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Abstract: A design of different microtextures on the surface of
the crankpin bearing (CB) is proposed to ameliorate the
lubrication and friction performance (LFP) of engines. On the
basis of the CB’s hydrodynamic lubrication model, the bearing
surface of CB using different microtextures, such as wedge-
shaped textures ( WSTs), square textures ( STs), circular
textures ( CTs),
(CSCTs), is simulated and assessed under various external
loads of the CB at an engine speed of 2 000 r/min. The
pressure of the oil film, the frictional force, the force of the

and combined square-circular textures

solid asperity contact, and the friction coefficient of the CB
Results indicate that the
bearing surface designed by the STs remarkably improves the
CB’s LFP in comparison with other structures of WSTs, CTs,
and CSCTs. Particularly, the average values of the frictional

are used as objective functions.

force, solid asperity contact, and friction coefficient of the CB
using the STs are greatly reduced by 28. 5%, 14.5%, and
33.2% and by 34.4%, 26.3%, and 43. 6% in comparison
with the optimized CB dimensions and CTs, respectively.
Therefore, the application of the STs on the CB surfaces can
enhance the LFP of engines.

Key words: crankpin bearing; microtextures; lubrication and
friction performance (LFP); texture

DOI: 10.3969/j. issn. 1003 —7985.2021. 04. 004

tudying the lubricating properties ofan engine’s
S crankpin bearings ( CBs) to ameliorate the lubrica-
tion and friction performance ( LFP) of engines is a topic
of interest for many researchers. On the basis of the de-
sign parameters of an engine, the influence of the CB’s
dimensions, such as the radius of the bearing and crank-
pin (r, and r,), the bearing width (B), the gap between
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the crankpin and bearing (¢ = r, —r,), and the CB’s sur-
face roughness (o) on the LFP, has been researched'"™ .
The parameters of r,, r,, B, ¢, and ¢ of the CB were al-
so optimized to enhance the CB’s LFP'"™
cated that the CB’s LFP was significantly ameliorated by
the optimization of the CB’s dimensions. The investiga-
tions also emphasized that the friction force (F;) and sol-
id asperity contact force (W,,) generated in the elastic hy-
drodynamic lubrication (EHL) region of the CB with a

minimum oil film thickness (/4,) below 10 um were still
h[5. 8-9]

Results indi-

hig , particularly at the engine’s combustion stroke.
Thus, to reduce the F, and W_ and improve the LFP of
the CB, the A, and the oil film pressure (p) in the EHL
region should be increased. However, improving p and
h, by using only the parameters of the optimized CB is
difficult.

To enhance the p and s, on the basis of research on
microtextures added to the non-slip surface of friction
pairs'”™ | an optimal design of the circular textures
(CTs) of microtextures with a distribution density of
{axb} ={6 x6} was applied on the bearing surface to
ameliorate the LFP'"'. This approach enhanced not only
the p and &  but also the CB’s LFP. However, the results
of the F; and W, of the CB using the CTs{6 x 6} were
still greater than that of the CB using the parameters of
r,. t., B, ¢, and ¢ optimized in Ref. [8]. Furthermore,
the study used only one type of CTs{6 x6}. The wedge-
shaped textures (WSTs) and the square textures ( STs) of
the microtextures designed on the journal bearings also
significantly affected the tribological properties of journal
bearings but have not been a topic of concern so far.
Thus, the effectiveness of the microtextures in improving
the CB’s LFP has not been fully reflected yet.

