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ABSTRACT

The existence of friction could be both detrimental
and beneficial. On the one hand, friction prevents
slipping on a moving vehicle but on the other hand
friction induces by the engine tends to reduce the
power. In an engine, friction can be reduced by
introducing an effective lubrication system.Hence,
the aim of the present study is to derive a thermo-
elastohydrodynamic  mathematical model to
predict lubricant film formation properties along
the piston connecting-rod big end journal bearing
lubrication system. A thermo -
elastohydrodynamic  mathematical model is
implemented by integrating an Energy equation
with2-D Reynolds equation to solve the lubricant
film formation along the piston connecting-rod big
end journal bearing. It is used to deduce the
tribological properties of the lubricant, namely
contact pressure and film profile. Under
isothermal condition with increasing lubricant
viscosity, both pressure hydrodynamic and film
thickness increase. Similar results are
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demonstrated when there is an increase in the
velocity or applied normal load. Under thermal
condition, the viscous heating generated during
the engine operation tends to increase the
temperature, leading to the reduction of lubricant
viscosity and film thickness. The mathematical
model is simulated and compared with the

literature data obtained. However, the simulated
results do not correlate well with the literature
data although the mathematical model is capable
in predicting film thickness in the similar range.
This could be due to the underestimation on the
effect of transient squeeze film effect in this model
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NOMENCLATURE

cp Specific heat of lubricant (J/(kg.K))

h Lubricant film (m)

k, Thermal conductivity of lubricant (W/(m.K))

P Contact pressure (Pa)

u Sliding velocity in x-direction (m/s)
Uy, Average sliding velocity (ms)

X Domain x in the sliding direction (m)

y Domain y perpendicular to the sliding direction (m)
z Domain z perpendicular to xy plane (m)

F Residual term for numerical solution (-)

H Non-dimensional lubricant film (-)

] Jacobian matrix (-)

p Non-dimensional contact pressure (-)

T Lubricant temperature (K)

U Non-dimensional sliding velocity in x-direction (-)
W, Load in x-direction (N)

w, Load in y-direction (N)

W s esuttant Resultant load (N)

Non-dimensional domain x in the sliding direction (-)
Non-dimensional domain y perpendicular to the sliding direction (-)
Surface deflection (m)

Lubricant viscosity (Pa.s)

Non-dimensional lubricant viscosity (-)

Coefficient of thermal expansion of lubricant (-)

Lubricant density (kg/m°)

Non-dimensional lubricant density (-)

VDVORSSBS O < X

1.0 INTRODUCTION

In general, friction refers to the force that acts in the opposite to resist sliding or rolling motion
between solid surfaces, material elements as well as fluid layers confined between opposing
surfaces. Friction is considered as a necessary evil because it could be both vital and detriment to
our daily life. Without friction, basic activities such as standing and walking on a surface, could be
impossible. Contradictorily, the presence of friction generates a resistive force that causes energy
loss in mechanical machines, especially in automotive industries.

In the year of 2009, it was found that 208,000 million litres of fuel (gasoline and diesel) were
used to overcome the friction in passenger cars around the world [1]. Out of the 208,000 million
litres of fuel, almost one-third of the fuel energy was lost to the friction generated in engine
system. Friction generated by the bearing systems in typical passenger cars was found to take up
approximately 30% of fuel energy required by the engine system [1,2]. Out of all the bearings in
an engine, piston connecting-rod big end journal bearing has been found to greatly contribute to
the total bearing losses by the engine system.

During the operating of internal combustion engine, the frictional behaviour is not only
dependent on the dynamic loading, but also influenced by the thermal effect towards the lubricant.
Viscosity of the lubricant drops along with the increment in the fluid film temperature. At the same
time, lubricant film strength, which refers to the function of viscosity that, relies on both pressure
and temperature, will be affected. Consequently, the fluid film thickness and the ability of the
contact to carry load might be reduced due to the drop in lubricant viscosity at higher operating
temperatures [3,4].

