x', t)
considering bearing deformation) , h(x’, y', ¢) is the
oil film thickness taking into account of bearing bush
deformation, h, is the average oil film thickness, R, is

the bearing radius, c¢ is the bearing radius clearance, e

is eccentric distance, Ra = Ra, + Ra, is combined
roughness, f( Ra) is the probability density function of
Ra.

(2) Oil film pressure control equation. The oil
film pressure control equation considering surface
roughness is the average Reynolds equation proposed
by Patir and Cheng'""'.

8( ﬁigg+8( ﬁiﬂg
ax'\T 12u ax’ ) Ay N\ 12 0y’
U +U,dh, U -U, o, 9dh,
T2 w2 T T
(5)

where, ¢ and ¢ are pressure flow factor, i is shear

flow factor. All of them can be calculated by using Pat-
ir and Cheng’ s empirical formula based on numerical
simulation results.

1.2 Full-film lubrication state model

When the minimum film thickness ratio H . > 3,

namely eccentricity ratioe < 1 —30/¢, bearing bush is
in full-film lubrication state. The thickness of oil film
is larger than that of film pressure, and the influence of
surface roughness, deformation and viscosity effect of
oil can be ignored. Ocvirk''"®" has derived the analyti-
cal solution of oil film pressure of infinitely short plain
bearings based on Reynolds equation. The model is
used to calculate the oil film pressure of bearing bush
under the condition of full-film lubrication, and the an-
alytical function of the film pressure can be expressed
as

p(d,y") = 6;:%c[é‘coscb +e(a-w)sind](y” - %LZ)

(6)
where, ¢ is the circumferential angle of the rotating co-
ordinate system of the big end bearing shell, w is the
relative speed between the crank journal and the big
end bearing shell, h is the nominal oil film thickness,
and their calculation formulas are as follows.

{h(cb) =1 + gcosd
50—

(7)

The model has two boundary conditions. The first
boundary condition considers that the oil film is com-
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plete, so there is negative pressure. However, in prac-
tice, the liquid cannot withstand negative pressure, so
there is a cavitation effect. The Gumbel boundary con-
dition more reasonably considers the effective positive
pressure oil film interval. The starting point ¢, and the

ending point ¢, of the interval can be calculated by
{qbo = arctan(
b =, +m

In addition, the interval starting angle ¢, needs to

- )
é(a - w/?2) (8)

be corrected, which can be expressed by
by = ¢, + m, if [&sind — e(a — w/2)cosdp] <0
(9)

1.3 Dry friction state model
When the minimum film thickness ratio H

<0,

namely the eccentricity ratio ¢ > 1, the big end bearing

min

shell is in a dry friction state, and the crank journal
and the big end bearing shell are in direct contact. In
this section, the Hertzian elastic contact model modi-
fied by Lankarani and Nikravesh is used to calculate
the normal contact force''”’ | which can be expressed as

, [BR .
2
F/l = sz +Rf R ':1 +3(14C”).5‘"):Fm
([ () i
AR

(10)
where , Si" is the contact penetration velocity, that is,

the eccentric velocity &; 6.7 is the initial collision ve-
locity and 6 is the penetration amount (&c — ¢). For
metal materials, the exponent nc is equal to 1.5, and
the regression coefficient ¢, is 0.9. In this state, the

frictional force and frictional power consumption can be

expressed as'"®
R,w + cea

e N sy (11)

P, =l f(Rw + cea) |
where, the friction coefficient ¢, is 0. 1 according to ex-
perience; (R,w + cea) is the tangential relative sliding
speed of the contact point; ¢, is the dynamic correction
coefficient,, and its value varies between 0 and 1 due to
the influence of the relative sliding speed in the tangen-
tial direction, and it is 0.5 according to experience.

