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Abstract: Diesel engine anti-shock performance is important for navy ships. The calculation method
is a fast and economic way compared to underwater explosion trial in this field. Researchers of
diesel engine anti-shock performance mainly use the spring damping model to simulate the main
bearings of a diesel engine. The elastohydrodynamic lubrication method has been continuously used
in the main bearings of diesel engines in normal working conditions. This research aims at using
the elastohydrodynamic lubrication method in the main bearings of the diesel engine in external
shock conditions. The main bearing elastohydrodynamic lubrication and diesel engine multi-body
dynamics analysis is based on AVL EXCITE Power Unite software. The external shock is equivalent to
the interference on the elastohydrodynamic lubrication calculation. Whether the elastohydrodynamic
lubrication algorithm can complete the calculation under interference is the key to the study. By
adopting a very small calculation step size, a high number of iterations, and increasing the stiffness
of the thrust bearing, the elastohydrodynamic lubrication algorithm can be successfully completed
under the external impact environment. The calculation results of the accelerations on engine block
feet have a similar trend as the experiment results. Diesel engines with and without shock absorbers
in external shock conditions are calculated. This calculation model can also be used for diesel engine
dynamics calculations and main bearing lubrication calculations under normal working conditions.

Keywords: diesel engine; anti-shock; multi-body dynamics; elastohydrodynamic lubrication; main
bearing; crankshaft; stress

1. Introduction

The research of shipboard equipment anti-shock performance can be divided into two
methods: shock tests and calculations. The cost of underwater explosion trials on a real ship
is very expensive, the preparation period is very long, and it faces huge pressure from the
public opinion on marine environmental protection [1]. The aim of calculation method is to
calculate the impact environment of shipboard equipment through the mathematical and
mechanical models to obtain the equipment dynamic characteristics and predict its anti-
shock performance. This method is cheap in cost, short in time, and easy to repeat. Diesel
engines are commonly used power equipment on ships. The external impact strength is
often much greater than the impact load generated by the diesel engine. As a machine with
multiple moving parts and complex contact relationships between moving parts, the diesel
engine should be investigated for an appropriate calculation method [2-5].

The anti-shock analysis of diesel engines mostly uses the time-domain calculation
method. Diesel engines contain a variety of moving parts such as crankshafts, connecting
rods, and pistons, and the external shocks generally last long. In order to reduce the
number of calculations, the multi-body dynamics method is generally used.
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The crankshaft, connecting rod, and engine block are important parts of diesel engines.
The calculation of the strength of these parts under external impact is an important content
of diesel engine anti-shock performance research. From the works of the researchers, the
crankshaft is greatly affected by external shocks, but the strength of the connecting rod
is in safe range under the impact [6-9]. Z.]. Ming analyzed the shafting dynamics of a
certain type of 16V240 diesel engine in an explosion shock environment. It was found
that the dynamic stress of the crankshaft is not greatly increased after impact and does
not exceed the static yield limit of the crankshaft material with a large safety margin [10].
J.H. Ding et al. performed dynamic calculations on a large 16-cylinder V-type diesel engine
assembly model under impact. From the calculation results, the maximum stress of each
component is increased by dozens of MPa when the vertical impact is applied to the diesel
engine in the running state, which does not exceed the yield limit of each material [11]. ].H.
Zhao et al. calculated the shock response of the TBD234V6 diesel engine. The block stress
far exceeds the safety limit. The vertical relative deformation between both ends of the first
main journal reaches 0.2 mm, which exceeds the range of the main bearing clearance. It is
inferred that the lubricating oil film of the first main bearing will be damaged. Under the
shock, the threads of diesel engine bolts cannot bear the impact load, and the bolts will
separate, even bend or shear [12]. H.P. Gao et al. took a certain type of diesel generator
as the research object and established a rigid—flexible multi-body dynamics model of the
diesel engine, synchronous motor, common base, and vibration isolator. The stress of the
crankshaft under normal operating conditions and external impact conditions does not
exceed the yield limit of the crankshaft material [13].

In the underwater explosion test of a real ship, it was observed that the engine foot
fasteners of the diesel engine were damaged by the impact, and the phenomenon was
researched by calculations [14,15]. W.B. Wu simulated the shock resistance of a TBD234V6
diesel generator set. According to the calculation results, when a diesel engine is in the
static state, the maximum stress of the diesel engine foot does not exceed the yield limit of
the material in external impact [16].

Researchers have studied the overall impact response of external shocks on diesel
engines and the weak position of diesel engine under external shocks [17,18]. Y.L. Xiao
obtained the maximum stress and weak position of a 16VPA6 diesel engine through
calculation in an external shock environment. By loading the calculation model with test
data, the vertical acceleration response of the diesel engine foot is calculated and compared
with the test data. The calculation and the experimental results are in good agreement with
the trend [19].

There is a complicated contact relationship between the main journal and the main
bearing of the diesel engine, and researchers mostly used the spring damping model to
simulate it. In recent years, researchers tried to combine the multi-body dynamics with
tribology in the diesel engine dynamics. B.]. Ma et al. calculated the influence of different
oil film stiffnesses and bearing clearances on the calculation results of the shock response.
From the calculation results, it can be concluded that the oil film stiffness has a greater
impact on the shock response. With the increase in the oil film stiffness, the stress response
of the structure tends to increase. The bearing clearance also has a greater influence on the
shock response of the mechanism. As the bearing clearance increases, the stress response of
the structure increases first and then decreases [8]. C. Ji et al. calculated the lubrication of
diesel engine bearings in external impacts for a V-type six-cylinder diesel engine and used
the difference method to solve the oil film pressure distribution of the sliding bearing, the
maximum oil film pressure, and the maximum stress of alloy bearing. From the calculation
results, the bearings are safe under impact [17]. The research of J. Sun et al. [20] and
Z.X. He et al. [21] pointed out that the crankshaft bending has a significant impact on the
local axis trajectory, the maximum oil film pressure, the minimum oil film thickness, the
distribution of the oil film pressure, and other lubrication results.

