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Abstract: The solid contact force (Fic) and frictional force (Fjsc) generated in
the mixed lubricating zone of the crank pin bearing are very high and greatly
affect the engine power. Based on the lubricating model of the crank pin
bearing, the hemispherical structure (HS) and round cylindrical structure (RCS)
of the microtextures are researched and added in this mixed lubricating zone to
reduce both Fs. and Fge. Research indicates that both HS and RCS improve the
lubrication and friction better than without microtextures (WMT). Besides,
HS’s performance in improving the lubrication and friction is also better than
RCS. Especially, with the optimised HS using r: = 1.4 mm and 4 = 10 um, the
average values of Fic and Fj. are reduced by 35.1% and 36.4% compared to HS
while these average values are greatly reduced by 56.9% and 57.4% compared
to WMT. Therefore, this is a feasibility study in improving engine power.
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1 Introduction

Improving friction, lubrication, and wear of journal bearings to enhance their working
efficiency has been researched and developed (Nonogaki and Nakahara, 2006; Amanov
et al., 2016). With the journal bearings that rotate at high speeds and are subject to stable
loads, the lubrication characteristics of the sliding/non-slip surface pair in these journal
bearings mainly occur the hydrodynamic lubrication (i.e., minimum lubricating oil film
greater than 10 um). Accordingly, both friction and load-capacity in journal bearing are
mainly created by both shear stress and pressure in the oil generated in gap of the journal
bearing (Bayada and Meurisse, 2009; Dwivedi et al., 2013). In order to ameliorate the
lubricating efficiency in this journal bearing, the design parameters of the shaft and
bearing as well as the parameters of the oil film were analysed and optimised
(Tauviqirrahman et al., 2013; Ma et al., 2021). Thus, the journal bearing’s lubricating
efficiency has been significantly ameliorated. However, studies also show that to increase
the lubricating capacity, concurrently, reduce frictions generated of the journal bearing,
the minimum value of the film thickness in journal bearing’s clearance needs to be
increased. It means that the gap between the shaft and bearing needs to be increased.
Therefore, this can increase the impaction between two surfaces of the shaft and bearing,
resulting in the journal bearing’s durability can decrease rapidly. This is a problem that is
difficult to solve solely based on the journal bearing’s design parameters. Accordingly,
based on the development of laser technology in designing the different structures of the
microtextures (Aizawa et al., 2019; Li et al.,, 2023), the microtextures have been
investigated on surfaces of journal bearing to enhance minimum thickness of the
lubricating oil film. Research results show that the journal bearing’s lubrication has been
significantly improved compared to ignoring microtextures (Maan and Awasthi, 2021;
Shisode et al., 2021; Ibrahim et al., 2022; Yang et al., 2023).

With journal bearings that rotate at high speeds and are subject to large loads that
change over cycles, such as the crank pin bearings in the internal combustion engine, the
lubrication of these journal bearings is very complicated because the lubrication flow in
these journal bearings is not guaranteed. Accordingly, in the lubrication process of the
crank pin bearings, two different lubrication zones have appeared including the
hydrodynamic lubrication (i.e., minimum lubricating oil film greater than 10 pm) and
mixed lubrication (i.e., minimum lubricating oil film smaller than 10 um) (Mourelatos,
2001; Guzzomi et al., 2008; Gregory and Katia, 2011; Lia et al., 2016; Zhao et al., 2016).
In this mixed lubricating zone, the solid contacts created by the rough bearing surface and
rough shaft surface have happened. Therefore, both friction and loading capacity in crank
pin bearing are not only determined by the shear stress and pressure of the lubricating oil
film in the hydrodynamic lubrication zone, but it also depends greatly on the shear stress
and pressure generated by solid contacts between two surfaces of journal bearing at
mixed lubricating zone (Zhao et al., 2016; Zhang et al., 2016; Nguyen et al., 2021a). To
improve the lubricating efficiency of this crank pin bearing, the solid contacts in the
mixed lubricating zone of the crank pin bearing need to be reduced. This means that the
frictional force and load capacity generated by solid contacts in the mixed lubricating
zone of the crank pin bearing should be reduced. Therefore, the design parameters of the
crank pin bearing in the engine have been analysed and optimised to reduce these solid
contacts (Lia et al., 2016; Ma et al., 2021; Xu et al., 2021). Research shows that to reduce
these solid contacts, the surface roughness of the bearing and crank pin needs to be
minimised. This is a difficult problem to solve when machining the bearing and crank pin
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surfaces. However, increasing the minimum thickness in oil film can reduce area of
mixed lubricatinal zone, thereby reducing the solid contact force and frictional force
generated by the solid contacts in the mixed lubricating zone of the journal bearing. Thus,
the crank pin bearing’s lubrication can be improved.

