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Abstract: The elastohydrodynamic lubrication (EHL) oil film between contact interfaces acts as a
spring or damper to reduce wear and vibration for frictional pairs. To analyze the dynamic behaviors
of friction pairs in mechanical systems both effectively and accurately, the stiffness and damping
parameters under EHL contact states are essential. The presented work develops a numerical model
to investigate the EHL stiffness and damping characteristics based on the transient EHL system
and elastic contact theory of line contact, in which the stiffness force is separated according to the
relationship with approach distance of the contact body established in the steady process, and then
the damping can be obtained. The results show that the stiffness force plays an increasingly important
role over the applied load conditions while the damping effects is gradually weakened. EHL stiffness
is obviously smaller than dry contact stiffness, but the discrepancy is decreasing with the increasing
load. Moreover, the higher entrainment velocity, lubricant viscosity and larger curvature radii leads to
smaller stiffness and damping. The elastic modulus generates little effect on dynamic characteristics
when the load is light while dominates the maximum level of the contact stiffness.

Keywords: elastohydrodynamic lubrication; stiffness; damping; line contact

1. Introduction

Elastohydrodynamic lubrication (EHL) line contact is ubiquitous in the key parts and
elements of heavy-duty machines, e.g., roller bearings, gears, and cam tappets [1]. The
film lubrication state at the contact interface of these components not only determines
the tribological performance of the components and mechanisms but also affects their
dynamic behaviors. In the conventional sense, the EHL effect of line contact is ignored
in the dynamic analysis for these friction pairs in mechanical systems [2], due to the high
complexity of modeling and expense of computing. As the lightweight, compact, and high-
power density design concepts are becoming mainstream in industrial areas, an increasing
number of accurate and efficient dynamics modeling and simulation methods for friction
pairs, and thus the whole mechanical system, is desiderated.

In order to embed the EHL effects in the dynamic analysis of complex systems, in-
vestigating the stiffness and damping parameters under EHL conditions to replace the
traditional dry contact force model is an efficient approach with satisfactory accuracy. In
recent years, the evaluation method and the parametric study of stiffness and damping pa-
rameters with EHL film considered have drawn broad attention in tribology communities.
Nonato [3] assessed the behavior of linear damping approximation of the lubricated contact
for point contact and investigated the effects of different loading conditions, to assess the
excitation frequency for the dimensionless time domains. Wiegert et al. [4] proposed a
reduced dynamic model of EHL line contact, consisting of hydrodynamic and Hertzian

Lubricants 2022, 10, 73. https:/ /doi.org/10.3390/lubricants10040073

https://www.mdpi.com/journal/lubricants


https://doi.org/10.3390/lubricants10040073
https://doi.org/10.3390/lubricants10040073
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0000-0002-9122-9059
https://doi.org/10.3390/lubricants10040073
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com/article/10.3390/lubricants10040073?type=check_update&version=1

Lubricants 2022, 10, 73

2 of 14

force elements. Qin et al. [5] studied the EHL stiffness respectively from three aspects,
including the oil film, elastic contact body, and comprehensive stiffness through conducting
a numerical analysis with oil pressure and film thickness. Moreover, the simulated results
were compared with Hertzian stiffness and then the critical working conditions that can
be approximated by dry contact were investigated. Zhang et al. [6] calculated the contact
stiffness through Hertzian analytical solution [7] and the Yang-Sun model [8] predicted the
oil film stiffness by the empirical EHL film thickness equation and the complete numerical
EHL model. Recently, Tsuha et al. [9] introduced linear and nonlinear force models while
solving EHL stiffness for finite line contact with four types of profiles considered.

