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Study on Multiscale Hydrodynamic Step Bearing
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Abstract: In a step bearing, when the surface separation is so low that it is comparable with the thickness of the physical
adsorbed layer on the bearing surface, the physical adsorbed layer should have an influence on the bearing
performance. The present paper presents a multiscale analysis for this multiscale hydrodynamic bearing by considering
the effect of the adsorbed layer but neglecting the interfacial slippage on any interface. The adsorbed layer flow is
described by the nanoscale flow equation, and the intermediate continuum fluid flow is simulated based on the
Newtonian fluid model. The pressure distribution and carried load of the bearing were derived. Exemplary calculations
show that when the surface separation in the bearing outlet zone is below 100nm but no less than 10nm, for a weak
fluid-bearing surface interaction both the pressure and carried load of the bearing are just slightly higher than those
calculated from the conventional hydrodynamic lubrication theory, for a medium fluid-bearing surface interaction the
differences are further enlarged, and for a strong fluid-bearing surface interaction the differences are mostly enlarged.
The results show the very significant multiscale effect in this bearing resulting in the pronounced improvement of the
load-carrying capacity of the bearing by the medium and strong fluid-bearing surface interactions when the surface

separation in the bearing outlet zone is below 100nm.
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1. INTRODUCTION

Conventional hydrodynamic lubrication theories
have been established long time [1]. They have been
used for designing hydrodynamic lubricated thrust and
journal bearings. They take the fluid as continuum and
ignore the fluid-bearing surface interaction effect, which
may be significant for low bearing surface separations.
It is familiar that those theories can be successful for
relatively high surface separations. However, for very
low surface separations such as below 50nm, Chan
and Horn [2] found that conventional continuum
lubrication theory failed for the drainage force
experiment in a mica surface contact. They observed
the unexpected high drainage forces. They suggested
that for such cases the effect of the boundary layer
physically adhering to the contact surface should not
be neglected. They found that it was successful to
predict the experimental observation by assuming a
molecular scale solid layer on the surface and
calculating the equivalent viscosity of the continuum
fluid intervening between the two solid layers.

Because of the fluid-solid surface interaction, there
is an adhering layer on the solid surface with the
thickness of several molecule diameters [2, 3]. Both the
average density and effective viscosity of the layer are
normally considerably increased compared to the bulk
fluid values [2-5]. By the entrainment of the solid
surface or the pressure driving, there is the layer flow,
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which is on the molecular scale and distinctly different
from the conventional fluid flow. When the surface
separation is so low that it is comparable with the
thickness of the adsorbed layer, the layer flow rate may
be comparable to or even greater than the flow rate of
the intermediate continuum fluid. In this case, the
adsorbed layer effect should be significant and can not
be neglected.

It is obvious that conventional hydrodynamic
lubrication theories are insufficient for critically low
lubricating film thicknesses owing to neglecting the
effect of the adsorbed layer on the solid surface.
Currently, there are no theories developed for this low
film thickness range for describing the performances of
hydrodynamic lubricated bearings. The present study
aims to undertake this work by addressing a
hydrodynamic step bearing with low surface
separations.

2. MULTISCALE HYDRODYNAMIC STEP BEARING

The multiscale hydrodynamic step bearing with a
normal geometrical configuration is shown in Figure 1.
The bearing length is assumed as sufficiently large so
that the side leakage effect in the bearing is negligible.
In this bearing, the surface separation is so low that it is
comparable with the thickness #, of the adsorbed
layer on the bearing surface; Between the two
adsorbed layers is the continuum fluid flow, which is
here assumed as Newtonian. In the present study, the
adsorbed layers on the two bearing surfaces are
assumed as identical; The fluid-bearing surface
interaction may be weak, medium and strong.
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Figure 1: The studied multiscale hydrodynamic step bearing.

The upper bearing surface is stationary, and the
lower bearing surface is moving with the speed u. The
widths of the inlet and outlet zones of the bearing are
respectively [, and [, , and the bearing step size is A#x.
The surface separations in the inlet and outlet zones
are respectively 4, ; and 5, ,, and the continuum fluid

film thicknesses in these two zones are respectively #,

and #,. The used coordinates are also shown in Figure
1.

3. ANALYSIS

The flow of physical adsorbed layer can be modeled
by molecular dynamics simulation [6-10]. However, it
normally takes an unaffordable time for an engineering
problem. Here, the adsorbed layer flow is simulated by
the flow factor approach model [11], which was
developed for nanoscale flow. The flow of the
intermediate continuum fluid is simulated by the
Newtonian fluid model. The detailed analysis for the
multiscale flow in the bearing in Figure 1 based on the
simulation approaches has been shown in Ref.12. The
analysis is based on the following assumptions: (a) The
fluid inertia is negligible; (b) The flow is isothermal; (c)
The flow is in laminar flow; (d) The influences of the
fluid pressure on both the fluid density and the fluid
viscosity are negligible (e) The interfacial slippage
effect on any interface is neglected. These
assumptions are particularly allowable for the operating
condition of light loads and low sliding speeds.