The research of elastohydrodynamic lubrication theory is developing rapidly [22-31]
and is widely used in the bearings of diesel engine [32-34]. X.B. Teng et al. increased



Appl. Sci. 2021, 11, 11259

30f25

the minimum oil film thickness of the main bearings by increasing the width of the oil
groove and reducing the oil supply pressure [35]. Through research, L. Shi et al. found
that the deformation of the main bearing hole directly affects the state of the oil film,
and the improvement of the structure can reduce the wear on the contact surface [36].
H. Li et al. studied the influence of surface roughness and texture direction on the bearing
lubrication performance [37]. W. Zhou et al. analyzed the influence of bearing clearance,
bearing width, oil supply pressure, and lubricating oil quality on the lubrication perfor-
mance [38]. C.P. Liu et al. significantly reduced the asperity contact pressure and the
wear on the bearing edge using the variable wall thickness design of the bearing bush [39].
J.H. Zhang et al. optimized the lubrication characteristics of the main bearing using an
orthogonal experiment and neural network methods [40]. J. Wang et al. analyzed the
influence of different surface topography and journal tilt on the distribution of oil film
pressure and oil film thickness [41]. K. Liu et al. studied the influence of the crankshaft
balance rate on the main bearing’s minimum oil film thickness, maximum oil film pressure,
shaft trajectory and lubricating oil filling rate [42]. X.Y. Yan et al. conducted an analysis
on the elastohydrodynamic lubrication performance of the main bearing of a low-speed
marine diesel engine [43,44]. ].H. Zhou studied the influence of journal deflection and tilt
on oil film lubrication and wear [45]. XK. Feng et al. [46] and W.D. Qian et al. [47] studied
the thermal elastohydrodynamic lubrication of thrust bearings. J.X. Wang et al. [48] used a
mixed thermal elastohydrodynamic model to study the hybrid lubrication phenomenon of
sliding bearings under heavy load conditions. Z. P. Mourelatos [49], G. Offner [50], M.T.
Ma [51] and V. Caika [52,53] coupled the dynamics of the crankshaft structure, the elastic
deformation of the body, and the hydrodynamic lubrication of the bearing and analyzed
the lubrication of the main bearing of the diesel engine. The co-simulation of multi-body
dynamics and elastohydrodynamic lubrication of the diesel engine can be achieved.

In the diesel engine anti-shock performance research subject, researchers calculated
different engine types from 4-cylinder in-line engines to 6-cylinder V type engines to
16-cylinder V type engines. To simplify the research model, researchers often use the
spring damping model to calculate the main bearings of the diesel engine. The elastohy-
drodynamic lubrication method has been continuously used on the main bearings of diesel
engines in normal conditions. This research attempts to apply the elastohydrodynamic
lubrication method to the main bearings of a diesel engine in external shock conditions.
The external shock is equivalent to the interference on the elastohydrodynamic lubrication
calculation. Whether the elastohydrodynamic lubrication algorithm can complete the
calculation under interference is the key to the research. This research is aimed at the
calculation of diesel engine lubrication under the impact environment, and the calculation
model can also be used for diesel engine dynamics analysis and main bearing lubrication
analysis under normal operating conditions.

2. Methodology

This paper establishes a diesel engine anti-shock calculation model based on multi-
body dynamics and the elastohydrodynamic lubrication method using diesel engine main
bearing lubrication results and crankshaft stress results to evaluate whether the diesel
engine can work normally under external impact.

2.1. Theory

In the model system, each direction of each particle in the elastic body obeys the laws
of momentum and angular momentum, forming its dynamic equation. All the directions of
all the particles in the elastic body constitute the dynamic equations [54-56]. The dynamic
equation of the elastic body is as follows:

[MJ{x} + [D{x} + [K]{x} = {f} ©)

In Equation (1), [M] is the mass matrix; [K] is the structural dynamic stiffness matrix
(varies with frequency); [D] is the material dynamic damping (varies with frequency) and
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can be obtained by linear combination [D] = a[M] + b[K]; [x] is the displacement vector,
reflecting global motion and local deformation; [«] and [X] are the velocity vector and the
acceleration vector, respectively; and [f] is the load vector, including external loads and
interactions between bodies.

2 (dr0%) + 2 (i h393”) _
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Based on the extended Reynolds equation, the elastohydrodynamic lubrication theory
is used to establish a lubrication model for the main bearings of the diesel engine, taking
into account the influence of the elastic deformation of the journal, the bearing, and the
oil-filling state. The extended Reynolds equation is shown in Equation (2). p is the oil film
pressure; 0 is the oil filling rate; / is the oil film thickness; # is the oil viscosity; u; and u;
represents the speed of the journal and the bearing bush in the circumferential direction,
respectively; t is the time; x and z represent the coordinates along the circumferential
direction and the coordinates along the axial direction, respectively (fixed bearing bush).
From the calculation results of the elastohydrodynamic lubrication of the main bearings,
the oil film state, the coupling effect between the elastic boundary and the oil film, and the
oil inflow and outflow state can be found out in detail.

When the minimum oil film thickness of the main bearing is less than the composite
roughness between the main journal and the main bearing, frictional contact occurs. This
study uses the Greenwood-Tripp [57,58] model to describe the asperity contact. It is
assumed that the random change of the surface profile height to the reference plane obeys
the Gaussian distribution, and the nominal pressure on the contact surface can be expressed

as follows: \f
16427 [0 h
Pa=—z—(0sBn ) ﬁF5/2<US) 3)

In Equation (3), when #/o, < 4, use the following formula to calculate Fs,:
j O\ 6:804
Fs, = 4.4086 x 107° <4 - U) (4)
S

When #/s, > 4, use the following formula to calculate F;,:

Fs =0 @)

2

In Equation (3), use the following formula to calculate E*:

A E— ©)

In Equation (3), o5 is the variance of the compound gap between rough contact surfaces;
B is the radius of contact point; #; is the peak density of contact surface; & is the nominal
gap between contact surfaces; E; and E; are the elastic modulus of upper and lower contact
surface, respectively; and v; and 13 is the Poisson’s ratio of upper and lower contact surface,
respectively. Equations (4) and (5) are used to explain how the coefficient Fs/, plays a role
in Equation (3). When the oil film thickness is high enough, the coefficient F;,, calculated
by Equation (5) is zero, and the asperity contact pressure calculated by Equation (3) is
zero. When the oil film thickness is low to a certain extent, the coefficient f calculated
by Equation (4) is not zero, and the corresponding asperity contact pressure is calculated
by Equation (3). It can be seen from Equations (4) and (5) that the Equation (3) will only
take effect when the oil film gap is low to a certain extent, and the smaller the oil film
gap, the greater the frictional contact pressure. Using the Greenwood-Tripp model helps
to quantitatively study the severity of frictional contact. The sum of the asperity contact
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pressure and the hydraulic oil film pressure is provided in the elastic body deformation
calculation model of the main journals and the main bearings as the boundary condition.