Based on lubrication studies of the journal bearings adding microtextures to increase
the minimum lubricating oil film thickness, different structures of microtextures
including hemispherical structures, wedge-shaped structures, round cylindrical structures
(RCS), square cylindrical structures, triangular structures, and mixed structures have been
studied and evaluated for their effectiveness in improving the journal bearing’s
lubrication (Gropper et al., 2016; Xu et al., 2021; Arif et al., 2021; Wang et al., 2022).
The results show that hemispherical structures and RCS can better improve the journal
bearing’s lubrication compared to other structures proposed. Accordingly, these two
types of structures can also be applied and designed to the mixed lubricating zone of the
crank pin bearing to increase the minimum lubricating oil film thickness as well as
improve the engine’s frictional force and load capacity.

In this investigation, based on the lubrication dynamic model of the engine’s crank
pin bearing, two different types of microtextures using the hemispherical structures and
RCS are added in the mixed lubricating zone of the crank pin bearing to improve the
engine’s friction and loading capacity. Influence of various parameters including the
distribution densities and geometric dimensions in designed textures on loading capacity
and friction in an engine are then simulated and analysed to optimise their efficiency.
Reducing solid-contact forces as well as reducing frictional forces in solid contact area of
the crank pin bearing is the objective in this paper.

Main contributions of this investigation includes:

1  Based on the lubricating model of the crank pin bearing, the hemispherical structure
and RCS of the microtextures are researched and added in this mixed lubricating
zone to reduce the solid contact force and frictional force generated in the mixed
lubricating zone of the crank pin bearing.

2 Influences in various parameters of microtextures on both load capacity and
frictional forces of an engine are fully analysed to optimise their efficiency.

3 Research has found that the hemispherical structure of microtextures with optimal
parameters greatly improves the lubricating capacity and frictional force of the
engine.

2 Model and calculation method

2.1 Lubricational dynamic model of engine’s crank pin bearing

During the working process of the internal combustion engine, under the effect of the air
pressure generated in the engine’s fuel combustion process, the impacting force (F) of the
connecting rod crankshaft mechanism that always changes in intensity and direction then
acts on the crank pin bearing. Accordingly, to ensure lubrication for the crank pin
bearing, the load capacity (Fp) generated by the oil film must be balanced with the
impacting force of F' (F = Fy). However, during rotation of the crank pin bearing, the
frictional force (F)) of the crank pin bearing is also generated, thus, Fo < F, and the
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engine’s power is significantly reduced. Especially, at the engine’s combustion-power
cycle corresponding to the crankshaft rotation angle from 2z to 2.3z rad, both values of
Fy and Fy reach the largest value while the minimum lubricating oil film thickness is
smaller than 10 um. This is the mixed lubricating zone of the crank pin bearing (Zhao
et al.,, 2016; Nguyen et al., 2021a), as shown in Figure 1. Accordingly, this mixed
lubricating zone needs to be researched to ameliorate the lubricational ability and
frictional force in the engine’s crank pin bearing.

Figure 1 Model of an engine’s crank pin bearing with the characteristics of the cylinder pressure
and crank pin bearing’s load capacity and frictional force (see online version
for colours)

8 00
s ~
[=%
= £
S g
(@]
0 2n 4 0 on an
Cylinder pressure Load capacity
50 o
Oil
3
o~
=~ @
0 " an
Crank pin bearing Frictional force

