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Investigation on the Influence of the Interfacial Slippage on the
Whole Moving Surface in an Inclined Fixed Pad Thrust Slider

Bearing

Huansheng Cheng and Yongbin Zhang’

College of Mechanical Engineering, Changzhou University, Changzhou, Jiangsu Province, China

Abstract: The influence of the interfacial slippage on the whole moving surface on the carried load and friction
coefficient of an inclined fixed pad thrust slider bearing is analytically investigated. The calculation results show that the
carried load of this mode of bearing is normally much lower than that of the conventional inclined fixed pad thrust slider
bearing, while the friction coefficient of this mode of bearing is significantly higher than that of the conventional bearing,
when the operating condition is the same. With the reduction of the contact-fluid interfacial shear strength on the moving
surface, the performance of this mode of bearing is worsened. These results suggest the necessity of preventing the
interfacial slippage on the moving surface in an inclined fixed pad thrust slider bearing.
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1. INTRODUCTION

In fluid mechanics, the contact-fluid interfacial
slippage was found long time ago [1-3]; It will change
the flow through a channel not to be predictable from
the classical flow theory. It was suggested that the
boundary condition should be generally considered as
the interfacial slippage in a fluid flow [4].

The hydrodynamic bearings have been designed
according to conventional hydrodynamic lubrication
theories [5], which ignore the contact-fluid interfacial
slippage. The actual performances of those bearings
were found to be often inferior to the classical theory
predictions. A lot of factors have been considered for
explaining this phenomenon, including the lubricant film
viscous heating effect, the lubricant non-Newtonian
effect and the surface roughness effect [6-8]; But no
satisfactory explanations were obtained.

Rozeanu and Snarsky [9, 10] and Rozeanu and
Tipei [11] experimentally found that the contact-fluid
interfacial condition on the moving shaft surface has a
pronounced influence on the load-carrying capacity of a
hydrodynamic journal bearing. They suggested the
contact-fluid interfacial slippage responsible for the
great reduction of the carried load of the bearing.
Jocobson and Hamrock [12] also analytically showed
that the interfacial slippage can significantly reduce the
carried load of a lubricated line contact at small slide-
roll ratios. Zhang et al. [13] analytically showed the
drastic reduction of the carried load of a lubricated line
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contact at high slide-roll ratios, caused by the interfacial
slippage. Yan et al. [14] analytically showed that the
interfacial slippage can severely worsen the
performance of a hydrodynamic lubricated step bearing
with normal contact surfaces, including reducing the
carried load of the bearing but increasing the friction
coefficient of the bearing.

There have also been a lot of attempts to apply the
interfacial slippage for improving the performance of a
hydrodynamic bearing or for designing the novel
bearings with abnormal geometrical configurations
[15-17]. The design of these bearings relies on the
occurrence of the interfacial slippage in specific
lubricated areas.

The present paper aims to study the influence of the
interfacial slippage on the whole moving surface in a
hydrodynamic lubricated inclined fixed pad thrust slider
bearing. It can answer the questions that whether this
interfacial slippage can be applied for improving the
performance of the bearing or it should be prevented
for avoiding the deterioration of the performance of the
bearing.

2. WORKING CONDITION OF THE STUDIED
BEARING

Figure 1 shows the working condition of the studied
bearing where the interfacial slippage occurs on the
whole moving (lower) surface but is absent on the
stationary (upper) surface. The lubricating film
thicknesses respectively on the entrance and exit of the
bearing are h; and #,, the whole width of the bearing
is [, the tilting angle of the bearing is 6, and the sliding
speed of the bearing is u. The used coordinates are
also shown in Figure 1.
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The bearing in Figure 1 may occur in the condition
of high sliding speeds and heavy loads when the
moving surface has a weaker adsorption strength with
the lubricating fluid than the stationary surface. It can
also be artificially designed for a normal operating
condition when we take the moving surface as a
hydrophobic surface while take the stationary surface
as a hydrophilic surface.

= A
i

no-shppage —
i boundary T —

shppage ho

boundary \ 0

0 *
u
e

Figure 1: The studied hydrodynamic lubricated inclined fixed
pad thrust slider bearing.

