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Effects of crankpin bearing speed and dimension on engine power
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Abstract: A new method combining the slider-crank (SCM) "',

mechanism dynamic ( SCM) and crankpin bearing ( CB)
lubrication models is proposed to analyze the effects of CB
dimensions and engine speed on the lubrication efficiency and
friction power loss (LE-FPL) of an engine. The dynamic and
lubrication equations are then solved on the basis of the
combined model via an algorithm developed in MATLAB. To
enhance the reliability of the research results, the experimental
data of combustion gas pressure is applied for simulation. The
load bearing capacity (or oil film pressure), friction force,
friction coefficient, and eccentricity ratio of the CB are
selected as objective functions to evaluate the LE-FPL. The
effects of engine speed, bearing width, and bearing radius on
the LE-FPL are then evaluated. Results show that reductions
in engine speed, bearing width, or bearing radius can decrease
the FPL but reduce the LE of the engine and vice versa. In
particular, the LE-FPL can effectively be improved by slightly
reducing the bearing width and bearing radius or maintaining
engine speed at 2 000 r/min.
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G iven greater demands for fuel economy, energy con-
servation, and emission reduction in oil-fueled auto-
mobiles, technologies that can reduce friction power los-
ses (FPLs) to improve the power of internal combustion
engines (ICE) is a major concern for designers. The
main causes of engine power loss include the friction be-
tween the piston skirt and the ring against the cylinder
bore during motion and the friction between moving sur-
slider-crank mechanism

face pairs of joints in the
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Studies on the influence of various SCM design param-
eters, the inertial mass of the piston, and the eccentricity
between the crankshaft and cylinder centers on the hori-
zontal impact force of the piston in the cylinder bore have
been carried out over the last few decades' . Friction
and noise vibration between the piston skirt and ring
around the cylinder bore could significantly be reduced by
optimizing the structure of the SCM. Optimization studies
have also investigated the characteristics of lubrication
factors, such as the friction force F' and friction coeffi-
cient y, between the moving surfaces of a piston and cyl-
inder''™®” . Researchers have found that FPLs are signif-
icantly reduced when a stable oil film exists on the lubri-
cating surfaces.

The lubrication model of crankpin bearings (CBs) un-
der an external load acting on the shaft moving at high
speed was previously studied to illustrate the stability of
the lubricating oil film thickness /# on the friction surface
pairs of the engine'™"” according to the evaluation indices
of load bearing capacity (LBC) and F. Results showed
that the stability of & greatly depends on the pressure gen-
erated by the oil film. The effects of several factors, such

11 . 7, 12-13
as the temperature[ . radial clearance"” 1

and load
and speed of the shaft, on the oil film pressure have also
been discussed” """, Previous studies mainly assessed
the lubrication efficiency (LE) of the CB under the con-
dition of a static load on a shaft moving at high speed. In
actual applications, the shear stress of the oil film genera-
ted under various speeds and the dimensions of the CB
could affect the resistance of the oil film. Moreover, in
the working cycle of an ICE, the dynamic load acting on
the CB changes very quickly under various engine speeds
w in terms of direction and intensity. Therefore, the
effects of w and CB dimensions should be taken into ac-
count during analyses of the LE-FPL of an engine. How-
ever, investigations on the LE-FPL of engines consider-
ing w and CB dimensions together have rarely been repor-
ted.

The current study establishes a new numerical method
by coupling the SCM dynamic and CB lubrication models
to investigate their effect on the LE-FPL of an engine. An
algorithm program based on the hybrid model was devel-
oped in MATLAB, and numerical simulations were per-
formed to solve the hydrodynamic equations of the SCM
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and CB. The LBC, F, u, and eccentricity ratio & be-
tween the shaft and bearing were then selected as objec-
tive functions. Finally, the influence of w, bearing radius
r,, and bearing width B on the LE-FPL was clarified.