2.2. Simulation Model

The main work of this paper is completed by MSC Patran, MSC Nastran and AVL
EXCITE Power Unite (abbreviated as EXCITE) software. The crankshaft and block are
created, meshed, and set material properties by MSC Patran. Export the bdf format model
files of the crankshaft and the block from the Patran to the Nastran for the reduction. Set the
main degree of freedom nodes of the crankshaft and block. The selection of the main degree
of freedom nodes mainly considers the factors such as the action point of the external loads,
the coupling point between moving parts, the distribution of the mass, and stiffness of the
crankshaft and block. A schematic diagram of the main degree of freedom nodes model of
the crankshaft of an in-line 4-cylinder engine after reduction is shown in Figure 1b. The
blue dots in the Figure 1b represents the main degree of freedom nodes, and these main
degrees of freedom nodes are selected at the main journal, crank pin, output end, and
free end of the crankshaft. The mass and inertia of the crankshaft and the block will be
concentrated on these main degrees of freedom nodes after condensation. According to
research needs, determine the number of crankshaft and block modes to be retained in
the condensation. Then, use the modal analysis solver Sol 103 in Nastran for reduction.
After reduction, the mass, inertia, and dynamic characteristics of the crankshaft and block
are retained, and the total number of degrees of freedom of the crankshaft and block are
reduced from several hundred thousand to several thousand. Through reduction, the
calculation amount of the multi-body dynamics model can be reduced.

(b)

Figure 1. The schematic diagrams of the finite element model of a crankshaft of an in-line 4-cylinder engine and the

main degree of freedom nodes model: (a) the schematic diagram of a finite element model of an in-line 4-cylinder engine

crankshaft; (b) a schematic diagram of the main degree of freedom nodes model of the crankshaft of an in-line 4-cylinder

engine after reduction.

The reduced crankshaft and block are imported into EXCITE software as elastic
bodies for calculation. EXCITE is used for the calculation of multi-body dynamics and
elastohydrodynamic lubrication calculation for main bearings. The calculation results of
the main bearing lubrication are directly given by EXCITE. The stress of the crankshaft or
block is obtained by the Direct data recovery process with the MSC Nastran Sol 109 method.
In this study; it is assumed that only linear and elastic deformation of the crankshaft and
block occur. The dynamic stiffness of the main bearing is obtained through multi-body
dynamics calculations. In order to simplify the engine model, the main bearing cap and
the main bearing wall are built as one model, ignoring the preload of the bolts of the main
bearing caps. The finite element model diagram of the crankshaft and the block is shown
in Figure 2, the block diagram of the calculation workflow is shown in Figure 3, and the
dimensions of the crankshaft and block are shown in Table 1.
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Figure 2. The diagram of the finite element model of the crankshaft and the block.

Reduction with Nastran

Engine Models
v \ 4
Crankshaft Conrod
\ 4 v
Reduction with Nastran Conrod Modeler

Figure 3. The block diagram of workflow of the anti-shock calculation model of the 16-cylinder V-type diesel engine.

A 4

Lubrication results

Direct data recovery with Nastran

A 4

Crankshaft strength
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Table 1. The length, width, and height of the crankshaft and block.

Item Crankshaft Block
Length (mm) 3756 3594
Width (mm) 672 1385
Height (mm) 672 1288.2

The 16-cylinder V-type diesel engine used in this research is a 4 stroke engine and has
a mass of 22.6 tons, which exceeds the measurement range of a heavy impact machine. The
impact experiments cannot be carried out on conventional impact machines. The method
of calculation is used to analyze the anti-shock performance of the 16-cylinder V-type diesel
engine. The main structure and performance parameters of the 16-cylinder V-type diesel
engine are shown in Table 2.

Table 2. Main structure and performance parameters of the 16-cylinder V-type diesel engine.

Item Parameter
Type of engine layouts V-type
Engine type 4 stroke
Number of cylinders 16
Bore (mm) 240
Stroke (mm) 275
Rated power (kW) 3240
Dry weight (kg) 22,600
Rated speed (r/min) 1000
Over 10% speed (r/min) 1100
Mean effective pressure (MPa) 1.82
Maximum blast pressure (MPa) 13.37

The schematic diagram of the anti-shock calculation model of the 16-cylinder V-type
diesel engine by EXCITE is shown in Figure 4. Figure 4 shows the logical connection
between the components in the EXCITE model. The model includes crankshaft, block,
piston, connecting rod, etc. In EXCITE software, the basic information of the diesel engine,
such as the data in Table 2, needs to be filled; the gas explosion pressure data are submitted;
the basic data of the crankshaft, block, connecting rod, and piston are set; and the simu-
lation control parameters, result control parameters, etc., are set up. According to early
researchers’ conclusions [6-9], the crankshaft is a component that needs to be focused on
in external impact. This study focuses on the crankshaft. The crankshaft and engine block
are created by finite element modeling and imported to EXCITE and set as elastic body to
consider the influence of the forced deformation of the crankshaft and the main bearing
under the oil film pressure. Pistons and connecting rods are not the focus of this study and
are established in a simplified model.

The main bearing is the focus of the research, and the elastohydrodynamic lubrication
method is used in the main bearing lubrication calculation. The Greenwood-Tripp asperity
contact model is used to calculate the contact friction that may occur in lubrication. In
order to reduce the calculation amount of the model, a nonlinear spring damping model is
used to simulate the big end bearing of the connecting rod. The length of the nonlinear
spring is the radial clearance of the big end bearing. At zero displacement position, the
nonlinear spring has a small stiffness and damping, at the radial clearance position, the
nonlinear spring has a large stiffness and damping.

The 9 main bearings are numbered from 1 to 9 from the free end of the diesel engine
to the output end. Some main bearing structure and lubrication parameters used in the
calculation are shown in Table 3.
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Figure 4. The schematic diagram of the anti-shock calculation model of the 16-cylinder V-type diesel engine.

Table 3. Specifications of the main bearings.

