HIGH TECHNOLOGY LETTERSIVol.22 No.4|Dec. 20161pp. 426 ~435

doi:10.3772/j. issn. 1006-6748.2016.04. 012

Multi-body dynamic simulation research on the influence of

piston engine crankshaft thrust bearings abrasion

)

Yao Ziyun (A F =) ", Jiang Zhinong™ , Li Xin™ , Jia Yang® , Zhang Jinjie®"
(" Diagnosis and Self-Recovery Engineering Research Center, Beijing University of Chemical Technology, Beijing 100029, P. R. China)

( ™ Safety Detection and Intelligent System R&D of Beijing Rail Transit Engineering Research Center,
Beijing Rail and Transit Design & Research Institute CO. , LTD, Beijing 100089, P. R. China)

Abstract
Fault diagnosis studying on piston engine, crankshaft and gearbox is focused in this paper. The

thrust bearing abrasion caused by axial movement of the crankshaft will affect the force of timing

gears and oil pump gears, which will result in the fracture of gears, abnormal ignition, connecting

rod cracking and collision of cylinder. Simulation based on CREO software is done to build three-di-

mensional models of crankshaft and gears of a WP10 diesel engine. The models are imported into

ADAMS to complete multi-body dynamics simulations. The force analysis of gears in different kinds

of axial movements is finished and variations rules of gear dynamic load is obtained. The presented

results show that the crankshaft axial movement can cause overload and vibration on gears. Com-

bined with the realistic case data, the fault feature through simulation research is validated and early

warming parameters of gear fault are proposed.
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0 Introduction

The piston engines, represented by diesel engine,
gasoline engine and gas engine, are widely applied in
industries such as ships, vehicles, petrochemical and
engineering machinery. Taking ship building industry
as an example, driving diesel engines and generator
diesel engines take almost 5% ~ 8% and 1% ~ 3%
of total construction costs. The piston engine works
based on crankshaft, connecting rods and piston, and
the forces acting on the crankshaft of the engine are
complex because of the burst pressure of the cylinder.

Considering the diesel engine as the research fo-
cus, to date studies are tended to concentrate on opti-
mal design of the diesel engine to improve performance
and operating life. Some researchers have focused on
the parts structure, seeking optimization of design of
various parts such as crankshaft, camshaft and cooling
system'"*) ; other academics have studied the dynamic
performance focusing on: vibration, noise and fluidity

[3,4]

of operation ; some pay attention to parts friction

. L 5,6]
and want to improve the friction performance>*’ ; some

academics want to improve the fuel economy and re-

duce diesel engine exhaust pollution and use the com-
putational fluid dynamics simulation technology to opti-
mize the performance of working processes such as
combustion, fluid flow and energy transfer' "’

Diesel engine fault monitoring systems can com-
plete data collection, analysis, processing of vibration
signals, thermodynamic parameters and lubricating oil
characteristics signals. Faults can be detected through
signal process and analysis. By extracting fault condi-

tion thermal parameters, the system can diagnose the
11,12

ignition and leakage faults" But the approaches
based on thermal parameters analysis are limited and
have got poor effect for machinery faults. Oil analysis
is presented by detecting metal particles content in lu-
bricating oil to indirectly judge the abrasion of metal
parts, which is given priority for the detection of ferro-
magnetic material. Vibration analysis methods use dif-
ferent sensors to collect vibration signals of different
working conditions, and process the data with the
diesel engine transient speed signals in time and fre-

[13-15]

quency domains However, a diesel engine fault

diagnosis system has not been used widely as that of re-
ciprocating COIIIpI‘GSSOI‘“6'1ﬂ .

Abrasion of crankshaft thrust bearings results in
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axial movement, that will cause some serious faults,
such as stopping of the engine, serious wear of main
bearings, and transmission gears breaking. This re-
search focuses on the influence of piston engine crank-
shaft axial movement with multi-body dynamic simula-
tion. The forces of gears with the axial movement of
crankshaft are simulated by ADAMS software. Some
rules of force change with different axial movements of
the crankshaft are got which proves that crankshaft axi-

al movement could cause overload and impact on
gears. Based on actual data, the fault characteristics
are obtained and fault early warning parameters based
on vibration signals are proposed.

