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Abstract It has been previously reported that the friction

between a partially polished diamond-coated surface and a

metal surface was drastically reduced to zero in the

atmosphere as relative speed was increased (Nakamori

et al. in Diam Relat Mater 14:2122–2126, 2005). On the

other hand, it has also been reported that laser-textured

surfaces have good tribological performance in the case of

gas lubrication (Kligerman and Etsion in Tribol Trans

44:472–478, 2001). The surfaces in the aforementioned

two cases have a micro/nanoscale structure. It is expected

that both surfaces are levitated by a high-pressure gas film

between sliding surfaces by the same mechanism. In the

present work, the mechanism of high gas pressure gener-

ation is clarified by the performance of numerical simula-

tions and by theoretical analysis. The following two

features of pressure distributions on textured surfaces were

found to induce high gas pressure. First, gas pressure

increases in the direction of the counter surface’s motion

over the dimple region. Second, the pressure distribution

over the flat region is convex upward, and hence, the high

pressure obtained at the outlet of the dimple is maintained

for a long distance in the flat region. The causes of such

pressure distributions are herein explained analytically.

The governing factor of pressure distributions and the

optimal dimple location in the period of the repeated sur-

face pattern are also discussed. Furthermore, the knowl-

edge obtained here is utilized to design the surface

structure to obtain high gas pressure.

Keywords Surface texturing � Partially polished diamond

coating �Molecular gas film lubrication � Direct simulation

Monte Carlo method � High Knudsen number flow �
Rarefied gas dynamics

1 Introduction

Many studies on surface texturing have achieved

improvements in tribological performance of sliding sur-

faces [1–7]. Surface texturing is expected to have three

effects on tribological performance. The surface micro-

structures can act as a microhydrodynamic bearing by

generating hydrodynamic pressure, as a microreservoir for

a lubricant to prevent starved lubrication, or as a microtrap

for wear debris [8]. In this work, the focus is only on the

first role of surface texturing as a microhydrodynamic

bearing.

In most studies of microhydrodynamic bearings, liquid

is used as a lubricant. In cases where one surface moves

relative to the other surface, the lubricant is drawn by the

moving surface. Compared with the ambient pressure, the

pressure becomes high over the region where the clearance

converges and becomes low over the region where the

clearance diverges. However, the pressure over the

diverging region cannot be lower than the pressure at

which cavities are formed in the liquid. Therefore, the

pressure rise over the converging region is greater than the
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pressure drop over the diverging region, and then the

pressure averaged over the whole surface becomes higher

than the ambient pressure [1, 5].

As well as liquid lubrication, gas lubrication has also

been studied for microhydrodynamic bearings. Kligerman

and Etsion performed numerical simulations of gas lubri-

cation for the case where two non-contacting cylindrical

surfaces with microdimples rotate relative to each

other [4]. They considered the surfaces, one of which had a

regular network of microdimples. They investigated the

optimal conditions to improve sealing performance by

changing the values of parameters, e.g., seal clearance,

dimple area density, and dimple aspect ratio. Other para-

metric analyses have been conduced to investigate optimal

conditions of gas lubrication with surface texturing [9, 10].

However, a clear understanding of the mechanism that

induces high gas pressure over a textured surface would

help us to design the optimal configuration of the surface

texture without trial and error.

On the other hand, Nakamori et al. [11] found experi-

mentally that the friction between a partially polished

diamond-coated surface and a metal surface is drastically

reduced to zero in the atmosphere at room temperature

when its sliding speed becomes as much as 1 m/s. In their

experiment, the mass of the slider with the diamond-coated

surface was 280 g and the area of the sliding surface was

approximately 1,960 mm2. Note that the sliding with low

friction was noiseless in their experiment. This indicates

that the slider was floating on the counter metallic surface,

that is, the mechanism of this lubrication was not boundary

lubrication, but rather gas film lubrication. More careful

measurements of this low friction and noiseless sliding of

partially polished diamond-coated surface were also

reported by Miki et al. [12]. The scanning electron

microscope (SEM) image of partially polished diamond-

coated surface of Nakamori et al. [11] can be seen in Fig. 1

of [13]. They partially polished an as-deposited diamond-

coated surface, and in consequence, the surface consisted

of flat regions and hollow regions like valleys or dimples in

micro/nanoscale. Yonemura et al. [14] applied the direct

simulation Monte Carlo (DSMC) method to simulate this

problem because the gas flow between two sliding surfaces

is high Knudsen number flow. In their numerical simula-

tions, they showed that the high gas pressure is induced by

the dimple on the surface. But the mechanism of this

generation of high gas pressure has not been explained.

High gas pressure is expected to be generated by the

same mechanism both in the case of a partially polished

diamond-coated surface and in the case of surface textur-

ing. In the present work, in order to understand these

phenomena clearly, the mechanism of high gas pressure

generation induced by the micro/nanoscale surface

structure was theoretically clarified with the assistance of

numerical simulations. The knowledge obtained here will

facilitate the design of the optimal surface structure to

improve tribological performance.

2 Numerical Method

In the experiment of Nakamori et al. [11], as-deposited

diamond-coated surfaces were polished until Ra� 0.5 lm.

Small lumps of deposited ballas diamond were polished,

the polished part forming flat regions, and the unpolished

part forming valleys or dimples. Figure 1 shows an

example of the surface structure on the partially polished

diamond coating with the surface roughness Ra ¼0.34 lm.

In the case where the surface roughness is much smaller

than the clearance between two sliding surfaces, the flow

between parallel surfaces will become the Couette flow and

will not generate high gas pressure. Therefore, the clear-

ance must be on the order of surface roughness Ra or less.

On the other hand, the mean free path k of atmospheric

molecules is 0.065 lm. Therefore, the Knudsen number

Knð¼ k=LÞ will be on the order of 0.1 or larger, where L is

the characteristic length of the flow. This indicates that the

gas flow between two sliding surfaces cannot be treated as

a continuum. Such kind of microscale gas flow is in non-

equilibrium due to a lack of intermolecular collisions and is

governed not by the Navier–Stokes equations, but by the

Boltzmann equation.

Fukui and Kaneko derived the molecular gas film

lubrication (MGL) equation [15] on the basis of the line-

arized Bhatnagar–Gross–Krook (BGK) model for the

Boltzmann equation. This lubrication equation has often

been used to analyze high Knudsen number lubrication

problems [16–19]. On the other hand, the DSMC

method [20] has been developed to analyze high Knudsen

number flows like rarefied gas flows on the basis of the

Boltzmann equation. This method has been applied to

microscale gas flows in air-bearing slider problems [16–19,

21]. Both the MGL equation and the DSMC method are

herein used to analyze microscale gas flows between two

sliding surfaces.

Fig. 1 Surface structure of partially polished diamond coating

measured by atomic force microscope
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As shown in the SEM image [13] of the partially polished

diamond-coated surface and Fig. 1, the surface consists of flat

regions and shallow hollow regions like valleys or dimples. By

reference to the surface structure of the partially polished

diamond coating, a surface with an isosceles triangular dimple

pattern shown in Fig. 2 is considered in the present work. This

microscale dimple pattern is repeated periodically in the x

direction. The two-dimensional flow between the upper sur-

face with dimples and the lower counter surface is analyzed by

using the DSMC method and the MGL equation separately.

The periodic boundary condition is applied for the inlet and

the outlet of the computational domain in the x direction. The

lengths of the dimple region and the flat region of the upper

surface are represented by ld and lf , respectively. The total

length lT of the computational domain is given by lT ¼ ld þ lf .

Dimple depth is denoted by d. The flat region of the upper

surface is set to be parallel to the counter surface. The clear-

ance between the two surfaces is denoted by h and is set at its

minimum value h0 in the flat region. The counter surface

moves at speed U in the x direction. The wall temperature is

set at room temperature, T0 ¼ 300 K. The gas treated here is

air. At the initial condition for DSMC simulations, the com-

putational domain is filled with air molecules whose pressure

and temperature are atmospheric pressure, pa ¼ 1 atm ¼
101325 Pa, and the room temperature, T0, respectively.

Therefore, the spatially averaged number density n0 of air

molecules is set at n0 ¼ 2:4463� 1025 m�3 in DSMC sim-

ulations, where n0 is given by the relation pa ¼ n0kT0. In the

present work, we consider only the steady gas flow between

sliding surfaces. Therefore, the clearance h0 is fixed during the

execution of each DSMC simulation. As time passes, local gas

pressure and temperature change although n0 does not change,

and eventually the gas flow reaches the steady state in DSMC

simulations. In the MGL calculations, the steady state can be

directly considered without advancing time.

