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Abstract. To compare the friction power loss between the crankpin bearing (CPB) and crankshaft
bearing (CSB) on improving the engine power, a slider-crank-mechanism dynamic model is
established to compute the dynamic loads, W, and W, impacting on the CPB and CSB. Based on
the impact of W, and W, a hydrodynamic lubrication model of the CPB and CSB is built to
calculate the friction forces, F), ¢, and coefficient of frictions, u, ;, generated on the CPB and CSB.
The simulation results of the F, ¢ and p,, c on improving the engine power are then compared and
analyzed, respectively. Under the same operation condition, the research results show that the
friction power loss of the CPB is larger than that of the CSB under both the low and high engine
speeds. Besides, the friction power loss of the CPB at 6000 rpm is also higher than that of
2000 rpm of the engine speed. Consequently, the friction power loss of the engine is greatly
influenced by the crankpin bearing and at a high engine speed of 6000 rpm.
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1. Introduction

Engine power and fuel economy were the main concerns of the internal combustion engine
manufacturers. To improve the engine power, the combustion mixture composition, combustion
chamber pressure, engine cooling system which affected the engine power were studied [1, 2].
The results showed that the engine power and fuel economy ware significantly improved.
However, the friction power loss was still quite high [3, 4]. The main causes were due to the piston
skirt and ring against the cylinder bore, relative motion of the joints of the slider-crank mechanism
(SCM), crankpin (CPB), and crankshaft bearings (CSB) [5, 7]. The design parameters and inertial
forces of the SCM were investigated to reduce the friction force of the piston on the cylinder bore
[8, 9], the design parameters of the CPB was researched and optimized to reduce the friction
between the shaft and bearing surfaces [10, 11].

Besides, the lubrication models of the journal bearings were also performed [12]. The results
showed that the friction force and friction coefficient were significantly reduced when the oil film
thickness existed and was stable on the lubricating surfaces. To analyze the stability of the oil film
in journal bearings, the influence of the temperature of oil film [13], the radial clearance and rough
surface between the shaft and bearing, the external load acting on the shaft [14, 15], and angular
speed of the shaft [13, 16] on the oil film thickness was evaluated via the indexes of the load
bearing capacity and friction force. The results showed that the stability of the oil film decided by
the oil film pressure and interfacial shear stress were strongly affected by the operating parameters.
However, the above researches had not yet been clearly researched the friction power loss of the
crankpin bearing in the engine. Moreover, in a working cycle of the engine, the dynamic load
acting on the CPB and CSB can be changed very quickly in both direction and intensity. Therefore,
the generated friction power loss of the CPB and CSB can also be different and effect the engine
power.
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This paper, to compare the friction power loss (FPL) between the CPB and CSB on improving
the engine power, the SCM dynamic model is established to compute the dynamic loads, W, and
W, impacting on the CPB and CSB. Based on the W}, and W, the hydrodynamic lubrication model
of the CPB and CSB is built to calculate the friction forces and friction coefficients generated on
the CPB and CSB based on a numerical method and MATLAB software. The effect of the friction
forces and friction coefficients on improving the engine power is chosen as the objective functions
of this study.

2. Materials and methods
2.1. SCM dynamic and lubrication of journal bearings

To determine the forces impacting on the CPB and CSB, a model of the SCM in Ref. [10] is
applied. The SCM dynamic model is shown in Fig. 1(a), where w, [, and r are the angular velocity,
the radius of CSB, and the connecting rod length.

Crankpin bearing

¢

Crankshaft bearing

a) SCM model b) lubrication model
Fig. 1. The dynamic mode of SCM and the lubrication model of journal bearings

Based on the model in Fig. 1(a), the acceleration and inertial force of the piston and small-rod-
end are calculated by:

Z, = rw?(cosg + Acos2¢), Fy, = —mz, = —mrw?(cosg + Acos2¢), (D
where A = r /1, m is the total mass of the piston and small-rod-end.