The above investigations are based on steady-state, while the actual operating condi-
tions are mostly high-transient events. Thus, there are some other researchers also focusing
on the transient stiffness and damping characteristics during the dynamic process of con-
tact friction pairs. Pei et al. [10] proposed an improved EHL stiffness model based on the
transient EHL system for line contact, which combined the surface contact stiffness and
oil film stiffness. The analysis results revealed that the stiffness was smaller than that of
the conventional Hertz contact and tended to be a constant when the film thickness is thin.
Wang et al. [11] showed a numerical method to describe the time-varying stiffness and
damping parameters of gears under lubricated conditions. Furthermore, Zhou et al. [12]
studied the oil film stiffness both from the normal and tangential directions based on
the EHL contact theory with non-Newtonian fluid, and considered and investigated the
effects of operating conditions and structure parameters to optimize the stability of the spur
gears. Then, based on the above work, Zhou [13] developed an improved novel model,
which combined the oil film stiffness and gear tooth contact stiffness both from normal and
tangential directions as the comprehensive stiffness in the EHL system. Xiao et al. [14,15]
successively investigated the stiffness and damping characteristics of EHL point contact for
herringbone gears both in the normal and tangential directions. Moreover, Zhang et al. [16]
established the oil film stiffness and damping model under a free vibration working condi-
tion with the inertia force considered in the force balance equation. Tsuha et al. [17,18]. also
considered the inertia term when balancing the generated oil film force and the applied
load in the research on infinite line contact and finite line contact. However, although
numerous efforts have been devoted to the stiffness and damping characteristics under the
EHL states, most of the existing work concentrates on the steady-state operating conditions
and ignores the inertia force. Few researchers are focusing on the highly transient event,
e.g., a sudden increasing load condition studied by Hultqvist [19] and Wijnant [20]. Apart
from this, the difficulty to study transient EHL contact damping is to separate the stiffness
force on the contact process, but few effective methods have appeared with highly transient
conditions. In this study, the models of EHL comprehensive stiffness and damping for line
contact under a step increased load condition were developed in which a steady-state EHL
model was first established to obtain the relationship between the oil film pressure and the
approach distance of the contact body, and then the damping parameters calculated in a
transient equation for the stiffness force part were separated according to the established
relationship. Whereafter, parametric analysis was conducted to investigate the effects of
main operating and geometric parameters including the entrainment velocity, the lubricant
viscosity, the curvature radius, as well as the elastic modulus of the contact body on the
dynamic characteristics.

2. Methodology

The contact surface in engineering practice may be curved in various shapes, in order
to simplify the lubricated model, and the EHL line contact pair can be further equivalent
to the contact filled with lubricant oil between an equivalent elastic body with curvature
radius R, and a semi-infinite rigid plane, as shown in Figure 1.
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(a) (b) Original shape

Figure 1. Representation of line contact model: (a) the equivalent elastic contact bodies; (b) the
extended equivalent contact model of line contact.

Assuming that the radius of the original contact body are R; and Ry, the elastic
modulus and the Poisson’s ratio are Ej, Ep, and pq, pp, then the radius R and elastic
modulus E of the equivalent body are described as [19]:

RiR,
R= ——=- 1
Ri+ R, M)

1 1/1-m? 1—u?
2= 2
E 2( E B @

2.1. Governing Equation

The time-varying oil film pressure is governed by the Reynolds equation [10], given by:

o (phPop\ . d(ph) d(ph)

where on the right of the equation included the wedged effect [21] term that relates to the
entrainment velocity us, and the squeeze effect term [21] generated by the squeezed oil film
with time ¢, p, and h are oil film pressure and thickness, # and p are viscosity and density
of the lubricant.

The Reynolds boundary condition is applied, expressed as:

=0
{ Ples, 0 @

p|x:x0ut

where x;,, and x,,, respectively, represent the coordinate values of the inlet and outlet on
the contact area.

In the line contact pair, when an external load w is applied, high oil film pressure is
generated in the concentrated contact area. Under this circumstance, the equivalent elastic
contact body will be deformed and the oil film thickness is consequently composed of
three parts, as shown in Figure 1b, consisting of the geometrical gap between the bodies in
central point before the deformation occurs hy, the structure geometry shape distance of the
contact body g(x) and the elastic deformation v(x). Then the oil film thickness equation is
written as:

h(x,t) = ho(t) + g(x) +v(x, 1) ®)

It is obvious that g(x) = %, and the elastic deformation is described as a function of
the oil film pressure, given by [22]:

_ 2 Xout , "2 ’
o(x,t) = —F ). p(x',t)In(x —x")%dx' + ¢ (6)

where x/ is the additional coordinate in the x axis, ¢ is a constant in the calculating process.