1.4 Bearing resultant force calculation model

In the state of oil lubrication, the oil film pressure
is much greater than the friction force. Therefore, the
bearing force is mainly composed of the oil film pres-
sure and the rough contact pressure, and the influence
of the friction force on the bearing resultant force is ig-

nored. In the full film and mixed lubrication state, the
calculation formula of bearing resultant force can be ex-
pressed as

F

r

I
—
& =

bS]

()

=]

&
<
ER‘J

(o
=

oL

N\

(12)

F, J;L ﬂ:;psinqubdqbdz'
2

In the dry friction state, the resultant bearing
force can be expressed as
{F . =-F,
F, =f

where F| and F, are the components of the bearing re-

(13)

sultant force along the local coordinate system rt, re-
spectively.

Based on the coordinate transformation angle o,
transform F, and F, into global coordinate system com-
ponents, which can be expressed in matrix form as

[Fx,]: [c?sa —sina][F,] (14)

F, sina. cosa 4LF,
where, F  and F_ are the bearing force components
acting on the big end bearing shell, and the compo-
nents F, and F_ acting on the crank journal are the in-
teraction forces with them.

To sum up, an analysis model of the full lubrica-
tion state of the big end bearing shell is constructed,
and the film thickness ratio is used as the criterion to
switch between different models, which corresponds to
the calculation of bearing performance parameters in
different lubrication states.

2 Construction of the dynamic model of the
crank connecting rod mechanism consid-
ering the influence of lubrication

Due to the clearance at the big end bearing shell
of the crankshaft connecting rod mechanism of diesel
engine, it can be divided into two subsystems: piston
connecting rod subsystem and crankshaft subsystem, as
shown in Fig.2. There is a pair of interaction forces
between the two subsystems, that is, the bearing re-
sultant force of the big end bearing shell, which can be
obtained by the calculation model of the bearing result-
ant force mentioned above.

2.1 Piston connecting rod subsystem

Taking the friction pair in the subsystem as an
ideal rotating pair, according to the Lagrangian energy
method, the dynamic equation of the piston connecting
rod subsystem can be written as
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- (m, + m,) (F Lcosp + F_L sinp)
. + Lym,sing(L,m ¢ cosp + F, - F,)
L (Lym,sing)? + (I, + Lim,) (m, + m,)
(I +Lim) (L]mrgézcosgo +F, - Fg)
; - Lym,sing(F L.cosp + F_L_ sing)
P

T (Lym,sing)* + (I + L'm,) (m, + m,)

(15)
where, @, ¢, z.ﬁ and Ep are the first and second deriva-
tives of the connecting rod angle and piston displace-
ment with respect to time, respectively; L, is the dis-
tance from the center of the small end bearing shell to
the center of mass; m, and m, are the masses of the
connecting rod and the piston, respectively; [, is the
moment of inertia of the connecting rod, and L, is the
the length of the rod; F, is the resultant force of the
combustion pressure acting on the piston.

Piston connecting]
rob subsystem

{Connectin;
! rod axis

Crankshaft

subsystem 240 ! 300

(a) Polar coordinatesy 0
R A 7 ?
7 Ry+hy, h, =ht 4(15(110—1//) /(w,) -‘
Ao (max) t /- Parabolic

J ; ‘Base circle profile segment
Ry ‘—’i

0 45 90 135 180 225 270 315 360
(b) Unfold

Angley (°)

Fig.2 Schematic diagram of subsystem and local wear

profile of connecting rod bearing

2.2 Crankshaft subsystem

According to the torque balance principle of the
crankshaft, the dynamic equation of the crankshaft
subsystem can be expressed as

1.0 = F_Rcosd + F Rsin + T, + T, + T,

(16)

T, =0.697 - +6(2.995 x 10 xn_—1.487
| 101

x107)V, (17)

where, [, is the moment of inertia of the crankshaft sys-
tem, F  and F_ are the component of the bearing force
of the big end bearing shell, 7' is the load torque, T, is
the driving torque of the remaining cylinders to the
crankshaft, T, is the frictional resistance torque of the
system, n, = 4 is the number of cylinders.