2.1 DSMC Simulation

In the DSMC method, simulation molecules are samples of

real molecules. One simulation molecule represents a large

number of real molecules. Intermolecular collisions are

treated stochastically on the basis of the collision probability

in the DSMC cells [22]. Figure 3 shows the cell network for

the DSMC simulation. In the present DSMC simulations, the

computational domain is divided into 800 equally parti-

tioned cells in the x direction and divided into 25 equally

partitioned cells in the z direction. The hard sphere molecular

model is used for collision calculation. Air molecules are

treated as hard spheres with diameters of dm ¼ 0:37 nm and

masses of m ¼ 4:81� 10�26 kg. The motions and collisions

of molecules are traced, and hence, the time evolution of the

gas flow field is simulated. After the flow has reached the

steady state, the flow properties such as gas velocity, gas

pressure, and gas temperature are sampled.

Since the mean free time of gas molecules is

1:4� 10�10 s in the atmosphere with room temperature, the

time step Dt for calculation of molecular motion and colli-

sion is set at 1:4� 10�11 s. The velocities of molecules

reflected on the wall are determined by using the diffuse

reflection model with the wall temperature. The accommo-

dation coefficient on the wall is set at unity. Intermolecular

collisions are treated by using the maximum collision num-

ber method [22]. The flow field is treated as two-dimen-

sional, but the molecular motions are treated as three-

dimensional. The slider surface receives impulses from

incident gas molecules. The pressure distribution on the

slider surface was obtained by integrating these impulses.

2.2 MGL Equation

To derive the lubrication equation, the following lubrica-

tion hypotheses are assumed.

(1) The thickness of the lubrication film is small

compared with its length.

(2) The flow velocity in the thickness direction is

negligibly small.

Fig. 2 Computational domain

Fig. 3 Cell network for the DSMC simulation
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(3) The gas density, the gas pressure, and the gas

temperature are uniform in the thickness direction.

(4) The temperature on the wall is uniform and equal to

the room temperature T0 at any point.

From assumptions (1), (3), and (4), the gas temperature T is

considered to be uniform and equal to T0 anywhere in the

lubrication film because the lubrication film is very thin

and surrounded by the isothermal wall with the room

temperature T0.

The continuity equation for steady flow of compressible

fluid is as follows:

o

ox
quþ o

oy
qvþ o

oz
qw ¼ 0; ð1Þ

where q is the gas density, u, v, and w are the flow velocity

components in the x, y, and z directions, respectively. Since

the flow is two-dimensional in the xz plane, v ¼ 0. From

assumption (2), w ¼ 0. The continuity equation (1) can be

integrated from 0 to h with respect to z as follows:

d

dx
q ¼ 0; ð2Þ

where q is given by

q ¼
Zh

0

qudz: ð3Þ

Since the gas density q depends on x and not on z on the

basis of assumption (3),

q ¼ q
Zh

0

udz: ð4Þ

More specifically, q represents the mass flow rate in the x

direction between surfaces in the case where the width of

the flow field in the y direction is considered as unity. In the

case of usual continuum flows, the solution of the Navier–

Stokes equations can be given by a combination of the

Couette flow induced by the moving wall and the Poiseuille

flow induced by the pressure gradient under assumptions (2)

and (3). Even in the case of a high Knudsen number region,

the flows in the lubricated film can be expressed as a

combination of the Couette flow and the Poiseuille

flow [15]. From assumption (4), the effect of thermal creep

flow is not considered here. Therefore, the mass flow rate, q,

can be expressed by the sum of those of the Poiseuille flow

and the Couette flow as follows:

q ¼ qP þ qC; ð5Þ

where qP and qC are the mass flow rates of the Poiseuille

flow and the Couette flow, respectively.

The mass flow rate of the Couette flow is independent of

the Knudsen number, Kn, and is given by

qC ¼
1

2
qUh: ð6Þ

The mass flow rate of the Poiseuille flow for the continuum

flow, i.e., Kn� 1, can be given by

qP ¼ �
qh3

12l
dp

dx
; ð7Þ

where l is the viscosity, and p is the gas pressure. The mass

flow rate qP depends on the Knudsen number and can be

expressed as follows [15]:

qP ¼ �
h2ffiffiffiffiffiffiffiffiffiffi
2RT0

p QPðDÞ
dp

dx
; ð8Þ

where R is the ordinary gas constant, i.e., gas constant per

unit mass, and is given by k=m, k is the Boltzmann con-

stant, m is the molecular mass, D is the inverse Knudsen

number given by D ¼
ffiffiffi
p
p

=ð2KnÞ, and QPðDÞ is the flow

rate coefficient for the Poiseuille flow given as fol-

lows [23]:

In the case of Kn� 1, i.e., D� 1, QPðDÞ can be given by

QPðDÞ ¼ D=6, and then Eq. (8) results in Eq. (7). By

substituting Eqs. (5), (6), and (8) into Eq. (2), the following

molecular gas film lubrication (MGL) equation [15] is

obtained:

d

dx

�
h2ffiffiffiffiffiffiffiffiffiffi
2RT0

p QPðDÞ
dp

dx
� 1

2
qUh

�
¼ 0: ð10Þ

The spatially averaged gas pressure �pspace in the computa-

tional domain is set at the atmospheric pressure pa for the

present MGL calculations except them in Sect. 3.6. The

gas temperature at any point in the lubrication film is also

assumed to be equal to the room temperature T0 as men-

tioned above. Therefore, this setting of the spatially aver-

aged gas pressure for the MGL calculation corresponds to

QPðDÞ ¼ D=6þ 1:0162þ 1:0653=D� 2:1354=D2 ð5�DÞ;
QPðDÞ ¼ 0:13852Dþ 1:25087þ 0:15653=D� 0:00969=D2 ð0:15�D\5Þ;
QPðDÞ ¼ �2:22919Dþ 2:10673þ 0:01653=D� 0:0000694=D2 ð0:01�D\0:15Þ:

ð9Þ
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the setting of the spatially averaged number density n0 for

the DSMC simulation.

The MGL equation is solved by using the following

boundary condition:

pð0Þ ¼ pðlTÞ ¼ pbc; ð11Þ

where pbc is a tentative boundary condition of the gas

pressure. The MGL equation is solved by using the finite

difference method with this tentative boundary condition.

The number of grid points in the computational domain is

10000. After the MGL equation has been solved by using

this tentative boundary condition, the spatially averaged gas

pressure �pspace in the computational domain is calculated by

�pspace ¼
R lT

0
phdxR lT

0
hdx

; ð12Þ

and the boundary condition is renewed as pbc ¼ pbc�
pa=�pspace, and then the MGL equation is solved again.

These processes are repeated until the spatially averaged

pressure �pspace becomes equal to pa. The boundary condi-

tion for the MGL calculations in Sect. 3.6 will be described

there.

The viscosity l for the MGL calculations is set to be

equal to that obtained from the settings for the DSMC

simulations by using

l ¼ 1

2
q0

�Ck0; ð13Þ

where the density q0 is given by q0 ¼ mn0, the average

peculiar velocity �C of gas molecules is given by

�C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kT0=pm

p
, the characteristic mean free path k0 is

given by k0 ¼ 1=ð
ffiffiffi
2
p

n0rTÞ, and the total collision cross

section rT of hard sphere gas molecules is given by

rT ¼ pd2
m. In the MGL calculations, the viscosity l is set at

l ¼ 1:85� 10�5 Pa�s, which is estimated from the settings

for the DSMC simulations, i.e., the molecular diameter

dm ¼ 0:37 nm, the molecular mass m ¼ 4:81� 10�26 kg,

the reference gas temperature T0 ¼ 300 K, and the

molecular number density n0 ¼ 2:4463� 1025 m�3. The

characteristic mean free path k0 is estimated as 0.0672 lm

for these conditions.

The local inverse Knudsen number D for the MGL

calculations is given by using the local Knudsen number

Kn as D ¼
ffiffiffi
p
p

=ð2KnÞ, where Kn is given by Kn ¼ k=h, the

(a)

(b)

(c)

(d)

Fig. 4 Distributions of a gas

flow velocity, b gas pressure, c
molecular number density, and

d gas temperature obtained in

the DSMC simulation.

(ld ¼ lf ¼ 23:04 lm,

d ¼ 1:44 lm, U ¼ 10 m/s,

h0 ¼ 0:14 lm)
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local mean free path k is given by k ¼ 1=ð
ffiffiffi
2
p

nrTÞ, and the

local molecular number density n is given by n ¼ p=kT0.