On the basis of existing research on microtextures de-
signed for friction pairs and journal bearings, the effect of
the distribution density and shape of various microtex-
tures, including CTs, STs, WSTs, circles-ellipses, and
circles-triangles, on the lubrication performance was in-
vestigated''"”!
tures could significantly affect the vibration and acoustics
of contacting pairs'”’. However, with a 520 um depth
of microtextures designed on the contacting pairs, the F,
and W_ were remarkably reduced, especially with both
the CTs and STs""™ . Therefore, the CTs and STs of

. The results indicated that the microtex-
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microtextures were designed and used on the bearing sur-
face to ameliorate the friction and lubrication effectiveness
of journal bearings'”?**'. However, the external load
(W,) that impacts the shaft, which greatly affected the p
and A in the EHL region of the journal bearings, was ig-
nored or assumed to be constant in the above research.
The influence of the microtextures of the WSTs, STs,
and combined square-circular textures ( CSCTs) on the
CB’s LFP under the impact of a change in W, has not yet
been fully researched and evaluated in existing research.
On the basis of the CB’s dimensions optimized in Ref.
[8], the CTs of microtextures optimized in Ref. [15],
and a hydrodynamic model of the CB, the above issues
were elucidated by proposing and researching a design of
different microtextures of the WSTs, STs, CTs,
CSCTs on the bearing surface to improve the LFP of en-
gines under different external loads of W, impacting on
the crankpin at an engine speed of 2 000 r/min. The p,
F., W, and the friction coefficient (u) of the CB are se-
lected as the objective functions to evaluate the CB’s
LFP. This study aims to assess the influence of various

and

microtextures on enhancing the lubrication effectiveness
and reducing the frictional power loss of engines.

1 Modeling of CB Lubrication and Microtextures

A CB hydrodynamic lubrication model supported by
the W, is established in Fig. 1(a) to assess the effect of
various microtextures on ameliorating the CB’s LFP. To
simplify the design process of the different microtextures
on the bearing surface, the bearing surface modeled in the
Cartesian counterpart'™ is applied to design the WSTs,
STs, CTs, and CSCTs for improving the i and p. The
depth of all the textures is assumed to be the same, and
the distance between each texture designed on the bearing
surface is equidistant in the x- and y-directions, as shown
in Fig. 1(b).

Bearing

(a)

CTs

Fig.1 Model of the CB’s lubrication and different textures.
(a) Lubrication model; (b) Different microtextures distributed on the
bearing surface

In Fig. 1, w, ¢, and ¢ are the angular velocity, angu-
lar coordinate, and attitude angle of the crankpin in the
bearing, respectively; e is the eccentricity between the
shaft and bearing centers; R is the radius of the CTs; A,
is the area of the bearing surface; u is the moving veloci-

ty of the crankpin in the bearing; L, and L, are the bear-
ing length and width, respectively; [, and [, are the di-
mensions of the texture surfaces; [, is the length and
width of WSTs or STs; and A, is the maximum depth of
WSTs, STs, and CTs, respectively.

Given r, < r, and a small gap c that always exists in the
CB, an eccentricity ratio e of the CB is given by ¢ =¢/c,
and h  is determined by i =c(1 + gcosd) .

According to the model of different microtextures de-
signed on the bearing surface in Fig. 1(b), the actual oil
film thickness created by ¢ and h, is written as

h=h +h,=h +c(1+ecosd) (1)

The mathematical equations of WSTs, STs, CTs, and
CSCTs are presented below to determine the shape and
the 4, of different microtextures.

1.1 Wedge-shaped textures

On the basis of the design of WSTs in Fig. 1(b), the
relationships /, and [, between the WSTs and A, in the x-
and y-directions are calculated by

=

I =—-1

a
L 2)
I, =—-1

y s

where a and b are the number of microtextures distributed
in the x- and y-directions, respectively.
The shape equations of WSTs are given by

|x-x[<0.51, [y-v, | <0.5I, h=h,+h,
| x-x,| >0.51, h=h, }
(3)
The depth equation of WSTs is written as
_
" tana
0</<0.5/, —O.SISSy—yj<O} 4
0.5 <I=l, 0=<y-y,=<0.5]

where x; and y; are the coordinates of WSTs in the x- and
y-directions, i=1,2,3,...,aand j=1,2,3,...,b.

1.2 Square textures

With the design of STs in the same Fig. 1(b), the rela-
tionships /, and [, between STs and A, are calculated by
Eq. (2), and the shape equations of STs are determined
by Eq. (3). Herein, h=h, +h,, and h, is a constant.