Item Parameters
83 (No. 1 Bearing)
Main bearing width (mm) 90 (No. 2-8 Bearing)
88 (No. 9 Bearing)
Main journal diameter (mm) 220
Main bearing radial clearance (mm) 0.125
Groove width on upper bearing bush (mm) 22
Diameter of bore on main journal (mm) 20
Oil type 4th generation locomotive lubricants
Kinematic oil viscosity at 100 °C (mm?/s) 14.7
Kinematic oil viscosity at 40 °C (mm?/s) 146.7
Oil density (Kg/m?3) 896.2
Oil temperature (°C) 88
Lubrication oil supply pressure (MPa) 0.49
Surface roughness of main journal Rrms (pm) 0.5
Surface roughness of main bearing bush Rrms (um) 1

2.3. Boundary Conditions

The firing sequence and interval angle of the gas are set according to the actual
conditions of the diesel engine. The gas explosion pressure uses the measured data and is
made into a dat format file, which contains the gas explosion pressure value of a complete
working cycle. The dat file contains two columns, the first column is time, the unit
is crankshaft angle, the second column is gas explosion pressure, and the unit is MPa.
EXCITE software reads this dat file and assigns the gas explosion pressure to the main
degree of freedom nodes of the pistons in the load data table. In the subsequent calculation
process, the EXCITE software will automatically load the gas explosion pressure at the
corresponding time on the corresponding main degree of freedom nodes of the pistons.
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The gas explosion pressure is transmitted to the block through the pistons, the connecting
rods, and the crankshaft.

The external shock load uses experiment data, as shown in Figure 5. The x-axis is
time and the unit is seconds, and the y-axis is shock displacement and the unit is mm. The
external shock load is the vertical shock displacement of diesel engine foundation and is
saved in a dat format file. The dat file contains two columns of data. The first column is the
time in seconds, and the second column is the impact displacement in mm. The dat file is
imported into the EXCITE software. In EXCITE, the diesel engine foundation is specified
to move according to the impact displacement in the dat file. The foundation of the diesel
engine had no movement in other directions except for the vertical direction. There are
no other constraints on the engine block except for the shock absorbers. The engine block
is driven by the shock absorbers and vibrates with the vertical displacement movement
of the foundation. In order to simplify the calculation model, this research assumes that
the foundation is a rigid body. However, the length of this diesel engine is more than
3600 mm, and the installation location is in the naval engine room. Due to the long length
of the diesel engine, the influence of the elasticity of the foundation should be taken into
consideration, and the influence of this factor will be added in the future research.

Displacement (mm)
i
h

. .
a 0.1 0z 03 04 05 06 07 08 08
Time (s)

Figure 5. The external shock load of the 16-cylinder V-type diesel engine.

In this study, both the engine block and the crankshaft are assumed to be linear elastic
bodies. The dynamic characteristics of the engine block and crankshaft are preserved in
the reduction, the response of block and crankshaft to gas explosion pressure, inertial force,
and external shock load is calculated.

The vertical shock is the main part of underwater explosion load applied to the navy
ship and the main part of shock damage of shipboard equipment [59]. This research mainly
focuses on the vertical response of the diesel engine under external shock. In order to
make external impact energy to act in the vertical direction as much as possible and to
obtain the highest vertical impact response, shock absorbers with regular stiffness are
installed on the vertical direction and shock absorbers with large stiffness are installed on
the horizontal and longitudinal direction of the diesel engine. The vertical, horizontal, and
longitudinal shock absorbers are installed on both sides of the diesel engine on the first,
third, fifth, seventh, and ninth main bearing walls. The parameters of vertical, horizontal,
and longitudinal shock absorbers are shown in Table 4. To simplify the calculation model,
the shock absorbers are not modelled with frequency-dependent stiffness-damping. The
shock load tends to excite a wide spectrum of frequencies, impact damage is usually caused
by low frequency part of the external shock, and the shock absorber is mainly used to
suppress low-frequency vibration.
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Table 4. Specifications of the shock absorbers.
Item Stiffness (kN/mm) Damping (Ns/mm)
vertical shock absorber 15 4
horizontal shock absorber 4000 4
longitudinal shock absorber 4000 4

The diesel engine anti-shock performance calculation results are mainly evaluated by
two types of indicators. One is the diesel engine main bearing lubrication results, such as
oil film pressure, asperity contact pressure and minimum oil film thickness. The other is
the crankshalft stress.

2.4. Key Parameters for Elastohydrodynamic Lubrication Algorithm in External Shock Condition

The external shock is equivalent to the interference on the elastohydrodynamic lubri-
cation calculation. Whether the elastohydrodynamic lubrication algorithm can complete
the calculation under interference is the key to the study. The calculation step size and the
iterations number have an important influence on the completion of the calculation. Both
EXCITE software and elastohydrodynamic lubrication algorithms are designed for calcula-
tions under normal operating conditions of diesel engines. Under external shock conditions,
the simulation step size and the maximum iterations number need to be adjusted.

In order to ensure that the iterative calculation can converge, a very small simulation
step size and a high number of iterations are required. The smaller the calculation step size,
the easier the calculation will converge, but the overall calculation time becomes longer.
The initial simulation step size is reduced from 0.0625° CA (crankshaft angle) in normal
conditions to 0.0078125° CA in shock conditions, the minimum step size is reduced from
0.0078125° CA in normal conditions to 1e-5° CA in shock conditions.

EXCITE is an iterative calculation software. The meaning of the maximum iterations
number is that when the iterative calculation reaches this value, if the accuracy requirement
is not met, the result of the last calculation is retained, the iteration is stopped, and the
calculation of the next time step size is performed. Under external shocks, the calculation of
elastohydrodynamic lubrication is not easy to converge, so the maximum iterations number
of 800 used in normal operating conditions is not enough for external shock conditions.
The maximum number of iterations is increased from 800 in normal conditions to 10,000 in
shock conditions.

Decreasing the simulation step size and increasing the number of iterations will
significantly increase the calculation time. When the main bearing adopts the spring
damping model, the calculation time in the impact environment is 5-16 h. When the main
bearing adopts the elastohydrodynamic lubrication model, the calculation time in the
impact environment is 40 to 90 h.

Joint parameters that can work normally under normal conditions may fail under
external impact conditions. In this study, a calculation error report was encountered, the
distance was too large at a main degree of freedom node of the thrust bearing. The thrust
bearing works normally under normal working conditions. After analysis, it is found that
the stiffness of the thrust bearing is selected according to the normal working environment
and the stiffness value is small. In shock conditions, the external shock will excite the three-
dimensional vibration of the diesel engine, the stiffness value of the thrust bearing is not
sufficient to restrain the longitudinal vibration of the crankshaft, resulting in the excessive
displacement at a main degrees of freedom node of the thrust bearing. After increasing
the stiffness of the thrust bearing from 10,000 N/mm to 12,000 N/mm, the calculation of
elastohydrodynamic lubrication in the impact environment can be successfully completed.

