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Abstract

Design parameters of the CB (crankpin bearing), including ¢, r,, r, and B (radial clearance, bearing radius,
shaft radius, and width) can affect lubrication-friction in the engine, thus, friction loss can be increased,
and tribological performance can be reduced. To clarify this issue, an integrated framework combining
slider-crank dynamics and crankpin-bearing mixed lubrication analysis is established to evaluate in de-
tail under various changes of ¢, r,, r, and B based on the Reynolds equation and MATLAB software. The
p, E and p (oil pressures, force of friction, and friction-coefficients) of CB are selected as evaluating in-
dexes. The study shows that all design parameters of CB greatly affect the friction loss and tribological
performance of the engine. To improve the tribological performance of the engine, the optimal ranges of

20<e<25 yp, 1555220 1y and 15< B <20 mm should be selected in the engine design process. These
ranges are proposed based on numerical trend analysis rather than formal optimization.

Keywords: Crankpin bearing; Tribological performance; Friction loss; Slider-crank mechanism

Introduction

Reducing fuel consumption and improving environmental pollution were important goals in
engine design. One of the causes of fuel consumption was high friction generated during engine
operation. Therefore, it reduces tribological performance and increases fuel consumption and
environmental pollution. Accordingly, to improve the tribological performance, the structures
in the internal combustion engine have been researched and optimized. With the Slider-Crank
Mechanism (SCM) of the engine, the piston inertial force and the eccentricity of the cylinder-
crankshaft have been studied to limit the interaction force between the cylinder and piston
[1-3]. The friction force generated in the joints of the SCM was also researched and analyzed
for improving tribological performance [4]. The result showed that tribological performance
was significantly reduced by the friction of SCM and piston-cylinder generated. To improve
this friction, the lubrication methods of the SCM and piston-cylinder was researched and
developed [3,4-6], especially the lubrication in the crankshaft bearings and crankpin bearings.
The results indicated that the generated friction force in the SCM was greatly reduced when
lubrication in CB is ensured. However, with the structure of CB designed, lubricating CB was
very difficult, while the friction generated in CB was very large [7,8].

Moreover, during engine operation, the combustion gas pressure in the piston-cylinder act-
ing on the SCM and CB changes both direction and intensity. Accordingly, the SCM’s structural
durability and CB’s lubrication ability are greatly affected. In the lubricating journal-bearings,
the lubricating efficiency mainly depends on their radial gap [9-11]. With CB, the radial gap is
defined by c¢=r,—r, (7, is the bearing radius and 7 is the shaft radius). This radial clearance
depends not only on the force applied by SCM but also on the designed radius of CB. Whether
this radial clearance is large or small can affect the friction loss and tribological performance of
the engine. Accordingly, it needs to be evaluated in detail based on the actual conditions of the
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engine. Additionally, the friction generated in the journal bearing or
CB not only depends on the radial clearance of the journal bearing
but also on the contact area between the bearing surface and shaft
surface [6-8,12]. Therefore, the effect of the width (B) of CB on the
tribological performance of the engine also needs to be evaluated
in detail.

To evaluate in detail the effect of c, r, T, and B of CB on the
tribological performance of the engine, an integrated framework
combining slider-crank dynamics and crankpin-bearing mixed
lubrication analysis is established to evaluate lubrication-friction
properties in CB comprehensively. In contrast to previous studies
that only considered the lubrication and friction of the oil film on
the CB lubrication, this study completely analyzes the influence
of CB’s design parameters on all the friction loss and tribological
performance of the engine. Various parameters of ¢, r,, r, and B
are simulated to explain their influence on the tribological perfor-

mance of the engine.
Method
Dynamic SCM model

The SCM’s dynamic force is calculated using its dynamic model,
as shown in (Figure 1). According to the calculated results in Refs
[6,13], the acceleration of the piston can be written as:

Crankpin
bearing

Figure 1: SCM’s dynamic model.