3 Results and Discussion

3.1 Typical Flow Between Two Sliding Surfaces

Figure 4 shows typical distributions of the gas flow

velocity, the gas pressure p, the molecular number density

n, and the gas temperature T obtained in the DSMC sim-

ulation for the case of ld ¼ lf ¼ 23:04 lm, d ¼ 1:44 lm,

U ¼ 10 m/s, and h0 ¼ 0:14 lm, respectively. The right-

ward gas flow is induced by the rightward motion of the

lower counter surface. However, the major portion of the

gas flow induced in the dimple region cannot pass through

the narrow channel in the flat region and is repelled at the

converging part of the dimple. Therefore, a vortical flow

appears in the dimple. Since some portion of gas flow can

pass through the channel, the net gas flow at any x is

rightward. A similar vortex appears in the cases where the

minimum clearance h0 is small. Such a kind of vortex will

disappear in the case where the minimum clearance h0 is

not so small compared with the dimple depth d. The gas

pressure drops at the left edge of the dimple and rises at the

right edge of the dimple, i.e., the gas pressure increases in

the x direction over the dimple region. The gas temperature

is uniform in the computational domain as we assumed for

the MGL calculations in Sect. 2.2. This is because the gas

flow channel is very narrow and surrounded by isothermal

solid surfaces. Because of uniform temperature, the

molecular number density distribution becomes similar to

the gas pressure distribution, as shown in Fig. 4.

Figure 5 shows the distribution of the gas pressure

exerted on the bottom surface of the slider for various

sliding speeds U under the condition of ld ¼ lf ¼ 23:04 lm,

d ¼ 1:44 lm, and h0 ¼ 0:14 lm. The line figure in the

lower half of Fig. 5 shows the shape of the lubricated

region. The arrow pointing right indicates the direction of

the motion of the lower counter surface with speed U. Note

that the shape of the lubricated region is enlarged in the z

direction. The pressure distributions obtained in the MGL

calculations coincide well with those obtained in the DSMC

simulations in the cases considered here. These agreements

show the validity of the DSMC simulation and that of the

MGL calculation in the present study.

In the dimple region, the gas pressure p monotonically

increases in the x direction, i.e., in the direction of the

motion of the lower counter surface, or in the direction of

the net gas flow. The gas pressure reaches its minimum at

the diverging edge of the triangular dimple, i.e., at the inlet

of the dimple, and reaches its maximum at the converging

edge of the dimple, i.e., at the outlet of the dimple. Note

that the left and right edges of the dimple are referred to as

‘‘inlet’’ and ‘‘outlet’’ of the dimple, respectively, with ref-

erence to the direction of the net gas flow, i.e., with ref-

erence to the direction of the counter surface’s motion.

Similarly, the left and right edges of the flat region are

referred to as ‘‘inlet’’ and ‘‘outlet’’ of the flat region,

respectively. The gas pressure over the diverging region of

the dimple is less than the atmospheric pressure pa, while

that over the converging region of the dimple is larger than

pa. Look at the pressure distribution for the case of

U ¼ 10 m/s shown in Fig. 5. Note that this case is the same

as the case shown in Fig. 4. The pressure rise over the

converging region is canceled by the pressure drop over the

diverging region, and hence, the pressure averaged over the

dimple region is almost equal to pa. On the other hand, the

gas pressure over the flat region monotonically decreases in

the x direction. The gradient of the pressure distribution at

the left edge of the flat region, i.e., at the inlet of the flat

region, is gentle, while that at the right edge of the flat

region, i.e., at the outlet of the flat region, is steep. Con-

sequently, the pressure distribution over the flat region is

convex upward, and this shape of the pressure distribution

causes the generation of high gas pressure.

Since the atmospheric pressure pað¼ 1 atmÞ is exerted

on the top surface of the slider, the lift force can be given

by the pressure difference �psurf � pa between the bottom

and top surfaces of the slider, where �psurf is the gas pressure

averaged over the whole bottom surface of the slider.

Figure 6 shows the effect of the sliding speed U on the gas

pressure �psurf . These pressures are obtained by the MGL

calculations. As U increases, the average gas pressure �psurf

increases because the increase of pressure in the x direction

over the dimple region becomes stronger and the pressure

distribution in the flat region changes from linear to convex

upward, as shown in Fig. 5. In the case of U ¼ 10 m/s, the

superficially averaged gas pressure �psurf is 1.019 atm,

although the spatially averaged gas pressure �pspace is still

equal to pa. The lift force �psurf � pa is about 1,900 Pa in

Fig. 5 Pressure distributions obtained in the DSMC simulations and the

MGL calculations for various sliding speeds U. (ld ¼ lf ¼ 23:04 lm,

d ¼ 1:44 lm, h0 ¼ 0:14 lm)

442 Tribol Lett (2014) 55:437–454

123



this case. This is sufficiently large to levitate the slider of

280 g with the sliding surface 1,960 mm2 used in the

experiment of Nakamori et al. [11].

3.2 Mechanism of High Gas Pressure Generation

Not only in the case of gas lubrication, but also in the case

of liquid lubrication using surface texturing, the pressure

rises in the converging region of the dimple and drops in

the diverging region of the dimple. In the case of liquid,

however, the pressure over the diverging region of the

dimple cannot be lower than the liquid vapor pressure due

to generation of cavities. In consequence, the pressure drop

over the diverging region of the dimple is limited, and

hence, the pressure rise over the converging region of the

dimple is greater. This asymmetric pressure distribution

over the dimple region makes the average gas pressure

greater than the ambient atmospheric pressure [1, 5].

As well as liquid lubrication, in the case of gas lubri-

cation using surface texturing, the asymmetric pressure

distribution in which the pressure rise over the converging

region of the dimple is greater than the pressure drop over

the diverging region of the dimple also appears in the

dimple region under some conditions. See Fig. 7, which

shows pressure distributions for a variety of minimum

clearances h0 obtained by the MGL calculations. From this

point on, all results are obtained by the MGL calculations

since the validity of our MGL calculation was verified, and

as its computational load is much smaller than the DSMC

simulation. The line figure in the lower half of Fig. 7 shows

the shape of the lubricated region for the case of

h0 ¼ 0:28 lm. As the clearance h0 decreases from 0.28 to

0:028 lm, 0:0028 lm, or 0, the pressure rise over the

converging region of the dimple and the pressure drop over

the diverging region become intense, and the pressure rise

becomes greater than the pressure drop. In previous theo-

retical studies [9, 10], the generation of high average gas

pressure has been explained as resulting from this asym-

metric pressure distribution over the dimple region in the

case of gas lubrication using surface texturing as well as in

the case of liquid lubrication.

However, in the case of U ¼ 10 m/s shown in Fig. 5, gas

pressure sufficiently high to levitate the slider of Nakamori

et al. is obtained in spite of the symmetric pressure distri-

bution over the dimple region. In this case, since the pressure

distribution over the dimple region is symmetric, the gas

pressure averaged over the dimple region is almost equal to

the ambient pressure pa, as mentioned in Sect. 3.1. There-

fore, the pressure distribution over the dimple region does

not make a direct contribution to the lift force, whereas the

gas pressure �psurf averaged over the whole bottom surface of

the slider is higher than the ambient pressure pa because the

pressure distribution over the flat region is convex upward.

This indicates that the asymmetric pressure distribution over

the dimple region is not always required to obtain high

average gas pressure. Even in the case where the pressure

distribution over the dimple region is symmetric, a pressure

difference is produced between the inlet and the outlet of the

flat region by the presence of the dimple, and then this

pressure difference is used to advantage to make the average

gas pressure over the whole surface higher with the help of

the convex-upward pressure distribution over the flat region.

The asymmetric pressure distribution over the dimple region

is beneficial to obtain higher average gas pressure as shown

in the cases of small h0’s in Fig. 7 under the condition that the

spatially averaged pressure �pspace is equal to the ambient

Fig. 6 Effect of the sliding speed U on superficially averaged gas

pressure �psurf . (ld ¼ lf ¼ 23:04 lm, d ¼ 1:44 lm, h0 ¼ 0:14 lm)

Fig. 7 Effect of the clearance h0 on the pressure distribution.

(ld ¼ lf ¼ 23:04 lm, d ¼ 1:44 lm, U ¼ 10 m/s)

Fig. 8 Effect of the clearance h0 on superficially averaged gas

pressure �psurf . (ld ¼ lf ¼ 23:04 lm, d ¼ 1:44 lm, U ¼ 10 m/s)
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pressure pa. However, the asymmetric pressure distribution

in the dimple region is not always beneficial, as we will

discuss later in the last paragraph of Sect. 3.6.