By reducing the calculation step size, increasing the iterations number, and increasing
the stiffness of the thrust bearing, the elastohydrodynamic lubrication calculation under
the impact environment can be successfully completed.
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3. Case Study
3.1. Comparison of Calculation and Experiment

The vertical acceleration of the diesel engine feet obtained by calculation is shown
in Figure 6, wherein the x-axis is time, the unit is seconds, the y-axis is acceleration,
and the unit is gravitational acceleration g. Figure 6a is the acceleration result of diesel
engine feet in 0-0.9 s, and the acceleration amplitude decays with time due to damping.
The EXCITE algorithm is an iterative calculation affected by the initial value and has a
gradual convergence process. The results of very high acceleration at 0 s in Figure 6a is the
numerical abnormalities caused by the initial value. Figure 6b is the acceleration result of
the diesel engine feet in 0.5-0.9 s; it can be seen from Figure 6b that within 0.5 to 0.9 s, the
acceleration amplitude is mainly distributed between —8 g and 8 g and the acceleration
amplitude decays with time due to damping. The acceleration signal is composed of
low-frequency vibration components and high-frequency vibration components. The
low-frequency vibration components mainly refer to the large fluctuation period in the
acceleration curve, which is mainly caused by the external shock applied to the diesel
engine body through the shock absorber. The high-frequency vibration component mainly
refers to the dense vibration signal parts on the acceleration curve, which is caused by the
high-frequency periodic excitation, such as gas explosion pressure, the exciting force of the
valve system, and the inertial force of the crankshaft, connecting rod, and piston.
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Figure 6. The calculation results on vertical acceleration of the diesel engine feet. (a) The calculation
results on vertical acceleration of the diesel engine feet in 0-0.9 s. (b) The calculation results on
vertical acceleration of the diesel engine feet in 0.5 t0 0.9 s.

Figure 7 shows the comparison between the calculation results and the experiment
results of the acceleration at the diesel engine feet. The red curve in Figure 7 is the
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calculation result and the dark blue curve is the experiment result. It can be seen from
Figure 7 that the experiment acceleration amplitude is mainly distributed between —5 g
and 5 g and decays with time due to damping. In 0.5-0.9 s, the experiment curve lasted for
about seven cycles. The calculated acceleration amplitude is mainly distributed between
—8 g and 8 g and decays with time due to damping. In 0.5-0.9 s, the calculation curve
lasted for about eight cycles. The calculated result has a similar trend with the experimental
result and has a difference in acceleration amplitude and vibration frequency with the
experimental result. The reason for the difference, on the one hand, may be that the
calculation modeling is not accurate enough; on the other hand, the calculation parameters
may be incorrectly selected, resulting in large errors in the results. The calculation model
can be used to predict the diesel engine response trend in the external impact condition
and can be used as an alternative to the impact test.

Acceleration (g)

A0+
0.5 058 08 0es 07 078 08 0385 09

Time (s)
Figure 7. The contrast between diesel engine calculation results (red curve) and test result (dark blue
curve) on vertical acceleration of the diesel engine feet.

3.2. Calculation of Diesel Engine with Shock Absorbers in Normal Condition

There are two installation methods for navy diesel engines on ships, namely elastic
installation (with shock absorbers) and rigid installation (without shock absorbers). This
section will calculate the 16-cylinder V-type diesel engine with shock absorbers in normal
condition (without external shock). The calculation results mainly focus on the results of
main bearing lubrication and crankshaft stress.

3.2.1. Main Bearing Lubrication of Diesel Engine with Shock Absorbers in
Normal Condition

According to the evaluation point of the AVL company for the high-grade bearing
bush of civil vehicle engine, the peak oil film pressure in the bearing lubrication calculation
results of the EXCITE software should be less than 100-150 MPa, the peak asperity contact
pressure should be less than 50 MPa, and the minimum oil film thickness should be greater
than 1.5 um; for the bearing to work normally [60]. With the AVL evaluation method, the
three indicators of peak oil film pressure, peak asperity contact pressure, and minimum oil
film thickness are used as the basis for the main bearing lubrication evaluation. Table 5 lists
the value of the maximum of peak oil film pressure, the maximum of peak asperity contact
pressure, and the minimum value of the minimum oil film thickness of the 9 main bearings
in the time range of 0-0.9 s under normal conditions of a 16-cylinder V-type diesel engine.

It can be seen from Table 5 that, according to the above evaluation point of the AVL
Company for the peak oil film pressure index, each main bearing meets the requirement
that the peak oil film pressure is less than 100-150 MPa in normal conditions.

Evaluated by the peak asperity contact pressure index, each main bearing meets the re-
quirement that the peak asperity contact pressure is less than 50 MPa in normal conditions.
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Table 5. Lubrication calculation results of diesel engine in normal conditions.
. . R Peak Asperity Contact Minimum Oil Film
Main Bearing Peak Oil Film Pressure (MPa) Pressure (MPa) Thickness (1tm)

1 61.166 5.044 x 10~7 42

2 57.338 14.816 1.065
3 53.517 0 4.693
4 61.874 8.561 x 1072 2.875
5 56.926 1.469 x 1073 3.593
6 55.082 1.447 x 10~* 3.847
7 63.852 9.141 x 103 3.322
8 56.472 1.175 2.125
9 54.5 4.58 1.527

Using the minimum oil film thickness index to evaluate, it can be found that there is a
case where the minimum oil film thickness does not meet the requirement to be greater
than 1.5 um, the 1.065 pm of the second main bearing under normal condition. The second
main bearing is in poor working condition. Based on the values in the AVL company’s
evaluation point, the minimum oil film thickness values in the above cases are not up to
the recommended values.

Shukuan Mou pointed out that, when calculating the bearing lubrication, the surface
roughness of the main journal and the main bearing bush is taken according to the machin-
ing process parameters. It is the “nominal” roughness which reflects the surface conditions
before running-in. In the actual environment, the influence of running-in on the surface
roughness should be considered. After proper running-in, the surface roughness of the
journal and the bearing bush is improved, and the minimum oil film thickness can be as
small as the half of the sum of the surface roughness of the journal and the bearing bush,
but the continuous angle cannot exceed 20% of the entire working cycle. This is a semi-dry
friction state, and the bearing may still work normally [61].