(1) - Hydro lubricating zone (2) - Mixed lubricating zone

Under the impaction of force F' from the connecting rod crankshaft mechanism acting on
the crank pin bearing when the engine’s crankshaft is rotating at a velocity of w, the
centre of the bearing with radius r, and the centre of the crank pin with radius r. are
misaligned by a very small distance e. Thus, the thickness of the oil film (%) is unevenly
distributed in the crank pin bearing’s clearance. Based on the hydro lubricating model of
the engine’s crank pin bearing (Gregory and Katia, 2011; Hua et al., 2022), a
lubricational dynamic model of the crank pin bearing with its Cartesianism counterpart is
established in Figure 2 to describe in detail the lubrication of the crank pin bearing.
Herein, ¢ is the angular coordinate of the crank pin bearing from 0 to 2z rad (¢ = 0 at the
maximum thickness of the oil film /4,;). y is the attitude angle of the crank pin bearing. p
has been presented as pressure of oil film in crank pin bearing. L, = 2zar, and L, = B
are the length and width of the bearing. uy = 7w is the relative speed between two
surfaces of bearing and shaft. /; and (L, — /,) are the lengths of the hydro lubricating zone.
(I — Iy) = Lx/4ry is the length of the mixed lubricating zone.

Based on the calculation result of / in the lubricational models of the journal bearing
and crank pin bearing, the 4 in Figure 2 can be expressed by (Zhao et al., 2016; Hua
et al., 2022):

h=(ecosg+1)c )

Herein ¢ = e/c is defined as the eccentricity ratio between two centres of crank pin and
bearing, ¢ = ry — 7.
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Figure 2 Lubricational dynamic model of the crank pin bearing with its Cartesianism counterpart
(see online version for colours)
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In order to compute the lubricational equation of the crank pin bearing in Figure 2, some
assumptions of the lubricational model need to be made as follows:

1 The lubricating film in the gap of crank pin bearings always exists, the viscosity and
density of the lubricating film are constant during the crank pin bearing rotating, and
the inertia of the lubricating film is negligible when the lubricating film moving.

2 The bearing’s surface does not move at all the x, y, and z directions.

Crank pin is rotated at a speed of u in the x direction, thus, the lubricating film’s speed in
the y and z directions is zero. Besides, the lubricating film’s speed of bearing is also zero
at x direction and lubricating film’s speed at the crank pin surface is u in the x direction.

Additionally, the journal bearing’s existing research showed that the rough bearing
surface and rough shaft surface greatly affect its lubrication and friction (Patir and Cheng,
1978; Wu and Zheng, 1989; Tauviqirrahman et al., 2013; Nguyen et al., 2021b).
Therefore, two factors (¢x and ¢,) of the pressure flow (Patir and Cheng, 1978) affected
by the surface roughness of the crank pin bearing in x, y directions as well as shear factor
(ps) of oil flow (Wu and Zheng, 1989) affected by the surface roughness of the crank pin
bearing in the x direction are also added to fully research the lubrication of the crank pin
bearing. From the lubricational dynamic model of the crank pin bearing plotted in
Figure 2, the Reynolds equation used to calculate the motions of (p, /) in lubricating film
of crank pin bearing is expressed as follows (Patir and Cheng, 1978; Wu and Zheng,
1989; Hua et al., 2022):

2w, a—pji(h% a—”j = oo 2y 224291 @

ox ox/) dy dy ox ox ot

where o is the height of the average roughness between two surfaces of the
crank pin bearing and # is the oil film’s viscosity, ¢; = 1.126¢02%* if a > 5.0 and
@s = 1.899 0f89¢-0920400502 if o < 5.0, g, = ¢, = 1-0.9¢70¢¢ (Patir and Cheng, 1978; Wu
and Zheng, 1989).

Based on the constant parameters of the crank pin bearing including ¢, L., L,, po, and
to, the lubricational equation of the crank pin bearing in equation (2) can be written as
follows:
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Thus, equation (4) is then simply written as follows:

a2i(¢xH3a_Pj+i(¢yH3a_Pj:QIa_H+QZa£+Q3a£ (5)
oX 0X/) dY Y 0X X oT

Therefore, equation (5) has been described as the dimensionless equation of the crank pin
bearing’s lubricational dynamic model.

To simulate the lubricational equation in equation (5), some boundary conditions of
the crank pin bearing’s lubricational dynamic model in Figure 2 need to be defined as
follows:

1 The maximum lubricational oil film of the crank pin bearing is the inlet oil film and
outlet oil film at ¢ = 0 of m-line and ¢ = 2z of n-line.