1 SCM Dynamic and CB Lubrication Models

1.1 SCM dynamic model

Assuming that the center of a crankshaft coincides with
the cylinder center, the SCM dynamic model can be es-
tablished as shown in Fig. 1. Here, L and R are the con-
necting rod length and rotation radius of the crankshaft,
respectively; P is the combustion gas pressure acting on
the piston peak; N and F_ are the piston forces impacting
on the cylinder wall and connecting rod, respectively; F
is the total force of the piston; F,, F,, and F, are the
respective centrifugal inertial, radial, and tangent forces
of the large-rod-end mass of the connecting rod impacting
on the CB; F, is the inertial force of the small-rod-end
and piston; W, is the impacting force on the CB; and ¢
and w are the respective angle and angular velocity of the
crankshaft.

Crankpin
bearing

(a) (b)

Fig.1 SCM model and its lubrication joints. (a) SCM dynamic
system; (b) Lubrication joints

The piston’s motion can be determined as
z, =L + R — Rcosp — Lcosf) (1)

The kinematic relation of SCM can be determined by

Rsing = Lsinf } 2)

cosf =1 -0.517sin’p

where A = R/L is the ratio between the rotation radius of
the crankshaft and the length of the connecting rod.

Substituting Eq. (2) into Eq. (1), the piston’s motion
and acceleration can be rewritten as

A
ZP_R(l_COS¢+4(1—cos2¢)) 3)
z,= Rw’( COS@ + AC0S2¢) (4)

where w = ¢ =dg/dr.

m, and m,_ are assumed to be the lumped masses of the
small- and large-rod-ends of the connecting rod at o, and
0,, respectively. Thus, the F, of the small-rod-end and
piston is written as

F_

ip —

(mg, +m,)Rw’(cosg + Acos2¢) (5)

where m_ is the piston mass.

Under the impact of P on the piston peak, the dynamic
forces impacting the cylinder wall and connecting rod can
be determined by

F F,+P

(6)

c

N=Ftang = (F +P) tane}

T cosf® cosh

The impact of F,, which has two components of tan-
gential and radial forces, on the CB is determined by

F,=F, 9
. cos( +¢)} 7

F, =F_sin(0 + ¢)
The large-rod-end mass of the connecting rod is rotated
with @, and its F,, can be defined as

F.= - mRw’ (8)

ic

The bearing of the connecting rod provides a rotating
motion and transmits loads between the large-rod-end and
crankpin. Thus, the dynamic load W, of the connecting
rod impacting on the CB is determined by

W,=./(F,+F) +F, (9)

Changes in W, in both direction and intensity could be
applied to analyze the LE-FPL of the CB.

1.2 CB lubrication model

1.2.1 Lubrication model in the computational region

In the working cycle of the engine, the crankpin is im-
pacted by W, and rotated with an angular velocity @ in-
side the bearing of the connecting rod, as shown in Fig.
1. Therefore, the LE-FPL of the CB could be evaluated
by modeling the crankpin under the impact of W, and ro-
tated at w inside the bearing as shown in Fig. 2.

In Fig. 2, B and r, are the bearing width and radius,
respectively; r, is the shaft radius and r, <r,; e and ¢ =
e/c (0 <g <1) are the eccentricity and eccentricity ratio
between the center of the bearing and shaft, respectively;
c=r, — r, is the radial clearance between the shaft and
bearing fully filled with the lubricant to create the hydro-
dynamic pressure p; u, = wr, is the relative velocity be-
tween the CB surfaces; and ¢ is the attitude angle. Then,
h can be determined from the CB lubrication model as

h=r, —r, +ecosp =c(l + gcose) (10)
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Bearing surface

Fig.2 The CB hydrodynamic model

1.2.2 Application of the Reynolds equations
Assume that the bearing surface is fixed in the x- and y-
directions and that the shaft surface only moves with a
constant velocity u,in the x-direction, as seen in Fig. 2.
The boundary conditions of the fluid velocity on the CB
surface in the x- and y-directions are determined by

u ‘ =n — Wy

with shaft surface
} (1)

u| .20 =0 with bearing surface

The lubricant density and viscosity are also assumed to
be constant, and the influence of the inertia of the lubri-
cant flow on the working process is negligible. There-
fore, the pressure distribution of the lubrication film can

. 11, 15
be described as """ "

tLP_(LT_i( 5&)

ax oz az\ "z (12)
al_‘?l_i( ﬂ)
gy oz oz\ " oz

Taking the second integral of Eq. (12) with respect to z
and considering the initial conditions in Eq. (11), the ve-
locity fluid equations are written as

_Llap, o Z
_znax(z hz) +u, " 0
p= L2 gy

“2qay

where 7 is the dynamic viscosity of the oil film.

