KSME International Journal, Vol. 14 No. 7, pp. 737 ~ 743, 2000 737

A Study on the Circumferential Groove Effects on the Minimum
Oil Film Thickness in Engine Bearings
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This paper presents the effects of circumferential groove on the minimum oil film thickness in
engine bearings. The fluid film pressures are calculated by using the infinitely short bearing
theory for the convenience of analysis. Journal locus analysis is performed by using the mobility
method. A comparison of minimum oil film thickness of grooved and ungrooved bearing is
presented. It is found that circumferential 360° groove only reduces the absolute magnitude of
the oil film thickness, but 180° half groove affects the shape of film thickness curve and position

of minimum oil film thickness.
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Nomenclature

B : Width of bearing [m]

Bg : Width of groove [m]

C : Clearance [m]

D : Bearing diameter [m]

F,, F, : Fluid film force [N]

h : Film thickness [m]

M., M, :Mobility term

b : Fluid film pressure [N/m?]

R . Bearing radius [m]

w : Acting force [N]

z . Axial coordinate [m]

€ . Eccentricity

] : Attitude angle (rad]

@ : Radial coordinate [rad]

7 . Viscosity [Pa -« s]

We . Angular velocity of bearing [rad/s]
w; : Angular velocity of journal [rad/s]
WL . Angular velocity of load [rad/s]
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1. Introduction

The performance of engine bearing plays an
important role in the fuel economy and engine
durability. In recent years, the tendency of engine
design has been to achieve small size and low
weight, but the power required in engine has been
continuously increasing. According to these
demands, the operating conditions of engine
bearings have become very severe, and low viscos-
ity engine oil is used to reduce the friction loss
and improve the starting ability at low tempera-
ture. However, there are some problems such as
breakdown of bearing due to rupture of the oil
film and deterioration of engine efficiency caused
by bearing damage. The investigation of MOFT
(minimum oil film thicknesses) in engine bearing
1s important to prevent the above problems and
improve their performance, and therefore, much
research into the theoretical prediction (Booker,
1965, 1971, Goenka, 1984, Fantino et al., 1979,

1985, Cho et al., 1998(a), 1999(b)) and experi-
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mental measurement (Bates and Benwell, 1988,
Choi et al., 1992, 1993) for MOFT in engine
bearing have been performed.

Engine oil has to be sufficiently supplied to the
bearing for preventing the collapse of oil film.
However it is not a fundamental means of solving
the problems for the economical lubrication.
Therefore most of the engine bearings adapt to
the oil reservation groove as an alternative solu-
tion. The circumferential groove has some advan-
tages for lubrication and cooling. However there
are only a few research papers on the effect of
circumferential groove on MOFT. Jones (1982)
studied the effect of groove in engine bearing by
considering oil film history, and Choi et al.
(1992, 1993) measured the minimum oil film
thickness in engine main bearing with circumfer-
ential half groove by using the total capacitance
method, and then compared with theoretical
results.

The aim of this paper is to investigate the effect
of circumferential groove on MOFT. The oil film
pressure is solved by using the short bearing
theory, and the mobility method is used to obtain
the trajectory of the journal center. From these,
the effect of groove on the oil film thickness in
engine bearing is presented in the form of MOFT
curve.

2. Theory

The Reynolds equation in short bearing can be
written as:

)i (ceomor
- (6= @) - sing)] &

The fluid film thickness is given by:
h(p)=C(1+¢ecosp) (2

The boundary conditions to solve the Eq. (1)
are

at z=+B/2, p=0

at z=0, %ﬁ-:o (3)

The fluid film pressure can be obtained by
twice integrating Eq. (1) using the boundary

Fig. 1 Schematic diagram of a dynamically loaded
journal bearing

conditions given above.
677C[éCOS§0+5(¢.—cD)} 4
w[2*—(B/2)?]

The hydrodynamic force components due to the
pressure distribution acting along and normal to
the line of center (see Fig. 1) can be determined
from:

p(2)=

Fr=—[pcosp- R+ d - de (5)
Fo=[tsing « R+ dp -+ dz 6)

The equations of force equilibrium are given
by:
Wcosgp=F, (7)
Wsing=F, (8)
By applying the mobility method to the Eq. (7)
and Eq. (8), the following equations for the
motion of journal center can be obtained (Boo-
ker, 1965, Taylor, 1993).