Lubricants 2022, 10, 73

4 of 14

According to the research of Grubin et al. [23], the rheological properties of the lu-
bricant will be impacted by the high oil film pressure that generated on the contact with
the applied load. The density and viscosity of the lubricant changing with the oil film
pressure need to be considered in the numerical simulating process. The viscosity—pressure
relationship of lubricant is depicted by Roelands [24] formulation, written as Equation (7).
The density—pressure relationship described by Dowson and Higginson [25] was utilized
to describe the density changes with pressure, according to Equation (8):

1= noexp{ (Ino +9.67) [ (1451 x 10*9;9)Z 1]} @)
0.6 x 10~%p
p=po (1 * 1+17xw—9p) ®)

where 7 and py, respectively, represent the viscosity and density of the lubricant in the
atmospheric pressure environment, and z is the pressure viscosity index.

To ensure the accuracy of the model, the inertia force term is considered in the force
balance equation, which is also one of the main differences from the steady-state EHL
problem. The force balance equation is given by:

Xout

med" = w(t) —/ p(x, t)dx 9)

Xin

where 1, is the mass of the equivalent elastic contact body, given as m, = nRZpg * L, p, and
L, respectively, represent the material density and contact length of the equivalent body, 6"
represents the acceleration of the contact body in the normal direction during the contact
process, w(t) is the applied external load at time step .

The acceleration 6" and velocity ¢/ in the normal direction is zero while the system is
under steady-state [18]. However, in transient loading conditions, the external load changes
over time. In order to obtain the transient responses in the time domain, the Newmark-
3 method is adopted to solve the acceleration and velocity in the normal direction [18].
The time domain is divided into k;; equidistant nodes, 5,’(’ and 4/, in moment k can be
expressed as:

4

o, = —
k= AR

(6 — Ok1 — A6’} 1) — 0"k 1 (10)

1 1
Jlk = 5’k,1 + l:z(s,/k + 25Hkl:| At (11)
where the subscript k and k — 1 represent the calculation moment, At is the time step.

2.2. EHL Stiffness and Damping Calculation Models

Because the lubricant is filled between the contact surface, the lubricating oil is con-
tinuously compressed when the equivalent contact body moves towards the rigid plane
under the action of transient load. Meanwhile, the variation of the transient step-increasing
load condition may result in an obvious extrusive effect on the oil film, which will not only
affect the distribution of oil pressure and film thickness but also significantly influence the
stiffness and damping characteristics of contact pairs. Moreover, since the lubricating oil is
generally a viscoelastic fluid, a massless spring-damping system can be considered between
two contact bodies in the line contact transient EHL model while analyzing the dynamic
responses. A simplified stiffness and damping model of a single degree of freedom is
shown in Figure 2.
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Figure 2. Representation of film thickness position between two different moments k0 and k1, and
the stiffness and damping of EHL line contact.

The approach distance J is reflected in the fluctuation of oil film thickness and elastic
deformation according to the EHL mechanism. However, the half-width of contact area b is
determined by the transient external load and changing with the transient conditions, so
that the same dimensionless nodes cannot correspond to the actual position between two
adjacent moments. Therefore, the average approach distance of all nodes is regarded as the
displacement of the elastic body at two adjacent moment, defined as:

3 (h(i) + 0

i=1

AS =

:\H

% 2. (ho(i) + 20 (i) (12)

where A represents the approach distance of the contact body between two adjacent
moments, (i), vo(i) are the oil film thickness and elastic deformation of node i at the last
moment, respectively.

In the present work, a steady-state EHL model has been established to obtain the
relationship between the oil film pressure and the approach distance of the contact body.
Then, the stiffness force can be calculated through the relationship according to the oil
film thickness and deformation in the transient model. Finally, the damping force can be
evaluated in the single-freedom system equation.

The relationship of force and displacement for an infinite EHL line contact can be
approximated as linear according to Tsuha et al. [26], given as:

F =k (13)

where F denotes the generated oil film force, k; is EHL stiffness.
Then the stiffness can be calculated in the discrete-time step:

F—F AF

k=75 ~ as

(14)

where F is the oil film force in the last moment, AF is the oil film force increment between
two adjacent moments.