3.1. For the Inlet Zone

In this sub-zone, the total mass flow rate per unit
contact length through the bearing is [12]:
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(1)
where A, =h, /h, u is positive, p is the fluid film

pressure, and n are respectively the bulk density and

bulk viscosity of the fluid, p;” o

the average density and the effective viscosity of the
physical adsorbed layer, D and Ax are respectively the

fluid molecule diameter and the separation between the
neighboring fluid molecules in the x coordinate

direction in the adsorbed layer, g,=A,,/A;(A; is the

separation between the (j+7)" and /" fluid molecules
across the layer thickness) and ¢, is constant,

e=QDI+ 1)/ [k, (n=1)A,/7,,,)

and n;;] are respectively

. ]!
avr ,n—1
,‘j;f (12D*¥ +6Dd) / hjf ,
number of the fluid molecules across the layer
thickness, and A,_, is the separation between the

neighboring fluid molecules across the layer thickness
just on the adsorbed layer-fluid interface. Here,

n—1 n-l
1 = ZI(AI /nline,l )avr,i ’ lP = Zi(lAl—l /nline,l—l )avr,i ’

i=1 i=l

F=n n is the equivalent

11 = Z[l(AI /nline,l )avr,i + (l + 1)(Al /nlin(',l )avr,i+l ]Al ’

i=0
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n=2
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viscosity between the /" and (-1)" fluid molecules

across the layer thickness, and 7, /1, .., =4; -

Integrating Eq. (1) gives that:
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where c; is an integral constant and
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Based on the boundary condition p|_,, =0, it is
solved from Eq.(2) that:
o Uh
¢, =—(11+12)[61m+“hhf/35[; + Z’pJ (4)
The pressure in the inlet zone is thus:
p(x)= E’[(x)-q”sz‘i(x), for [ <x<I+1 (5)
where
x=(1,+1,)
Rlx)=—— )
and
x=(1,+1,) o L Ul
£ (x) =75 w5 )

Equation (5) gives the pressure on the boundary
between the inlet and outlet zones as:

p |x=11: F;,i(ll)'qm t Fz,i(ll) (8)

3.2. For the Outlet Zone

In this sub-zone, the total mass flow rate per unit
contact length through the bearing is [12]:
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where A,,,=h,/h,.

In the conventional bearing condition, the bearing
surface separation h, in the outlet zone is far greater

than the thickness #,, of the adsorbed layer so that the

flow of the adsorbed layer in the whole bearing is

negligible and also both the values of 1. and 4,

approach to vanishing. For this condition, equations (1)
and (9) reduce to the conventional Reynolds equation
[1] for hydrodynamic lubrication, and the present
calculation results are the same with those calculated
from conventional hydrodynamic lubrication theory.

Integrating Eq. (9) gives that:

o, Ul
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where ¢ is an integral constant and
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Based on the boundary conditionp|_=0, it is

solved from Eq.(10) that c¢,=0. The pressure in the
outlet zone is thus:

p(x)=F, (x) q,+F,(x). for0<x </, (12)
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where
Fl,{,(x)=i (13)
and
Fz,,,(x)=i[ o+ J (14)

Equation (13) gives the pressure on the boundary
between the inlet and outlet zones as:

pl.=F,(1)q,+F, (1) (15)

3.3. Mass Flow Rate and Carried Load of the
Bearing

Solving the coupled equations (8) and (15) gives the
mass flow rate per unit contact length through the
bearing as:

Fz,o(ll)_ FVZJ(ZI)
E,f(ll)_Fl,o(ll) 1o

The load per unit contact length carried by the
bearing is:

q,=

1+,
w= IU pdx
=4,J, F de+ [

_4 112 l2 o7 uh q 122 122 o, Uh,
— Im1 +_ h 0 —m - h +_
24, 24, wPy * 2 p 24, 24, Py p

(17)

L+l L+l
F, (x)dx+q, L F(x)dx+ L F, (x)dx

3.4. Normalization

For generality, the results have been normalized
and the following dimensionless parameters are used:

I x h 1 ho A
Y= < ’ =—, r= —+=1+— ’
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a a una na
- h
FZ,o — 2,0 0
um,

Here, p, and 1), are respectively the bulk density
and the bulk viscosity of the fluid at ambient condition,

and h y is the critical film thicknesses.