3. ANALYSIS

An analysis was made for the carried load and
friction coefficient of the bearing in Figure 1 based on
the interfacial limiting shear strength model [18]. It is
based on the following assumptions:

1. Within the lubricating film, the fluid is Newtonian;

2. Across the lubricating film thickness, the film
pressure is constant;

3. The compressibility of the fluid is negligible;
4. The fluid is isoviscous;

5. The fluid inertia is negligible;

6. The fluid is in laminar flow;

7. The operating condition is isothermal and

steady-state.

3.1. Film Pressure and Volume Flow Rate

Within the lubricating film, the rheological model of a
Newtonian fluid reads:

v
=N 1
T=n7 (1)

where 7 is the fluid film shear stress, 1 is the fluid
dynamic viscosity, and v is the fluid film velocity in the
x coordinate direction.

The well-known momentum equilibrium equation for
an infinitesimal element of the fluid film is:

ap.vlip :al (2)
ox oz
where p,, is the fluid film pressure.

Substituting Eqg.(1) into Eq.(2) and rearranging gives
that:

WPyiip _ & 3)
ax aZZ
Integrating Eq.(3) yields that:
apslip ov
x M ta (4)
Substituting Eq.(4) into Eq.(1) yields that:
.
r= Dslip z-¢ (5)
ox

When the film slips on the moving surface, the
magnitude of the shear stress on the moving surface
will reach the fluid-moving surface interfacial shear

strength Ty ; Thus, according to ©/,_g=-7, it is
obtained that ¢, =7, .

Substituting ¢, =7,
Eq.(4) gives that:

into Eq.(4) and integrating

2 .
v= o Bh o ©)

Since no film slippage occurs on the stationary
surface, the film velocity on the stationary surface is

equal to the speed of that surface ie. v |,_p= 0

Thus, it is obtained that:

2
:/’l_BPs/ip —Tﬂh 7)
2n ox i

)

where h is the lubricating film thickness.

Substituting Eq.(7) into Eq.(6) and rearranging gives
the film velocity as:
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The volume flow rate per unit contact length through
the bearing is:

tph® 9P

—thdz—
D=l " T T T3 o

©)

Rearranging Eq.(9) gives the following Reynolds
equation for the whole lubricated area in the bearing
[13]:

apSliP _ 37, _ 3nq,

10
ox 2h K3 (10
Integrating equation (10) gives that:
R TR (11)
Psiip = 2k 2 Tsp tn €3

where k=tan(6) ,and ¢3 is an integral constant. By
using the boundary condition p|x=0 =0 , it is solved

that c3=3(Ng, / hi + Ty Inh;)/(2k) . Then the fluid film
pressure in the bearing is:

3 11 h
Psiip =5 | M4y Py +Txbl”;
1

By further using the boundary condition plle =0, it

(12)

is solved from Eq.(12) that:

h
T lnh—"
g =i (13)
Ny -—3)
h* g

3.2. Carried Load, Shear Stress, Friction Coefficient
and Interfacial Slipping Velocity

The carried load per unit contact length of the

bearing is:

!
Wslip = IO pdx

h 1 2] (14)
ho hi

3 h;
=——/[tgh,In—++1g4(h,—h)+ -2+
2k[ sb™o ho Ab( 0 1) an[hlz

The shear stress on the upper contact surface is:

9 T 3n
raza_ih—rsb:%b__hgv (15)
The shear stress on the lower contact surface is:

Tp =Ty (16)

The friction force per unit contact length on the
upper contact surface in the bearing is:

l 1 7 1 1
Fyasiip = fofadx = _Z[%b(ho ~ ;) +3nq, (—— —]]

hy h;
(17)

1

The friction force per unit contact length on the
lower contact surface in the bearing is:

) T,
Frpsiip = Jo Tpdx = fb(ho —h;) (18)
The friction coefficients on the upper and lower
contact surfaces in the bearing are respectively:

|Ff,a,slip| _ |Ff,h,slip|
fa,slip = v Jb,slip =
Wi Wi,
slip slip

(19)