Z,= ro’ (cosg+Rcos2¢/L) (1)
It is defined that m, and m_are mass of the connecting rod at
o, and o, and A=R/L. Thus, the inertial force at o, of piston and the
connecting rod force are expressed as:
Fy=—(m, +m Yra? (cos g+ A cos2¢)
F,=P/cos@+F;/cos@ (2

Under the impaction of P (gas pressure) and F, forces acting on
the crankshaft can be expressed by:

F,, =sin(¢+O)F,
F., =cos(¢p+O)F (3)

c

With the force of the connecting rod’s centrifugal inertial calcu-
2 i . .
lated by F,, = —m,r@", the acting force on the crankpin bearings

has been written by:

y CiE)
Wy=F,=\(F,+F,) +F," (4

Changes in force W are then used to analyze the tribological
properties of CB.

Crankpin bearing lubrication model

With dynamic force W impacting the crankshaft and the crank-
shaft rotating with the same angular velocity @, a model of a jour-
nal bearing consisting of the shaft subjected to W and rotating with
@ is modeled in (Figure 2a) to analyze CB’s lubrication-friction of
the crankpin bearing. The Cartesian counterpart of this model is
also constructed in (Figure 2b), [14].

='h W

¥ Shaft surface

H:QW

’ \
Bearing surface
(b)

Figure 2: (a) Lubrication model of crankpin bearing; (b)
its Cartesian counterpart.

In (Figure 2), u,=wr, refers to the relative sliding velocity, 1
is the angular coordinate, ¢ is the angular coordinate, h and p are
thickness and pressure of oil film. h is computed as [7]:

h=r —r,+ecosg =c(l+e&cos¢g) (5)
where ¢ = e/c are the ratio between the radial clearance e and c.

According to the Cartesian counterpart model, the bearing does
not move in either x- and y-direction, the shaft only moves in x-di-
rection under some speed u,. Thus, the velocity boundary condi-
tions on the bearing can be expressed by:
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u|,_,=0, atthebearing surface (6)

u

._p= Uy, attheshaftsurface

The CB lubrication equation can be conveniently solved by
assuming that lubricant density and viscosity are constant in
the working process. In practical conditions, however, surface of
the crankpin and bearing are randomly oriented. Thus, the pres-
sure-flow factors of ¢ _and ?, reflect the surface roughness resis-
tance to flow of lubricant [13], and a factor ¢_of additional flow
attributed to these two factors [15] may be employed to determine
the expected volumetric flow.

Based on the research results in Refs [13,16], Reynolds equa-
tion of the lubrication model in (Figure 2) is presented as:

) ») o 3 oh o oh
— ¢th3 —pj+— (/)},h3—p =6nu,| —+0o P +12n—
ox ox) oy oy o ox o (7)

Thus, the dimensionless equation obtained from Equation (7)

is written as:
, 0P oH _dg, oH
— |=A | —+— |+ A, — 8)
oY op 04 oT

Vs i[%HSa—P}i(covH
o¢ 0¢) oy \

where u =wr,, Y=y/B, d=x/r,, T=t/t, P=p/p, H=h/c,L =6hwB?/

p,c% L,=12nB?/t p c? B=B/r, '=0/c, and p,=101325P .

Equation (8) can be solved by determining the boundary con-
ditions of the oil film pressure. With the thickness of the oil film
distributes on CB, inlet and outlet of the lubricant is located at point
at which the maximum film thickness corresponds to 0° and 360° of
. The atmospheric pressure is ambient, inlet, and outlet pressures
for computational domain; and given as follows:

p|¢:o” = p|¢:360” and p|y:0 = p|y:B =0
Evaluation index of engine power

Under the impact of W, the load capacity of CB has been calcu-
lated as [16]:

W= \/(—H(p+p,m)cos¢dxdy)2+(—j'j'(p+pae)sin ¢dxdy)2 (10)
where p__is the asperity-contact pressure between surfaces of

CB.

For CB to work stably, W must be balanced with W , this means
that W=W . However, W depends on both the values of p and pac.
Therefore, to ensure the lubrication and load capacity of CB, p
needs to be increased.

Besides, due to the influence of CB’s 7, and t_, (interfacial shear
stress and asperity contact stress) determined by 7, =7, + 7, and

T, =T+ kP, the F (friction force) and u (friction coefficient)
of CB are computed as follows [16]:

F=[[(7;s+7,. )dxdy
(11)

u=F/W

The p, F, and p were selected as evaluation indices to analyze

the friction loss and tribological performance of the engine. Thus,
increasing p and reducing F and u could be defined as objective
functions.