The volumetric flows of g, and g, in the x- and y-direc-
tions are calculated by integrating Eq. (13) over the z-di-
rection and written as

" K ap h
= [ud; =- 2P Z
e fo” 129 0x T2 (14)
g n o ap
T = fOVd T 129 ay

The equation of the fluid continuity condition is given
by

d(pu) N (pv) N d(pw)
0x ay 9z

(15)

+QE:0
at

where p is the fluid density; u and v are the fluid veloci-
ties in the x- and y-directions, respectively, as determined

in Eq. (13); and @ is the fluid velocity in the z-direc-
tion.

Because @ in the z-direction is very small, we can as-

sume thatw = 0 and p is a constant. Thus, the integral of
Eq. (14) in the z-direction is

h h

%(L“dz)* aiy(fovdZ) + %(j:dz) =0 (16)

In Eq. (10), the oil film thickness % is constantly chan-
ging according to the rotation angle ¢. Thus, the substi-
tution of Eq. (14) into (16) and mathematical transfor-

mation lead to a new form of Eq. (16) """,

K a—”) +i(h3 a—p) = 6mu, 21 12 2

i( o (17)
ox X dy ay ox at

The dimensionless form of the Reynolds equation in
Eq. (17) can be expressed as
5 OP

J oH oH
O () o 408 g
+ ( ) 15, + Ay (19)

;0P
) Y Y

B el 5

de
where B=B/r,, H=h/c, ¢ =x/1,, Y=y/B, P =p/p,,
T=t/t,, I =6nwB’/(’p,), A=129B*/(c’p,t,), and
p, =101.325 kPa.

The boundary conditions must be determined to obtain
the pressure distribution of the oil film over the computa-
tional domain of Eq. (17). In this study, we assume that
h exists over the CB surfaces and that the inlet and outlet
lubricants are at the maximum position of 4. The ambient
pressure around the CB and the inlet and outlet pressures
are equal to the atmospheric pressure p,. The computa-
tional region I” of the CB is plotted in Fig. 3. Here, i and
f are the respective boundary lines of the initial and final
pressures at the maximum position of /4 corresponding to
¢ = 0°and 360°, and r and [ are the respective boundary
lines of the right and left pressures of the bearing at y =0
and B.
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Fig.3 CB computational region and meshing diagram

The boundary conditions of the oil film pressure can be
written as

pww=P¢%w} (19)

p ‘y:ﬂ =P ‘y:B =0
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In general, the oil film in the small gap of the CB can
usually be divided into the liquid and cavitation zones
when the oil film is ruptured"". Because negative pres-
sure due to gas dissolution and cavitation effects exists,
Eq. (17) above cannot be used to calculate the cavitation
region """, Thus, instead of ignoring negative pressures
in the cavitation zone, only pressures below the saturation
pressure p, are varied to achieve the effective pressure
p.'”!. The oil film pressure in the cavitation zone can
then be expressed as

D, if p<p,
-]

20
p else (20)

1.2.3 Lubrication forces of mixed hydrodynamics

Under the impact of W, on the CB, the LBC of the oil

film pressure generated in I” can be determined by "'

W = J (- ﬂFpCCOSgpdxdy)z +(- ﬂrpcsingodxdy)

(21)

2

where load bearing capacity W equals the dynamic load
W, on the CB.

F generated from the interfacial shear stress 7 acting on
the shaft in I” can be calculated by'"”

— _ h ap e n
F = ﬂprdxdy = ﬂr(TTx +u, )dxdy (22)

When W and F are obtained, the u of the CB can be

given by '

F

W (23)

In this study, the W, F, u, and & between the shaft
and bearing are selected as indices to evaluate the LE-FPL
of the engine.