Circular textures: On the basis of the structure of CTs
in Fig. 1(b), the relationships /, and [, between CTs and
A, are calculated by

I~

~
1l
B

-2R
(3
-2R

-
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Thus, the equations of the shape and the /& of CTs are Jda,
a P J’Zi(ogH3 afp)+i(a,H3 g):A o N 0% po
2 2 2 0X oX) oY\ ' oY X )¢ oT
Ri=(x-x)" +(y-») "
f h, +h, R <R 6 (11)
h {ho R.=R (6) where o and («,, a,) are the factors of the pressure and

where x; = (i -0.5)(/, +2R) and y, = (j -0.5) ([, +2R)
are the CT center coordinates in the x- and y-directions,
respectively, and h, =R (1 —cosa) is the depth of CTs.

1.3 Combined square-circular textures

On the basis of the CSCTs designed in Fig. 1(d), the
relationships / and [, between CSCTs and A, in the x- and
y-directions are written as

I =—*-0.5I -R

X

(7

™ o

I, ==2-0.5] - R

y

N

According to the shape and depth equations of STs and
CTs calculated in Egs. (3) and (6), the shape and depth
equations of CSCTs could be rewritten as follows:

|x-x[=<0.51, |y-y, | <0.5I,  STs
R =(x-x)"+(y-y)’ CTs}
i=2a,j=2b-1 (8)
constant STs
h,={R.(1 -cosa) 9)
sina CTs

All the shape and depth equations of WSTs, STs,
CTs, and CSCTs are then calculated and simulated by
combining Egs. (3), (6), and (8).

2 Application of Reynolds Equations

Reynolds equations were applied to compute the /& and
p of the friction pairs or journal bearings'™*'. In this
study, the lubrication equations of the CB are computed
under an acting W, on the crankpin, the CB’s ¢, and the
depth and structure of WSTs, STs, CTs, and CSCTs on
the bearing surface. To perform the calculation, some as-
sumptions of the model need to be given as follows: 1)
The bearing surface is fixed, and the crankpin surface
moves only on the bearing surface with a velocity of u =
r, X w in the x-direction; 2) The oil film’s velocity in the
centripetal motion and the inertia of the oil flow are very
small; 3) The characteristics of the dynamic viscosity
(n) and density of the oil film are unaltered during the
CB’s operation.

Therefore, a general form of the Reynolds equations
and a dimensionless form are given based on the CB’s hy-

drodynamic lubrication model as follows'* "'

J 3 Op Jd 3 p oh da oh
i ) 4 2 o P = 6 22 129 9%
ax(a“ 8x) ¥ ay(a“ 6y) W( ax O ax) T

(10)

shear flows; X =x/L.; Y=y/L; y=L/L; H=h/c
P=p/p,; A =6nwLy2/(p0c2) ; I'= 1277wLy2/( t,poc)s T
=t/ty; A=0/c; and p, =101 325 Pa is the atmospheric
pressure.

To calculate the p and & in Eq. (10), their boundary
conditions need to be defined as follows: 1) h always ex-
ists and distributes over the bearing surface, 2) the maxi-
mum value of /& at ¢ =0° in Fig. 1(a) is defined as the
inlet oil film at m and outlet oil film at n in Fig. 1(c),
3) the inlet and outlet pressures and the boundary pres-
sures of the CB at m, n, g, and ¢ in Fig. 1(c) are de-
fined by the same p,, and 4) the p_ in the CB’s cavitation
region is computed by p. =p, with p<p_and p_ =p with
p >p.(p, is the saturation pressure). Thus, the boundary
pressures of the bearing surface are calculated by p,_,
=Py =P and p,_o =p .5 =0, and both the s and
p can then be determined.