Analysis on elastohydrodynamic problem is considered to be difficult due to its complexity
because viscosity changes exponentially with both pressure and temperature. There are several
studies conducted on elastohydrodynamic problems as to show the importance of considering
thermal effects in the bearing analysis.Under the study of isothermal and thermal analysis,
Karthikeyan et al. [3] proposed to simultaneously solve Reynolds equation, energy equation along
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with lubricant rheology. In addition, based on Kim and Kim [5], cavitation phenomenon, elastic
deformation, bearing surface thermal distortion and viscosity variation due to the temperature are
all vital in the analysis of connecting-rod bearings. El-Butch [6] presented that both elastic and
thermal deformations significantly influence the hydrodynamic pressure and oil film thickness.
Whist Cheng andSternlight [7] improvised on existing elastohydrodynamic solutions by
introducing a better temperature analysis that ensures better prediction of film thickness, pressure
and temperature by solving Reynolds coupled with energy numerically. As for Kim et al. [8], they
proposed a new numerical formulation by considering the lubricant as a Newtonian fluid along
with a two-dimensional energy equation which the changing temperature throughout the film is
taken to be a quadratic profile.

Energy saving and environmental friendly features have become more emphasized throughout
the years in machine design. Gao et al. [9] presented a water-lubricated plain journal bearing,
however, water exhibits a lower viscosity than oil, which contributes to lower load carrying
capacity. On the other hand, Zhang et al. [10] found that gas compressibility tends to reduce the
change of pressure in gas-lubricated bearings, which leads to a smaller load capacity than oil-
lubricated bearings. It is particularly difficult to produce the most appropriate choice of effective
water-lubricated and oil-lubricated journal bearings.

All the above mentioned studies conducted show significant relationship between thermal
effects with the bearing lubrication system. It is essential to account for the thermal effects towards
the frictional behaviour of the piston connecting-rod big end journal bearing so as to allow for
further enhancement of the performance of internal combustion engine. Hence, the aim of the
present study is to derive a thermo-elastohydrodynamic mathematical model to predict lubricant
film formation properties along the piston connecting-rod big end journal bearing lubrication
system.

20 METHODOLOGY

For the present study, the properties of the simulated piston connecting rod big end journal bearing
are adopted from reference [11,12].The tribological properties, namely contact pressure and film
profile, are investigated at four sets of operating conditions as highlighted in Figure 1. It is to note
that locations A and B focus on the change of velocity (Figure 1(a)) while locations C and D
emphasize on the effect of applied normal load (Figure 1(b)).

4

30

Velocity (m/s)

8 0 0 90 180 A8 90 0 90 180
Crank angle (®) Crank angle (%)
(@) Applied normal load on the connecting- (b) Velocity on the connecting-rod big end
rod big end journal bearing journal bearing

Figure 1 (a) and (b): Simulated contact conditions for piston connecting rod big end journal bearing
2.12-Dimensional Reynolds Equation

To apply the Reynolds equation for the piston connecting-rod big end journal bearing lubrication,
several assumptions should be considered to simplify the 2-D Reynolds equation. The assumptions
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are, 1) Laminar flow, 2) Incompressible flow, 3) Newtonian fluid, 4) Squeeze term is negligible, 5)
Entrainment velocity in y-direction is negligible and 6) Curvature effects are negligible. By
referring to the assumptions above, the pressure distribution in the lubrication film for the piston
connecting-rod big end journal bearing can be determined using the simplified 2-D Reynolds
equation with Reynolds boundary condition:

o (ph® op +6 ph3 op
dx\n 0dx) Jdy\ n Ody

—12 {a(p hu)} )

0x
2.2 Derivation of Numerical Mathematical Model

By applying all the dimensionless parameters as given in reference [3,4,13], the dimensionless
form of 2-D Reynolds equation is as shown below:

o [pH® oP N o [pH3® oP
oX| n o0X| aY| 7 oY
d
=Y -—|[pH 2
il @
_ 12ugynoRy
where Y = e

The 2-D Reynolds in Equation 2 is solved numerically through finite difference approximation
as explained in reference [3]. All the three terms in that equation are expanded separately into
nodal vector (i,j) form by applying central difference method for left hand side terms, whilst
central difference and backwards difference method for the right hand side terms.
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O [pHU]
ax P
B (PH3U);; — (PH3U);_y )
B AX
=C,,

By replacing Equation (3-5) into Equation (2), the simplified representation of the equations is
given as follow:

Aijj + B =Y (6)

The modified Newton-Raphson method is then applied to solve for the Equation (6) as given in
references [3,4]. The residual term, F;; is arranged to form the equation below:

Fi,j = Ai,j + Bi,j - ll) - Ci,j (7)