The fluid film slipping velocity on the lower contact
surface is the film velocity on this surface minus the
moving speed of this surface, i.e. [13]:

3 h
Aub =V ‘ZZO —-u = Ay + Tsb
2h 1n

—u

(20)

For ensuring the occurrence of the fluid film
slippage, it should be satisfied that [13]:
Auy, <0 (21)

3.3. Normalization

For generality, the following dimensionless
parameters are defined:
Wslip pslipho qy — stho
W =—= , P, = , =— , Ty =—"-—
slip un slip un Qv uho sb un
F . .
= _ Y f.a,slip = _ Y f.b,slip X
g Ff,a,slip - un d Ff b,slip un , X = 7 d
h h;
H=— , H =+, oc=h—”
h h, [

3.3.1. For the Present Bearing

The dimensionless volume flow rate through the
bearing is:

T lnL
sb H.

Q=1 -
72_1
H;

(22)

where H; =1+k/a .
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The dimensionless pressure is:

3 1 1 _ H;
Psiip = E[Qv [??J Top In #}

1

(23)

where H=1+k(1-X)/ .

The dimensionless load carried by the bearing is:

3 |- - 1 2
Wi, = _F[M InH;+tg(1- Hi)+Qv[?+1—FH

i 1

(24)

The dimensionless friction force per unit contact
length on the upper contact surface in the bearing is:

— 1z 1
Ff.a,slip = ;{%}’(Hi ~1)+ 3Qv( 1)}

—— 25
i (25)
The dimensionless friction force per unit contact

length on the lower contact surface in the bearing is:

— T
Ffbslip = %(1 -H;) (25)

The friction coefficients on the upper and lower
contact surfaces in the bearing are respectively:

f = |Ff,a,slip| = |Ff,h,slip| (27)
a,slip — »Jb,slip —
Wslip Wslip

According to Eqg.(21), the condition for the present
bearing is:

Ay
i ] (28)

i 1

fsb <

3.3.2. For the Conventional Bearing

Conventional hydrodynamic lubricated thrust slider
bearings have been designed according to
conventional hydrodynamic lubrication theory [5], which
neglects the contact-fluid interfacial slippage. Those
bearings may exist for the condition of light loads and
low sliding speeds. However, for the condition of heavy
loads and high sliding speeds, those bearings may
actually become the present mode of the bearing,
where the interfacial slippage occurs on specific
bearing surfaces. If it occurs, conventional
hydrodynamic lubrication theory may fail to describe
the performance of such bearings because of ignoring
the interfacial slippage effect.

For comparison, the results for the bearing in Figure
1 given by conventional hydrodynamic lubrication
theory is also presented in this section. According to
conventional hydrodynamic lubrication theory [5], for
the conventional hydrodynamic lubricated inclined fixed
pad thrust slider bearing, where no interfacial slippage
occurs, the dimensionless volume flow rate per unit
contact length through the bearing is:

H.

Qv:1+H,-

The dimensionless pressure in the bearing is [5]:

6 1 1 1 1
Poom == Q| —5-— |+—-—
cony k|:Qv(HlZ Hz] H Hz}

The dimensionless load carried by the bearing is [5]:
6 1 2 1 1
Weomy =—— ———+1|+lIn———+1
cony k2 |:Qv [le H,‘ ] n Hl- Hi :l

The dimensionless friction force per unit contact
length on the upper contact surface in the bearing is

[5]:

- 1 1 1
Ff,a,c()nv = _E|:2h’LF+6QV [I—Fj:|

i i

(30)

(31)

(32)

The dimensionless friction force per unit contact
length on the lower contact surface in the bearing is [5]:

ff,b,conv :%|:4ln%+6Qv [I_Lj:| (33)

i H;

l

The friction coefficients on the upper and lower
contact surfaces in the bearing are respectively:

Fr . Frp.
f,a,conv f.,b,conv
fa,conv = |VVT O fb,conv = |VVT (34)
4. RESULTS

4.1. Pressure Distribution

Figure 2 shows the dimensionless pressure
distributions in the present bearing for different 7y, and
their comparisons with that (P,,,, ) calculated from
conventional hydrodynamic lubrication theory when
a=25x10%and 6=3.0x107 . It is shown that the
pressures in the present bearing are normally much
lower than those in the conventional hydrodynamic

inclined fixed pad thrust slider bearing for the same
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operating condition. With the reduction of the contact-
fluid interfacial shear strength 1y on the moving

surface, the pressures in the present bearing are
significantly reduced.
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Figure 2: Dimensionless pressure distributions in the present
bearing for different 74, and their comparisons with that
calculated from conventional
0=25x10%and =30x102 .

lubrication theory,

4.2, Carried Load

Figure 3 shows that the carried load of the present
bearing is normally much smaller than that of the
conventional hydrodynamic inclined fixed pad thrust
slider bearing for the same operating condition. The
carried load of the present bearing is significantly
reduced with the reduction of the contact-fluid

interfacial shear strength 7y on the moving surface.
Figure 3 also shows that for a given operating
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Figure 3: Dimensionless carried loads of the present bearing
and their comparisons with those of the conventional
hydrodynamic inclined fixed pad thrust slider bearing for the

same operating conditions, a=2.5x 107,

condition, there is an optimum tilting angle 6 which
yields the highest load-carrying capacity of the bearing.
This optimum 6 value for the present bearing is
obviously greater than that for the conventional

hydrodynamic inclined fixed pad thrust slider bearing
for the same case.

4.3. Friction Coefficient

Figures 4(a) and (b) respectively compare the
friction coefficients ( £, 4, and f, i, ) on the upper and
lower contact surfaces in the present bearing with
those (ficomw @nd  fycony) in the conventional
hydrodynamic inclined fixed pad thrust slider bearing
for the same operating conditions when o =2.5x 10
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Figure 4: Friction coefficients ( f; 4, and f; g, ) respectively

on the upper and lower contact surfaces in the present
bearing and their comparisons with those (f, ., and

Jb.cony ) In the conventional hydrodynamic inclined fixed pad

thrust slider bearing for the same operating conditions,
o=25x10".
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The friction coefficient in the present bearing is
independent on the interfacial shear strength 7, on
the moving surface as formulated above. It is shown
that for the same operating condition, the friction
coefficient in the present bearing is significantly greater
than that in the conventional hydrodynamic inclined
fixed pad thrust slider bearing especially when the
tilting angle 6 of the bearing is small.

CONCLUSION

The influence of the interfacial slippage on the
whole moving surface is analytically investigated in a
hydrodynamic inclined fixed pad thrust slider bearing
based on the interfacial limiting shear strength model.
In this bearing, there is no interfacial slippage on the
stationary surface. The calculation results show that for
the same operating condition, the load-carrying
capacity of the present bearing is normally much
smaller than that of the conventional hydrodynamic
inclined fixed pad thrust slider bearing, but the friction
coefficient of the present bearing is significantly higher
than that of the conventional bearing. It is shown that
the performance of the studied bearing is severely
deteriorated because of the occurrence of the
interfacial slippage on the whole moving surface. The
bearing performance is further deteriorated with the
reduction of the interfacial shear strength on the
moving surface. The present study strongly suggests
the necessity of preventing the interfacial slippage on
the whole moving surface for avoiding the inferior
performance of the bearing. The study supports the
experiment by Rozeanu and Snarsky [10] on the
interfacial slippage effect on the rotating shaft surface
in a hydrodynamic journal bearing.