3 Evaluation Indexes of LFP

Under the acting W, on the crankpin, the load-bearing
capacity of CB defined by W = W + W_ must balance

with W, to ensure the normal operation of CB. Conse-
quently, p needs to be increased to enhance the load-bear-
ing capacity W of the oil film. Concurrently, the p,
generated in the EHL region needs to be decreased to re-
duce the F, and W, of CB"™". F, and W are strongly af-
fected by both p and A", Therefore, the different micro-
textures of WSTs, STs, CTs, and CSCTs are used to en-
hance the p and h, thereby improving the CB’s LFP. In
assessing the influence of the different microtextures on
ameliorating the LFP, the indexes of the increase of p and
the reduction of F,, W, and u that are selected as objec-
tive functions are then determined as follows:

1) Pressure distribution of the oil film. The oil film’s
pressure distribution is determined in Eq. (10).

2) CB’s friction force. The friction force F, generated
in CB is determined by two friction forces that are genera-
ted due to the oil film motion and the solid contact of two
CB surfaces in the EHL region. Thus, F; is described as

follows'”":

F, =ﬂA(TaC +7) dxdy (12)

where 7, and 7 are the asperity contact stress and interfa-
cial shear stress of the CB surfaces, respectively.

3) EHL’s asperity contact force. In the EHL region,
the W,_ is generated when h <10 um"'. On the basis of
the equation of the asperity contact pressure p,. =1.5Ey{

JE (o) *™ P p.is then used to calculate W, as follows:
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Wic = (JI paccosd>dxdy)2 + (ﬂ pacsinqbdxdy)2
(13)

4) CB’s friction coefficient. On the basis of the value
of F, determined by Eq. (12) and W, the u of CB is then

determined as follows"” "' :

F;
=t 14
" W, (14)

4 Simulation and Discussion

4.1 Computation of various microtextures

To compute the various microtextures of WSTs, STs,
CTs, and CSCTs and to assess their effectiveness in amel-
iorating the CB’s LFP compared with the existing results
of the CB parameters optimized in Ref. [8] and CTs{6 x
6} optimized in Ref. [15], the optimized CB parameters
and optimized CTs{6 x6} listed in Tab. 1 are used as in-
put parameters to simulate the results under the W, acting
on the crankpin at a speed of 2 000 r/min (see Fig.2).

0 1 1
0 180 360 540 720

d/(°)

Fig.2 Data of W, acting on the crankpin of CB

The research results of CTs in Ref. [24] showed that
the distribution density of CTs{12 x 6} improves the tri-
bological properties better than that of CTs {6 x 6}.
Therefore, to compute and compare the effectiveness of
the WSTs, STs, CTs, and CSCTs for ameliorating the
CB’s LFP, the parameters of all the microtextures listed
in Tab. 1 are distributed on the A, of the CB as follows:
1) The matrix {a x b} of all microtextures distributed on
the A, in the x- and y-directions is chosen by a =12 and b
=6; 2) The CB’s length and width are defined by L =
2qr, =126.1 mm and L, =B=18. 06 mm; 3) The radius
of CTs and the length and width of WSTs or STs are de-
fined by R =1 /2 =0.85 mm; 4) The depth of all the mi-
crotextures is defined by h, =5.5 pm.

In accordance with the defined input parameters, the

Tab.1 Optimal parameters of CTs and CB

Parameter Value Parameter Value
r,/ mm 20.08 h/pm 5.5
B/mm 18.0 R/mm 0.85
¢/mm 24.40 L./mm 126.0
o /pm 3.56 L,/mm 18.0
7/(MN - m~?) 2 axb 6 x6
n/(Pa - s) 0.02 E /GPa 140
b /(°) 720 a/(°) 65

mathematical equations of the CB, and the determined
microtextures, an algorithm program written in MATLAB
is applied to calculate the objective functions under the
same simulation condition. From the simulation results,
the distribution densities of WSTs, STs, CTs, and
CSCTs on the A, are indicated in Fig. 3. The results in
Fig. 3 are then applied to compute and analyze the & and
p and CB’s LFP.