The transient loading condition results in a compression process in the normal di-
rection, the squeeze velocity ¢'(t) and acceleration ¢ (t) can be calculated through the
approach distance and compression time according to Equations (10) and (11). Then the
damping c(t) can be obtained through the structural motion equation, written as:

k(t)6(t) + c(t)8'(t) + med” (t) = F(t) (15)

2.3. Numerical Solution

The mathematical model of EHL line contact is composed of several equations, in
which the Reynolds equation, the elastic deformation equation, and the lubricant rheol-
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ogy equation have strong nonlinear characteristics and must be solved simultaneously to
determine the oil film pressure distribution and film thickness. Moreover, there are more
than a dozen orders of magnitude gaps in pressure and thickness, which may cause insta-
bility in the numerical calculation system. To optimize the numerical calculating process,
the first step is choosing suitable dimensionless parameters to translate the equations to
dimensionless form. The following dimensionless parameters are adopted:

_ X _ P _ hR % _ P
XfyrpfiH*T/pipT)

pH’ b (16)
x* _ 1 _w _ NoUs 4% __ ust
"= W=rU=gr/t" =5

where X, P, H, p*, #*, W, U, and t* are respectively the dimensionless form of coordinate,
oil film pressure, thickness, lubricant density, viscosity, external load, entrainment velocity,
and time. In addition, b denotes the half-width of the contact area, py denotes the maximum
pressure according to Hertzian theory [21], expressed as:

1
8wR\ 2 2w
b= (ms) PH= T 17)

The corresponding dimensionless Reynolds equation is shown as:

s (5%) =5+ a
in which o H S
e= U*A’A: W2 (19)
Meanwhile, the dimensionless film thickness equation can be written as:
H(X, t*) = Ho(t") + X; - % /X”M P(X,#*) In(X — X')%dx’ (20)

in

The dimensionless form of viscosity-pressure and density-pressure equations can be
respectively written as:

nt = eXp{(lnno +9.67) [(1 +51x109pyP)" — 1] }
T+1.7x10 9py P

=14 1
p =

Then the dimensionless Reynolds equation is discretized by finite difference method,
the dimensionless form of Reynolds equation is differential as:

i Pty P 6y e y)P gt H

22
AX2 AX @2)

From the tribological viewpoint, the dynamic characteristics and the distribution of
oil film pressure have a strong interaction with each other in transient conditions. Thus,
the EHL system and dynamic region are supposed to reach balance simultaneously. In this
study, a continuous steady-state condition is supposed before the transient process starts.
Therefore, the squeezing effect can be ignored in the first moment because no fluctuation
in contact parameters occurs in the previous time and the initial state of oil film can be
obtained. Subsequently, the oil film is compressed with the external applied load changing
with time. In the numerical calculation process, after assuming the initial distribution and
geometrical gap, the oil film thickness and rheology parameters can be calculated. Then, the
oil film pressure is updated by solving the discrete dimensionless Reynolds equation. To
ensure convergent results, the new pressure needs to satisfy enough precision criteria. As a
consequence, the pressure distribution would be adjusted and updated until the criterion is
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met. Considering the accuracy of the results, it is necessary to verify whether the generated
force satisfies the force balance equation with the inertial term in the transient EHL system.
If not, the displacement /1y might be updated according to the force relationship until the
criterion is satisfied. Consequently, the oil film state and dynamic characteristics can be
obtained over the time domain. Finally, EHL stiffness and damping emerged according to
the proposed model. The detailed calculation process is shown in Figure 3.
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Figure 3. Flow chart of EHL stiffness and damping calculation process.

The convergence criteria of pressure E, and force balance Ey, at each transient moment
are defined as:

Y|P — Pj 7

E, =20 e —10x1 2

PToERp ST )
" n : A _

E, = M F Zl:ul; PAAY =W 1 0x 107 (24)

where P; represents oil film pressure in the previous iterative process.

3. Results and Discussion
3.1. Parameter Input and Results
This work aims to study the EHL stiffness and damping characteristics and discuss the

effects of main working and structural parameters for line—contact friction pairs through
the proposed model. The basic value used in this work are listed as Table 1.
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Table 1. Basic parameters used in the numerical calculation process.

Parameter Value Parameter Value
Inlet coordinate x;;, —4.0b Outlet coordinate x,;; 1.4b
Time step dt 0.0005 s Entrainment velocity u; 6.6 m/s
Lubricant viscosity #g 0.075Pa. s Equivalent Elastic modulus E 2.21 x 10" Pa
Equivalent curvature radius R 0.06 m Contact length L 0.046 m
Initial external load wq 0.35 x 10° N/m Density of contact body p, 7810 kg/m3

The externally applied load was chosen to be described as a step increasing load that
has an increment step Aw to the next moment, similar to the research of Hultqvist [19]. In
this way, the external load not only relates to the highly transient event that has a sudden
increase but provides convenience for studying stiffness and damping varying with a load
while exploring the effects of the researched parameters. The step Aw was decided by
the value in the last moment where the applied load increased from wy to wy overtime,
described as Equation (25) and Figure 4:

wo t=20
wy = wr 1+Aw 0<t<t,Aw =10 Aw; 4 (25)
w1y 1<t

251
—_ 2 B
£
B15
(=}
-
1 -
051
0 L . ) . . L . )
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (s)

Figure 4. Transient applied load over time.