Look at the pressure distributions for the cases of

h0 ¼ 0:028 lm and h0 ¼ 0:0028 lm in Fig. 7. The gradi-

ents of these pressure distributions at the inlet of the flat

region are 0. Therefore, the maximum pressure obtained at

the outlet of the dimple region is maintained for a long

distance in the flat region. Finally, the gas pressure sud-

denly drops to the minimum at the inlet of the next dimple.

Such a pressure distribution in the flat region, which is like

a plateau, is beneficial to increase the average gas pressure.

From these results, it is found that the following two

features of a pressure distribution play a key role in

obtaining high average gas pressure.

(1) In the dimple region, gas pressure should increase in

the direction of the counter surface’s motion. This

increase of gas pressure is induced by the presence

of the dimple.

(2) The pressure distribution over the flat region should

be convex upward. The combination of a gentler

gradient at the inlet of the flat region and a steeper

gradient at the outlet of the flat region is more

beneficial for increasing the gas pressure averaged

over the flat region.

Figure 8 shows the effect of the minimum clearance h0 on

the gas pressure �psurf averaged over the whole bottom

surface of the slider. As h0 decreases, the average gas

pressure �psurf increases because the foregoing two features

and an asymmetric pressure distribution over the dimple

region become more remarkable. On the other hand, the

strong gas pressure disappears when the minimum clear-

ance h0 comes close to the order of the dimple depth

dð¼ 1:44 lm). This result reinforces our expectation that

the clearance should be on the order of the surface

roughness Ra or less for high gas pressure generation. The

reason for the increase of �psurf with increasing U shown in

Fig. 6 is also because the two foregoing features become

stronger as U increases, as shown in Fig. 5. In the fol-

lowing subsections, let us consider the causes of the fore-

going two features of pressure distributions.

3.3 Cause of Feature (1) of Pressure Distributions

First, let us consider the reason why the gas pressure

increases over the dimple region in the direction of the

counter surface’s motion, i.e., the cause of feature (1) of

pressure distributions. Consideration of the case of h0 ¼ 0

shown in Fig. 7 is helpful for understanding this reason. In

this case, the net gas flow rate is 0, i.e., q ¼ qP þ qC ¼ 0.

By substituting Eqs. (6) and (8) into this equation, we have

h2ffiffiffiffiffiffiffiffiffiffi
2RT0

p QPðDÞ
dp

dx
� pUh

2RT0

¼ 0; ð14Þ

where the relation p ¼ qRT0 is used. Since the flow field is

not periodic in this case, this equation was solved not by

using the boundary condition (11) but by using the con-

dition that the spatially averaged gas pressure �pspace is equal

to the ambient atmospheric pressure pa, to obtain the

pressure distribution for h0 ¼ 0 shown in Fig. 7. From

Eq. (14), we have

dp

dx
¼ pU

hQPðDÞ
ffiffiffiffiffiffiffiffiffiffi
2RT0

p : ð15Þ

This equation indicates that the gradient dp=dx is positive

at any point in the dimple in the case of h0 ¼ 0 because all

factors in the right-hand side of Eq. (15) are positive.

Therefore, the pressure monotonically increases over the

dimple region as shown in the case of h0 ¼ 0 in Fig. 7. The

case of very small clearance like h0 ¼ 0:0028 lm can be

regarded as a situation where gas is leaking through the

narrow clearance from the outlet of the dimple to the inlet

of the next dimple in the case where both surfaces are

almost in contact. The spatial increase of gas pressure over

the dimple region in the cases of small clearance can be

understood as well as in the case of h0 ¼ 0. In the case of

h0 ¼ 0:0028 lm, the minimum pressure at the inlet of the

dimple and the maximum pressure at the outlet of the

dimple are relieved to some extent from those in the case of

h0 ¼ 0 because of gas leakage. As the clearance h0

increases, the gas leakage becomes larger and the pressure

increase over the dimple becomes smaller, as shown in

Fig. 7.

From Eq. (15), the positive pressure gradient dp=dx

increases in proportion to the sliding speed U. Therefore,

the pressure increase over the dimple region in the direc-

tion of the counter surface’s motion, i.e., feature (1),

becomes stronger as the sliding speed U increases, as

shown in Fig. 5.

3.4 Cause of Feature (2) of Pressure Distributions

Next, in order to understand feature (2) of pressure distri-

butions seen in the flat region, let us consider the sliding of

the two parallel plates shown in Fig. 9. The left edge and

Fig. 9 Sliding of two parallel plates
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the right edge of the lubricated region are an inlet and an

outlet, respectively. The pressures pi and po are those at the

inlet and the outlet, respectively. Here, only the cases of

pi [ po are considered. The pressure distributions obtained

by the MGL calculations for various clearances h0 in the

case where pi ¼ 1:2 atm, po ¼ 0:8 atm, l ¼ 10 lm, and

U ¼ 10 m/s are shown in Fig. 10, where l is the length of

the lubricated region. In the cases considered in Fig. 10, the

pressure distributions show monotonic decreases of the gas

pressure p and the pressure gradient dp=dxð\0Þ in the x

direction, i.e., these distributions are convex upward. As h0

decreases, the pressure gradient at the inlet becomes gen-

tler and that at the outlet becomes steeper, and hence, the

average gas pressure becomes high. In the case of a suffi-

ciently small h0, the pressure p is asymptotic to its maxi-

mum value pi for x! 0 and the average gas pressure

becomes close to the maximum pressure pi.

Since the net gas flow rate is constant at any point in the

lubricated region, the Poiseuille flow rate qP and the

Couette flow rate qC satisfy the relation,

qPi þ qCi ¼ qPo þ qCo; ð16Þ

where the subscripts ‘‘i’’ and ‘‘o’’ represent the values at

the ‘‘inlet’’ and the ‘‘outlet,’’ respectively. Immediately, we

have

qPo � qPi ¼ qCi � qCo: ð17Þ

This indicates that the decrease of the flow rate qC of the

Couette flow along the channel is compensated by the

increase of the flow rate qP of the Poiseuille flow. From

Eqs. (6), (8), (17), h ¼ h0, and p ¼ qRT0, we have�
QPðDÞ

�
� dp

dx

��
o

�
�

QPðDÞ
�
� dp

dx

��
i

¼ Uðpi � poÞ
h0

ffiffiffiffiffiffiffiffiffiffi
2RT0

p : ð18Þ

As the clearance h0 decreases, the magnitude of the right-

hand side of Eq. (18) increases in inverse proportion to h0.

The decrease of h0 also induces a decrease of the inverse

Knudsen number D, and hence, it changes the flow rate

coefficient QPðDÞ. However, the change of QPðDÞ is small

compared with the increase of the RHS of Eq. (18) because

QPðDÞ changes only slightly against D for the range of D

considered here. The range of values of QPðDÞ is

1:539\QPðDÞ\3:060 for 0:01\D\10 [23]. On the other

hand, although the inverse Knudsen number D changes

along the parallel channel in proportion to the pressure p,

the spatial change of QPðDÞ along the channel is also small

for the same reason. Therefore, the increase of the RHS of

Eq. (18) increases the difference of the pressure gradient

ð�dp=dxÞ between the inlet and the outlet. Hence, as the

clearance h0 decreases, the gradient of the pressure distri-

bution at the outlet becomes steeper and that at the inlet

becomes gentler. This is because the Couette flow rate is in

proportion to h0, whereas the Poiseuille flow rate is in

proportion to about h2
0 to h3

0. [See Eqs. (6), (7), and (8)].

Therefore, a steeper pressure gradient ð�dp=dxÞ at the

outlet is required for smaller h0 in order to compensate the

decrease of the Couette flow, i.e., qCi � qCo ¼ ðpi � poÞ
Uh0=2RT . As a result, the pressure distribution becomes

more convex upward and higher average gas pressure is

obtained.

The increase of U also increases the RHS of Eq. (18).

Therefore, as the sliding speed U increases, the pressure

gradient ð�dp=dxÞ at the outlet becomes steeper and that at

the inlet becomes gentler, i.e., feature (2) becomes stron-

ger, as shown in Fig. 5.