3  Simulation analysis of lubrication and
wear impact characteristics

3.1 Simulation settings

On the basis of the above model, the simulation re-
search on the lubrication and wear impact characteristics
of connecting rod bearing bush is further carried out.

According to the actual bearing wear characteris-
tics, two wear fault states are set: overall wear and lo-
cal wear. In the overall wear state, the bearing clear-
ance ¢ =0.4 mm. Fig.2 is a schematic diagram of the
local wear profile of the local wear state, with reference
to the existing research experience, the wear interval
span is set at 60 °, located in the upper half of the tile
with the connecting rod axis as the boundary, and the
rotation direction along the journal, the first 10 ° is the
starting point, and the last 50 ° is the end point.

Fig. 1 shows the contour of the local wear of the
big end bearing shell. Assuming that the wear profile ¢
is parabolic ( symmetric) relative to the rotation angle ,
the maximum wear depth is set to A" =12 pm, so the
wear profile can be expressed as

2
b, = nf1 - L0200 (18)
b,

where ¢, = 30 ° is the half wrap angle of the wear pro-
file.

The specific simulation parameters are shown in

Table 1.

Table 1

Specific settings of initial parameters

in the simulation model

Characteristic parameter Numerical value

Crank shaft moment of inertia (1,) 0.1kg - m’
Connecting rod moment of inertia ( I, ) 0.002 kg - m’
Piston mass (m,) 0.467 kg
Connecting rod mass ( m, ) 0.693 kg
Crank angle (0) 0 rad
Crank shaft angular velocity ( 6 ) 210 rad/s
Connecting rod angle ( ¢ ) T
Crank radius (R) 0.043 m
Connecting rod length ( L, ) 0.135m
The length from the small end of the
. 0.09 m
connecting rod to the center of mass ( L, )
Cylinder volume ( V, ) 0.000 47 m®
Connecting rod angular velocity ( ¢ ) —-66.9 rad/s
The position of the piston in
N 0.177 997 m
the z direction ( z, )
The velocity of the piston in
0m/s

the z direction ( z, )
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3.2 Analysis of simulation results of oil film sup-
port force

The simulation sets the normal condition with a gap
¢ =0.1 mm and three fault conditions with ¢ =0.2 mm,
¢=0.3 mm and ¢ =0.4 mm. For visual comparison,
the normal condition and the uniform wear condition
with a gap value of 0. 4 mm are chosen to show the
characteristic values. The simulation results of the
overall wear of the bearing bush are shown in Fig.3,
and the oil film force of the big end bearing shell under
normal conditions is used for comparison. It can be
seen that with the occurrence of wear, the bearing bush
clearance increases, and the peak oil film pressure in
the wear state has a hysteresis characteristic compared
with the normal state; after the overall wear, in the
compression stroke before the diesel engine fires and
the first bottom dead center ( BDC) position after the
fire, the high frequency impact force characteristic is
generated, and the impact energy and range at the bot-
tom dead center position are relatively large. The char-
acteristic curves of the gap value 0.2 mm and 0.3 mm
also have the same pattern.

5 X104
BDC TDC

(Ignition) 4

i
i

05}

0 180 360 540 720
Crankshaft angle/®

Big end bearing shell support/N

Fig.3 Comparison of oil film resultant force of big end bearing

shell under overall wear and normal state

However, the actual fault inspection and mainte-
nance found that the overall uniform wear of the con-
necting rod bearing bushes is not a common wear state.
Most engineering cases have proved that the big end
bearing shell often wears unevenly, and the local wear
is serious. The common wear area is the oil film during
the ignition process. This is the area where the pres-
sure is mainly applied. Fig.4 shows the oil film force
curve for a normal condition with a gap value of ¢ =
0.1 mm and a wear condition with a maximum local
wear depth of 0.4 mm. As shown in the figure, when
the bearing bush is partially worn, at the two BDC po-
sitions of a single working cycle (720 °) of the diesel
engine the strong high-frequency impact force is gener-
ated; moreover, at the top stop of the non-firing
stroke, a small shock is also produced near the 45 °

