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1. Introduction

Opening micro-grooves in the surface of a me-
chanical component is thought to be an effective method
for enhancing the performance of a mechanical component,
such as a cylinder liner [1], piston ring [2], thrust bearing
[3], journal bearing [4], or slider bearing [5]. In recent
years, several theoretical and experimental studies con-
cerning micro-grooved mechanical components have been
conducted. Ali et al. [6] theoretically investigated the ef-
fect of micro-grooves on friction behaviour under elasto-
hydrodynamic lubrication point contacts and established a
good agreement with the experimental results. Yuan et al.
[7] investigated the effect of groove orientation on sliding
friction. The experimental results showed that grooves
parallel or perpendicular to the sliding direction have an
important influence on sliding friction. Experimentally,
Zum Gabhr et al. [8] examined the film thickness and fric-
tion coefficient of a micro-grooved oil-lubricated ceram-
ic/steel friction pair. It was observed that grooves perpen-
dicular to the sliding direction have the ability to generate
a greater film thickness and lower friction coefficient than
those parallel to the sliding direction. Luo et al. [9] used a
unidirectional ball-on-disk sliding wear tester to study the
wear resistance of micro-grooved surfaces, which demon-
strated that the wear mass loss of micro-grooved surfaces
generally increases as the groove spacing varies from 100
um to 1000 um. To improve the cutting performance, Obi-
kawa et al. [10] applied a photolithography process to fab-
ricate micro-grooves in the cutting tool surface. It was re-
vealed that the presence of micro-grooves could reduce the
friction force and friction coefficient. When the real topog-
raphy of the cylinder liner was considered, Mezghani et al.
[11] presented a friction model to investigate the friction
performance of a micro-grooved piston ring-cylinder liner
combination. They showed that the friction coefficient of
the piston ring-cylinder liner combination could decrease
by optimizing the geometric parameters of the micro-
grooves. Kango et al. [12] investigated the steady-state
performance of micro-grooved oil-lubricated hydrodynam-
ic journal bearings. Du et al. [13] investigated the load
performance of micro-grooved aerostatic journal bearings.
Opening micro-grooves in the bearing surface could in-
crease the load-carrying capacity in both of the studies. To
analyze the hydrodynamic lubrication property of micro-

grooved oil-lubricated parallel slider bearings, Shi and Ni
[14] established a two-dimensional computational fluid
dynamics simulation model. It was found that both load-
carrying capacity and friction force increase as the sliding
speed increased, and load-carrying capacity increases fast-
er than friction force.

The effect of micro-grooves on hydrodynamic
pressure has been systematically analyzed for micro-
grooved oil-lubricated parallel slider bearings [14, 15].
However, no investigations detailing the effect of micro-
grooves on hydrodynamic pressure seem to exist in the
available literature for micro-grooved gas parallel slider
bearings. Micro-grooved gas parallel slider bearings and
micro-grooved oil-lubricated parallel slider bearings have
different Reynolds equations. Therefore, investigating the
hydrodynamic pressure of micro-grooved gas parallel slid-
er bearings is necessary. In a previous investigation, Fu et
al. [15] have employed parabolic grooves to evaluate the
effects of minimum film thickness, groove width, depth,
spacing, and orientation angle on the hydrodynamic pres-
sure of micro-grooved oil-lubricated parallel slider bear-
ings. In the present investigation, parabolic grooves are
also employed to evaluate the hydrodynamic pressure of
micro-grooved gas parallel slider bearings, and special
attention is paid to the effects of sliding speed, groove
width, depth, spacing, and orientation angle on average
pressure.

2. Theory

Fig. 1 shows a schematic diagram of micro-
grooved gas parallel slider bearings; the lower slider is
grooved and fixed, the upper slider is smooth and moves
along the x direction, the speed of the upper slider is U,
the minimum film thickness between the two sliders is ¢
and each groove has a depth of h, .

Fig. 2 shows the geometric model of a micro-
grooved slider, where x and y are the coordinates in a glob-
al Cartesian coordinate system, | is the slider length, @ is
the groove orientation angle, w, is the groove width, s  is

the groove spacing, and |, is the distance between two

adjacent grooves.
The upper slider and lower slider are separated by
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the gas and the bearing works under the steady-state condi-
tion. The lubricant is a Newtonian fluid and the gas flow is
isothermal and laminar. Hence, the compressible Reynolds
equation for micro-grooved gas parallel slider bearings is
expressed by:
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where h is the gas-film thickness, p is the gas-film pres-
sure, and  is the fluid viscosity.
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Fig. 1 Schematic diagram of micro-grooved gas parallel
slider bearings [15]
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Fig. 2 Geometric model of a micro-grooved slider [15]

The dimensionless variables are defined as fol-
lows:

X=x/w,,Y=ylw,, P=p/p,, H=hlc, 2
where w, is the referenced groove width and p, is the
ambient pressure.