3.4.1. For the Present Multiscale Analysis

Thus, EU,EL;‘,E],O and l_«“z,o are respectively:
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The dimensionless mass flow rate per unit contact
length through the bearing is:

= _
r"Foo—rkoy

0, == (24)
Fl,i —-r Fl,o

The dimensionless pressure in the inlet zone is:

Fau(X
Pl ),for V <x<i (25)
r y+1

The dimensionless pressure in the outlet zone is:
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3.4.2. For the Conventional Hydrodynamic Theory

For comparison, the results for the bearing in Figure
1 calculated from the conventional hydrodynamic
theory [1] are presented in this section.

The dimensionless hydrodynamic film pressure in
the bearing is:

and
v
P(X)=—KX(6+12 ,for 0 X <—— 29
(¥)=-Kx(6+120,) for 0= ¥ < 2 @)
where
wrl+r

__ 30
O 2ur +2 (30)

The dimensionless carried load by the bearing is:

2 5 ) 2
W(;J [szg +@+K]_[Lj (K7 +60,K°)
v +1 r r v+l "

(31)

4. CALCULATION

In the calculation, it was taken that
A _,/D=015,D=05and [ +,=2x10"nm.  The

The parameter Cy is expressed as[13]:

1 for H, 21
Cy(H,, )= ’ ’
Y(H,) ao+al/Hbf+az/Hbf2 . for0<H, <1
(33)
where q,,a, and q, are respectively constant.

F,, F, and ¢ are respectively regressed out as[13]:
F,=0.18(A,,/ D-1.905)(Inn—7.897) (34)

F,=-3.707x107*(A, ,/ D~1.99)(n+64)(q,+0.19)(y +42.43)
(35)

£=4.56x10"(A, ,/ D+31.419)(n+133.8)(g, +0.188)(y +41.62)
(36)

The weak, medium and strong fluid-bearing surface
interactions were respectively used. For the weak

interaction: 4, =7nm, y =0.5, n=3, ¢,=1.05; For the

medium interaction: h”’ .=20nm, y =1.0, n=5, ¢,=1.1;

by

For the strong interaction: h”’ .=40nm, y =1.5, n=8,

bf
q,=1.2. For these three interactions, the viscosity and

density parameter values are respectively shown in
Tables 1a and b. For the weak, medium and strong
fluid-bearing surface interactions, the thicknesses of
the adsorbed layer are respectively 1.65nm, 2.76nm
and 4.32nm.

Table 1a: Fluid Viscosity Data for Different Fluid-Bearing Surface Interactions [13]

arameter
n aO al aZ
Interaction
Strong 1.8335 -1.4252 0.5917
Medium 1.0822 -0.1758 0.0936
Week 0.9507 0.0492 1.6447x107*
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Table 1b: Fluid Density Data for Different Fluid-Bearing Surface Interactions [13]

arameter
m m m. m
Interaction ! ' : }
Strong 1.43 -1.723 2.641 -1.347
Medium 1.30 -1.065 1.336 -0.571
Week 1.116 -0.328 0.253 -0.041
5. RESULTS 1000 —
. . . o Medil.?m interaction
5.1. Pressure Distribution a00. <4 Wesk interacton
+ -~ Conventional calculation
For Ah=4nm and w=1, Figures 2(a)-(d)
600
respectively show the dimensionless hydrodynamic film
pressures in the bearing for the weak, medium and a
strong fluid-bearing surface interactions and calculated 0
from the conventional hydrodynamic theory when L Te
h, ,=10nm, 20nm, 30nm and 40nm. The film pressures 200+ gt TRy T
for the weak fluid-bearing surface interaction are just
slightly higher than those calculated from the U
conventional hydrodynamic theory for the film thickness v
range. For h ,=10nm, the film pressures for the (b) . =20nm
B t,0
medium fluid-bearing surface interaction are much
greater than those calculated from the conventional %0 E—
hydrodynamic theory, while those for the strong fluid- 250 T e nteracton
bearing surface interaction are far greater than those -+~ Conventional calcuiation
calculated from the conventional hydrodynamic theory. 200
These show the very significant multiscale effect in the
bearing and the significant influence of the fluid-bearing 150 R
surface interaction on the film pressure by the S
adsorbed layer when the bearing surface separation is 100 ' L
on the same scale with the thickness of the adsorbed e TR
layer. For the strong fluid-bearing surface interaction, 504 *‘ Sl
the adsorbed layer is heavily solidified, it is equivalent Ve
to significantly reduce the surface separation of the L
bearing, so the film pressure in the bearing is largely x
increased. For the weak fluid-bearing surface (c) h, ,=30nm
interaction, the adsorbed layer flows well, and its effect "’
on the film pressure is not obvious. The increase of #,, 1o E——
appears to alleviate the adsorbed layer effect and 120 4 L Medum eracton
results in the film pressures closer to the conventional |- Conventional calcuiation
ones for any fluid-bearing surface interaction. s .
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Figure 2: Dimensionless pressure distributions in the bearing
at different two solid surface clearance thicknesses, when

h, ,=40nm

Ah=4nm, y =1,1; +1,=2x10°nm
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5.2. Carried Load of the Bearing