2 Algorithm

An algorithm written in MATLAB was used to estimate
the objective functions and solve the equations of the sys-
tem models. The simulation process includes three main
steps as follows.

Step 1 The initial parameters that must be set include
the dimensions of the SCM and CB, the combustion pres-
sure on the piston peak, the zero matrices of the oil film
pressure and shear stress (a x b), and the zero matrices
of the force vectors (1 x b). The W, and coefficients of
Eq. (18) are then calculated, and the initial pressure and
shear stress matrices are also determined. Herein, the
number of grid nodes is a = b =120.

Step 2 When the pressure and shear stress have been
determined, the initial LE-FPL can be obtained. In theo-
ry, W equals W,. However, in actual conditions, W is not
in equilibrium with W, ; thus, the computational algorithm
cannot give the stopping condition for the computational

process. This issue is addressed by setting a stopping con-
dition of W, — W, <¢ with a very small value of /. Reac-
hing the stop condition means that the difference between
W, and W, is very small. In this case, the distribution of
the oil film pressure and shear stress in I and & between
the journal and bearing are considered acceptable, and the
computational algorithm is stopped. The computational
algorithm is continuously performed until the stopping
condition is satisfied.

Step 3 The time required to complete a cycle of the
engine corresponding to a crankshaft rotation angle of
720° is t,. Parameter ¢, is divided into 120 equal parts,
and ¢ refers to each time node corresponding to a crank-
shaft rotational angle of ¢ = 6°. The oil film pressure
and the
computational algorithm is continued for the next loop at

and shear stress are calculated at each time f,

t=t+1t" until r=1¢,. The complete computational algo-
rithm and objective functions of the LE-FPL are finally
obtained. A schematic of the calculation process is pro-

vided in Fig. 4.

Establish the inital matrices
and vectors of the models

]
Calculate the SCM

dynamic forces (F,, W,, )

]
Calculate the inital values of
Reynolds equation (S, 4, --+)

A
Resol 2 C_alcula_te t1_1e pand 7
via lubrication model
e
Yes

NETA

Compute the values of
T W, F,¢

Fig.4 Flowchart of the algorithm of the computational model

3 Simulation Results and Analysis

The necessary parameters for simulation listed in Tab. 1
and the combustion gas pressure acting on the piston
peak, which is obtained from the experimental data in
Ref. [14], as shown in Fig.5(a), were applied to calcu-
late W, under various w and analyze the LE-FPL. The W,
results are plotted in Fig. 5(b).

As shown in Fig. 5(b), the impact load is constantly
varied under different @ and rotation angles. As the
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Tab.1 Parameters of the SCM and CB

Parameters Values Parameters Values
m,/Kg 0.264 B/mm 20
my./kg 0.345 r,/mm 25
mg/kg 0.095 po/kPa 101.325
my,./kg 0.250 o/(°) 0-720
L/mm 129.5 ¢/ pm 10
R/mm 40 n/(Pa - s) 0.02
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Fig.5 Impact forces on the CB under various angular speeds.
(a) Experimental combustion gas pressures; (b) Impacting forces of W,
on the CB

crankshaft rotational angle moves from 360° to 410°, cor-
responding to the combustion stroke of the engine, the
maximum and minimum values of W, are 2 000 and 6 000
r/min, respectively. However, outside the rotational an-
gles of 360°- 410°, the maximum W, is 6 000 r/min.
This finding may be attributed to the effect of the F, of
the large-rod-end of the connecting rod and w in Eq. (8).
Thus, the LE-FPL of the CB is affected by the operating
parameters of the CB. The effect of w, r,, and B of the
CB are investigated in the next subsections.

3.1 Effect of engine speed

The relative speed between the shaft and bearing sur-
faces is u, = wr,; thus, @ of 1 000, 2 000, 4 000, and
6 000 r/min with the corresponding W, are applied to
study their effects on the LE-FPL of the CB, as shown in
Fig.5(b).