Result and Discussion

Based on the parameters listed in (Table 1) and the experimen-
tal data of the combustion-gas pressure in (Figure 3a), the W calcu-
lated at a crankshaft speed of 2000rpm is indicated in (Figure 3b),
[4,13]. These input values are applied to highlight effect of ¢, r,, T,
and B on the friction loss and tribological performance of engine.

Table 1: Simulation parameters of SCM and crankpin
bearing.

Parameters Values Parameters Values
R (m) 40 B (mm) 20
m_ (kg) 0.264 r (mm) 36.5
m_ (kg) 0.345 r, (mm) 25
m_ (kg) 0.095 L (mm) 129.5
m, (kg) 0.250 ¢ (mm) 10
©, (MNm?) 2 p, (Pa) 101325
E (GPa) 140 A 0.309

6 _
4|
©
o
=
a2l
0 T . .
0 180 360 540 720
o
o)
30 .

0 180 360 540 720

Figure 3: (a) Experimental data of the combustion gas
pressure; (b) acting force on the crankpin bearing.

Effect of radial clearance c

The effect of different radial clearances of ¢ (5, 10, 15, 20, 25
um) is simulated. The distribution results of p and shear stress on
CB at c=10um are given in (Figure 4). Research shows that the high-
est pressures of the oil film are mainly distributed from 90° to 180°
of the circumferential coordinates, and max p=88.8MPa occurs at
158° when the bearing width is B/2. The shear stress is uniformly
distributed along the bearing width but changes remarkably over
the circumferential coordinates evaluated and peaks at 178°.
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Figure 4: (a) Pressure distribution of the oil film; (b)
shear stress distribution of the oil film.

To validate the research results and the accuracy of the mathe-
matical model, based on the results of p and 7 obtained in (Figure
4), the maximum pressure and the average friction force are calcu-
lated and compared with the results of Li et al. [17] in Reference
[17], as shown in Figure 5a & 5b. The numerical simulation results
of the maximum pressure of the oil and the average friction force
of the CB in this study deviate from the research results of Li et al.
[17] by 1.6% and 4.3%, respectively. This result indicates that the
mathematical model of CB is highly reliable and can be used to as-
sess the influence of parameters on the friction loss and tribological
performance of the engine.
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Figure 5: (a) Maximum pressure of the oil film; (b)

average friction force of CB.

Under changes in the radial clearance c, both p and t obtained
at a bearing width of B/2 are illustrated in (Figure 6). (Figure 6a)
presents that p is greatly increased by increasing c. This is because
the oil film thickness increases as the clearance between the bear-
ing and the shaft increases. Thus, the solid contact pressure be-
tween the two surfaces decreases, causing the oil film pressure to
rise. Conversely, the oil film shear stress in (Figure 6b) increases
when c is reduced because asperity-contacts of the bearing and
shaft increases, which, in turn, increases F. The simulation results of
F and u is shown in Figure 7a & 7b to clarify the effect of the various
radial clearances on the friction loss of CB.

200 = m
o b
....... c=15 um
—.c=20 Nm
c=25 #m
- H
270 360

7 (kN/m

Circumferential coordinate ( )

Figure 6: (a) Pressure of the oil film at B/2; (b) shear
stress of the oil film at B/2.

120

100 L

Figure 7: (a) Friction force of CB; (b) friction coefficient
of CB.
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Figure 7 indicates that both F and ¢ markedly decrease with in-
creasing c, especially at 25um of c. The friction loss of CB is thus re-
duced, and the tribological performance of the engine is increased.
The above results imply that larger radial clearance could effective-
ly reduce friction and increase lubrication. However, an excessively
large radial clearance can cause the eccentricity of the shaft and
bearing to fluctuate greatly, causing the collision of the shaft and
bearing. As the radial clearance gradually increases, the reduction
in friction coefficient becomes very limited. Thus, according to the
simulation and analysis results, the optimal radial clearance range
providing both anti-friction and anti-impact properties simultane-
ouslyis 20 < ¢ < 25.

Effect of bearing radius r,

In order to evaluate the effect of r, on the tribological perfor-
mance of the engine, the various values of r, (15, 20, 25, 30, and
35mm) have been computed, respectively. Simulation results of p
and 7 at B/2 are plotted in Figure 8. The results show that the oil
film pressure decreases, whereas the shear stress increases as r,
gradually increases from r,=15-35mm. This means that lubrication
in CB is decreased when increase r,.