Figure 5 shows the EHL contact stiffness and damping results solved by the proposed
model via the basic parameters in the above table. The results show similar behavior to the
research of Pei et al. [10] and Tsuha [18] that the EHL stiffness increases with the transient
increasing load while damping decreases and the trend becomes gradually flat with the load
increasing. With the applied load increasing, the lubricant oil film is becoming harder to be
compressed for the oil film pressure is gradually increasing with the increasing applied
load, resulting the stiffness raised. Meanwhile, the oil film thickness is decreasing with
the increasing load, where the viscosity effect of lubricant decreases in extrusion process,
leading to decreased damping phenomenon as the load increases. Figure 5a indicates
that there is an obvious gap between EHL stiffness and contact stiffness with Johnson
theory [2] at light load condition but the gap gradually reduced as the externally applied
load increased. The reason is that the lubricant oil film is relatively thicker and pressure
is small, resulting in the contact system being easy to be compressed and consequently
having a higher discrepancy compared to the results of Johnson model. As the applied
load increasing, the oil film thickness is compressed to a very small level while pressure is
large. In this case, the lubricant oil film is difficult to compress, and the elastic deformation
of the contact body is obvious. Thus, the EHL stiffness gradually approaches the Johnson
stiffness when the applied load reaches a higher level. Figure 5b demonstrates that the
EHL damping decreases with the increasing load, on the grounds that the gap between
the stiffness force and the generated oil film force is gradually narrowing, as shown in
Figure 5c, which means the stiffness force plays an increasingly important role in bearing
the applied load in heavy load conditions while the damping effects is gradually weakened.
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Figure 5. EHL stiffness and damping of line contact under transient step-increasing loading condi-
tions; (a) The comparison between Johnson stiffness and EHL stiffness, (b) EHL damping, (c) variation
of oil film force and stiffness force with time.

3.2. Effects of Entrainment Velocity

Figure 6 plots the variation curves of stiffness and damping coefficients and charac-
teristics of EHL line contact with different entrainment velocities under transient loading
conditions. It can be seen in Figure 6a that a higher entrainment velocity might lead to
a smaller value of EHL stiffness under the same external load. It is reflected in the dy-
namic response of approach distance, shown as Figure 6b, which described that a larger
value occurs under higher entrainment velocity conditions, implying that the oil film has a
weaker load capacity. However, the stiffness under various entrainment velocities reaches
a similar level at relatively heavy load conditions. This is because the oil film is thin and
the approach distance is dominated by the elastic deformation of the contact body, which
alleviates the impact of oil film on stiffness. Figure 6c indicates that higher entrainment
velocity corresponds to a smaller damping value in the early period of loading and finally
reaches a similar level. When the entrainment velocity becomes larger, the approach dis-
tance emerges in the same period and the squeeze velocity becomes larger as well, which
results in a smaller damping value, as shown in Figure 6d.



Lubricants 2022, 10, 73

10 of 14

Stiffness (N/m)