2 The lubricational calculation area of the crank pin bearing is S, the inlet pressure at
m-line, outlet pressure at n-line, and the ambient pressures at m-, n-, p-, and g-lines
of the calculation domain S (see Figure 2) are the atmospheric pressure of p.

Therefore, the p at four boundary lines of S is calculated by:

wipe = pand p|2° = p|2de =0 ©)

m-line

x=0 — P

p

Additionally, the lubricational process of the crank pin bearing can appear cavitation
regions with the negative pressure of p,. However, the lubricating equation of Reynolds
in the model of journal bearings cannot calculate the cavitation pressure of p, (Braun and
Hannon, 2010; Wang et al., 2011). In order to compute the pressure of the lubricating
film in cavitation regions, p, generated at cavitation regions is replaced by the saturation
pressure of p; as follows (Braun and Hannon, 2010):

pn = p with p; < p and p, = p, with p; > p (7)

By combining equations (5)—(7), all the pressure of the lubricating film in the
lubricational calculation area of the crank pin bearing can be determined.
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2.2 Model of crank pin bearing added by microtextures of HS and RCS

In order to ameliorate the load capacity as well as decrease the frictional force in the
engine’s crank pin bearing, both the solid contact force and frictional force in the mixed
lubricating zone of the crank pin bearing need to be reduced. This means that the
minimum thickness of the lubricating film in the mixed lubricating zone needs to be
increased. Therefore, at the mixed lubricating zone of the crank pin bearing surface, two
different types of microtextures using the hemispherical structures (HS) and RCS are
proposed as well as supported to enhance minimum thickness of the lubricating film, as
plotted in Figure 3. Where a and b are the distribution densities of microtextures at x, y
direction. /. and /, are the distance between two consecutive microtextures at x, y
direction. ; and 4, are radius and depth of each microtexture of the HS or RCS. Thus, the
dimension relationship between the bearing surface and HS or RCS can be calculated by
L.=Q2r;+1)aand L, = 2r; + 1,)b.

Figure 3 Model of two different structures of microtextures added on the surface of the bearing
in the crank pin bearing’s mixed lubricating zone (see online version for colours)
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From the structure of the HS and RCS added on the surface of the bearing in the crank
pin bearing’s mixed lubricating zone, the thickness of the lubricating film in equation (1)
with HS and RCS is expressed by:
cosa—1
c(ecosp+1)————n,  with HS
I (8)
clecosg+)+h with RCS

Besides, the distribution equations of the HS and RCS on the bearing surface also need to
be calculated. Thus, based on the design of the HS and RCS, the distribution equation of
each HS or RCS (x; and yy) at its circle centre at x, y direction has been calculated as:

With HS:

nz\/(x—x,-)2+(y—yj)2 and 126%% ), > .50 9)
SiIno
With RCS:
52 \(r=x)" +(y=y,) and z =4, (10)

L
where x; :(i—l)ﬁ withi=1,2,3,...,aand y; =(j—l)—y withj=1,2,3, ..., b.
2)a 2) b
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By combining equations (8)—(10), the value of /# with the HS and RCS as well as the
distribution of the HS and RCS can be determined to calculate the lubrication of the
crank pin bearing.

2.3 Method for evaluating the load capacity and friction of crank pin bearing

2.3.1 Load capacity of crank pin bearing

Under the impacting force of F on the crank pin bearing, two different lubrication zones
of the crank pin bearings including hydrodynamic lubrication and mixed lubrication have
appeared (Akalin and Newaz, 2001; Zhao et al., 2016; Maan and Awasthi, 2021).
Accordingly, to ensure lubrication for the crank pin bearing, the load capacity in crank
pin bearings (Fo) calculated based on load capacity in oil film () at the hydrodynamic
lubrication zone and load capacity in solid contact (F§.) at mixed lubricating zone must be
balanced with the F. The calculation formulas of Fy, Fi;, and F. are expressed by (Wang
etal., 2011; Hua et al., 2022):

Fy=Fy +F.=F (11
Fy = \/(—”S psin ¢dxdy)2 +(- j L peos ¢dxdy)2 (12)
F = \/(—”S Do sin ¢dxdy)2 + (— HS Dee COS ¢dxdy)2 (13)

Herein p has been calculated in equations (5)—(7). psc is the pressure of the solid contact
in the mixed lubricating zone of the crank pin bearing.