150 r =15mm
‘b

r =20 mm
b

100 |

!
!
]
!
I
:
!
l/ r =25mm
; -
p/

\
'
1
[
1
H
1
'
1
'
1
i
1
.
\

r =30 mm
~ b

p (MPa)

50 |

W r =35mm
= b

Circumferential coordinate ( )

Circumferential coordinate ( )

Figure 8: (a) Pressure of the oil film at B/2; (b) shear
stress of the oil film at B/2.

Calculation results of friction force and friction coefficient in
the crankpin bearing are plotted in Figure 9a & 9b based on the re-
sults in (Figure 8b). With an increase r,, both F and u in CB are also
increased. This finding may be attributed to increases in u =wr, and
contact area affecting shear stress and friction resistance. There-
fore, increasing the r, not only reduces lubrication of CB but also
increases F as well as ¢ in CB. As a result, the tribological perfor-
mance of the engine is greatly reduced. Thus, according to the sim-
ulation and analysis results, the optimal bearing radius range for
reducing friction loss and improving the tribological performance
is 15<7 <20 mm.

100 _

Figure 9: (a) Friction force of CB; (b) friction coefficient
of CB.

Effect of bearing width B

Under the change of the bearing width B, (Figure 10) demon-
strates the influence of B=10,15,20,25,30mm on p and . B affects
greatly the tribological performance of the engine. When B is re-
duced, both p and t are strongly increased, and vice versa. This
means that lubrication performance improves as the bearing width
B decreases.

300 _

p (MPa)

)

7 (kN/m

Circumferential coordinate ( )

Figure 10: (a) Pressure of the oil film at B/2; (b) shear
stress of the oil film at B/2.

Besides, calculation results of the force and coefficient of fric-
tion in CB at various values of B are also plotted in Figure 11. Con-
trary to the calculation results of shear stress distributions present-
ed in (Figure 10b), when increase of the B, both F and u in CB are
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strongly increased and vice versa. This is due to the contact-area of
the surfaces in the journal bearing being increased; thus, both F and
u increase. Although smaller widths reduce friction, structural reli-
ability and wear resistance can be reduced. Therefore, to improve
tribological performance and ensure structural reliability and wear
resistance, the optimal bearing width range should be 15 < B <20
mm.

F(N)

Figure 11: (a) Friction force; (b) friction coefficient of CB.

Conclusion

With the radial clearance c changed, the p increases while the F
is reduced with increasing radial clearance of the crankpin bearing.
Thus, lubrication-friction properties in journal bearing are signifi-
cantly improved. However, an excessively large radial clearance can
cause the eccentricity of the shaft and bearing to fluctuate, thereby
causing a collision between the bearing and shaft. Results reveal
that the optimal radial clearance range providing anti-friction and
anti-impact properties simultaneously is 20 < ¢ < 25 um.

With the bearing radius r, changed, the oil film pressure is
strongly reduced while F and p in crankpin bearing are strongly
increased when increase of bearing radius r,. Thus, the tribolog-
ical performance is greatly reduced. According to the simulation
and analysis results, the optimal bearing radius range provid-
ing both the lubrication and friction properties simultaneously is
15 < 1, <20 mm. When the bearing width B is changed, the oil film
pressure is strongly increased, while F and p in the crankpin bear-
ing are strongly reduced when reduction of bearing width B. Ac-
cording to the simulation and analysis results, the optimal bearing
width range providing both the lubrication and friction properties
simultaneously is 15 < B <20 mm. The above optimal ranges are
proposed based on numerical trend analysis rather than formal op-
timization.

The proposed study in this paper could not only analyze lu-
brication-friction properties in dynamic bearings but also inform

the design of crankpin bearings and optimize design parameters
to enhance the tribological performance of the engine. However,
during CB’s operation, the lubricant temperature increases due to
friction between the bearing and shaft. This significantly reduces
the quality of lubricating oil as well as the lubrication efficiency of
the bearing and shaft. However, these problems are assumed to be
unchanged during bearing and shaft operation. This is the limita-
tion of this study. Therefore, these issues will be studied in the next
work.
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