_W(C/R)"
E——W M. 9
c(g—a) =TGRy, (10)

In Eq. (%) and Eq. (10), M. and M, are
mobility terms, which can be written as:

3/2
Me:%% - [zeosg -« (1—ecosg)
_d4esin?g] (11)
M¢=L1:—§(—:—Oi@—si2— + sing[4ecosp+ 7 (1
7 (B/D)*

—gcosg) ] (12)

From the assumed initial values of ¢ and ¢, the
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Table 1 Operating condition of test bearing

Con-Rod Main
B/D
0.39 0.33

Clearance 24 um 11, 20, 23, 25 ym

rpm 3500, 5500

Load

02.1. Full load

Condition
Viscosity 6.26¢P L 9.41cP

(b) Grooved bearing

AT

(a) Ungrooved bearing

Fig. 2 Schematic diagram of axial pressure
distribution

new values of eccentricity and attitude angle is
obtained by the time integration of Eq. (9) and
Eq. (10), and the time integration is repeated
until the convergence for journal center trajectory
is achieved.

When the journal center is located at the
groove area, the oil film pressure is obtained at
each of the two bearing sides except the groove.
Figure 2 shows typical axial film pressure distri-
bution in ungrooved and grooved bearings. In
order to balance any given external load, the
grooved bearing has higher maximum pressure
than the ungrooved bearing.

3. Result and Discussion

Table 1 shows the operating condition and
specification of test bearing.

The polar load diagrams for the connecting-
rod bearing are displayed in Fig. 3. As shown in
Fig. 3, as the engine speed increases the maximum
load decreases, and the inertia force of the moving
parts becomes more dominant than the explosive
force of the cylinder gas. Maximum forces are 16.
9kN and 12.1kN for 3500 rpm and 5500 rpm,

180°
5000N 9
I 270°
5000N
0° 0
o
270°
360° 360°
(a) 3500 rpm (b) 5500 rpm

Fig. 3 Polar load diagrams for the connecting-rod

20

------ no groove

———360° groove |

Minimum oll film thickness(pum)

Crank angle(deg)

(a) 3500 rpm

20

------ no groove

~——360° groove

Minimum off film thickzess(um)

Crank angle(deg)

(b) 5500 rpm
Fig. 4 Calculated results of MOFT curves in con-
necting-rod bearing (Bg;/B=0.25)

respectively.

Figure 4 shows the effect of circumferential
groove on the MOFT curve in the connecting-rod
bearing. The Roman numerals( [, I, [, IV)
represent the firing, exhaust, intake and compres-
sion strokes respectively. In the connecting-rod
bearing, the 180° half groove is not considered
because the bearing is rotating like a journal.
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When comparing the two bearings, the shape of
MOFT curves for 360° groove bearing is not
changed but only the absolute magnitude of the
film thickness decreases. The reduction of film
thickness results from the decreasing load capac-
ity caused by reduction of area to build up pres-
sure. This result is similar to the effect of B/D on
the film thickness. When the bearing width
decreases, the minimum oil film thickness usually
decreases as well (Cho et al, 1998(a)). The
minimum oil film thickness of 2.11 ym in the case
of using the ungrooved bearing is reduced to 0.54
pm at 3500 rpm, and 1.73 ym is reduced to 0.42
pm at 5500 rpm. However the minimum position
of MOFT occurs during the exhaust stroke irre-
spective of engine speed variation.

In the case of highly loaded connecting-rod
bearing, the groove is undesirable. Adapting 360°
groove can reduce minimum oil film thickness by

20

T T T

------ no groove

ui ---------- 180° half groove T

————360° groove

Minlmum oil film thickness(um)

0 188 e s40 720
Crank angle(deg)
Fig. 5 Calculated results of MOFT curves-in NO. 1
main bearing (3500rpm, B,/B=0.26, C=

20 pm)
» ! T T
P mmees no groove
sl - 180° half groove
: ——— 3600 groove

Minimum oil film thickness(pm)

L] 180 360 340 720
Crank angle(deg)
Fig. 6 Calculated results of MOFT curves in No. 2
main bearing (3500rpm, B,/B=0.26, C=
11 xm)

a factor of two or more.

Figures 5, 6, 7, 8, and 9 show the effect of
circumferential groove on the MOFT curve for
main bearings. The resultant applied forces for
the main bearings are presented in Fig. Al (see
Appendix). In the case of main bearings, the 180°
half groove, which is circumferentially located at
the upper bearing, is also considered. The abso-
lute values and tendency of the MOFT in the 180°
half and 360° groove bearings are somewhat
different from those in the ungrooved bearing.