25t

10° ® 100
................ . 10 f
E
------------- u_=3.0m/s o
S © 8¢t
u_=5.0m/s G
s o
—_—— .us=7.0m/s ; 61 3.0m/s
us=9.0m/s 8 / us=5.0m/s
Q -
% 4t -——— -us—7.0m/s
A u =9.0m/s
i " " " J 2 B 1 1 1 J
0.5 1 1.5 2 25 0.5 1 1.5 2 2.5
Load (N) «10% Load (N) x10%
%107
~~~~~~~~~~~~~ u_=3.0m/s
u_=5.0m/s
_—— -us=7.0m/s
us=9.0m/s

0.5

1 1.5 2 2.5 0 0.02 0.04 0.06
Load (N) «10%4 Time(s)

Figure 6. Effects of entrainment velocity on (a) stiffness, (b) approach distance, (c) damping,
(d) squeeze velocity of EHL line contact.

3.3. Effects of Lubricant Viscosity

As the vital factor in the EHL system, the lubricant property parameters significantly
affect the lubrication and dynamic performance of the friction pair. Figure 7 describes
the effects of lubricant viscosity on dynamic characteristics of EHL line contact. It can
be observed that smaller viscosity operating conditions contribute to larger stiffness and
damping values at the early loading period, as shown in Figure 7a,c, and tend to be a
constant value under heavy load conditions. There is a thicker oil film between the contact
surfaces while the viscosity is large, and the contact system is more easily compressed,
which leads to a larger approach displacement in Figure 7b, and thus smaller stiffness char-
acteristics. Although the stiffness value is higher at lower level of viscosity, the approach
distance of the contact body is smaller. Thus, the stiffness force may play a similar role
in bearing the applied load. Whereas the squeeze velocity is lower with smaller viscosity
according to Figure 7a, leading to higher damping at lower-level viscosity, as presented in
Figure 7c.

3.4. Effects of Equivalent Radius

Not only do working condition parameters affect the dynamic characteristics, but
the proper structure geometry design of contact bodies will significantly improve the
operation performance and extend the service life of the EHL contact system. According to
Equation (17), if the manufacturing materials are the same, the half-width of the contact area
is directly dominated by the curvature radius of the contact body under a certain external
load. Figure 8 shows the effect of equivalent curvature radius along with the transient load.
With the curvature radius increasing, there is a wider contact area to enhance the bearing
capacity, reflecting a larger film thickness under the same load condition. Therefore, the
approach distance is larger with a larger radius, as shown in Figure 8b, because the oil
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film is easier to be compressed than the contact body in light load applied. As a result, the
larger curvature radius corresponds to the smaller stiffness value, as shown in Figure 8a.
In this case, more lubricant is easier to compress and larger squeeze velocity is observed
(Figure 8d), which corresponds to smaller damping parameters, expressed in Figure 8c.
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Figure 7. Effects of lubricant viscosity on (a) stiffness, (b) approach distance, (c) damping, (d) squeeze
velocity of EHL line contact.

3.5. Effects of Elastic Modulus

The elastic modulus of the contact body determines the degree of deformation under
the same external applied load. It is necessary to investigate the effect of elastic modulus
on the dynamic characteristics, as the elastic deformation is an indispensable term of the
film thickness equation under transient state, while the other two terms are related to initial
states. As shown in Figure 9a, in contrast to the effect of the aforementioned parameters,
a similar stiffness value occurs in the initial loading period with various elastic moduli.
Meanwhile, an obvious gap gradually appeared with the increasing applied load and finally
reaches an obvious disparity under heavy load conditions. Such a phenomenon can also be
explained from the viewpoint of the approach distance. The elastic deformation of contact
bodies is not obvious under relatively light external applied load, which brings similar
approach distance values, shown as Figure 9b, and small gaps in stiffness, correspondingly.
As the load increases, the oil film becomes harder to be compressed and the disparity
of elastic deformation becomes clear, which determines the approach distance under
heavy load conditions. Consequently, the greater the elastic modulus is, the larger EHL
comprehensive stiffness values become. Figure 9¢,d show that the elastic modulus generates
little influence on damping characteristics.
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velocity of EHL line contact.
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4. Conclusions

This work aims to investigate the stiffness and damping characteristics of line contact
friction pairs under EHL states. A comprehensive evaluation model is introduced, in
which the stiffness force is separated according to the relationship with approach distance
established in the steady process, and then the damping force can be obtained. Finally, the
effects of operating conditions and structure parameters are investigated and analyzed
from the mechanism aspect. From the presented results, a few conclusions can be drawn:

(1) Inthe aspects of dynamics performance, the stiffness and damping are more sensitive
to the lubricating oil film when the applied load is light. The EHL stiffness raises
and approaches to the level of Johnson theory while the EHL damping gradually
decreases with the increasing applied load for the stiffness force plays an increasingly
important role in the contact process over the applied load while the damping effects
are gradually weakened.

(2) According to the effects of operating conditions and structural parameters on the
lubricating performances and dynamic characteristics, the larger value of entrainment
velocity, higher lubricant viscosity, and larger curvature radius of the contact body
lead to smaller stiffness and damping values under light load conditions because of
the result of the film thickness being thicker and the approach distance being longer.

(3) The effects of elastic modulus on EHL stiffness are increasingly obvious along the
applied external load, and they dominate the maximum level of the friction pair,
whereas they generate little effect on EHL damping characteristics.
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