1 Force analysis of gears

Letters in the formulas of this study are defined in
the following .

Nomenclature
T Torque (N + mm)
T, Crankshaft gear torque (N + mm)

n Rotate speed (r/min)

d Pitch diameter (mm)

z Number of gear teeth

m,  Normal module ( mm)

C  Equivalent damping coefficient

k Stiffness coefficient (N/mm)

b Gear tooth width (mm)

Av  Speed differences before and after the collision(mm/s)
e Nonlinear damping power exponent

u Collision force exponent

m Mass of the crankshaft (kg)

Greek letters

a Pressure angle (°)

B Helical angle (°)

1) Penetration coefficient ( mm)

) Normal deformation velocity ( mm/s)

F,  Circumferential force (N)

F,  Axial force (N)
F, Axial force including the external force acting on the
¢ crankshaft (N)
F. Radial force (N)
F,  Resultant force (N)
F,  Contact force (N)
F., Resultant force including the contact force (N)
F,  External force acting on the crankshaft (N)
R Composite curve radius (mm)
R, Equivalent radius of driving gear (mm)
R,  Equivalent radius of driven gear (mm)
E Composite elastic modulus ( MPa)
E,  FElastic modulus of driving gear (MPa)
E,  FElastic modulus of driven gear ( MPa)
e Restitution coefficient
o Poisson’ s ratio
My Poisson’ s ratio of driving gear

Mo Poisson’ s ratio of driven gear

Fig. 1 shows a WP10 type diesel engine as the re-
search object. The crankshaft and gear transmission
system of the diesel engine is shown in Fig. 2.

Fig.1 The diesel engine experiment platform

1. Camshaft gear 2. Intermediate gear 3. Injection pump gear
4. Crankshaft 5. Crankshaft gear 6. Oil pump intermediate gear
7. Oil pump gear
Fig.2 The internal mechanisms of the crankshaft and

gear transmission system
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Action forces between two gears are equal but in
opposite direction when they mesh and work in a stable
condition normally. 7| is defined as the torque of the
crankshaft gear. The load of diesel engine crankshaft
gear in simulation is about 120000N + mm, which is
about 10% of output torque of diesel engine.

T =T, =120000N + mm (1)

Circumferential force calculation formula.

Fo= 2T _ 2T cosp _ 2 x 120000 x cos14®

! d zm, 5 x18
= 2587.5N (2)
Axial force calculation formula is

F, = Fjtan8 = 2587.5 x tanl4° = 645. IN

a

(3)

Radial force calculation formula is
JORF: o

_ Mtano 2587.5 x tan20 — 970. 6N
cosf cosl4®
(4)

In conclusion, the resultant force calculation for-

mula acting on the gear is as follows:
F 2587.5

= ! - _ 2 ‘
cosacosB  c0s20° X cosl4° 837. 8N
(5)

When the crankshaft thrust bearing is worn, if

n

there is an axial force f acting on the crankshaft, axial
displacement may appear on the crankshaft thereby
causing the crankshaft gear to generate axial displace-
ment along with the crankshaft. There will be a reac-
tive force equal to axial force F, in the position of the
gear contact in order to maintain a balance of the
crankshaft.

The wear of the thrust bearing influencing gears
meshing state was simulated by changing the axial dis-
placement of the crankshaft, and there is a positive
correlation between the axial displacement and the wear
of the thrust bearing. Therefore, in the research a dy-
namic simulation method is used to analyze the effect of
thrust bearing wear on the gears meshing force. In or-
der to avoid the problems such as large calculation
scale caused by the direct application of the axial con-
tact constraint to the crankshaft and the errors caused
by the setting of contact pair parameters, an equivalent
method is applied to simulate the wear of the bearing
through the axial displacement constraint to the crank-
shaft.