Although the discussion in the previous paragraphs is

useful to understand the reason for the gentle pressure gra-

dient at the inlet and the steep pressure gradient at the outlet

for small h0 or for large U, it is rather rough because we did

not consider the change of QPðDÞ. Next let us discuss feature

(2) of pressure distributions precisely by considering the

effect of the change of QPðDÞ against D. To generalize this

problem, let us use the non-dimensionalized form of

Eq. (10). Using the non-dimensional quantities given by

X ¼ x

l
; H ¼ h

h0

; P ¼ p

pa

; ð19Þ

Eq. (10) is non-dimensionalized as

d

dX

�
QPðDÞ

6H2

D0

dP

dX
� KPH

�
¼ 0; ð20Þ

where D0 is the characteristic inverse Knudsen number

defined by the ambient atmospheric pressure pa and the

minimum clearance h0 as D0 ¼
ffiffiffi
p
p

=ð2Kn0Þ ¼ pah0=

l
ffiffiffiffiffiffiffiffiffiffi
2RT0

p
, Kn0 is the characteristic Knudsen number defined

by pa, T0 and h0, and K is the bearing number defined by

K ¼ 6lUl=pah2
0. The inverse Knudsen number D is expres-

sed by using D0 as D ¼ D0PH. Since H ¼ 1 for the problem

of sliding of two parallel plates, we have

Fig. 10 Effect of the clearance h0 on the pressure distribution in the

case of the sliding of two parallel plates. (U ¼ 10 m/s, l ¼ 10 lm,

pi ¼ 1:2 atm, po ¼ 0:8 atm)
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d2P

dX2
¼ D0

6QPðDÞ

�
�6

dQPðDÞ
dD

�
dP

dX

�
þK

�
dP

dX
; ð21Þ

where dQPðDÞ=dX ¼ ðdQPðDÞ=dDÞðdD=dPÞðdP=dXÞ and

dD=dP ¼ dðD0PHÞ=dP ¼ dðD0PÞ=dP ¼ D0 are used. The

gradient dQPðDÞ=dD is positive for D [ 1 and negative for

D\1[23]. Since the pressure Pið¼ pi=paÞ at the inlet X ¼ 0

is larger than the pressure Poð¼ po=paÞ at the outlet X ¼ 1,

there is one point, X ¼ c ð0\c\1Þ, at which dP=dX is

negative. Whether d2P=dX2 is negative or positive at the

point X ¼ c depends on values of dQPðDÞ=dD, i.e., D, and

the bearing number K.

In the case of D [ 1 at any point in the lubricated

region, dQPðDÞ=dD is positive, and hence, not only dP=dX

but also d2P=dX2 is negative at the point X ¼ c since the

characteristic inverse Knudsen number D0, the flow rate

coefficient QPðDÞ, and the bearing number K are not less

than 0 by their definitions. For X [ c, dP=dXð\0Þ
decreases in the X direction because d2P=dX2\0, and

Eq. (21) indicates that d2P=dX2 also remains negative

because dP=dX remains negative. For X\c, dP=dXð\0Þ
increases, i.e., jdP=dXj decreases in the �X direction

because d2P=dX2\0. When dP=dXð\0Þ comes close to 0

in consequence of its increase in the �X direction,

d2P=dX2ð\0Þ also comes close to 0, and hence, dP=dX

and d2P=dX2 cannot become positive even if X ! �1,

and they simultaneously converge to 0 for X ! �1.

Therefore, dP=dX and d2P=dX2 are negative at any point in

the lubricated region. Due to the above tendencies of

dP=dX and d2P=dX2, the pressure distribution becomes

convex upward and P is asymptotic to its maximum for

X ! �1 in the case of D [ 1. Let us check examples of

the pressure distribution for D [ 1. Figure 11 shows

pressure distributions for D0 ¼ 13:186, which corresponds

to h0 ¼ 1 lm under atmospheric conditions with pa and T0.

The bearing numbers K ¼ 0, 1.09643, 10.9643, 109.643,

and 1096.43 correspond to U ¼ 0, 0.1 m/s, 1 m/s, 10 m/s,

and 100 m/s, respectively, under the condition of

l ¼ 10 mm. All pressure distributions in Fig. 11 are convex

upward. In particular, in the case of large K, the pressure is

asymptotic to its maximum, i.e., Pi for X ! 0, and con-

sequently, high average gas pressure is obtained.

Next let us consider the case of D\1, in which

dQPðDÞ=dD is negative. Figure 12 shows pressure distri-

butions for D0 ¼ 0:013186, which corresponds to

h0 ¼ 0:001 lm under atmospheric conditions with pa and

T0. The bearing numbers 0, 1096.43, 10964.3, and 109643

correspond to U ¼ 0, 0.1 m/s, 1 m/s, and 10 m/s, respec-

tively, under the condition of l ¼ 10 lm. In the case of

K ¼ 0, the value in the square brackets in Eq. (21)

becomes negative at the point X ¼ c, where dP=dX\0,

because dQPðDÞ=dD\0 for D\1, and hence, d2P=dX2

becomes positive. For X\c, dP=dXð\0Þ decreases, i.e.,

jdP=dXj increases in the �X direction because

d2P=dX2 [ 0. Since dP=dX remains negative, d2P=dX2

remains positive. For X [ c, dP=dXð\0Þ increases, i.e.,

jdP=dXj decreases in the X direction because d2P=dX2 [ 0,

and hence, d2P=dX2 decreases, but remains positive

because dP=dX cannot become positive. When dP=dX tries

to change from negative to positive, d2P=dX2 becomes 0,

and hence, dP=dX cannot change its sign. Therefore, the

pressure distribution for the case of K ¼ 0 and D\1 is

convex downward since d2P=dX2 is positive at any point in

the lubricated region. The pressure distribution for K ¼ 0

in Fig. 12 is slightly convex downward.

If K becomes larger than a certain value, the value in the

square brackets in Eq. (21) will change from negative to

positive. In the case of large K, the pressure distribution

becomes convex upward because d2P=dX2 becomes negative

due to the positive value in the square brackets and the negative

gradient dP=dX, and the pressure is asymptotic to its maximum

Pi for X ! 0 as shown in Fig. 12 in the same manner as in the

aforementioned case of D [ 1. Therefore, high average gas

pressure is obtained in the case of large K. Since the pressure

Fig. 11 Effect of the bearing number K on the pressure distribution in

the case of the sliding of two parallel plates. (D0 ¼ 13:186, Pi ¼ 1:2,

Po ¼ 0:8)

Fig. 12 Effect of the bearing number K on the pressure distribution in

the case of the sliding of two parallel plates. (D0 ¼ 0:013186,

Pi ¼ 1:2, Po ¼ 0:8)
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gradient becomes very steep in the neighborhood of the outlet in

the case of large K, it is possible that the negative value of the

first term in the square brackets may become superior to the

positive value of the second term, i.e., the value in the brackets

may change from positive to negative, and then it is possible

that d2P=dX2 may become positive in the neighborhood of the

outlet. Although the positive d2P=dX2 will make the pressure

distribution convex downward, it may appear only in the

neighborhood of the outlet for large K. Even in such a case, a

high average gas pressure will be obtained since the pressure

gradient is very steep in the neighborhood of the outlet and the

pressure in most regions except the neighborhood of the outlet

is close to its maximum Pi.

Note that the situations of the pressure distributions

between two parallel sliding plates shown in Figs. 7 and 10

are more complicated. In those cases, not only the bearing

number K but also the characteristic inverse Knudsen

number D0 changes with changing h0. In order to under-

stand the mixed effect of two parameters K and D0, let us

return to the discussion of Eq. (18). Equation (18) can be

non-dimensionalized by using the non-dimensional quan-

tities given by Eq. (19) as follows:

�
QPðDÞ

�
� dP

dX

��
o

�
�
QPðDÞ

�
� dP

dX

��
i

¼KD0

6
ðPi�PoÞ: ð22Þ

This equation indicates what induces a convex upward pressure

distribution, i.e., feature (2) of pressure distributions. As well as

the case when h0 decreases in the RHS of Eq. (18), the increase

of KD0 increases the RHS of Eq. (22) and induces a gentler

pressure gradient ð�dP=dXÞi at the inlet and a steeper pressure

gradient ð�dP=dXÞo at the outlet. Therefore, feature (2)

becomes stronger as K increases under constant D0 in Figs. 11

and 12. Furthermore, feature (2) also becomes stronger as D0

increases under constant K. (Compare the pressure distributions

for K ¼ 1096:43 in Figs. 11, 12). As the clearance h0 decrea-

ses, KD0 increases in inverse proportion to h0 because K / h�2
0

and D0 / h0. This is the reason why feature (2) becomes

stronger as h0 decreases in Figs. 7 and 10. On the other hand, in

the case where the sliding speed U is increased, D0 is unchan-

ged, whileK increases in proportion to U. Therefore, feature (2)

of pressure distributions becomes stronger because of the

increase of K, i.e., the increase of KD0, as shown in Fig. 5.