A/pm: | Ay /pum: ]
-5.50 275 0 -5.50 275 0
I8masssssnvnns 18
=] EEERERERERE]
B g [ et 5 an wmin
e
00 63 126

glescccecceces 0

0 63 126 0 63 126
L./mm L. /mm

(©) (d)

Fig. 3  Distribution results of different microtextures on the
bearing surface. (a) WSTs; (b) STs; (¢) CTs; and (d) CSCTs

4.2 Discussions

The h, =5.5 pm of WSTs, STs, CTs, and CSCTs is

computed and indicated in Fig.4. The h added by the A,
is then plotted in Fig. 5. Fig.5 shows that the / is smaller
than the safe oil film thickness in Ref. [5] at a range from

ES'S — WSTs
E“O — STs
0 90 180 270 360
@)
(a)
S5ihAmMARARARARAR
77| NAGANG AN NG --CTs
= Pt R Y DT ooy
0 90 180 270 360

bL°)
(b)

Fig.4 Oil film thickness &, of different microtextures.
(a) WSTs and STs; (b) CTs and CSCTs

60p - Safe oil film 60p, Safe oil fil
£40FA\—WSTs g40F N\, STs
20l 2l
ng)' &1§0.
90 180 270 360 90 180 270 360
/(%) /)
(a) (b)
60p - Safe oil film 60p - Safe oil film
a0 CTs o £40fCSCTs
S d S i
&%%: ...... " YA
90 180 270 360 90 180 270 360

/() /(%)
(c) (d)

Fig.5 Oil film thickness & added by h,. (a) WSTs; (b) STs;
(¢) CTs; (d) CSCTs
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198° to 212° of the circumferential coordinate. This result
could be due to the maximum W, acting on the crankpin
at the combustion cycle of the engine. Therefore, the e of
the CB is increased and the & is decreased. In the EHL
region with # < 10 pm, both the F, and W could be
strongly increased. Therefore, both the p and % in this re-
gion should be enhanced to ameliorate the CB’s LFP.
With the 4, =5.5 um of all the microtextures added on
the bearing surface, the result of the 4 in Fig. 5 is also en-
hanced. Thus, the p is also increased in comparison to
the condition without microtextures, especially in the
EHL region, as shown in Fig. 6. Fig. 6 shows that the
maximum values of the p with the use of WSTs, STs,
CTs, and CSCTs are 216. 6, 224.7, 211.6, and 207.5
MPa, respectively. All their maximum p are substantially
increased compared with that of 189.4 MPa without mi-
crotextures in Refs. [7 —8]. In addition, the comparison
results of the maximum p with the use of different micro-
textures show that STs have the highest maximum p. This
result is similar to the result of STs designed in journal
**I This finding means that both the F, and
W, in the EHL region could be substantially ameliorated
by STs. To clarify this argument, all the F;, W, and u
are calculated and given in Figs. 7(a), (b), and (c), re-
spectively, on the basis of the simulation results of 4 and

. 13,
bearings'

p in Figs.4 and 5.

p/MPa; T

p/MPa: I

0 0 100 200 0 0 100 200
g g
£9 0 Dinax- 2166 £9 ¢ Do 247
Q Q

8 18

0 180 360

/(%)
(a)

180 360
b/(°)
(b)

p/MPa: ] p/MPa: I
0 0 100 200 0 0 100 200
£
9 Do 2116 § 9 ¢n,,
1
i 180 360 80 180 360

Q) Q)
(o) (d)

Fig.6 p on the bearing surface with different microtextures.
(a) WSTs; (b) STs; (c¢) CTs; (d) CSCTs

The simulation results show that both the F; and W,
obtain the maximum values in the EHL region; these re-
sults are similar to those in Ref. [22]. In addition, all the
F., W,., and u added by the different microtextures are
smaller than those without microtextures. These results
were also demonstrated in Refs. [16,21 —22]. Under the
influence of the various structures of microtextures, all
the values of F,, W
stantially decreased compared with those of other struc-
tures of WSTs, CTs, and CSCTs. The average values of
F i Wac’
listed and compared in Tab. 2. The results indicate that
the F and W with WSTs are lower than those with CTs

and g with the use of STs are sub-

ac?