The rough surfaces of the bearing and shaft were mainly created based on Gaussian
distribution and it was described by Greenwood and Tripp (1970):

H: 4.4086X105(4—h/0)*3% ifh/o<4

H=0 ifh/o>4

Herein A = no(, { is the curvature radius of the solid roughness, I1 is solid roughness’s
probability in crank pin bearing’s surfaces, and E* is material’s elasticity modulus.

Psc = ISF/IZEXVO'/CHWH}]

(14

2.3.2 Frictional force of crank pin bearing

Similarly, in the slipping process between the crank pin surface and bearing surface, the
frictional force (Fy) of the crank pin bearing is also determined based on the frictional
force of the lubricating film (Fy) in the hydrodynamic lubrication zone and the frictional
force of the solid contact (F.) in the mixed lubricating zone. The calculation formulas of
Fy, Fyy, and F. are expressed by (Patir and Cheng, 1978; Zhao et al., 2016):

Fy = Fy +Fp, (15)

Fyr = J‘L Tydxdy (16)
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Fpe = J'J' reddy = J'J'S (2o + Pty ) dxdy (17)

where 7y is the shear stress of the lubricating film, 7, is the shear stress of the solid
contact in the mixed lubricating zone, uo and 7o are the frictional coefficient and shear
stress at the bearing boundaries.

2.3.3 Objective investigations

As described in equations (11) and (15), load capacity as well as friction (Fo, F) in crank
pin bearings depend on the lubricating film’s load capacities and frictions (F;, Fj) and
load capacities and friction (Fi, Fj) at solid contacts in crank pin bearing’s mixed
lubricating zone. Both F,r and Fj,r of the lubricating film in the hydro lubricating zone
have been researched and evaluated (Gregory and Katia, 2011; Zhao et al., 2016; Nguyen
et al., 2021b). However, both F. and Fj. of solid contacts in the mixed lubricating zone
of the crank pin bearing have not been evaluated in detail, especially both F. and F. in
the mixed lubricating zone added by microtextures of HS and RCS. Therefore, to
evaluate the load capacity and frictional force in the engine’s crank pin bearing under
different structures and dimensions of microtextures, both Fy and Fy. in the mixed
lubricating zone of the crank pin bearing described in equations (13) and (17) are chosen
as the evaluation indexes.

3 Numerical simulation results and discussions

3.1 Lubricational and frictional performance between HS and RSC

From the design parameters and lubricational parameters of the engine’s crank pin
bearing given at Table 1 (Guzzomi et al., 2008; Hua et al., 2022), impact force of the
connecting rod crankshaft mechanism on the crank pin bearing at @ = 2,000 rpm in
Figure 4 (this impact force calculated from the experimental data of the air pressure in the
engine’s fuel combustion process in the existing studies (Zhao et al., 2016; Nguyen et al.,
2021b), and HS and RCS’s initial parameters provided in the same Table 1, the
computation programs written in MATLAB environment is applied to compute the
lubricating equations in equations (5)—(10) and the values of F. and Fj. in equations (13)
and (17).

Table 1 Designed parameters of the crank pin bearing and microtextures
Parameters of crank pin bearing Parameters of HS and RCS
Parameters  Values  Parameters Values — Parameters  Values Parameters Values
B (m) 20% 1073 n (Pas) 0.02 Lx (m) 50t x 103 o (rad) 0—x
rpy (m) 25 %1073 E (GPa) 140 Ly (m) 20%x 103 a 4
¢ (m) 10 x 106 ¢(rad) 0—4n he (m) 6.0x 106 b 6
o (m) 4106 70 (N/m%)  2.00 x e (m) 0.8x 103 po(Pa) 101,325

106
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Figure 4 The impact force of the connecting rod crankshaft mechanism on the crank pin bearing
at w = 2,000 rpm
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Figure 5 Bearing surface added by the HS and RCS with the distribution densities of a =4 and
b = 6: (a) with HS, (b) with RCS (see online version for colours)
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Figure 6 Calculation results of the crank pin bearing added by the HS and RCS with a =4 and
b = 6: (a) thickness of the lubricating film (%), (b) pressure of the lubricating film (p),
(c) load capacity of solid contacts (Fsc), (d) frictional force (Fsc) of solid contacts in the
crank pin bearing (see online version for colours)
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Based on the microtextures of the HS and RCS with the distribution densities of a = 4
and b = 6 added on the surface of the bearing at the crank pin bearing’s mixed lubricating
zone, the distribution results of the HS and RCS on the bearing surface are simulated and
plotted in Figures 5(a) and 5(b). From the distribution data of HS and RCS in Figure 5,
the &, pressure (p), the load capacity at solid contacts (Fi.), and the frictional force (Fj.)
of solid contacts are computed and presented in Figures 6(a)—6(d).