Figure 3 shows the variations with the outlet surface
separation # , of the dimensionless loads carried by

the bearing respectively for the weak, medium and
strong fluid-bearing surface interactions and calculated
from the conventional hydrodynamic teory when
Ah=4nm and y=1. For h  <100nm, the multiscale

effect is very significant for both the medium and strong
interaction types and it greatly increases the load-
carrying capacity of the bearing especially when 4, , is

low. This indicates the correspondingly very significant
effect of the adsorbed layer, but strongly suggests that
we still can not conclude that the bearing has entered
into the non-continuum lubrication regime according to
the observation as there is a quite thick continuum fluid
film between the two adsorbed layers. The over high
load-carrying capacity is just because of the multiscale
effect in the bearing. For the weak fluid-bearing surface
interaction, the adsorbed layer effect is negligible and
the carried loads of the bearing are just a little higher
than those calculated from the conventional
hydrodynamic theory when h, , >10nm .

—=— Strong interaction

---»-- Medium interaction

- Week interaction

--+- Conventional calculation

hio (nm)

Figure 3: Variations with the outlet surface separation £, , of

the dimensionless load carried by the bearing for different
fluid-bearing surface interactions and conventionally

calculated when Ah=4nm and v =1.

Figure 4 shows that there is the optimum values of
the bearing step size A4 which give the strongest
multiscale effect for the medium and strong fluid-
bearing surface interactions for given values of v and
h, . The value of Ak deviating from this optimum one
alleviates the multiscale effect. When h,  =10nm, for
the weak fluid-bearing surface interaction, the carried
load of the bearing appears very close to the
conventional calculation for all Ak values.

;| =— Strong interaction
ooy ] e Medium interaction

& Week interaction
--»-- Conventional calculation

8.0x10° -

sox10° 4 |

40x10° o

2.0x10° |
| - A """""-r.-.,--...
[ . rsagg .
o peppettbbbbbiee B R D O i ot 5
0.0 =+ T T T T
] 4 8 12 16 20

Ah (nm)

-u—uy

Figure 4: Variations with the bearing step size Ah of the
dimensionless load carried by the bearing when y =1 and
h, ,=10nm.

Figure 5 shows that there is the optimum values of
v, which are around 0.5, for the strongest multiscale
effect for the medium and strong fluid-bearing surface
interactions in the present bearing. The value of v
deviating from this optimum one alleviates the
multiscale effect. When h,  =10nm, for the weak fluid-
bearing surface interaction, the carried load of the
bearing appears very close to the conventional
calculation for all v values.

122100

—=— Strong interaction
---+-- Medium interaction
4 Week interaction
-+~ Conventional calculation

1.0x10"

8.0x10° 4

& 6.0x10° -

4.0x10° 4
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| T T T

0 1 2 3 4

v

Figure 5: Variations with y of the dimensionless loads
carried by the bearing respectively for different fluid-bearing
surface interactions and conventionally calculated when
Ah=4nmand A, ,=10nm.

6. CONCLUSIONS

An analysis is presented for the multiscale
hydrodynamics in the step bearing where
simultaneously occur the adsorbed layer flow and the
intermediate continuum fluid flow. The analysis used
the flow factor approach model for nanoscale flow to
describe the adsorbed layer flow and used the
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Newtonian fluid model to describe the intermediate
continuum fluid flow. The interfacial slippage on any
interface was neglected. Based on the derived flow
equations for the adsorbed layer and the intermediate
continuum fluid, the explicit closed-form equations
formulating the pressure distribution and the carried
load of the bearing were obtained accounting for the
multiscale hydrodynamic effect. Exemplary calculations
were made respectively for the weak, medium and
strong fluid-bearing surface interactions. The following
conclusions are derived:

a) When the bearing surface separation is on the
same scale with the thickness of the adsorbed
layer, both the hydrodynamic pressure and the
carried load of the bearing are greatly increased
by the medium and strong fluid-bearing surface
interactions owing to the adsorbed layer effect;
However, the weak fluid-bearing surface
interaction normally just has a slightly increasing
effect.

b) For a wide outlet surface separation range, the
significant multiscale effects were found for both
the medium and strong fluid-bearing surface
interactions, and they very pronouncedly
increase the load-carrying capacity of the
bearing. It shows that we may still not be able to
conclude that the bearing has entered into the
non-continuum lubrication regime according to
the observation as there is a quite thick
continuum fluid film lasting between the two
adsorbed layers. The observed over high load-
carrying capacity of the bearing may be just
owing to the significant adsorbed layer effect.

c) There are the optimum values of the bearing
step size Ah and the bearing geometrical
parameter y for the strongest multiscale effect
when the fluid-bearing surface interaction is
medium or strong.
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