The calculated surface roughness of the main journal of the 16-cylinder V-type diesel
engine is 0.5 um, the surface roughness of the main bearing bush is 1 um, and the half of
the sum is 0.75 um. It can be seen from Table 5 that the minimum oil film thickness of all
main bearings exceeds 0.75 um. Next, the continuous angle of the relevant main bearing in
a semi-dry friction state needs to investigate. The continuous time should not exceed 20%
of the entire working cycle, which is 0.024 s in this research.

As shown in Figure 8, it is the minimum oil film thickness curve of the second
main bearing in 0-0.9 s in normal conditions. In Figure 8, the x-axis represents time in
seconds, and the y-axis represents the minimum oil film thickness in microns. The EXCITE
calculation algorithm is an iterative calculation, is affected by the initial value, and has
a gradual convergence process. The result of the very high minimum oil film thickness
at 0 s in Figure 8 is the numerical abnormalities caused by the initial value. Among
them, at 0.03875 s, the minimum oil film thickness is 1.065 um. It can be found from the
calculation results that when the minimum oil film thickness is less than 1.5 pum, it lasts
from 0.0386706 s to 0.0388294 s, which lasts 0.0001588 s and is much lower than 20% of the
entire working cycle (which is 0.024 s). Therefore, according to the evaluation criteria in
Reference [61], the second main bearing under normal conditions can work normally.

In normal conditions, among the nine main bearings, the second main bearing has the
minimum oil film thickness and is in poor working condition. Figure 9a is the distribution
map of the average oil film pressure of the second main bearing in 0-0.12 s in normal
conditions. The x-axis represents the circumferential length of the inner surface of the
main bearing bush, expressed in a circumferential angle of 0° to 360°. Taking the vertical
direction of the upper bearing bush as the starting position 0°, the range of 0° to 90° and
270° to 360° is the upper bush, and the range of 90° to 270° is the lower bush. The y-axis
represents the width of the bearing bush. The high oil film pressure distribution area on
the bearing bush (the red, yellow, and green colors in Figure 9a) is concentrated near the
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center of the lower bush at 180°. It can also be seen that the distribution area of the high
oil film pressure is wide, which is beneficial for the main journal to obtain a good oil film
support in a wide angle of the lower bearing bush.
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Figure 8. The minimum oil film thickness curve of the second main bearing under normal conditions.
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Figure 9. Distribution map of the average oil film pressure and the average asperity contact pressure of the second main
bearing in normal condition in 0 to 0.12 s. (a) Distribution map of the average oil film pressure of the second main bearing.
(b) Distribution map of the average asperity contact pressure of the second main bearing.

Figure 9b shows the average asperity contact pressure distribution map of the second
main bearing in 0-0.12 s in normal conditions. The x-axis represents the circumferential
length of the bearing bush, and the y-axis represents the width of the bearing bush. The
small green color zone in the Figure 9b represents the area where asperity contact occurs,
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which only accounts for a very small proportion of the entire bearing bush area. The
asperity contact position of the second main bearing is at the edge of the bearing shell near
the 180° position of the lower bush.

It can be seen from Figure 9 that the working state of the second main bearing is in
safe condition.

Integrating the evaluation points of the AVL company and reference [61], the peak
oil film pressures of the nine main bearings are less than 100-150 MPa; the peak asperity
contact pressures of the nine main bearings are less than 50 MPa. Although the minimum
oil film thickness is lower than 1.5 um in one case, it still exceeds half of the sum of the
roughness of the main journal and the main bearing, and the continuation time is much
lower than 20% of the entire working cycle. So, it can be concluded that the main bearings
of the 16-cylinder V-type diesel engine can work normally in normal conditions.

3.2.2. Crankshaft Stress of Diesel Engine with Shock Absorbers in Normal Conditions

As shown in Figure 10, it is the peak crankshaft stress curve in normal conditions
within 0 to 0.9 s. The stress value in any time in Figure 10 represents the maximum value
of the entire crankshaft at that moment, and the peak crankshaft stress curve is used to
reflect the trend of the crankshaft stress over time. In Figure 10, it can be noticed that
between 0 and 0.05 s, there are two peak crankshaft stresses, 432 MPa and 442 MPa, which
are significantly higher than the peak crankshaft stress within 0.05-0.9 s. Under normal
operating conditions, the stress state of the crankshalft is periodic in each working cycle.
In 0-0.9 s, nearly eight working cycles are calculated. The two higher crankshaft stresses
within 0-0.05 s only appeared at the beginning of the calculation, did not appear again
in the subsequent calculation results. Furthermore, EXCITE calculation is an iterative
calculation, which will be affected by the initial value, and there is a process in which the
simulation iteration gradually converges. Considering that these two higher crankshaft
stresses in 0-0.05 s may be abnormal results caused by insufficient convergence in the
initial stage of simulation, they are not used in the analysis of crankshaft stress results.
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Figure 10. Peak crankshaft stress curve under normal condition within 0 to 0.9 s. The x-axis represents
the time in seconds, and the y-axis represents the peak crankshaft stress in MPa.

Within 0.05-0.9 s, the maximum crankshaft stress in impact conditions is 364 MPa at
0.177937 s at the eighth crank pin, as shown in Figure 11. That does not exceed the yield
limit of the crankshaft material (650 MPa) with a large safety margin.
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Figure 11. Under normal conditions, the maximum crankshaft stress is 364 MPa at 0.177937 s, which is located at the eighth

crank pin.

In short, in 0-0.9 s, the crankshaft stress in impact conditions does not exceed the yield
limit of the crankshaft material with a large safety margin, so the crankshaft of the diesel
engine with a shock absorber is safe under normal conditions.

Through the calculation, it can be found that the main bearing can maintain the normal
lubrication state, and the crankshaft stress does not exceed the yield limit, so the diesel
engine with shock absorbers can work normally in the normal condition.

3.3. Calculation of Diesel Engine with Shock Absorbers in Impact Condition

This section will simulate the 16-cylinder V-type diesel engine with shock absorbers
in external shock condition. The calculation results mainly focus on the results of main
bearing lubrication and crankshaft stress. The external impact is from the experimental
data and loaded on the diesel engine base.