The above discussion of Eq. (22) suggests that the

parameter KD0 may determine the shape of pressure distri-

butions over the flat region. However, we did not consider the

change of QPðDÞ against D in this discussion in the last par-

agraph as we did not do so when we discussed the effect of h0

in Eq. (18) above. Although QPðDÞ varies slowly between

1.539 and 3.060 depending on D for the range 0:01\D\10

considered here, the change of QPðDÞ against D is not negli-

gible. Figure 13 shows pressure distributions for several

inverse Knudsen numbers D0 under the condition that KD0 is

fixed at 144.575. The values of K are 10964.3, 1096.43,

109.643, and 10.9643 for D0 ¼0.013186, 0.13186, 1.3186,

and 13.186, respectively. The pressure distributions for dif-

ferent D0’s are similar under constant KD0 although K differs

by a factor of up to a 1000. But they do not coincide with one

another. The reason for the difference can be understood from

the difference of the magnitudes of QPðD0Þ. The flow rate

coefficient QPðD0Þ is 2.932, 1.934, 1.547, and 3.282 for

D0 ¼0.013186, 0.13186, 1.3186, and 13.186, respectively.

Since QPðDÞ is not so different from QPðD0Þ over the parallel

lubricated region, we consider QPðDÞ’s at the inlet and outlet

appearing in Eq. (22) to be equal to QPðD0Þ here. Conse-

quently, it is found from Eq. (22) that smaller QPðD0Þ makes

the pressure gradient at the outlet steeper under the condition

of fixed KD0, i.e., under the condition of a fixed value of the

RHS of Eq. (22). Therefore, feature (2) of a pressure distri-

bution becomes stronger for smaller QPðD0Þ. We can say that

in the range 0:01\D0\10, i.e., in the high Knudsen number

flow regime 0:1\Kn0\100, the parameter KD0 plays a key

role in determining of the shape of the pressure distribution

over the flat region and the magnitude of inverse Knudsen

number D0 has a secondary effect which modifies the pressure

distribution through QPðD0Þ.
So far, feature (2) in the high Knudsen number flow

regime of 0:1\Kn0\100 has been discussed. Now, the

case of the continuum gas flow regime of Kn0 � 1, i.e.,

1� D0, should be referred to for comparison. In the case

of continuum gas flow, the flow rate coefficient is given by

QPðDÞ ¼ D=6 ¼ D0PH=6, and then, Eq. (22) results in

�
P

�
� dP

dX

��
o

�
�

P

�
� dP

dX

��
i

¼ KðPi � PoÞ; ð23Þ

for the problem of two parallel plates, i.e., H ¼ 1. Eq. (20)

also results in

d

dX

�
PH3 dP

dX
� KPH

�
¼ 0: ð24Þ

The above two equations indicate that only the bearing

number K governs pressure distributions in the case of

continuum gas flow regime, as is well known [24]. It is

noteworthy that the governing factor of pressure distribu-

tions in a lubricated film differs between the continuum gas

flow regime and the high Knudsen number gas flow

regime. The former is K , whereas the latter is KD0.

3.5 Application of Obtained Knowledge to Design

the Surface Texture

In the previous subsections, the mechanism of high gas

pressure generation on a textured surface was explained.

Let us make good use of the knowledge obtained in the

previous subsections to design the texture.
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Considering feature (1), the large pressure difference

induced by a dimple is preferable to obtain high average

gas pressure over the whole lubricated region in the case

where feature (2) is also satisfied. The pressure difference

for h0 ¼ 0 can be obtained by integrating dp=dx in Eq. (15)

over the dimple length ld. This indicates that a longer

dimple with the same depth can induce a larger pressure

difference. Let us check the effect of the length of the

dimple region on the pressure distribution in the problem of

a sliding surface with dimples. Figure 14 shows pressure

distributions for a shorter dimple of ld ¼ 23:04 lm and a

longer dimple of ld ¼ 46:08 lm for h0 ¼ 0:14 lm under the

condition of lf ¼ 23:04 lm, d ¼ 1:44 lm, and U ¼ 10 m/s.

The pressure distribution for a short dimple shown in

Fig. 14a is the same as the MGL result for U ¼ 10 m/s

shown in Fig. 5. Let us refer to this case as the reference

case. A larger pressure difference is obtained for the longer

dimple as expected. The superficially averaged gas pres-

sure �psurf for the reference case is 1.0190 atm, whereas that

for the case of the longer dimple is 1.0323 atm. We can say

that a higher averaged gas pressure can be obtained by

extending the dimple length ld.

As mentioned in Sect. 3.4, the increase of KD0 will

result in the benefit of feature (2) of a pressure distribution

over the flat region in the high Knudsen number flow

regime. To increase KD0 under the condition of constant

values of the clearance h0, the sliding speed U and the

ambient pressure pa, we can extend the length of the flat

region. Let us double the length of parallel plates under the

condition of h0 ¼ 0:01 lm, pi ¼ 1:2 atm, po ¼ 0:8 atm,

and U ¼ 10 m/s in the problem of sliding of two parallel

plates, as shown in Fig. 15. The pressure distribution for

the case of the original length l ¼ 10 lm before extension

is shown in Fig. 10 above. In this case, the pressure gra-

dient at the inlet is 0 and that at the outlet is steep. If the

plates are extended without changing the pressures pi and

po at the inlet and the outlet as shown in Fig. 15, the

pressure p will become equal to the maximum pressure pi

in the extended region �l\x\0, and hence, the pressure

gradient dp=dx will become 0 in this region, and further-

more, the pressure distribution in the original sliding region

0\x\l will be unchanged. This expected uniform pres-

sure distribution in the extended region �l\x\0 indicates

that there will be no component of the Poiseuille flow and

that the flow rate of the Couette flow component will be

constant in this region. Consequently, this expected dis-

tribution satisfies the continuity equation in the extended

region �l\x\0. Figure 16 shows pressure distributions

obtained by MGL calculations for the original plates and

for the extended plates. Such pressure distributions as

expected above have been obtained. The pressure distri-

butions over the original sliding region 0\x\l for both

cases agree exactly. This is because dp=dx ¼ 0 at x ¼ 0 in

both cases.

Let us check the effect of extending the length of the flat

region on the pressure distribution in the problem of a

sliding surface with dimples. Figures 17 and 18 show

pressure distributions for the shorter original flat region of

lf ¼ 23:04 lm and the longer extended flat region of

lf ¼ 46:08 lm for the cases of narrower clearance

h0 ¼ 0:0028 lm and wider clearance h0 ¼ 0:14 lm,

respectively, under the condition of ld ¼ 23:04 lm,

d ¼ 1:44 lm, and U ¼ 10 m/s. In the case of

h0 ¼ 0:0028 lm, the gradient at the inlet of the flat region

is 0 even for the shorter original flat region. Therefore, as

well as the case of Fig. 16, the pressure distribution in the

right side of the longer flat region in Fig. 17b agrees well

with that in the original flat region in Fig. 17a, and the

Fig. 13 Effect of the magnitude of the inverse Knudsen number D0

under constant KD0 on the pressure distribution in the case of the

sliding of two parallel plates. (Pi ¼ 1:2, Po ¼ 0:8)

(a)

(b)

Fig. 14 Effect of the length ld of the dimple region on the pressure

distribution: a ld ¼ 23:04 lm; b ld ¼ 46:08 lm. (lf ¼ 23:04 lm,

d ¼ 1:44 lm, U ¼ 10 m/s, and h0 ¼ 0:14 lm)
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pressure is uniform and equal to its maximum over the left-

side extended part of the longer flat region in Fig. 17b. In

the case of h0 ¼ 0:0028 lm, the superficially averaged gas

pressure �psurf for the case of the shorter original flat region

is 1.3452 atm, whereas that for the case of the longer

extended flat region is 1.4597 atm. In the case of the wider

clearance h0 ¼ 0:14 lm, feature (2) of a pressure distribu-

tion becomes stronger by extending the flat region, as

shown in Fig. 18. This is because the value KD0 for the flat

region increases in proportion to its length lf . In the case of

h0 ¼ 0:14 lm, the superficially averaged gas pressure �psurf

for the case of the shorter original flat region is 1.0190 atm,

whereas that for the case of the longer extended flat region

is 1.0325 atm. We can say that the higher averaged gas

pressure �psurf can be obtained by extending the length of

the flat region, lf .