Then, Equations (3-5) are substituted back into Equation 7, which forms:

pH3 HH?3
(7). + (%)
n i+1,) N iLj
pH3 HH?3 HH?3
(7). +2(5) +(F)
M /i1y Ly N /i
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J
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The Taylor expansion series is then executed to turn Equation (8) into Equation (9) as shown
below:

Fi,j
OF; ; OF; ; OF; OF; ;
=Fj+=2 APy +==2-AP,_y; + =L AP + —2— AP, 4
0Py ) S0P Y 0Py
oF,; ;
+— AP, (9)
aPL'J'_l

where AP, ; = Pi_j — P;;. By assuming the residual term in the Taylor expansion series
approaches zero so as to obtain an approximated solution, where Fi,j ~ 0. Then, the
equation is rearranged in terms of the change in pressure, AP; ; as follow:
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_ —F; = 1APiyy; — JpAP g j — J4AP; 1 — JsAP; ;g (10)
B J3

The Jacobian terms, J; J,, Ja, Jsand Js stated in Equation (10) are the partial differential of the
residual term with respect of their nodal points. Hence, an example of the Jacobian term, J; for
elastohydrodynamic condition can be derived as below:

_ aFl’J’
1= 0Py
1 pH? pH3 pH? pH? pH?
1= m{ <T> + <T Puj—|\—= +2(—) +|— P
n i+1,j n ij n i+1,j n ij n i~1,j
pH? pH?
) ) o
n ij n i~1,)
+ +|{— P,
2 — ij+1
24y n ij+1 n ij
SH3 SH3 SH3
- (pT> +2 <pT> + (pT> ] Py
n Lj+1 n ij n ij—1
pH? pH?
+ (pT> + <pT> ] Pi—l,j} - 1/J
1 n ij n ij—1
'E{(ﬁl_ﬁl})i,j - (/_)H3U)i—1,j} (11)

2.3 Energy Equation and Temperature Profile of Lubricant

The other fundamental equation required is the energy equation as shown in Equation (12). This
equation presented is in 2-dimensional form and it is derived for Newtonion fluid.

T dp 4 <6u)2
uav yax 77 aZ
or  0°T
= pucy a - kt ﬁ (12)

In dealing with elastohydrodynamic lubricated contacts, the viscous heating and conduction
cooling terms are considered more important because of the occurrence of thin films. Therefore,
Equation (12) can be further simplified into Equation 13 as shown below [14]:

T dp N (6u>2
uav yax r] az
0°T
= k537 (13)
A simplified analytical solution for Equation (13) in solving the temperature profile in the
lubricant can then be expressed as follow [3,4]:

AT
u,, Tyhp + 2an?/h
m;kr p n°/ (14)
n _uavyhp
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2.4 Film Thickness of Lubricant
Under elastohydrodynamic lubrication, there is a certain degree of deformation of the journal

bearing. Therefore, the fluid film equation has to be modified and the term deflection, é&,,; should
be considered, which forms [15]:

hi; = C(l — & cosb; — ¢, sin Bi) + 8y (15)
2.5 Lubricant Rheology

Both density and viscosity of the lubricant are taken to vary with both pressure and temperature in
this study. The pressure-temperature-density relationship is shown in Equation (16) [3]:

o (14060107
Pu =P\ 2T T¥17-10° P

—yAT) (16)

The effective viscosity of the lubricant under the influence of both temperature and pressure is
given as in Equation (17) [3]:

_ —So

) [In 10+9.67]|~1+(1+5.1x10~9P)” x (138 ]
S (7, =) (17)

e _ Bo(T,—138)

Whel’e Z = 5.1x10~[In 79+9.67] and [ 70+9.67

2.6 Loading Components in Journal Bearing

In general, the load acting on the journal bearing can be classified into two directions, which are x-
direction and y-direction. A positive load acting in x-direction is set as in horizontal and acting to
the left. Whilst the positive load acting in y-direction is set as in vertical and acting
downwards.The load in both directions can be calculated through Equations 18 and 19 respectively
[16].

m L
W, =J f P - cost; - RdOdy
- 70

M-1N-1
W, = P;; - cos; - dxdy (18)
i=1 j=1
m L
W, =J f P - sin; - Rdody
- 70
M-1N-1
W, = P - sinf; - dxdy (19)
i=1 j=1

Therefore, the resultant load for both x and y component loadings is:

Wresultant = ’M/xz + VVyZ (20)

2.7 Flow chart for the numerical solution
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Figure 1 gives the flow chart of the proposed numerical solution in solving the Reynolds equation.
It is to note that the iterative solution is programmed using C-language.