3.3.1. Main Bearing Lubrication of Diesel Engine with Shock Absorbers in
Impact Condition

Table 6 lists the value of the maximum of peak oil film pressure, the maximum of peak
asperity contact pressure, and the minimum value of the minimum oil film thickness of
the nine main bearings in the time range of 0-0.9 s under external impact conditions of the
16-cylinder V-type diesel engine.

Table 6. Lubrication calculation results of diesel engine with shock absorbers in external shock conditions.

Main Bearing Peak Oil Film Pressure (MPa) Peal;rI::S})lf:;t(}ll\/[Cl;)al;tact M_I_?;T;?;S:Lﬂim
1 66.984 5.773 4.083
2 57.195 14.372 1.081
3 55.74 0 4.759
4 62.114 8.273 x 1072 2.883
5 59.696 4693 x 1073 3.43
6 56.478 1.97 x 1074 3.818
7 80.243 0.864 2.229
8 59.023 1.808 1.971
9 64.28 11.677 1.093

It can be seen from Table 6 that, according to the evaluation point of the AVL Company
for the peak oil film pressure index, each main bearing meets the requirement that the
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peak oil film pressure is less than 100-150 MPa in external shock conditions. Evaluated
by the peak asperity contact pressure index, each main bearing meets the requirement
that the peak asperity contact pressure is less than 50 MPa in external shock conditions.
Using the minimum oil film thickness index to evaluate, it can be found that there are
two cases where the minimum oil film thickness does not meet the requirement (to be
greater than 1.5 um), the 1.081 pm of the second main bearing, and the 1.093 pm of the
ninth main bearing under impact conditions. Based on the values in the AVL company’s
evaluation point, the minimum oil film thickness values in the above two cases are not up
to the requirements.

According to the evaluation criteria in Reference [61], as shown in Figure 12, it is
the minimum oil film thickness curve of the second main bearing in 0-0.9 s in impact
conditions. Among them, at 0.03875 s, the minimum oil film thickness is 1.081 pm. It can
be found from the calculation results that when the minimum oil film thickness is less than
1.5 um, it lasts from 0.0386706 s to 0.0388294 s, which lasts 0.0001588 s and is much lower
than 20% of the entire working cycle (which is 0.024 s).
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Figure 12. The minimum oil film thickness curve of the second main bearing under impact condition.

As shown in Figure 13, it is the minimum oil film thickness curve of the ninth main
bearing in 0-0.9 s in the impact condition, where at 0.6936 s, the minimum oil film thickness
is 1.093 pm. It can be found from Figure 13 that when the minimum oil film thickness is
less than 1.5 um, it lasts from 0.692798 s to 0.694385 s, which lasts for 0.001587 s and is
much lower than 20% of the entire working cycle (that is 0.024 s). Therefore, according to
the evaluation criteria in Reference [61], the second and ninth main bearings under impact
conditions can work normally.
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Figure 13. The minimum oil film thickness curve of the ninth main bearing under impact condition.

In shock conditions, among the nine main bearings, the second and nith main bearings
have an oil film thickness less than 1.5 pm and are in poor working conditions.
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Figure 14a is the distribution map of the average oil film pressure of the second main
bearing in 0-0.12 s in shock conditions. It can be seen that the distribution position of the
high oil film pressure area is concentrated near the center position of the lower bush at
180°. The distribution area of the high oil film pressure is wide and is beneficial for the
main journal working better in the lower bearing bush.
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Figure 14. Distribution map of the average oil film pressure and the average asperity contact pressure

o

of the second main bearing in shock condition in 0 to 0.12 s. (a) Distribution map of the average
oil film pressure of the second main bearing. (b) Distribution map of the average asperity contact
pressure of the second main bearing.

Figure 14b shows the average asperity contact pressure distribution map of the second
main bearing in 0-0.12 s in shock conditions. The asperity contact area only accounts
for a very small proportion of the entire bearing bush. The asperity contact position of
the second main bearing is at the edge of the bearing shell near the 180° position of the
lower bush.

Figure 15a is the distribution map of the average oil film pressure of the ninth main
bearing in 0-0.12 s in shock conditions. The high oil film pressure area of the ninth main
bearing bush is distributed near the edge of the bearing shell because the ninth main
bearing is at the output end of the block. The cylinders are located on the one side of
the ninth main bearing. The area of high oil film pressure is not in the center of the
bearing bush.

Figure 15b shows the average asperity contact pressure distribution map of the ninth
main bearing in 0-0.12 s in shock conditions. The asperity contact area is small compared
with the entire bearing bush. The asperity contact position of the ninth main bearing is at
the edge of the bearing shell near the 90° position of the lower bush.

It can be seen from Figures 14 and 15, in shock environment, the working state of the
second and ninth main bearing is in safe condition.
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Figure 15. Distribution map of the average oil film pressure and the average asperity contact pressure
of the ninth main bearing in shock condition in 0 to 0.12 s. (a) Distribution map of the average oil film
pressure of the ninth main bearing. (b) Distribution map of the average asperity contact pressure of
the ninth main bearing.

3.3.2. Crankshaft Stress of Diesel Engine with Shock Absorbers in Impact Condition

As shown in Figure 16, it is the peak crankshaft stress curve in impact condition within
0 to 0.9 s. In Figure 16, it can be noticed that between 0 and 0.05 s, there are two peak
crankshaft stresses, 432 MPa and 442 MPa, which are significantly higher than the peak
crankshaft stress within 0.05 to 0.9 s. This abnormal results are caused by insufficient con-
vergence in the initial stage of 0-0.05 s of the simulation. After the subsequent calculation
time, the crankshaft stress curve gradually becomes stable.
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Figure 16. Peak crankshaft stress curve under impact condition within 0 to 0.9 s.
Within 0.05-0.9 s, the maximum crankshaft stress in impact conditions is 363 MPa at

0.177778 s at the eighth crank pin, as shown in Figure 17. That does not exceed the yield
limit of the crankshaft material (650 MPa) with a large safety margin.
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Figure 17. Under impact condition, the maximum crankshaft stress is 363 MPa at 0.177778 s, which is located at the eighth

crank pin.

In short, in 0-0.9 s, the crankshaft stress in impact conditions does not exceed the yield
limit of the crankshaft material with a large safety margin, so the crankshaft of the diesel
engine with shock absorber is safe under external impact.