and y, denoted by F, W, and j respectively, are

40
30
Z
=~ a0les

10

150

100

VVHC/N

50

0.015

0.010

i

0.005

O L L L ]
0 180 360 540 720
(c)
Fig.7 CB’s LFP with various microtextures. (a) Friction force;
(b) Asperity contact force; (c) Friction coefficient

and CSCTs, while the F and W with STs are the lowest.
Particularly, the F, W, and u are greatly ameliorated by
28.5%, 14.5%, and 33.2% and by 34.4%, 26.3%,
and 43.6% compared with the CB dimensions optimized
in Ref. [8] and CTs{6 x 6} optimized in Ref. [15], re-
spectively. The better result of STs could be due to the
stable i, of STs, as shown in Fig.3(b). Thus, A, could
affect the increase of the p. In contrast, the maximum #,
of CTs and CSCTs is obtained only at R and [ /2, as
shown in Figs.3(c) and (d). Furthermore, on the basis
of the dimension of STs with R = /2 =0. 85 mm, the
circle area (S.,, =wR’) is smaller than the square area of
STs (S¢, = I2). Therefore, the contact region between
the bearing surface and the crankpin surface with the use
of CTs is greater than that with STs. This condition could
also be a cause for the decrease in the F; and W__ of CB,
especially in the EHL region. Thus, the value of y with
the use of STs is also the lowest.

Tab.2 Average values of F;, W, and
CB surface with textures F/N W/N w/10 73
Optimized CTs{6 x 6}!"! 22.91 38.39 13.51
Optimized CB dimensions!®! 21.02 33.11 11.44
WSTs 15.20 29.72 7.81
Dimpled textures STs 15.02 28.29 7.64
{12 x6} CTs 16.19 30.24 8.42
CSCTs 16.19 30. 68 8.53
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The simulation results of CTs{12 x 6} are also com-
pared with the results of CTs{6 x6}'"" and the optimized
CB dimensions'™, as provided in Tab.2. The calculation
results indicate that all the F, W, and u are lower than
those of the optimized CTs and CB because the simulation
model uses the optimized parameters of both CTs and
CB, while Ref. [8] optimized only the CB dimensions,
and Ref. [15] used only the optimal parameters of CTs{6
x6}. Moreover, the distribution density of STs with a =
12 in the x-direction is more than twice that of CTs with a
=6. Thus, the contact region between two surfaces of
CB can be substantially decreased, resulting in F; and W,
in the EHL region being lower than in the case where CTs
are used with a =6. However, further increasing the den-
sity of a reduces the distance I of microtextures. Thus,
the cavitated region of the oil film pressure is increased,
Therefore, the
design of STs{12 x6} on the bearing surface should be
selected to ameliorate the CB’s LFP.

and the increase of the p is limited™ .

5 Conclusions

1) The shape of STs is better than that of WSTs, CTs,
and CSCTs in ameliorating the LFP under different simu-
lation conditions. F, W, and u with STs are significantly
reduced by 7. 2%, 7.8%, and 10. 4%, respectively,
compared with those of CSCTs.

2) The LFP of the CB using STs was remarkably amel-
iorated compared with that of the optimized dimensions of
CTs and CB. F, W, and u were greatly ameliorated by
28.5%, 14.5%, and 33.2% and by 34.4%, 26.3%,
and 43.6% in comparison with the CB dimensions opti-
mized in Ref. [8] and CTs{6 x 6} optimized in Ref.
[15], respectively.

3) The contact of the crankpin and bearing surfaces al-
ways generates a friction force, which not only increases
the frictional power loss but also decreases the CB dura-
bility of engines. Therefore, the CB surfaces designed by
the STs could contribute to reducing the frictional power
loss and increasing the durability of engines.

4) On the basis of the effectiveness of the STs in im-
proving the CB’s LFP, these findings could also be ap-
plied to other journal bearings to enhance their lubrication
performance and reduce their friction.
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