before and after the point. The characteristic curves of
the gap value 0.2 mm and 0.3 mm also have the same

pattern.
5 X104
BDC TDC BDC |__. ¢=0.1 mm

% (Ignition)
E‘ — ¢=04mm
&
2
3
< Impact
.
2
=]
=
1

0 180 360 540 720

Crankshaft angle/®
Fig.4 Comparison of oil film forces of big end bearing shell

under local wear and normal conditions

In order to better compare the oil film force varia-
tion law under the variable clearance condition, Fig.5
further shows some indicators of the oil film force for
the deepest local wear of ¢ =0.1 mm, 0.2 mm, 0.3 mm
and 0.4 mm for a more realistic local wear condition.
In Fig. 5, Impact 1 is the impact near the first BDC,
i. e. , the angle range of 170 ° =306 °; Impact 2 is the
impact near the second BDC, 1i. e. , the angle range of
520 ° - 648 °.

square (RMS) values of the shocks in these two angu-

The maximum peak and root mean

lar domains are extracted separately, and the four
curves in Fig.5 are obtained. In this case, 20 cycles
are set for each working condition, and the peak and
RMS values are the average of the 20 cycles. It can be
found that as the gap increases, the impact in the im-
pact angle domain becomes more and more severe, in
both Impact 1 and Impact 2.

8000 )
z
=
o
&
E 6000 s
2
24000
g
153
o
=
=} —3— Impact 1 Peak value
Qc)b 2000 —— Impact 1 RMS value
@ ——f— Impact 2 Peak value
—A— Impact 2 RMS value
0 N " " n
0.1 0.15 0.2 0.25 0.3 0.35 0.4

Clearance/mm

Fig.5 The peak value and RMS value of the support force

3.3 Vibration acceleration signal analysis
On the basis of the above oil film force simulation
results, the vibration acceleration signal of diesel en-
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gine shell is further simulated. The frequency response
function (FRF) , which is excited and transmitted from
the crank journal to the outer surface of the casing, is
used to transform the supporting force of the big end
bearing shell into the vibration acceleration signal of
the engine casing, so that the vibration characteristics
can be monitored and analyzed more directly. Fig.6
shows the frequency response function from crank jour-
nal of piston engine to the position of main bearing on
the surface of engine block. It can be seen from this
figure that the transmission effect of high-frequency im-
pact components on the vibration transmission path is
good, but the transmission rate of low-frequency com-
ponents below 1000 Hz is low. The oil film force data
of the big end bearing shell calculated in the previous
article is transformed by fast Fourier transform, the am-

40 FRF-Vertical
% 30
z
8
3 20
£
=
5 10
00 1000 2000 3000 4000 5000 6000
Frequency/Hz

plitude-frequency signal is multiplied by this transfer
function, and combined with the phase-frequency sig-
nal, it is transformed into the vibration acceleration
waveform of the machine body surface by inverse Fou-
rier transform. The acceleration simulation signal in
normal state is shown in Fig.7, and the acceleration
simulation signal in fault state is shown in Fig.8 and
Fig.9. For the sake of visual comparison, only the wear
gap of 0.4 mm is shown here, and the variation of vi-
bration acceleration with the gap value is further illus-
trated in Fig. 10.

As can be seen from Fig. 6, under normal condi-
tions, in a single working cycle of diesel engine, the oil
film force of bearing bush changes smoothly, and the
amplitude of acceleration impact is small, not excee-

ding 100 m/s”.

—
=)

—
N

oo

Amplitude/(m-N/s?)

~

0

0 1000 2000 3000 4000
Frequency/Hz

5000

6000

Fig.6 Frequency response function of engine crank to shell surface

D¢ |

ignitipn

BDd T

1
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Vibration acceleration/(m/s?)
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1 i 1
360 450 540 630

Crank angle/*®

Fig.7 Acceleration simulation signal in normal state
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Crank angle/®
Fig.8 The vibration signal of the body in response to the com-

bined force of the oil film in the overall wear condition
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=
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Q
<
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> Fz 3,
» 0
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Component Fx % /d’O)O o

Crank angle/®

Fig.9 The vibration signal of the body in response to the com-
bined force of the oil film in the local wear condition
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Further, the acceleration vibration signal under
the condition of overall wear and local wear is simula-
ted and analyzed.