The simulation results of the oil film pressure and shear
stress distributions on the CB surfaces under different W,
at 2 000 r/min are shown in Fig. 6. The p values are
mainly distributed over the range of 90°-180° with B, and
the maximum p at 158° is 88. 8 MPa. This finding is
identical to the results presented in Refs. [1, 14 — 15].
The shear stress is also uniformly distributed along B.

(=
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Fig.6 Oil film pressure and shear stress on the CB surface at
an angular speed of 2 000 r/min. (a) Pressure distribution; (b)
Shear stress distribution

However, in the circumferential direction, the shear stress
remarkably varies and peaks at 178°.

The oil film pressure and shear stress distributions at a
bearing width of B/2 with various w are illustrated in
Fig.7. Fig.7(a) shows that the oil film pressure strongly
depends on W, and w. The maximum and minimum pres-
sures corresponding to W, are also obtained at 2 000 and
6 000 r/min, and the results are shown in Fig. 5(b). The
oil film shear stress mainly depends on w, and the shear
stress increases with increasing w and vice versa.
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E —-—1000
° = —2000
2 AN ——-4000
2 50f JLN
2 v ,’/ \\\\\ 6 000
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Fig.7  Oil film pressure and shear stress at a bearing width of
B/2 under different angular speeds. (a) Pressure distribution; (b)
Shear stress distribution
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The CB’s load bearing capacity W and F are calculated
from the results in Fig. 7 and plotted in Figs. 8(a) and
(b). The W shown in Fig. 8(a) is similar to the W, in Fig.
5(b) under different w because the oil film pressure varies
to satisfy the condition that W is equivalent to W,. Fig.8
(b) reveals that F increases sharply with increasing w.
Moreover, F peaks at a high w of 6 000 r/min, which
means that the F acting on the CB is greatest at this point.
This result may be due to the increase in relative velocity
between the shaft and the bearing surface, which increases
the shear stress and friction resistance of the oil film.

Angular speed/(r -+ min™):

0/(°)
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Angular speed/(r * min™):
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o/(°)
(b)
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Fig.8  Effect of angular speed on the LE-FPL. (a) CB’s load
bearing capacity; (b) Friction force; (c) Friction coefficient; (d) Ec-
centricity ratio between the journal and bearing

Fig. 8(c) presents the u of the CB. The values of u
change with the variation of W and F and decrease with
increasing w. Comprehensive comparative analysis shows
that, in the combustion stroke of the engine (i.e., a
crankpin angle of 360°-410°), the maximum W, affects
not only the CB’s LE but also its engine power. In parti-
cular, when w is maintained at 2 000 r/min, W, peaks,
but F and y remain relatively small. Thus, this is also a
reason that most engines should work at this speed'” *.

The effect of £ between the journal and bearing is also
investigated to analyze the stability of the CB under vari-
ous w, as shown in Fig. 8(d). The results indicate that
increasing w can reduce & and vice versa. Moreover, &
peaks at a low w of 1 000 r/min, and its minimum value
occurs at a high w of 6 000 r/min. Therefore, & could al-
so affect the LE and stability of the CB. & shows less var-
iation when w is 6 000 r/min than at other speeds, which
means that the lubrication capacity and the rotation of the
journal are fairly stable at this point.

3.2 Effect of bearing radius

Considering the analysis above, the maximum W, at w
of 2 000 r/min is selected to investigate the effect of r,
and B on the LE-FPL of the engine.

The simulation results of oil film pressure and shear
stress distributions at a bearing width of B/2 and r, =15,
20, 25, 30, 35 mm are plotted in Figs. 9(a) and (b).
The results show that the oil film pressure decreases,
whereas the shear stress increases as r, gradually increases
from 15 to 35 mm.
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(b)
Fig.9 Oil film pressure and shear stress at a bearing width of
B/2 with different bearing radii. (a) Pressure distribution; (b)
Shear stress distribution