Input
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Operating conditions
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Figure 2: Flow chart for the proposed numerical solution
3.0 RESULTS AND DISCUSSION

Referring to Figure 3,the contact pressure and film profile at both locations exhibit a similar
trend, where the contact pressure and film thickness increase with higher lubricant viscosity. When
the viscosity of a lubricant is increased, it results in a greater pressure generated as more work is
required to slow down the fluid from being entrained into the inlet region. Interestingly, such an
action also leads to the formation of a larger film thickness, giving rise to a larger load carrying
capacity. It is illustrated in Figure 1(a) that location B portrays a higher velocity than in location A.
The higher velocity is demonstrated to generate a larger pressure since it has to slow down the
lubricant at a faster rate, hence, resulting in the simulated larger film thickness.
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Figure 3: Central cross-section of contact pressure and film profile for piston connecting-rod big end
journal bearing with varying lubricant dynamic viscosity (locations A and B given in Figure 1)

It is demonstrated in Figure 1(b) that the applied normal load at location D is higher as
compared to that of location C. It is noticed in Figure 4 that the contact pressure at location D is
higher due to the difference in the normal applied load. When the load is higher, a higher pressure
is developed in the lubrication wedge to lift up the journal bearing as an act of balancing the
normal applied load. The lubricant film thickness is shown to broaden when the normal applied
load increases due to the higher combustion pressure occurring at location D. The higher normal
applied load is also shown to subject the journal bearing to significant elastic deformation. For the
simulated journal bearing, the influence of load on the film thickness is considerably small because
film thickness is more sensitive to the change in lubricant properties, velocity of moving surfaces
and radius of curvature. However, on the other hand, the normal applied load could influence the
shape of the film profile when elastic deformation becomes apparent.
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Figure 4: Central cross-section of contact pressure and film profile for piston connecting-rod big end
journal bearing with varying lubricant dynamic viscosity (locations C and D given in Figure 4.1)

Different cases are conducted on both isothermal and thermal analysis for four different
operating conditions as highlighted in Figure 1. As it can be observed in Figure 5, the minimum
film thickness at location B is slightly higher than that at location A because at a lower velocity,
the journal tends to weigh downwards due to its weight and presses against the lubricant film,
resulting in smaller film thickness. Whilst at a higher velocity, the journal tends to float around,
producing a lift-off effect, which results in a larger film thickness.In both isothermal and thermal
analysis, a distinct deviation occurs at a higher velocity. The minimum film thickness when
thermal effects are taken into consideration is smaller due to the significant temperature rise by
viscous heating, which lowers the lubricant viscosity.
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Figure 5: Central cross-section of contact pressure and film profile for piston connecting-rod big end
journal bearing at different operating conditions (locations A and B given in Figure 4.1)

As load is increased, the film stiffness increases, which leads to the rising of the temperature.
The rise of temperature for higher load exceeds the lower load temperature rise, which could be
reason for the deviation shown in the film profile at location D compared to location C (see Figure
6). It is to note that no deviation in terms of contact pressure is observed. This is because even
though the thermal assumptions are different, the normal applied normal load remains constant the
same at these locations. It is instead reflected that to achieve the same amount of load carrying
capacity (contact pressure), a smaller film thickness is required for the contact with lower lubricant
viscosity, such as the one experienced when temperature effect is being accounted for the sliding

contact.
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Figure 6: Central cross-section of contact pressure and film profile for piston connecting-rod big end
journal bearing at different operating conditions (locations C and D given in Figure 4.1)

In Figure 7, it can be observed that the temperature profile increases with engine speed, along
with the increment in the inertia load, dynamic loading and the velocity of journal bearing. Under
the circumstance of increased inertia load and dynamic loading, lubricant film thickness tends to
decrease. With the decreased film thickness and increased velocity of journal bearing, shear stress
increases, resulting in the rising of the temperature of bearing. Similarly, in Figure 8, the
temperature profile increases with the applied normal load. Increased applied normal load leads to
higher dynamic loading, higher stiffness and lower minimum film thickness, which promote the
increasing of heat generation with the temperature of the solid surfaces tend to rise at the same

time.
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105

—_ —_ [
(=] =] (=]
3% ] w =

Temperature profile ( °C)

[
=]
—_

100, ""x" .