Through the calculation results, it can be found that when the shock absorber is
installed, the main bearing can maintain the normal lubrication state, and the crankshaft
stress does not exceed the yield limit, so the diesel engine with shock absorbers can work
normally in impact conditions.

It can also find that, when the diesel engine equipped with shock absorbers, the main
bearing lubrication results and crankshaft stress results in the external shock condition are
very similar to the one in normal conditions. That means the shock absorbers can protect
the diesel engine from external shock.

3.4. Calculation of Diesel Engine without Shock Absorbers in Impact Condition

This section will calculate the 16-cylinder V-type diesel engine without the shock
absorbers under external shock condition. The external shock is still loaded through the
diesel engine base.

3.4.1. Main Bearing Lubrication of Diesel Engine without Shock Absorbers in
Impact Condition

Shown in Figure 18 is the peak oil film pressure curve of the first main bearing of the
diesel engine without shock absorbers under an external impact environment. In Figure 18,
at 0.863831 s, there is a peak oil film pressure of 2549.09 MPa at the first main bearing,
which far exceeds the peak oil film pressure required by the AVL bearing evaluation point
(must be less than 100-150 MPa).

As shown in Figure 19, it is the peak asperity contact pressure curve of the first main
bearing of the diesel engine without shock absorber in the external impact environment.
At 0.361813 s, there is an asperity contact pressure of up to 215.686 MPa at the first main
bearing, which far exceeds the asperity contact pressure recommended value required by
the AVL bearing evaluation point (must be less than 50 MPa).
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Figure 18. The peak oil film pressure curve of the first main bearing of the diesel engine without
shock absorbers under the external shock environment. The x-axis represents time in seconds, and

the y-axis represents the peak oil film pressure in units MPa.
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Figure 19. The peak asperity contact pressure curve of the first main bearing of a diesel engine
without shock absorbers under the external shock environment. The x-axis represents time in
seconds, and the y-axis represents the peak asperity contact pressure in units MPa.

As shown in Figure 20, it is the minimum oil film thickness curve of the first main
bearing of the diesel engine without shock absorbers in an external impact environment.
At 0.361298 s, there is a minimum oil film thickness of 0.0111803 pum at the first main
bearing, which is much lower than the AVL bearing evaluation requirement (must be
greater than 1.5 pum).
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Figure 20. The minimum oil film thickness curve of the first main bearing of a diesel engine without
shock absorbers under the external shock environment.
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Combining the results of evaluation indicators such as peak oil film pressure, peak
asperity contact pressure, and minimum oil film thickness, it can be seen that the lubrication
state of the main bearings of the diesel engine without the shock absorbers is unusable
under external impact.

3.4.2. Crankshaft Stress of Diesel Engine without Shock Absorbers in Impact Condition

As shown in Figure 21, the crankshaft stress at the first crank pin at 0.359048 s has
reached 865 MPa, which has exceeded the yield limit of the crankshaft material (650 MPa).
Therefore, the diesel engine without the shock absorbers will not work normally due to
irreversible plastic crankshaft deformation under external impact.
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Figure 21. For a diesel engine without shock absorbers, the crankshaft stress reached 865 MPa at the first crank pin at

0.359048 s under external impact.

Combining the calculation results of the main bearing lubrication and the crankshaft
stress, the diesel engine without shock absorbers will not work normally under the exter-
nal impact.

This calculation result is consistent with the facts observed by Chen Ji [62] in a under-
water explosion experiment of a real ship: “The test results show that under the same test
environment, rigidly mounted diesel engines (without the shock absorber) are more likely
to be damaged than elastically mounted diesel engines (with the shock absorber). Most of
the impact energy was absorbed by shock protection device”.

Therefore, in order to improve the survivability of naval diesel engines on the bat-
tlefield, it is strongly recommended to install shock absorbers or other anti-shock protec-
tion devices.

4. Conclusions

This research aims at using a elastohydrodynamic lubrication method in the main
bearings of the diesel engine in external shock conditions. The external shock is equivalent
to the interference on the elastohydrodynamic lubrication calculation. Whether the elasto-
hydrodynamic lubrication algorithm can complete the calculation under interference is the
key point to the study. By adopting a very small calculation step size, a high number of
iterations, and increasing the stiffness of the thrust bearing, the elastohydrodynamic lubri-
cation algorithm can be successfully completed under the external impact environment.
The calculation results of the accelerations on engine block feet have the similar trend with
experiment results. Diesel engine with and without shock absorbers in external shock con-
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dition are calculated. This calculation model can also be used for diesel engine dynamics
calculations and main bearing lubrication calculations under normal working conditions.

The main contribution of this research is to use an example of a V-type 16-cylinder
diesel engine to show that the elastohydrodynamic lubrication algorithm can be used
for the lubrication calculation of the main bearing of the diesel engine under the impact
environment and summarize the parameter settings that enable the lubrication calculation
to be completed. It can provide reference for similar research in the future.

The advantage of this research is that using elastohydrodynamic lubrication algorithm
in the main bearing of diesel engine makes the simulation more realistic. The main
bearing lubrication results provide a new evaluation method for the diesel engine anti-
shock research.

The difficulty of this research is that it takes a lot of time to perform trial calculations
to adjust the calculation parameters. Compared with the spring damping model, the
robustness of the elastohydrodynamic lubrication algorithm is not good enough. It takes
a lot of time to adjust the calculation parameters and find the possible reasons for the
stagnation of the simulation calculation based on the feedback of the calculation results.

The drawbacks of the research also lie in that the robustness of the elastohydrodynamic
lubrication algorithm in external shock is not good enough. Imagine a case of high external
impact amplitude or long shock duration time: Even if small calculation steps, high
iterations, and high spring stiffness of joints are adopted, a lot of time was spent on trial
calculations to adjust the calculation parameters, and the simulation calculation may still
not converge. The uncertainty of completion of calculation in severe shock may cause
difficulties in the popularization of the elastohydrodynamic lubrication algorithm in diesel
engine anti-shock research.

There are still some shortcomings in this research. In order to simplify the simulation,
the foundation of the diesel engine is simplified to a rigid body without considering the
elasticity of the foundation. The influence of the bolts’ preload, frequency, displacement,
and position on the main bearing covers are not considered. The change in the stiffness
and damping of the shock absorber with frequency and displacement is not considered.
No sensitivity analysis was conducted on the obtained results. These influencing factors
will be considered in the future research.
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