The results obtained above indicate that if we extend the

length of both regions, we will obtain higher average gas

pressure. Figure 19 shows the pressure distribution for the

case where the lengths of both regions for the reference

case shown in Fig. 14a are doubled. The superficially

averaged gas pressure �psurf increases from 1.0190 to

1.0601 atm by doubling both lengths. Extending the whole

surface structure doubly in the sliding direction without

changing its depth results in doubling the bearing number

Kð¼ 6lUlT=pah2
0Þ without changing the characteristic

inverse Knudsen number D0 in the non-dimensional MGL

equation (20). From the definition of K, doubling the

sliding speed U also results in doubling the bearing number

K without changing D0. Therefore, we can say that both

operations have the same effect on the pressure distribu-

tion. The same non-dimensional pressure distribution will

Fig. 15 Extension of the length of the sliding parallel plates

Fig. 16 Effect of the length of the sliding parallel plates on the

pressure distribution. (h0 ¼ 0:01 lm, pi ¼ 1:2 atm, po ¼ 0:8 atm, and

U ¼ 10 m/s)

(a)

(b)

Fig. 17 Effect of the length lf of the flat region on the pressure

distribution: a lf ¼ 23:04 lm; b lf ¼ 46:08 lm. (ld ¼ 23:04 lm,

d ¼ 1:44 lm, U ¼ 10 m/s, and h0 ¼ 0:0028 lm)

(a)

(b)

Fig. 18 Effect of the length lf of the flat region on the pressure

distribution: a lf ¼ 23:04 lm; b lf ¼ 46:08 lm. (ld ¼ 23:04 lm,

d ¼ 1:44 lm, U ¼ 10 m/s, and h0 ¼ 0:14 lm)
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be obtained over the non-dimensionalized space as a result

of either operation. If the whole surface structure is

extended in the sliding direction without changing its

depth, the high average gas pressure �psurf can be obtained

as if the sliding speed U is increased at the same rate.

Conversely, if we double the length of the whole surface

structure in the sliding direction without changing its depth,

the same average gas pressure �psurf can be obtained even

when half sliding speed U is used.

3.6 Optimal Choice of the Dimple Location

So far, pressure distributions on a textured surface have

been discussed under the condition that the spatially

averaged pressure �pspace is equal to the ambient pressure pa.

In the case where the textured surface pattern is repeated

infinitely in the sliding direction as the circumferential gas

seal with dimples in [4], applying such a condition would

be reasonable. However, in the case of the textured slider

with finite size such as a typical magnetic recording slider,

the lubricated region is connected to ambient air at both

ends of the slider. The pressures at both ends of the tex-

tured slider should be assumed to be the ambient pressure

pa. The average gas pressure exerted on the textured slider

surface will depend on which part of the repeated surface

pattern is connected to ambient air. Settling the location of

the boundaries with ambient air in the repeated surface

pattern corresponds to settling the location of the dimple in

the period of the repeated surface pattern. See Fig. 20. The

dashed lines in Fig. 20 represent borders between two

adjacent periods of the repeated surface pattern. These

figures show where the dimple is located within the period,

i.e., they also show which part of the repeated surface

pattern is connected to ambient air. In this subsection, the

effect of the dimple location, i.e., the boundary location in

the repeated surface pattern, on obtainment of high average

gas pressure is discussed.

Figure 20 shows the four dimple locations considered

here. At the beginning and the end of the repeated surface

pattern, the lubricated region is connected to ambient air

with pa. Figure 21 shows pressure distributions for these

dimple locations. The line figure in the lower half of each

figure shows the shape of the lubricated region. See also the

pressure distribution shown in Fig. 14a, which is the cor-

responding case where the conditions except the presence

or absence of boundaries with ambient air are the same as

in the cases shown in Fig. 21. The pressure distributions in

Figs. 14a and 21 have almost the same shape. Depending

on the values of the pressure at the points in Fig. 14a which

correspond to the boundaries with ambient air in Fig. 20,

the pressure distribution is shifted upward or downward as

shown in Fig. 21. If the points with lower pressure in

Fig. 14a are chosen as the boundaries with ambient air, the

pressure distribution is shifted upward. Conversely, if the

points with higher pressure are chosen, the pressure dis-

tribution is shifted downward.

Undoubtedly, choosing the points where the gas

pressure is minimum in the pressure distribution of

Fig. 14a as the boundaries with ambient air is the best

policy to obtain high gas pressure. The minimum points

are located in the vicinities of the inlets of the dimples

in the cases considered here, as shown in Figs. 7, 14, 19,

and so on. Therefore, the best choice of the boundary

location is ‘‘the inlet of the dimple,’’ and in the other

words, the best choice of the dimple location is ‘‘the left

side of the period,’’ as shown in Fig. 20a. If the inlets of

the dimples are chosen as the boundaries, the pressures

at all points except the vicinities of the inlets of the

dimples are higher than the ambient pressure pa, as

shown in Fig. 21a. Since the minimum point of the gas

Fig. 19 Pressure distribution for the case where the lengths of both

the dimple region and the flat region for the reference case shown in

Fig. 14a are doubled. (ld ¼ lf ¼ 46:08 lm, d ¼ 1:44 lm, U ¼ 10 m/s,

and h0 ¼ 0:14 lm)

(a)

(b)

(c)

(d)

Fig. 20 Dimple locations in the period of the repeated surface

pattern: a left side; b middle; c right side; d both ends
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pressure is slightly separated from the inlet of the dim-

ple, as shown in Figs. 7, 14, 19, and so on, the gas

pressure only in the very small regions near the inlets of

the dimples is less than pa in Fig. 21a.

Putting the dimple at both ends of the period, as shown

in Fig. 20d, i.e., choosing the centers of the dimples as the

boundaries with ambient air, is acceptable, as shown in

Fig. 21d. The pressure distribution in Fig. 21d is close to

that in Fig. 14a for the case where the spatially averaged

gas pressure �pspace is set at the ambient pressure pa. The

reason for this is as follows. Since the space around the

center of the dimple occupies the majority of the whole

volume of one period of the lubricated region, the pressure

at the center of the dimple becomes close to �pspace, and

hence, close to pa in Fig. 14a for the case where

�pspace ¼ pa. Therefore, the two pressure distributions in

Figs. 21d and 14a are close.

Putting the dimple in the middle or in the right side of

the period, as shown in Fig. 20b or c, i.e., choosing the

middle points or the inlets of the flat regions as the

boundaries with ambient air, is unsuitable for obtaining

high gas pressure. The pressure becomes rather low for

such boundary locations, as shown in Fig. 21b, c. This is

because the pressure in most of the flat region except the

vicinity of its outlet is high, compared with that at the other

part, especially in the case of small clearance, as shown in

Fig. 17. Such a choice of boundary location makes the

pressure in most of the lubricated region lower than the

ambient pressure pa, as shown in Fig. 21b, c.

As we mentioned above, the gas pressure monotonically

increases over the dimple region in the x direction, i.e, in

the direction of the counter surface’s motion. The other

side of the coin is that the gas pressure monotonically

decreases over the dimple region in the �x direction, i.e., in

the direction opposite to the counter surface’s motion. In

the case where the dimple’s inlet is connected to the point

where the pressure is as high as the ambient pressure pa, as

shown in Fig. 21a, the pressure difference between the

inlet and the outlet of the dimple plays a role in making the

average gas pressure �psurf higher. Remember that the left

edge and the right edge of the dimple were termed ‘‘inlet’’

and ‘‘outlet’’, respectively, with respect to the direction of

net gas flow, i.e., with respect to the direction of the

counter surface’s motion in Sect. 3.1. Conversely, in the

case where the dimple’s outlet is connected to the point

where the pressure is as high as the ambient pressure pa, as

shown in Fig. 21b, c, the pressure difference between the

two ends of the dimple plays a role in lowering the average

gas pressure �psurf . The gas pressures �psurf averaged over the

whole surface for the cases of Fig. 21a–d are 1.1256,

0.9575, 0.9153, and 1.0268 atm, respectively. It can be

concluded that the proper setting of the dimple location is

important to obtain high average gas pressure.