By submitting Eq. (2) into Eq. (1), the dimension-
less Reynolds equation is obtained by:
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where A = 6uUw, /( p,c?) is the bearing number.

The dimensionless gas-film thickness H is deter-
mined by the groove orientation angle @ . In the case of

0° <0 <90°, the dimensionless gas-film thickness H is
given by [15]:
[(X tang - Y )cos6 — |’
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while in the case of § =90",
thickness H is given by [15]:

the dimensionless gas-film
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where n, = fix|(X tan 0 - Y)cos /L] , n, = fix|x /L],

fix is a function returning a value towards the nearest inte-
ger, H,=h,/c is the dimensionless groove depth,

S, =S,/w, is the dimensionless
W, =w, /w,
L, =1,/w, is the dimensionless distance between two

adjacent grooves.
The boundary conditions of Eq. (3) are expressed

groove spacing,

is the dimensionless groove width, and

by:
P(0,Y)=P(L,Y)=P(X,0)=P(X,L) =1, (6)

where L =1/w, is the dimensionless slider length.

The multi-grid finite element method solves
Eqg. (3), obtaining the dimensionless pressure P. The solu-
tion procedure for the multi-grid finite element method is
that the algebraic equations formed by the finite element
method are in turn smoothed by the interpolation from the



coarse grids to the fine grids and the restriction from the
fine grids to the coarse grids, which is the finite Newton-
Raphson iteration. In the present investigation, a multi-grid
W-cycle and the finest grids with 1025 x1025 nodes are
adopted, where the number of the layers of the W-cycle is
4. The multi-grid finite element method is implemented
using the MATLAB software. More detailed discussions
regarding the multi-grid finite element method could be
found in Liu et al. [4]. The converging condition is ex-
pressed by:

|Pif}> - Pi’j|§10'1° , @)

where i=12,..,n

«» J=42..,n,, n and n are the
numbers of nodes in the x and y direction, respectively,
P, is the dimensionless pressure at the point (i, j), and
RY is the next dimensionless pressure of Newton-
Raphson iteration.

The dimensionless average pressure P,, is given
by:
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3. Results and discussions

Once investigating the average pressure of micro-
grooved gas parallel slider bearings, some calculation pa-
rameters are constant: | =2.5 mm, p, =0.101325 MPa,

14 =1.8x10"° Pas, w, =0.05 mm, and ¢ =3x10"* mm.
Fig. 3 shows the dimensionless gas-film pressure
distributions over the slider surface in the case of & =30°

and 6 =60". It is noted that the hydrodynamic pressure
distribution is significantly affected by the geometric pa-
rameters of the grooves, closely correlating with the orien-
tation angle. For both cases, the hydrodynamic pressure
behaviours are similar and the optimum hydrodynamic
pressure values are reached at the end of convergence

clearance. However, the maximum pressure for 8 =60° is

larger than that for 6 =30° . Because there is no hydrody-
namic lubrication effect for smooth gas parallel slider bear-
ings, the values of the dimensionless pressure and dimen-
sionless average pressure of smooth gas parallel slider
bearings are both equal to 1. When compared with smooth
gas parallel slider bearings, the maximum pressures in the

cases of 6=30" and 6 =60" are increased by approxi-
mately 24.6% and 41.6%, respectively.

In order to better demonstrate the effect of orien-
tation angle @ on hydrodynamic pressure, Fig. 4 shows the
dimensionless gas-film thickness distribution and dimen-
sionless gas-film pressure distribution along the X direc-
tion at Y =25. It is observed that the maximum pressure
produced by each groove could be found near the right side
of the groove along the X direction and is greatly affected
by the orientation angle. The reason for this phenomenon
could be explained by the fact that the right side of the
groove is the end of convergence clearance and the orienta-
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tion angle obviously controls the resistance of fluid influx.
The results correlate with those obtained by Fu et al. [15].
Fig. 5 shows the effect of orientation angle 8 on
dimensionless average pressure at various values of dimen-
sionless groove depth H . The average pressure increases

with the increase of orientation angle when H = 4, 6,

and 8. However, there is an optimum orientation angle to
maximize the average pressure when H = 2, 4, 6, and 8.

This optimum value is independent of the groove depth
and equal to 90° . Moreover, the number of the grooves for

0 =90" is smallest when 0° <©<90°. The results imply
that the average pressure is greatly affected by the number
of the grooves.
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Fig. 3 Dimensionless gas-film pressure distributions for:
(@ ©=30" and (b) 0=60" (W, =4, S, =2,
H,=4,and U =6 m/s)

Fig. 6 presents the effect of dimensionless groove
depth H ; on dimensionless average pressure for different

values of dimensionless groove width W, . With the in-

crease of dimensionless groove depth, the dimensionless
average pressure initially increases, reaches a maximum
value, and then gradually decreases. This maximum value
is dependent of the dimensionless groove width. The re-
sults show that the depth of the grooves should be limited
in order to obtain the maximum dimensionless average
pressure. The pneumatic hammer vibration [13] of the gas-
film could be efficiently avoided by limiting the depth of
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the grooves. The results coincide with those obtained by
Fuetal. [15].