REFERENCES

[1] Schnell E. Slippage of Water over Nonwettable Surfaces. J
Appl Phys 1956; 27: 1149-52.
https://doi.org/10.1063/1.1722220

[2] Churaev NV, Sobolev VD, Somov AN. Slippage of Liquids
over Lyophobic Solid Surfaces. J Colloid Interface Sci 1984;
.97: 574-81.
https://doi.org/10.1016/0021-9797(84)90330-8

[3] Craig VSJ, Neto C, Wiliams DRM. Shear-Dependent
Boundary Slip in an Aqueous Newtonian Liquid. Phy Rev Lett

4

(5]

6l

[

8]

&l

[10]

(1]

2]

(3]

[14]

(18]

[16]

7]

(18]

2001; 87: N0.054504.
https://doi.org/10.1103/PhysRevLl ett.87.054504

Thompson PA, Troian SM. A General Boundary Condition for
Liquid Flow at Solid Surfaces. Nature 1997; 389: 360-62.
https://doi.org/10.1038/38686

Pinkus O, Sternlicht B. Theory of hydrodynamic lubrication,
McGraw-Hill: New York 1961.
https://doi.org/10.1115/1.3636485

Din MD, Kassfeldt E. Wear Characteristics with Mixed
Lubrication Conditions in a Full Scale Journal Bearing. Wear
1999; 232: 192-98.
https://doi.org/10.1016/S0043-1648(99)00145-3

Gecim BA. Non-Newtonian Effects of Multigrade Oils on
Journal Bearing Performance. Trib Trans 1990; .33: 384-94.
https://doi.org/10.1080/10402009008981968

Tzeng ST, Saibel E. On the Effects of Surface Roughness in
the Hydrodynamic Lubrication Theory of a Short Journal
Bearing. Wear 1967; 10: 179-84.
https://doi.org/10.1016/0043-1648(67)90002-6

Rozeanu L, Snarsky L. The Unusual Behavior of a Lubricant
Boundary Layer. Wear 1977; 43: 117-26.
https://doi.org/10.1016/0043-1648(77)90047-3

Rozeanu L, Snarsky L. Effect of Solid Surface Lubricant
Interaction on the Load Carrying Capacity of Sliding
Bearings. ASME J Lubri Tech 1978; 100: 167-75.
https://doi.org/10.1115/1.3453130

Rozeanu L, Tipei N. Slippage Phenomena at the Interface
Between the Adsorbed Layer and the Bulk of the Lubricant:
Theory and Experiment. Wear 1980; .64: 245-57.
https://doi.org/10.1016/0043-1648(80)90131-3

Jacobson BO, Hamrock BJ. Non-Newtonian Fluid Model
Incorporated into  Elastohydrodynamic  Lubrication of
Rectangular Contacts. ASME J Trib 1984; 106: 275-84.
https://doi.org/10.1115/1.3260901

Zhang YB et al. An Analysis of Elastohydrodynamic
Lubrication with Limiting Shear Stress: Part I-Theory and
Solutions. Trib Trans 2002; 45: 135-44.
https://doi.org/10.1080/10402000208982532

Yan J, Jiang X, Zhu Y, Zhang YB. An Analysis for a Limiting
Shear Stress Effect in a Hydrodynamic Step Bearing. Part I.
First Mode of Boundary Slippage for Film Breakdown. J
Balkan Trib Assoc 2014; 20: 259-70.

Fortier AE, Salant RF. Numerical Analysis of a Journal
Bearing with a Heterogeneous Slip/No-Slip Surface. ASME J
Trib 2005; 127: 820-25.

https://doi.org/10.1115/1.2033897

Zhang YB. A Tilted Pad Thrust Slider Bearing Improved by
the Boundary Slippage. Meccanica 2013; 48: 769-81.
https://doi.org/10.1007/s11012-012-9630-6

Wang JY, Zhang YB, Pan LZ, Dong Y.W, Tang ZP. Abnormal
Hydrodynamic Step Bearing Formed by Boundary Slippage.
J Balkan Trib Assoc 2018; 24: 75-85.

Zhang YB. Review of Hydrodynamic Lubrication with
Interfacial Slippage. J Balkan Trib Assoc 2014; .20: 522-38.

Received on 5-4-2019

DOI: http://dx.doi.org/10.31875/2409-9848.2019.06.2

© 2019 Cheng and Zhang; Zeal Press.

Accepted on 19-6-2019

Published on 25-6-2019

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted, non-commercial use, distribution and reproduction in any medium,

provided the work is properly cited.


http://dx.doi.org/10.31875/2409-9848.2019.06.2