Setting the crankshaft displacement function as
f(x), the crankshaft gear axial force calculation formu-
la is
2 x95.5 x 10’ PsinB

zm,n

+ mf () (6)

Fal = FttanB + F(l =

In normal meshing state f(x) =0, and F,, = F,.
If crankshaft does not move or reach a new steady state
with axial movement, the gear stress will remain un-
changed. However, the stress will change because of
the shorter contact lines of the helical gears in the new
steady state. If the axial acceleration always exists, the
gear axial force will change with the law affected by
crankshaft axial movement. Meanwhile, when crank-
shaft movement happens, the gear cannot properly con-
nect with the intermediate gear, causing collision and
extrusion. The calculation formula is
F, = k8" + Cb (7)
where k is Hertz stiffness coefficient affected by materi-
al properties and interface curvature radius, u is colli-
sion force exponent, usually equal to 1.5 for steel, § is
normal penetration coefficient and C is equivalent
damping coefficient and § is the normal deformation ve-
locity. With the theory of Hertz;

1
4RE?
: (8)

E is elastic modulus, reflecting non-linearity degree of

k =

the material.

According to the research in Ref. [18], equiva-
lent damping coefficient C is connected with restitution
coefficient & and stiffness coefficient k. The relation-
ship can be expressed as

2
3k(1 - ¢ )aﬂ o ~1
4Av
C (9)
3k(1 = &°)e
e 5 0<ex<l

Av
where ¢ is restitution coefficient, and & = —=is the ra-

Av,
tio of the relative speeds before and after collision. Av
is the speed difference before and after collision.
Because the input power, output power and rotate
speed remain constant, the circumferential force and
radial force also remain constant. So the resultant force
acting on the gear is

F =F,+ﬁ,+ﬁa,+ﬁl, (10)

Therefore, when the crankshaft thrust bearing is

nl

worn, the crankshaft will drive the axial displacement
of the gears, and the connection between gears will be
out of the normal state. This will cause the emergence
of shock, extrusion and other phenomena, which will
result in a sharp increase in the force on the gears.
Meanwhile, the two gears are in bad meshing rela-
tions, the vibration will be caused by moment and
torque, which can be detected by vibration transducers
installed on the surface of the body of the engine.
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2 Simulation and result analysis

2.1 Models of the crankshaft and gears

Firstly, parts entity models are set up and assem-
bled in CREO software ; the models are then transferred
into ADAMS software to finish the simulation condition
setting. The modeling processes are as follows.

(1) In CREO, the tooth profile is established ac-
cording to the gear geometry size and the relationship of
different parameters. Translation and rotation com-
mands based on feature copying are used to create the
transverse tooth profile in both sides. The helical gear
entity models are established by scan, mix and array
commands. The size parameters of the gears are shown

in Table 1.

Table 1  Size parameters of the gears
Parameter Crankshaft gear Intermediate gear
z 18 30
m, S5mm Smm
B 14° 14°
o 20° 20°
b 35mm 35mm

(2) The crankshaft model is established by rota-

tion and extrusion commands. Size parameters of the
crankshaft are shown in Table 2.

Table 2 Parameters of crankshaft

Parameter Value Parameter Value
Main j 1 Main j 1
al.n journa 100mm ain journa A6mm
diameter length
Crank pin diameter ~ 82mm Crank pin length ~ 46mm
Crank thickness 27mm Crank radius 65mm

(3) In assembly mode, the crankshaft is set to
the default location, the crankshaft gear is assembled
whose axis coincides with the crankshaft axis, an inter-
mediate gear is assembled to coincide with the end face
of the crankshaft gear and set the center distance to the
theoretical calculation value. The correct meshing rela-
tion of the intermediate gear and the crankshaft gear
should be assured.

(4) There are lots of mode formats imported to
ADAMS software. Parasolid file has the best compati-
bility among them. Therefore, the model assembled in
CREO as x _t format is saved, then it is imported to
ADAMS.

(5) Set the component parts material property as
“Steel”.

(6) Set up the connectors, motions and contacts.