For different values of dimensionless groove
spacing S, , Fig. 7 shows the effect of dimensionless

groove width W on dimensionless average pressure. The

results indicate that there is an optimum groove width to
maximize the average pressure for any given groove spac-
ing. This optimum value is dependent of the groove spac-
ing. The results differ from those obtained by Fu et al. [15],
which may be explained by the fact that the groove width
has a different effect on dimensionless average pressure for
different lubricants. The present study uses a compressible
lubricant, but Fu et al. [15] use an incompressible lubri-
cant.
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Fig. 4 (&) Dimensionless gas-film thickness distribution
along the X direction at Y =25 ; (b) dimensionless
gas-film pressure distribution along the X direction
at Y=25 (W,=4, s, =2, H =4, and

U =6 m/s)

Fig. 8 presents the effect of dimensionless groove
spacing S, on dimensionless average pressure for differ-
ent values of dimensionless groove depth H_ . It is ob-
served that the dimensionless average pressure generally
increases as the dimensionless groove spacing varies from
1 to 46. Hence, the dimensionless average pressure is max-
imal when S, =46 . The results show that the optimum
dimensionless groove spacing for obtaining the maximum

dimensionless average pressure is independent of the di-
mensionless groove depth. It is also observed that the

number of the grooves is equal to 1 when S =46 . These

results and those obtained by Fu et al. [15] are not in
agreement.
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tion angle ¢ for different values of dimensionless
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Fig. 9 shows the effect of sliding speed U on di-
mensionless average pressure for different values of di-
mensionless groove depth H . The sliding speed has a

different effect on average pressure for different groove
depths. When H =2 and 4 with increasing sliding speed,

the average pressure initially increases, reaches a maxi-
mum value, and then gradually decreases. However, the
average pressure increases with increasing sliding speed
when H_ =6 and 8. The results imply that the optimum

sliding speed for maximizing the average pressure is de-
pendent of the groove depth. Furthermore, there is an op-
timum value of groove depth to maximize the average
pressure for any given sliding speed, and the value is de-
pendent of the sliding speed. Therefore, an appropriate
groove depth should be chosen according to the practical
sliding speed in order to obtain the maximum average
pressure.
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Fig. 8 Dimensionless average pressure P,, versus dimen-
sionless groove spacing S for different values of
dimensionless groove depth H, (6 =90",W =4,

and U =6 m/s)
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Fig. 9 Dimensionless average pressure P,, versus sliding
speed U for different values of dimensionless
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4, Conclusions

A numerical study of micro-grooved gas parallel
slider bearings with parabolic grooves is conducted. The
following conclusions are made based on an analysis of the
results:

1. The groove orientation angle controls the aver-
age pressure. Parabolic grooves should be perpendicular to
the sliding direction in order to obtain the maximum aver-
age pressure.

2. The optimum groove depth for maximizing the
average pressure is dependent of the groove width and the
optimum groove width for maximizing the average pres-
sure is dependent of the groove spacing. However, the op-
timum groove spacing for maximizing the average pressure
is independent of the groove depth.

3. The sliding speed has a different effect on av-
erage pressure for different groove depths. Therefore, an
appropriate groove depth should be chosen according to
the practical sliding speed to obtain the maximum average
pressure.
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Yanjun Lu, Fuxi Liu, Yongfang Zhang

HYDRODYNAMIC LUBRICATION OF MICRO-
GROOVED GAS PARALLEL SLIDER BEARINGS
WITH PARABOLIC GROOVES

Summary

The hydrodynamic lubrication performance of
micro-grooved gas parallel slider bearings with parabolic
grooves is investigated in this paper. By using the multi-
grid finite element method, the pressure distribution be-
tween a micro-grooved slider and a smooth slider is ob-
tained. The geometric parameters of the parabolic grooves
are optimized to maximize the average pressure under a
given sliding speed. The numerical results show that geo-
metric parameters such as groove depth, width, spacing,
and orientation angle have an important influence on hy-
drodynamic pressure. Furthermore, the effect of sliding
speed on hydrodynamic pressure is investigated under a
given set of groove depths. It is observed that there is an
optimum value of sliding speed to maximize the average
pressure for any given groove depth and that the optimum
value is dependent of the groove depth. The results of this
study indicate that the average pressure could be improved
by employing the optimized groove depth according to the
practical sliding speed.

Keywords: gas parallel slider bearings, micro-grooves,
hydrodynamic lubrication, multi-grid finite element meth-
od.
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