Figs. 10(a) and (b), respectively, reflect changes in
W and F under different r,. Changes in r, appear to have
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less effect on W in comparison with that on W, under the
condition of equivalent W and W,, as illustrated in Fig.
10(a). This result may be attributed to an increase in I”
due to the increase in r,, which leads to a decrease in oil
film pressure, as shown in Fig.9(a), to stabilize W and
vice versa. This finding also verifies the accuracy and ro-
bustness of the mathematical model and algorithm devel-
oped in this study.
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0 180 3|60 5210 720
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(d)
Fig.10  Effect of bearing radius on the LE-FPL. (a) CB’s load
bearing capacity; (b) Friction force; (c) Friction coefficient; (d) Ec-
centricity ratio between the journal and bearing
Fig. 10(b) reveals that F tends to increase with increas-
ing r,. This finding may be attributed to increases in the
relative speed of the oil film (u, = wr,) and I" affecting
the oil film shear stress and friction resistance. Because W
does not vary with different r,, u increases because of the

increase in F of the CB, as shown in Fig. 10(c). Moreo-
ver, as seen in Fig. 10(d), the influence of r, on & is not
significant, and the gap between the shaft and bearing of
the CB shows an obvious tendency to decrease with in-
creasing 7, .

3.3 Effect of bearing width

Fig. 11 demonstrates the influence of B =10, 15, 20,
25, 30 mm on the LE-FPL under a constant W, at 2 000
r/min. Fig.11(a) shows that the W generated from the
oil film pressure does not change significantly in compari-
son with W as B is gradually increased from 10 to 30
mm, likely because the oil film pressure changes to stabi-
lize W. F and u also tend to increase, as shown in Figs.

30

20F

WIN

10

0 180 360 540 720

0.100 _
0.075H],
0,050\

v
0.025

05— T80 360 80 720
0/(°)
(d)
Bearing radius/mm:
—-=15; ——20; —25; ----- 30; ——35

Fig.11  Effect of bearing width on the LE-FPL. (a) CB load
bearing capacity; (b) Friction force; (c) Friction coefficient; (d) Ec-
centricity ratio between the journal and bearing
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11(b) and (c), which directly causes greater FPL. How-
ever, B variations have little effect on the £ between the
journal and bearing ' """, as indicated in Fig. 11(d).

4 Conclusions

1) Increasing w not only effectively reduces the & be-
tween the journal and bearing but also increases the mini-
mum /4, thereby directly improving the CB LE. Howev-
er, increases in w also increase F, thereby increasing the
FPL of the engine. The simulation results show that the
engine’s LE-FPL can be improved better when o is main-
tained at 2 000 r/min.

2) Increasing the r, or B of the CB can help decrease
g, thereby improving the LE. In addition, the dimen-
sional change of the CB has a great influence on F and u,
which, in turn, increase the FPL of the engine.

3) Improving LE while reducing FPL is a challenging
issue. Therefore, the present study not only contributes to
the existing body of knowledge on the LE-FPL of auto-
motive engines but also provides an important reference
for optimal SCM design parameters to improve this engine
property further.
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B sHsH MR IR AR T X IR B K e Th R 89 22
oSBT skaE BR F AR

(CHRBRFIMTRER, &% 211189)
CHAE T FRIE TRF R, &6 435003)
(*Faculty of Automotive and Power Machinery Engineering, Thai Nguyen University of Technology,
Thai Nguyen 23000, Vietnam )

WE LR T — LA B Wb PR (SCM) Foh g4 #h AGHBAEA (CB) ¥ 5i%, o
54 CB 4 RF Ao X shildbik sHA R S R Ao BB MK Fom. K TSR, # 0 £ MATLAB ¥ F
EAFBEFRBHESFTREFAART TR ATRIFAERGTER, RARRAUIKRE ) ERRIEFAITH
A, B CB Wy ARBRA (SMBESD ) BN | B Z K kS F4E 4384 LE-FPL ¢4 B A7 52, 9 5|+
15X Fh Wik AR SE B Ao ¥ 1247 LE-FPL 69 %70, ARR R AW, B ik RSB R F 12T AR Y
BREG EF K, LA ERE AP ERZE, RZFR. FF30 3, 8 eg s ) 4 AR5 B Fe F 12 30K 2 3
WAL R AR A2 2 000 t/min, T VAR B B B A B B AR k.
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