Set a cylindrical joint between the crankshaft and the
ground, a fix joint between the crankshaft gear and the
crankshaft. Then set a revolute joint between the inter-
mediate gear and the ground, a contact is set between
the two gears. The motions include the crankshaft
speed and axial displacement. Meanwhile, setting an
opposite torque on the intermediate gear as the load.

(7) Choose a solver and set simulation time, step
size and steps. Then making iterative solution.

In order to reduce calculation and save time, the
models will be simplified. There are no crankshaft oil
holes, chamfering and keyway. Since the main analysis
object is the tooth stress of gears, the structure of
wheel has also been simplified. The established models
in software is shown in Fig. 3.

1.contact force 2. countertorque 3.revolution joint
4.transhalation motion S.cylindrical joint 6.rotation motion

Fig.3 The models in software

2.2 The contact parameters of calculation

In ADAMS the main parameters that are required
are stiffness coefficient k£, collision force exponent n,
damping coefficient C and penetration coefficient 8.

According to the Hertz contact theory :
4

k= SER (11)
11

r_ 1,1 12
R "R, "R, (12)

where R,, R, are the equivalent radius of contact
bodies in contact respectively. The reference radius is

set as the equivalent radius. R, =46.1mm, R, =
76. 85mm.

1 O-p) (0 -w)

5 i + £, (13)

All material of gears is 45# steel, so, u, = u, =
0.29, E, = E, =207GPa; k =8.09 x 10°N/mm. The

other parameters can be set based on experience at u =

1.5, C=10, §=0.05mm.

2.3 Simulation condition
Crankshaft speed is 1500rpm, the load is 200Nm,

the simulation time is set to 5s and the sampling fre-
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is 1000Hz.

0.3mm and 0. 5mm. The operating condition of unidi-

quency The displacements are Omm,
rectional movement of the crankshaft is simulated. The
crankshaft has moved to a certain position on one side
of the gearbox. Crankshaft unidirectional movement is
very common in reality, and can lead to bush-burning
of the thrust bearing, the failure of gears and wear of

main bearings.

2.4 Reliability of the simulation results

The stress on the gear surface is analyzed. The
simulation model is a rigid body model, and there is a
certain deviation between the calculation result and the
simulation result. The reference value of the simulation
result can be judged through the result that whether the
effective value of the force in the non displacement

l no axial movement

group is close to the theoretical value. The above cal-
culation parameters are the same as the simulation set-
ting parameters and the theoretical calculation and in
normal working conditions, the stress of gear is
2837.8N, and the value is close to the effective value
of non displacement simulation result of 2722N. There-
fore, it can be considered that the simulation result is
in the error tolerance range.

2.5 Analysis of the simulation results of unidirec-
tional motion
Through the simulation, the contact force on the
transmission gears under Omm, 0.3mm and 0.5mm
axial displacements with unidirectional movement con-
ditions are obtained, shown in Fig.4, Fig.5 and
Fig. 6.

20000 _‘ — Contact Force.Mag .519.3
iy
15000
g ] g
Q =2
g 10000 +4-4-+ —a==F=F=F=t=F=-F=-4=-4=-4-F-F-F-F=-F=-+=-4-4=-4=--4- =18 i i -519.65 .g]
B 1 g
-
5000 1
L | LU
0 04 0.8 1.2

Analysis: Last_Run

Time (s)

2015-07-24 21:20:57

Fig.4 The contact force on the transmission gears with Omm

0.3mm axial monodirectional movement

A —— Contact Force.Mag <Ok
60000 {L_— Translational Displacement.Z|
50000 r-519.2375 N
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8 // [ -
S 30000 7 ‘g"
—
20000 --519.5125
10000 '
o Wl ‘ -519.65
0 1.0 2.0 3.0 4.0 5.0
Analysis: Last Run Time(s) 2015-07-24 22:31:25
Fig.5 The contact force on the transmission gears with 0. 3mm
—— Contacg Force.Mag | 0.5mm axial monodirectional movement
70000 { —— Translational Displ 7] -519.1
60000 -
50000 - F-519.2375
] // —~
Z 40000/ / 01 g
g d A F-519.375 _gn
3 4 ‘
S 30000 . =
-
20000 -519.5125
10000 -
0: A il il il ] | ] | i ] W 519,65
0 1.0 2.0 3.0 4.0 5.0
22:04:06