In the working process of the engine, the pressure of the combustion gas (P) impacting the
piston peak also impacts the CPB and CSB. Based on the model in Fig. 1(a), the impacting forces
on the CPB are calculated as follows:

cos(p + 0)
cosf

sin(p + 6)

Fy=(P+Fy) p—z

, Fo=(P+Fp) , Fie = —myrw?, )

where F;. is the centrifugal inertial force of the mass of big-rod-end of connecting rod m,,,..
Therefore, the total impacting forces of W, and W; on the CPB and CSB are calculated by:

M/p:‘/(Fic+F3)2+F42; 3)

VVsleB_Ficl-

The W, and W are then used as the internal dynamic loads to analyze the FPL of the CPB and
CSB on improving the engine power.
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To calculate the FPL of journal bearings of the engine, a lubrication model of journal bearings
is given in Fig. 1(b). Herein, 7; and 13, are the radius of the shaft and bearing. e is the eccentricity
between center of the shaft and bearing. 1 and ¢ are attitude angle and angular coordinate.
W= {Wp, WS} is the internal load impacting on the CPB and CSB. h and p are the oil film
thickness and pressure, and h is determined by h = r, — 1, + ecosg [10, 16].

Based on the hydrodynamic lubrication model of journal bearings given in Fig. 1(b), the
general form of the Reynolds equation and its dimensionless form are written as follows [17, 18]:

g <h36p)+ g (h3ap>—6 ah+12 oh 4
ax \"" ax) T ay\"t Gy) T PMeg T 4G @)
26(H30P>+6<H36P>_A6H+86H s
A dp\ dp) oY\ ay/) "¢ aT’ )
where:
x y h p t
=, Y = a7 H = ) P = — T = o Uy = Wy,
¢ Tp B T, — T Po to 0 b
6nwb? b 12nb?
A =, ﬁ = —, B =,
PoC? s’ topoC?

and py = 101325 (Pa) and b are the standard atmospheric pressure and bearing width.
Egs. (3) and (5) are used to calculate the oil film pressure p, shear stress T, and oil film
thickness h of journal bearings.

2.2. The friction power loss of mixed hydrodynamic of journal bearings

The friction force of journal bearings: Under the impact of both the interfacial shears 7, and
asperity contacts 7, on each journal bearing of CPB and CSB, the friction forces generated by
the 7;5 and 7,4 [16, 17, 19] are determined as follows:

F, = f (tis + Tao)dxdy, F, = f (Tis + Tac)dxdy,
CPB CSB

Tis =T1+ T2 Tge = Tt UoPac

e = (%) (22 (o +0) (22) nd 2= (2) ko~ (2] -2 e

inter-fluid shear stress and shear stress of fluid; 7, is the boundary shear stress; , is the boundary
friction coefficient; p, is solid contact pressure between shaft and bearing surfaces.

The friction coefficient of journal bearings: After F, and F; are calculated, their friction
coefficients are calculated based on external loads impacting on the CPB and CSB as follows [18]:

(6)

E, F,

Hp = Wp’ Us = Ws @)
Table 1. The mathematical model's parameters
Parameters | Values | Parameters | Values
|/ mm 129.5 1, / mm 25
r/ mm 40 o/ pm 4
my, / kg 0.264 ¢/° 0-720
m/kg 0.45 7n /Pas 0.02
My /kg | 0250 | 7o/Nm? | 2x10°

b/ mm 20 A 0.309
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To analyze the FPL between the CPB and CSB, the friction forces of { . S} and friction
coefficients of {1, s} on improving the engine power are then chosen as objective functions.