With case of bearing surface without microtextures (WMT), Figure 6(a) shows that
the lubricating film’s minimum thickness (minimum /% < 10 pm) occurs in a range ¢ from
27 to 2.3 (this is the crank pin bearing’s mixed lubricating zone). Due to the influence of
the increase of solid contacts in the crank pin bearing’s mixed lubricating zone, thus, the
p of the lubricating film is reduced and the pressure p,. of solid contacts is increased.
Thus, both the F,. and Fg. in the solid contact zone are quite high. As shown in
Figures 6(b)-6(d), maximum value p only reaches 88.79 MPa while both the maximum
values of F. and Fj. are achieved at 209N and 21.51N.

By adding the HS or RCS with the distribution densities of @ = 4 and b = 6 on the
surface of the bearing at the mixed lubricating zone to reduce solid contacts of the crank
pin bearing, Figure 6(a) shows that the minimum % with the HS and RCS in mixed
lubricating zone of the crank pin bearing is increased with the minimum 4 > 10 um. This
implies that solid contacts of crank pin bearing surfaces are significantly reduced.
Accordingly, the p of the oil film is increased. Based on the calculation equations (10)
and (15), when the p is increased, this means the lubricating film’s load capacity is
creased and load capacity of the solid contact is reduced (the pressure p,. of the solid
contact is reduced). With the p reduced, this means that the shear stress generated by the
solid contacts is also reduced. As a result, both the Fy. and Fj. generated in the mixed
lubricating zone are reduced. As shown in Figures 6(b)—6(d), results of p with the HS and
RCS is higher than that of the WMT while the results of Fy. and Fj. with the HS and
RCS is lower than that of the WMT. The maximum p with the HS and RCS is achieved at
108.5 MPa and 99.68 MPa while both the maximum values of Fi. and Fj. with the HS
and RCS are achieved at {169.1N and 150.5N} and {17.47N and 15.54N}. This is the
performance of the microtextures designed on the sliding/non-slip surface pair of the
journal bearing to ameliorate both the lubricating capacity and frictional force (Ma et al.,
2021; Shisode et al., 2021; Arif et al., 2021; Wang et al., 2022).

Besides, the comparison results between the HS and RCS in the same Figure 6 also
show that although the radius (7;) and maximum depth (%) between the HS and RCS are
the same [see Figure 6(a) and Table 1], however, the maximum p with the HS is higher
than the maximum p with the RCS. It implies that the pressure of solid contacts (ps.) of
the HS is lower than that of the RCS, thus, the maximum Fj. and maximum Fj. of the HS
are also lower than that of the RCS, as shown in the same Figures 6(b)—6(d). This may be
due to the influence of the different structures between the HS and RCS. With the HS, the
depth of 4, is changed slowly and reaches its maximum value at 4, = 6.0 x 107 m, thus,
the appeared cavitation region in the HS is reduced and the maximum p of the lubricating
film with the HS is increased. On the contrary, with the RCS, the depth of 4, = 6.0 x 10¢
m is unchanged, thus, the appeared cavitation region in the RCS is more than in the HS
and the maximum p with the RCS is smaller than that of the HS. This has been explained
in the existing studies (Wang et al., 2011; Xu et al., 2021). As a result, load capacity as
well as friction in tmixed lubricating zone with RCS are higher than those of the HS.
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Figure 7 The maximum value of the Fic and Fsc: (a) maximum Fic, (b) maximum Fjg. (see online
version for colours)
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From the comparison results of the maximum Fi. and maximum Fg. with the HS and
RCS designed by their distribution densities of @ =4 and b = 6 in Figure 7, we can see
that the maximum F. and maximum Fj. with the RCS are reduced by 19.1% and 18.8%
compared to the WMT while the maximum F. and maximum Fj. with the HS are lower
than that of the RSC by 10.9% and 11.0%. This means that both the HS and RCS
improve the lubricational and frictional performance of the engine’s crank pin bearing
better than the WMT. Besides, the performance of the HS is also better than the RCS.
However, this result is compared under the distribution densities of the HS and RCS with
a =4 and b = 6. This may not fully reflect the performance between HS and RCS.