Analysis: Last_Run Time (s)

2015-07-24

Fig.6 The contact force on the transmission gears with 0. Smm
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Comparing the contact forces on the gear of unidi-
rectional displacement with those of normal working
condition, the force will increase as the displacement
increases, as shown in Fig. 7. The result can be ob-
served in Table 3. Taking the Fourier transform of the
force signals of the gear, the frequency spectrums are
obtained in Fig.8 to Fig.10. It can be observed that
the components of the crankshaft gear rotating frequen-
cy and each order frequency multiplication increase as
the displacement increases. The main frequency com-
ponents are shown in Table 4.

431
12000
: Normal
10000 m Unidirectional 0.3mm |
- Unidirectional 0.5mm
8000 i
8 6000 1
=]
=
4000 i
2000 H [l T
0
1 2 3
Circumferential force  Radial force = Axial force

Fig.7 Gear load contrast diagram

Table 3 Contact force on the transmission gears

The contact force

Maximum value

Average value Effective value

Normal 16173N 767N 2722N
Unidirectional 0. 3mm 34893N 2795N 6921N
Unidirectional 0. 5mm 63190N 6463N 13523N
1600 [ — FFT_no axial movement]
750
§ 500
(=]
[s %}
250
]

0
0 25 50 75

100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500

Frequency (Hz)

Fig.8 Frequency spectrum of contact force data with Omm

3500
3000
2500
g 2000
8
E 1500
1000
| | | | EEESEE I
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500

Frequency (Hz)

Fig.9 Frequency spectrum of contact force data with 0. 3mm

The forces of the gear are decomposed into the cir-
cumferential, radial and axial directions as shown in
Table 5. This highlights that all three reverse forces in-
crease, with the radial force becoming the largest. The
forces of the three directions of the gear are not in ac-

cordance with the above equations, therefore, the size
and the direction of the gear forces are changed. After
unidirectional displacement has reached a new steady
state, gear stress will increase mainly due to the trans-
mission ratio of the driven wheel and the driving wheel
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Fig.10 Frequency spectrum of contact force data with 0. 5mm
Table 4  Gear force under the major frequency
. Gear force under the major frequency
Displacement

25Hz 75Hz 100Hz 450Hz

Normal 759N 583N 570N 416N
Unidirectional 0. 3mm 2378N 115IN 865N 995N 1782N
Unidirectional 0. 5Smm 4988N 1398N 1216N 2096N 4416N

Table 5 The force on the gear in unidirectional movement

the axial, circumferential and radial stress component

of the gear in unidirectional movement

Circumferential radial axial
Normal 2204N 1492N 569N
0.3mm 5580N 3824N 1451N
0.5mm 10838N 7585N 2807N

remains unchanged in simulation process. The axial
movement of the crankshaft causes the squeeze of the
two gears, which will lead to a great collision based on
the collision force theory in the second section of this
paper. This is the primary cause of rapidly increased
gear stress. In reality, the driving wheel speed and the
driven wheel speed in the movement process cannot
maintain the same proportion. The speed fluctuation
and vibration will appear until the gear reaches a new
stable operation state. After reaching the steady state,
the force of the gear will not increase sharply. Howev-
er, the process of vibration and slippage have an im-
pact between teeth and teeth. The higher the speed,
the bigger the impact. This may lead to fracture on the
gears.

3 Validation study

Since it is hard to simulate engine crankshaft
thrust bearing wear and fault, in addition it is also dif-
ficult to research the influence of crankshaft motion on
engine gears through experiment, research is made on

the fault diagnosis method of gears after the crankshaft
thrust bearing wear of a real case.