Fig. 8 shows the vibration simulation signal gener-
ated by the oil film pressure under the overall wear
condition. It can be seen that at the BDC phase after
ignition, a significant vibration impact signal is genera-
ted, with a peak value of 4.8 x 104 m/s”; there are al-
so small vibration impacts around 45 ° and 300 °.
Fig.9 shows the vibration simulation signal generated
by oil film pressure under local wear condition. It can
be seen that significant vibration impact signals are
generated at two BDCs before and after ignition, and
the peak value is as high as 3.6 x 104 m/s".

pared with the overall wear condition, vibration impact

Com-

is also generated at the BDCs before ignition. These vi-
brational shocks correspond to the abnormal phase of
the oil film forces. The characteristic curves of the gap
value 0.2 mm and 0.3 mm also have the same pattern.

In order to further compare the variation law of vi-
bration acceleration under variable clearance, for the
four gap values, the peak and RMS values of the im-
pact near the first BDC (Impact 1 with an angular do-
main of 170 °© =306 °) and the second BDC ( Impact 2
with an angular domain of 520 ° — 648 °) are extrac-
ted, as shown in Fig. 10. And these values are ob-
tained by averaging the results over 20 cycles. It can
be found that as the gap value increases, the impact
amplitude and the RMS value increases synchronously.

X 104
4 10

—pP O

—3— Impact 1 Peak value
—— Impact 1 RMS value
——F+— Impact 2 Peak value
A Impact 2 RMS value

Vibration acceleration/(m/s?)
N

0
0.1 0.15 0.2 0.25 0.3 0.35 0.4

Clearance/mm
Fig.10 The peak value and RMS value of the

vibration acceleration

4 Results analysis and experimental verifi-
cation

4.1 Experimental equipment and preparation
The vibration and impact characteristics of bearing
shell after wear under ideal conditions are obtained
from the above simulative results. Experimental verifi-
cation research is further carried out. The experimental

platform of this paper is shown in Fig. 11 and Table 2.

Fig.11 Diesel engine fault simulation test bench

Table 2 Specific parameters of diesel engine test bench

Parameters Value

Number of cylinders 12
B1-A1-B5-A5-B3-A3-B6-

Firing sequence A6-B2-A2-B4-A4-Al

Rated power 485 kW

Angle of cylinder V-60 °
Rated speed 2100 r/min

Theoretical value of 0.3 mm

inlet valve clearance

4.2 Experimental signal verification analysis

The wear fault simulation experiment of connect-
ing rod’ s big end bearing shell of diesel engine is car-
ried out. Taking A3 cylinder as the object, the con-
necting rod big end bearing bush is injected with fault
injection method to manufacture part wear fault manu-
ally. The wear part was processed on the inner surface
of the big end bearing shell by wire electrical discharge
technology, and the part wear contour was formed. The
part wear interval span is 60 °, the distribution position
is the same as that in the simulation case, four working
conditions with maximum wear depth of 0.1 mm,
0.2 mm, 0.3 mm and 0. 4 mm are set respectively,
and the wear contour is parabolic ( symmetrical distri-
bution). The details are shown in Fig. 12. The thick-
ness of the alloy layer of the connecting rod’ s big end
bearing shell is about 0.4 mm, and the maximum wear
depth has reached the steel back layer. Therefore, this
paper sets a relatively serious wear fault.