Figure 8 Calculation results of the crank pin bearing added by the HS and RCS with ¢ = 3 and
b = 6: (a) with HS, (b) with RCS, (c) result of Fi, (d) result of Fs. (see online version

0.02

for colours)
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Therefore, other distribution densities of the HS and RCS with a = 3 and b = 6 are also
simulated to more fully evaluate the performance between HS and RCS. The distribution
results of the HS and RCS with @ = 3 and » = 6 designed on bearing of the crank pin
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bearing are plotted in Figures 8(a) and 8(b). From these distribution densities, both the Fi.
and Fj. are computed in Figures 8(c) and 8(d). The result also shows that the maximum
Fc and maximum Fj. with the HS are also lower than that of the RCS. The maximum Fj.
and maximum Fj. of the HS are reduced by 4.5% and 4.7% compared to the RCS (see
Figure 7 with a = 3 and b = 6). This means that with the distribution results of the HS and
RCS with a =3 and b = 6 designed, the HS also improves the lubricational and frictional
performance of the engine’s crank pin bearing better than the RCS. Besides, the
comparison results in Figure 7 also show that the distribution densities of the HS and
RCS also affect the lubricational and frictional performance of the crank pin bearing.
Both the maximum F,. and maximum Fj. of the HS and RCS with ¢ = 3 and
b = 6 are greatly increased compared to the HS and RCS with a = 4 and b = 6. This is
because the reduced density of the HS or RCS can increase solid contacts between the
crank pin surface and bearing surface in the mixed lubricating zone, therefore, both Fi.
and Fj. are increased.

From the above analysis results, it can be concluded that the HS witha =4 and b =6
improves the lubricational and frictional performance of the engine’s crank pin bearing
better than the RCS with a = 3, 4, and b = 6. However, the research result also shows that
solid contacts in the crank pin bearing’s mixed lubricating zone depend on the solid
contact density or radius 7; of the HS. To optimise the HS’s performance, the radius r;
(solid contact density) of the HS with @ = 4 and b = 6 continues to be researched in
Section 3.2.

3.2 Load capacity and frictional force of solid contact under the change of
HS'’s radius

Under the same simulation condition of the crank pin bearing in Section 3.1, a change
range of the HS’s radius from r, = [0.2, 0.3, 0.4, ..., 1.5, 1.6] mm is then simulated to
assess the effect of 7, on the HS’s performance. The results of the force characteristics of
Fs. and Fj. under the change of r; are shown in Figures 9(a) and 9(b). Besides, the
average values of Fy. and Fj. at each changed value of r; are computed and plotted in
Figures 9(c) and 9(d).

Figures 9(a) and 9(b) show that the change of r; mainly affects the maximum F. and
maximum Fy. of the crank pin bearing. When the 7, is reduced, the solid contacts in the
crank pin bearing’s mixed lubricating zone are increased. This means that both the p.
and shear stress of the solid contacts are strongly increased. Concurrently, the area of
solid contacts between bearing surface and crank pin surface is also increased. Thus, both
maximum Fy. and maximum Fj. are increased and vice versa. To optimise the HS’s
performance, both Fi. and F. should be reduced. Both Figures 9(c) and 9(d) present that
average values of F, and Fj. reach the minimum value at 7, = 1.4 mm. This means that
this value should be chosen for designing the HS on the surface of the bearing to
ameliorate the lubricational and frictional performance of the engine’s crank pin bearing.

The HS is designed based on two basic parameters of the radius 7, and depth %, The
research result shows that the HS’s performance is greatly affected by the radius 7,. Thus,
the HS’s performance can be also affected by the depth 4. To clarify this issue, the
change of the % is also researched in Section 3.3.
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Figure 9 Characteristic of Fis and Fc under the change of HS’s radius: (a) value of F., (b) value
of Fie, (¢) average value of Fic, (d) average value of Fsc (see online version for colours)
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3.3 Load capacity and frictional force of solid contact under the change of
HS’s depth

Similarly, under the same simulation parameters of the crank pin bearing in Table 1 and
the optimal radius of 7, = 1.4 mm in Section 3.2 used, a change range of the HS’s depth
from h, = [2, 4, 6, ..., 22, 24] um is then simulated to assess the effect of 4, on the HS’s
performance. The simulation results of the force characteristics of F. and Fg. are shown
in Figures 10(a) and 10(b). Besides, the average values of Fy. and Fg. at each change
value of 7, are also computed and plotted in Figures 10(c) and 10(d).