-180

90 0 )
Radial location ( )

(d) Location C

180

105

— — =

=) =) 1<)

> > r
; :

Temperature profile ( °C)

—

=1

—
T

100 al

-180

90 0 90 180
Radial location ( °)

(b) Location D

Figure 8: Central cross-section of temperature profile for piston connecting-rod big end journal
bearing at different operating conditions (locations C and D given in Figure 4.1)

Figure 9 illustrates a comparison of the literature data obtained from reference [11,12] with the
simulated results. It is observed that the trend for both isothermal and thermal analysis has
similarities with the overall shape of the extracted literature data. However, this comparison shows
obvious deviation starting from crank angle around 0° and onwards. The predictions of maximum
contact pressure can be observed to be lower by as much as 42% when compared with the
literature data. This is believed to be the result of the elimination of squeeze film effect in this
study. Squeeze film occurs due to relative normal motion, where two surfaces move towards each
other in the normal direction, providing a cushioning effect in the bearings. This phenomenon
generates a positive pressure, which supports a load. Neglecting this effect, such as the one
adopted in this study, could have led to the lower generated contact pressure.

7:2 (2020) 1-21 | www jtse.utm.my | elSSN 2289-9790 |



Journal of Transport System Engineering 7:2 (2020) 20

100 -
- = = Isothermal
*  Thermal
Literature
< 80| I
2 B
o [}
260/ \
g L," \
=3 ;* |
g 40 foay
g ! VL
53 # "*
] Y u
S 20 7 .
,’ "ii‘“ﬁimn
gg:_lﬂ*‘"lgt_am-n’
9180 -90 0 90 180
Crank angle ( %

Figure 9: Maximum contact pressure of the investigated piston connecting-rod big end journal bearing
at different crank angles (literature data extracted from reference [13])

In the present study, the critically loaded region for the piston connecting-rod big end journal
bearing along the engine cycle is selected for investigation as given in Figure 1. The minimum
film thickness of the simulated film profile is then determined at each crank angle as given in
Figure 10 in comparison with the data given in literature [11,12]. Because of the strong
temperature-dependence of viscosity, any rise in temperature could reduce the lubricant viscosity.
Therefore, it can be observed that trend when thermal effects are taken into consideration is not
aligned with the isothermal analysis. Based on Figure 10, the minimum film thickness predicted is
within a similar range as given in literature. However, the predictions of the minimum film
thickness could only show reasonable agreement with the literature data at an offset trend
(estimated to be approximately 40° offset to the left), especially at the power stroke region (highly
pressurized region). This could be attributed to the assumption of the present study, where no
squeeze film effect is being considered. The impact coming from the squeeze film, which is as a
function of the sliding velocity and normal applied load, could have delayed the drop in the film
thickness when the contact is subjected to higher normal applied load.
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Figure 10: Minimum film thickness of the investigated piston connecting-rod big end journal bearing
at different crank angles (literature data extracted from reference [13])

4.0 CONCLUSION

Overall, by considering isothermal condition and varying the lubricant dynamic viscosity, greater
hydrodynamic pressure is generated, and larger film thickness is formed as the viscosity increases.
Similarly, an increase in the velocity or applied normal load results in higher contact pressure and
larger film profile. When thermal effects are taken into consideration, the presence of viscous
heating during the engine operation leads to a significant temperature rise, which directly lowers
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the lubricant viscosity. As a response, the film thickness reduces. In addition, the temperature
profile increases with engine speed as well as the normal applied load. Under this scenario, the
dynamic loading in the piston connecting-rod big end journal bearing increases, which results in
the reduction of film thickness, higher heat generation and the rising of the temperature. Generally,
small deviations have been observed in the contact pressure and film thickness profile when
thermal effects are considered in the analysis. The deviations could be considered as small and
trivial, but thermal effect towards the lubricant would become critical and ought to be considered
for a better prediction of friction and power losses. On the other hand, when comparing the
predicted minimum film thickness across a single engine cycle operation, it is determined that the
present mathematical model is capable of predicting film thickness in a similar range as reported in
literature under similar operating conditions. However, at the highly pressurized region, the
simulated minimum film thickness possesses a similar trend but at an offset behavior. This is
believed to be as a result of the assumption taken in the present study, which is to exclude the
effect of squeeze film.
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