In the case of No. 2, No. 3, and No. 4 main
bearings, there is a little change in the shape of
MOFT curves between ungrooved bearing and
180° half groove bearing, and there is no change
in the stroke where the minimum thickness
occurs. However the absolute magnitude of the
minimum film thickness is largely decreased in
the case of 360° groove. Specially, in No. 1 main

] T 4

%% [ R— no groove ]
.......... 1800 half groove

2] i —— 3600 groove b

v g

i
"ﬁ :
toom i m
: :
s
1
\

Minimum oil film thickness(jm)

Crank angle(deg)
Calculated results of MOFT curves in No. 3
main bearing (3500rpm, B,/B=0.26, C=
25 pum)

Fig. 7
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Minimum ofl film thickness(pm)

[ 184 368 540 720
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Fig. 8 Calculated results of MOFT curves in No. 4
main bearing (3500rpm, B,/B=0.26, C=
23 ym)
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20

Minimum ofl film thickness(pm)

Crank angle(deg)

Fig. 9 Calculated results of MOFT curves in No. §
main bearing (3500rpm, B,/B=0.26, C=
25 pm)

bearing, the minimum position in the ungrooved
and 360° groove bearing occurs during the
exhaust stroke, but it occurs during the intake
stroke in the care of 180° half groove. In No. 5
main bearing, the position is shifted from the
compression stroke to the firing stroke.

In all engine main bearings, the 360° groove is
undesirable because of severe reduction of MOFT
during the whole engine cycle. Decreasing load
carrying area reduces the load carrying capacity
in the bearing. In No. 1, 3, and 5 main bearings,
the 180 ° groove is not better than ungrooved
bearing from the MOFT point of view. In No. 2,
and 4 main bearings, the half groove reduces the
MOFT at the relatively thick film thickness
region. Therefore, in No. 2, and 4 main bearings,
the half groove is recommended for the sufficient
oil supply in spite of small change of MOFT.

Figure 10 shows the effect of groove width on
the MOFT for No. | main bearing. As the width
of the groove increases, the minimum value of
MOFT decreases due to the reduction of pressure
formation area. When the width of the groove is
increased by twice, the minimum value of MOFT
is reduced by 26% or so.

Figsures 11 and 12 show the results of No. 1
and No. 5 main bearings at 5500 rpm. In the case
of half groove, the position of MOFT is shifted in
the same manner as in the case of 3500 rpm.

The expected values of MOFT for connecting-
rod and main bearings are summarized in Table
2. In the case of 360° groove bearing, the decreas-
ing rates of minimum thickness are about 68

18

s B /B=0.14
sl B [B=0.26
_B-/BEOJS

el 1 i om i v

Minimum ofl film thickness(pm)

0 180 368 540 kz

Crank angle(deg)

Fig. 10 Calculated results of MOFT for various
groove widths in No. 1 main bearing
(3500rpm, C=20 pm, 180° half groove)
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Minimum oil film thickness(um)
-

[] 138 k) S48 128
Crank angle(deg)

Calculated results of MOFT curves in

No. | main bearing (5500rpm, B,/ B=

0.26, C=20 ym)

T
...... no groove
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—— 369° groove

\.
DN
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Fig. 12 Calculated results of MOFT curves in
No. 5 main bearing (5500rpm, B,/B=
0.26, C=25 um)

~76% in comparison with no groove, therefore
all bearings have similar order of decreasing rate.
However, in the case of 180° half groove, there are
some differences in the decreasing rate according
to the bearing number. The minimum film thick-
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Table 2 Expected minimum oil film thickness (z
m) in a connecting-trod and main bearings

(3500 rpm)
180° half 360°
No groove

groove groove
Con-rod 2.11 - 0.54
Main 1 4.158 1.596 1.078
Main 2 4.0 3.9 1.28
Main 3 2.84 2.68 0.683
Main 4 4.06 3.98 1.25
Main 3 4.02 1.51 1.03

ness is reduced by 61% or so in the No. 1 and No.
5 main bearings, but the others are reduced only
by about 2~6%.

4. Conclusion

The MOFT curve with consideration of circum-
ferential groove is calculated by using the short
bearing theory and mobility method. The follow-
ing conclusions are derived.

(1) In comparison between ungrooved and 360
° groove bearing, the shape of MOFT curve is
almost unchanged, but the values of MOFT is
largely reduced.

(2) In the case of 180° half groove located in
the upper bearing, there are some differences in
the values and shape of MOFT curve compared
with ungrooved bearing. Specially, in the case of
No. 1 and No. 5 main bearings, the minimum
position of MOFT is shifted.

(3) The minimum value of MOFT decreases as
the width of groove increases. When the width of
groove is increased by twice, the minimum value
of MOFT is reduced by 26% or so.

(4) It is thought that the 360° circumferential
groove in the connecting-rod and main bearings
is undesirable, because the MOFT is largely
reduced during the whole engine cycle. In the case
of 180° half groove, it is unprofitable in No. 1, 3,
and 5 main bearings, but it is acceptable for the
sufficient oil supply in No. 2, and 5 main bear-
ings.
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Appendix

Figure Al and A2 show the acting forces on
the main bearings at 3500 rpm and 5500 rpm
respectively. There is no change in the absolute
magnitude between No. 1 and No. 5, or No. 2 and
No. 4, but only the load angle is changed. As the
engine speed load
decreases, and the effect of explosive force is
reduced.

increases, the maximum