Figures 10(a) and 10(b) show that the A, mainly affects the maximum F; and
maximum Fg. in the mixed lubricating zone of the crank pin bearing when the 7 is
changed in a range of 2 < A, < 13 um. In this change range, both the maximum F,. and
maximum FJ, are strongly reduced when the depth of 4, is increased. This is because the
HS’s lubricating film is increased, thereby reducing the solid contacts in the crank pin
bearing’s mixed lubricating zone. However, when the 4, is increased from 13 um to
24 pum, both the maximum F,. and maximum Fj. are insignificantly reduced while both
the values of Fi. and Fj. in the hydro lubricating zone are quickly increased. This is due
to the /; being increased, /# in HS has been increased and the cavitation region is also
increased, thus, the p is reduced. To ensure the load capacity of the crank pin bearing, the
Pac 1s increased. As a result, both Fy. and F. in the hydro lubricating zone are increased.
In this change range, the #; insignificantly improves the HS’s performance. Based on the
average values of Fy. and Fj. computed in Figures 10(c) and 10(d), we can see that both
these average values achieve minimum value at /#, = 10 pm. The optimal value of %, in the
existing study showed that the optimal value of ht should be used in a range from 10 to
18 um (Zhao et al., 2016). Therefore, this research result is similar and this is the optimal
value that can best improve the HS’s performance.
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Figure 10 Characteristic of the Fjzc and Fsc under the change of HS’s depth: (a) value of Fie,
(b) value of Fje, (c) average value of Fe,, (d) average value of Fsc (see online version

for colours)
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To evaluate the performance of the optimised HS (OHS) with the distribution densities of
a =4 and b = 6, the optimal parameters of 7, = 1.4 mm and /#, = 10 um of the OHS are
then simulated and compared with the HS and WMT. The results of F. and F. and their
average values are plotted in Figures 11(a)-11(d). Results in force characteristics of Fi.
and Fgx. with the OHS are strongly reduced compared to both the HS and WMT.
Especially, the average values of Fy. and Fg. with the OHS are reduced by 35.1% and
36.4% in comparison with the HS while these average values with the OHS are greatly
reduced by 56.9% and 57.4% compared to the WMT. Therefore, by using the OHS
designed on bearing at the crank pin bearing’s mixed lubricating zone, the lubricational
and frictional performances of the engine’s crank pin bearing are greatly improved in
comparison with the WMT.

4 Conclusions

Under the same simulation condition of the engine, the HS and RCS added on the surface
of the bearing in the crank pin bearing’s mixed lubricating zone better improve the
engine’s lubricational and frictional performance in comparison with the WMT. Besides,
the HS also improves the engine’s lubricational and frictional performance better than the
RCS.

Based on the design parameters of the radius and depth of the HS simulated, both
these parameters greatly affect the HS’s performance. To obtain the optimal HS’s
performance, the optimal parameters of 7, = 1.4 mm and 4, = 10 um should be used for
the design of the HS.

With the optimised HS using », = 1.4 mm and %, = 10 um, the average values of Fj.
and Fj. with the OHS are reduced by 35.1% and 36.4% in comparison with the HS while
these average values with the OHS are greatly reduced by 56.9% and 57.4% compared to
the WMT. Therefore, based on the results of this study and combined with laser
technology in the design of microtextures on material surfaces, the OHS designed on the
surface of the bearing in the mixed lubricating zone of the crank pin bearing not only
greatly improves the engine’s lubricational and frictional performance but also can be
implemented in the actual condition.

This is highly applicable research in ameliorating the lubricating capacity and
frictional force of the engine. In the next study, an experimental study of the crank pin
bearing added by the OHS will be performed. In addition, the engine loads under
different speeds will also be studied to evaluate the overall and detailed performance of
the OHS.
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