3. Analysis of results

To compare the FPL between the CPB and CSB in the same operation condition of the engine,
the parameters of the SCM and journal bearings listed in Table 1 and the experimental data of
cylinder pressure at the low and high engine speeds of 2000 rpm and 6000 rpm in Ref. [16] given
in Fig. 2 are applied to simulate the objective functions via the MATLAB software.

el

— 6000 rpm
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Crank angle (°)
Fig. 2. The combustion gas pressure [16]
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Fig. 3. The simulation results of the CPB and CSB at a low engine speed of 2000 rpm

At a low engine speed of 2000 rpm and under the same of the cylinder pressure, Fig. 3(a)
shows the simulation results of the W, and W; impacting on the CPB and CSB. It can see that W,
is higher than W, thus, the FPL of the CPB can be greatly influenced in comparison with the CSB.
To clarify this issue, the shear stress, friction force, and friction coefficient are simulated and
plotted in Figs. 3(b), (c), and (d), respectively. Under the impact of the internal loads, the shear
stress of the CPB is higher than that of the CSB, as shown in Figs. 3(b). Therefore, the friction
force generated in the gap of the CPB in Figs. 3(c) also increases in comparison with the CSB.
This implies that the FPL on the CPB is higher than the CSB of the engine. Therefore, the design
and optimization of the CPB structure had always been interested in previous studies [7, 10-11].

On the contrary, the friction coefficient of the CSB is higher than that of the CPB, as shown in
Figs. 3(d).
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At a high engine speed of 6000 rpm and under the same of the cylinder pressure, Fig. 4(a)
shows that the W}, and W; impacting on the CPB and CSB from 0° to 360° and from 450° to the
end are higher than the W, and W;, as shown in Fig. 3(a). This is due to the influence of the
centrifugal inertial force F;, of the mass of big-rod-end of connecting rod my,- when increasing
the engine speed. To compare the FPL between the CPB and CSB, the shear stress, friction force,
and friction coefficient are also given in Figs. 4(b), (¢), and (d), respectively. The simulation
results also show that the FLP of the CPB and CSB at a high engine speed of 6000 rpm are similar
at a low engine speed of 2000 rpm. It means that the FPL on the CPB is always higher than on the
CSB under both the low and high engine speeds. However, the comparison result of the friction
forces in Fig. 3(b) of 2000 rpm and Fig. 4(b) of 6000 rpm shows that the friction forces at 6000 rpm
are strongly increased in comparison with the results at 2000 rpm. This is due to the impact of the
shear stress of the oil film in the gap of journal bearings increased with the increase of the engine
speed. Thus, the FLP of the engine at a high speed of 6000 rpm is higher than that at a low speed
of 2000 rpm. This is also the reason that most engines should work at a low speed of 2000 rpm to
reduce the friction power loss of the engine [8, 16].

251 "—"Wp (CPB) ,2—\1007 "—"CPB
201 — W (CSB)
Z 15t A 5
= 10 Py e g
E. i T R
B \\ ........ o ', S ~. ; E
i 7
% 90 180 270 360 450 540 630 720 0 2 180 270 360
Crank angle (°) Cricumferential coordinate (")
a) Impacting dynamic loads b) Shear stress
1201 i —eecPB 0% ~--CPB
i
List il —(CSB ol —CSB
3
0.01F
%% 90 180 270 360 450 540 630 720 % 90 180 270 360 450 540 630 720
Crank angle (°) Crank angle (°)
c) Friction force of journal bearings d) Friction coefficient of journal bearings

Fig. 4. The simulation results of the CPB and CSB at a high engine speed of 6000 rpm
4. Conclusions

Based on the SCM dynamic model, hydrodynamic lubrication model of the CPB and CSB
under the impact of the internal dynamic load the W, and W, the research results can be concluded
via a numerical method and MATLAB software as follows:

1) Under both the low and high engine speeds of 2000 and 6000 rpm, the friction power loss
of the crankpin bearing is higher than that of the crankshaft bearing. Thus, the lubrication problem
for the crankpin bearing needs special attention.

2) Under the influence of the engine speeds, the friction power loss of the engine at the high
engine speed is higher than that of at the low engine speed. Therefore, the engine speed should
work and be stable at a low speed of 2000 rpm to optimize the lubrication efficiency and reduce
the friction power loss of the engine.

3) The friction surfaces between the shaft and bearing surfaces should research and optimize
via the design of the microtextures on the surfaces of the journal bearings to further improve the
lubrication performance and reduce the friction power loss.
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