Install the acceleration vibration sensor on the
lower surface of the crankshaft main bearing seat and
drill the cable out of the oil pan. Considering the com-
plex structure and working conditions of diesel engine,
there are many vibration excitation sources, and the
vibration signal on the surface of the body is usually in-
terfered by strong noise, so the installation position of
the sensor is as close to the connecting rod bearing shell
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(a) Wire electrical discharge (b) Indication of wear area

Fig.12 Diagram of the fault setting for partial wear of the big
head of the connecting rod

as possible. The normal bearing and the faulty bearing
are respectively used for the experiment. The experiment
process is that the normal bearing is used first, and the
engine is run at 1000 r/min and 400 N + m for 4 min;
The data collector is used to collect data synchronously
from the vibration sensor at a sampling frequency of
25.6 kHz. Then, the machine is shut down to disas-

semble and replace the partially severely worn big end
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!
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u§ 50
?z) 0
g =50
§ -100
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,-§ -150
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Conditions

Normal

Crank angle/®

(a) Vibration acceleration waveform

bearing shell, and the experiments are conducted un-
der the same working condition.

Fig. 13 shows the comparison of vibration wave-
form and spectrum collected by acceleration vibration
sensor under normal and ¢ =0.4 mm wear conditions,
with only one set of wear conditions selected to show
the ease of observation. According to the firing se-
quence of the diesel engine, the top dead center of the
A3 cylinder is located at 330 °, and the two bottom
dead center are located at 150 ° and 510 ° respective-
ly. It can be seen from the figure that the wear fault
leads to significant vibration impact of the phases of the
two bottom dead center. Moreover, the frequency of
the impact component is distributed in the high fre-
quency range of 10 — 15 kHz.

The waveforms and frequency domain plots for lo-
cal maximum wear of ¢ =0.2 mm and ¢ =0.3 mm also
show the same pattern. To further investigate the varia-
tion pattern of the vibration eigenvalues, 15 sets of ex-
perimental results for each clearance condition are
shown in Fig. 14 and Fig. 15. In the time-domain plot of
the vibration acceleration, the peak values of Impact 1

25
2
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1
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0.5
0
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. 20 25
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Conditions Normal () 5

(b) Vibration spectrum

Fig. 13 Comparison of vibration waveforms and spectra under normal and wear conditions
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Fig. 14 Peak values of vibration acceleration in the time domain waveform
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Fig.15 Average value of vibration acceleration
in the spectrogram

in the angular domain near the first BDC (i.e., 140 °
-160 °) and Impact 2 in the angular domain near the
second BDC (i.e., 500 ° —520°) are extracted to ob-
tain Fig. 14. It can be found that the amplitude of
shocks appearing in the angular domain near the two
BDCs gradually increases as the gap value increases.
In the frequency domain plot of the vibration accelera-
tion, the average value in the frequency domain of 10
—15 kHz is extracted to obtain Fig. 15. Tt can be seen
that the vibration eigenvalues fluctuate periodically at
the same gap, but the vibration degree increases signif-
icantly with the increase of the gap value.

In conclusion, the experimental data of fault sim-
ulation verify the correciness of the simulation results of
wear fault mechanism of connecting rod’ s big end

bearing shell of diesel engine.
5 Conclusions

In order to solve the problems such as high fault
rate, unclear fault mechanism and characteristics, and
difficult diagnosis of connecting rod’ s bearing shell of
diesel engine in the actual operation, a new full lubri-
cation state analysis model of connecting rod’ s big end
bearing shell is established, including full film lubrica-
tion, dry friction and a new mixed lubrication model
considering the influence of material deformation. Cou-
pled with the dynamics equation, the simulation of oil
film force and shell acceleration is completed, and the
ideal wear fault characteristics are obtained. The bear-
ing shell” s wear fault simulation experiment is carried
out based on the diesel engine fault simulation test
platform to verify the correctness of the theoretical re-
search results.

This paper studies the impact of the connecting

rod’ s bearing wear after important patterns and draws a
conclusion that the pistons have significantly impact on
the reversing point location signal. The research can be
applied in the actual fault diagnosis of diesel engine,
which has an important role in improving the accuracy
of fault diagnosis of diesel engine and avoiding the oc-
currence of malignant faults such as the fracture of con-

necting rod and connecting rod’ s bolt.
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