The engine is a V-shaped-16-cylinders diesel en-
gine, the rated speed is 1500rpm and rated output is
more than 3000kW. Online monitoring system compri-
sing following transducers; accelerometer, proximity
probe and key-phase transducer is installed on the en-
gine. These transducers record the faults in data during
different periods. There are sixteen acceleration trans-
ducers installed on the cylinder, four on the crankcase
and one on the gearbox. It can achieve online monito-
ring of the vibration of cylinders, crankcase and gear-
box. The transducers installation diagram is shown in
Fig. 11. During running, the crankshaft axial displace-
ment occurs because of the wear of crankshaft axial
thrust bearing, which triggers fracture failure of gear in
the gearbox. The engine inspection and maintenance
results are shown in Fig.12. The online monitoring
system captures the signals of the fault.

Monitoring transducers installation diagram

vi Diesel engine

v3 va
Instantaneous Vibrationof _ Vibrationof _  Vibrationof _ Vibration of gear
speed

® Keyphase m © ylinder crankcase electric generator box

Fig. 11 The transducers installation diagram of the diesel engine
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Fig. 13 and Fig. 14 are the vibration data of the
crankcase and gearbox of the engine monitored by the
transducers. It can be observed from the historical
trends shown in Fig. 13, that at approximately 4 ;00 am
on August 17, 2014, at V4 point of the crankcase vi-
bration and G1 point of gearbox axial vibration are in-
creasing rapidly at the same time. As can be seen from
the figure, the maximum vibration RMS values are re-
spectively over 50mm/s and 900mm/’s.

oA 4 -t

Fig.12 The broken gear of the diesel engine
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Fig.13 Vibration trend of diesel engine crankcase
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Fig. 14 Vibration trend of diesel engine gearbox

Fig. 15 and Fig. 16 are the vibration frequency 75Hz and 150Hz are significantly increased. These are
spectrograms of gearbox vibration in common and fault similar to the simulation results of the above theoretical
conditions. As can be seen from the spectrograms, in models.
the fault, the measured vibration peak value of 25Hz,

[mm/s] [vernier 125.11Hz 2mm/s] Gear box vibration G, frequency spectrum
I A N S S IO . s

Vibration velocity (mm/s) s
w

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 847.28
Frequency (Hz)

Fig.15 Vibration frequency spectrogram of diesel engine gearbox in normal
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Fig. 16 Vibration frequency spectrogram of diesel engine gearbox in fault

4 Conclusion

This study focuses on the regularity of the force on
the gear in a piston engine with crankshaft axial move-
ment. The simulation results prove that the axial dis-
placement of the engine crankshaft will seriously influ-
ence the safety and stable operation of the engine; in
addition it causes increased stress on the gear. This
could lead to shock vibration and fracture of gear even
misfire and fracture of connecting rod. The conclusions
are as follows

(1) From the graph of gear contact force and
time, it can be obtained that the unidirectional motion
of the crankshaft will cause increased load on the
gears. The load is proportional to the displacement.

As shown in Table 3, the effective value of load
under 0. 3mm displacement increases to 2. 542 times of
that in normal, and the effective value of load under
0.5mm displacement increases to 4.968 times of that
in normal, which will lead to overload and breakage of
the gear teeth.

(2) From the spectrum graphs of gear contact
force, it can be found that with the displacement in-
creasing, different frequencies of the contact force are
increasing accordingly.

(3) Through the analysis of actual engine fault
data, theoretical simulation results and the actual fault
signal feature has a good consistency. In the fault of
the wear on crank thrust bearing, the gears of the en-
gine will be broken and the vibrations of engine crank-
case and gearbox will increase significantly. Analyzing
the vibration signal frequency components, vibration
values of rotating frequency and frequency multiplica-
tion increase significantly.

Therefore, the actual operation of the engine can
be monitored by online monitory system through meas-
uring vibrations of crankcase and gearbox. Based on
vibration feature extraction and analysis of time domain
and frequency domain signals, it can effectively cap-
ture the characteristics of the gear faults under crank-

shaft axial movement condition.
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