Figure 22 shows the effect of the minimum clearance h0

on the gas pressure �psurf averaged over the whole bottom

surface of the slider for the four dimple locations defined in

Fig. 20. In the cases where the dimple is located in the ‘‘left

side’’ or located at ‘‘both ends’’ of the period as shown in

Fig. 20a, d, the gas pressure �psurf increases from the

ambient pressure pað¼ 1 atmÞ as the clearance h0 decrea-

ses. Therefore, a higher lift force �psurf � pa can be obtained

for smaller h0 for such dimple locations. In contrast, in the

cases where the dimple is located in the ‘‘middle’’ or the

‘‘right side’’ of the period, as shown in Fig. 20b, c, the gas

(a)

(b)

(c)

(d)

Fig. 21 Pressure distributions for the four dimple locations: a left

side; b middle; c right side; d both ends. (ld ¼ lf ¼ 23:04 lm,

d ¼ 1:44 lm, U ¼ 10 m/s, and h0 ¼ 0:14 lm)
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pressure �psurf decreases from the ambient pressure pað¼
1 atmÞ as h0 decreases. Since the superficially averaged gas

pressure �psurf is less than pa in the case of such dimple

locations, the downforce pa � �psurf is exerted on the slider.

Figure 22 shows that the downforce obtained for such

dimple locations becomes stronger as h0 decreases. Note

that as h0 decreases, the deviation of �psurf from pa becomes

larger for any dimple location. This is because the pressure

difference between the two ends of the dimple, which

induces lift force or downforce, becomes stronger as h0

decreases. The gas pressures �psurf for the dimple location

‘‘both ends’’ shown in Fig. 22 are close to those for the

case of �pspace ¼ pa shown in Fig. 8 for the aforementioned

reason. The gas pressures �psurf for the optimal dimple

location ‘‘left side’’ shown in Fig. 22 are much higher than

those for the case of �pspace ¼ pa shown in Fig. 8.

The knowledge about pressure generation on a textured

surface, which was obtained in the foregoing subsections

under the condition of �pspace ¼ pa, is applicable to the cases

where the dimple is located in the ‘‘left side’’ or located at

‘‘both ends’’ of the period. Even in those cases, features (1)

and (2) of a pressure distribution play a key role in the

generation of higher gas pressure, and furthermore, smaller

clearances, longer dimple regions, longer flat regions, and

higher sliding speed U can make the average gas pressure

�psurf higher. However, note that a wrong choice of the

dimple location in the period of the repeated surface pat-

tern can spoil the desirable effects of features (1) and (2),

as shown in Fig. 21b, c. In the cases of such dimple

locations as ‘‘right side’’ and ‘‘middle’’ in Fig. 20b, c,

feature (1), i.e., the pressure difference between the two

ends of the dimple plays a role in reducing the average gas

pressure �psurf as mentioned above.

Figure 23 shows the effects of the length lf of the flat

region and the length ld of the dimple region on pressure

generation in the case where the lubricated region is con-

nected to ambient air at both ends of the textured slider and

the dimple is located in the ‘‘left side’’ of the period of the

repeated surface pattern, as shown in Fig. 20a. Note that the

case shown in Fig. 23a is the same as the case shown in

Fig. 21a. In the case where the length lf of the flat region is

doubled, as shown in Fig. 23b, the average gas pressure �psurf

increases from 1.1256 atm for the case of Fig. 23a to

1.1538 atm. In the case where the length ld of the dimple

region is doubled, as shown in Fig. 23c, the average gas

pressure �psurf increases to 1.2011 atm. Furthermore, in the

Fig. 22 Effect of the clearance h0 on superficially averaged gas

pressure �psurf for the four dimple locations defined in Fig. 20.

(ld ¼ lf ¼ 23:04 lm, d ¼ 1:44 lm, U ¼ 10 m/s)

(a)

(b)

(c)

(d)

Fig. 23 Effects of the length lf of the flat region and the length ld of

the dimple region on the pressure distribution in the case where the

dimple is located in the left side of the period of the repeated surface

pattern as shown in Fig. 20a: a ld ¼ lf ¼ 23:04 lm; b ld ¼ 23:04 lm,

lf ¼ 46:08 lm; c ld ¼ 46:08 lm, lf ¼ 23:04 lm; d ld ¼ lf ¼ 46:08 lm.

(d ¼ 1:44 lm, U ¼ 10 m/s, and h0 ¼ 0:14 lm)
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case where the lengths of both regions are doubled, as shown

in Fig. 23d, the average gas pressure �psurf increases to

1.2521 atm. In the case where the sliding speed U is doubled

from the case of Fig. 23a, �psurf increases from 1.1256 to

1.2521 atm (not shown), as well as in the case where the

length of whole region is doubled as shown in Fig. 23d. This

is because both operations have the same effect on the

pressure distribution, as mentioned in Sect. 3.5.

As mentioned in Sect. 3.2, the asymmetric pressure

distribution over the dimple region in which the pressure

rise over the converging region is greater than the pressure

drop over the diverging region is beneficial for obtaining

high average gas pressure in the case where �pspace is set at

pa. Note that the words ‘‘pressure rise’’ and ‘‘pressure

drop’’ mean ‘‘rise’’ and ‘‘drop’’ with respect to the gas

pressure averaged in the dimple region. In the case where

the minimum points of gas pressure are chosen as the

boundaries with ambient air, as shown in Fig. 21a, the

aforementioned asymmetric shape of pressure distributions

in the dimple region is no longer beneficial for obtaining

high gas pressure. Rather, inducing a large pressure dif-

ference between the two ends of the dimple is important for

realizing high gas pressure generation.

4 Conclusions

From our theoretical analysis, the following points can be

concluded:

1. The following two features of a pressure distribution on

a textured surface play a key role in generating high gas

pressure. The first feature, namely ‘‘feature (1),’’ is that

the gas pressure increases in the direction of the counter

surface’s motion over the dimple region. The second

feature, namely ‘‘feature (2),’’ is that the pressure

distribution over the flat region is convex upward. The

combination of a gentler gradient at the inlet of the flat

region and a steeper gradient at the outlet of the flat

region is more beneficial because the high gas pressure

obtained at the outlet of the dimple region can be

maintained for a long distance in the flat region.

2. The causes of features (1) and (2) were explained

theoretically on the basis of the continuity equation in

the high Knudsen number flow regime and its deriv-

ative, i.e., the MGL equation.

3. In the continuum flow regime, the bearing number K
governs the pressure distribution, whereas in the high

Knudsen number flow regime the product KD0 plays

a key role in determination of the pressure distribu-

tion over the flat region. The magnitude of inverse

Knudsen number D0 has a secondary effect which

modifies the pressure distribution through the flow

rate coefficient for the Poiseuille flow, QPðD0Þ. As

KD0 increases, feature (2) becomes stronger, i.e., the

pressure gradient at the inlet of the flat region

becomes gentler and that at the outlet of the flat

region becomes steeper.

4. As the minimum clearance h0 decreases or as the

sliding speed U increases, both features (1) and (2)

become more remarkable. The effect of h0 on feature

(1) was explained by considering the situation where

gas is leaking through the narrow clearance from the

dimple to the next dimple in the case where both

surfaces are almost in contact. As the clearance h0

increases, the pressure increase over the dimple is

reduced by increasing gas leakage. The reason why

increasing U enhances feature (1) can be understood

from the fact that the pressure gradient dp=dx in the

dimple region is positive and is in proportion to U in

the case of h0 ¼ 0. The reason why decreasing h0 and

increasing U enhances feature (2) is because both

operations result in the increase of KD0 since

KD0 / U=h0.

5. In the case where both ends of the textured slider with

the repeated surface pattern are connected to ambient

air, the choice of the dimple location in the period of

the pattern is important. Putting the dimple in the inlet

side of the period is optimal for generating high

average gas pressure �psurf , and hence, it produces high

lift force. Putting the dimple at both ends of the period

is acceptable, and it produces moderate lift force as

much as that in the case where the spatially averaged

gas pressure �pspace is set at the ambient pressure pa. On

the other hand, putting the dimple in the outlet side or

in the middle of the period makes the superficially

averaged gas pressure �psurf less than the ambient

pressure pa, and hence, it produces downforce.

Decreasing h0 makes lift force and downforce stronger

in each case due to enhancement of feature (1).

6. As expected on the basis of our understanding of the

mechanism of high gas pressure generation, longer

dimple regions, longer flat regions, and higher sliding

speed increase the pressure �psurf in the case where the

dimple is located in the inlet side of the period. If the

whole surface structure is extended in the sliding

direction without changing its depth, higher average

gas pressure can be obtained as if the sliding speed U

is increased at the same rate, and conversely, the same

pressure �psurf can be obtained even when the sliding

speed U is inversely reduced. For example, if the

surface structure is doubled or tripled in the sliding

direction without changing its depth, the same pressure

�psurf can be obtained even when a sliding speed U of

one-half or one-third is used.
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