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1. Introduction

In the analysis of hydrodynamic thrust bearings,
the surfaces were often assumed as rigid because of the
magnitude of the surface elastic deformation far lower than
the bearing clearance owing to low hydrodynamic film
pressures [1-4]. There have been also the researches on
these bearings by considering the surface elastic defor-
mation in the condition of relatively heavy loads and low
sliding speeds [5, 6]. In the big-size hydrodynamic thrust
bearings such as in hydrogenerators and turbo machines,
the surface clearance can be ultra low or even vanishing [7,
8]. In the micro thrust bearings, the surface separations are
intrinsically ultra low [9, 10]. It was found that when the
surface separation is smaller than one hundred times of the
thickness of the physically adsorbed layer on the bearing
surface, the effect of the physically adsorbed layer in the
bearing should be considered [11]. In a hydrodynamic
thrust bearing, when the surface separation is ultra low,
there will be the pure adsorbed layer area in the outlet zone,
while in the remaining areas the sandwich flows occur
consisting of both the adsorbed layer flow and the inter-
mediate continuum fluid flow. By using the multiscale
analysis, Wang and Zhang [12] studied the performance of
the hydrodynamic wedge-platform thrust bearing working
in this condition by assuming rigid surfaces. They showed
that when the surface clearance in the outlet zone of this
bearing is below 5nm, the hydrodynamic pressures can be
increased by 2 orders by the effect of the adsorbed layer
for the strong fluid-bearing surface interaction, compared
to the classical calculations; The dimensional pressures in
this bearing can be more than 100 MPa, so large as to
cause the surface elastic deformation significantly greater
than the surface clearance.

In the hydrodynamic thrust bearing with the ultra
low clearance on the 1nm scale, it is conjectured that the
resulting surface elastic deformation should often be com-
parable to or even greater than the surface separation, and
the effect of the surface elastic deformation should often be
pronounced. This now becomes a new research task. The
present paper aims to study the effect of the surface elastic
deformation in the hydrodynamic wedge-platform thrust
bearing with ultra low clearance by using the multiscale
approach. Interesting results have been obtained concern-
ing the significant effects of the surface elastic deformation
on both the film pressure distribution and the surface sepa-
ration profile in this bearing, which strongly depends on
the fluid-bearing surface interaction.

2. Studied bearing with surface elastic deformation

By considering both the surfaces as rigid, Wang
and Zhang [12] studied the hydrodynamic wedge-platform
thrust bearing with ultra low clearance where there are
only the physically adsorbed layers (with the continuum
fluid film vanishing) in the outlet zone, close to the outlet
zone also only exist the physically adsorbed layers, and in
the remaining area of the inlet zone occurs the sandwich
film consisting of both the adsorbed layers and the inter-
mediate continuum fluid. When both the surfaces are con-
sidered as elastic, this kind of lubrication mode may also
exist except the reduced area of the pure adsorbed layer
owing to the surface elastic deformation, as shown by Fig.
1, a. However, owing to the surface elastic deformation,
the surface separations may be increased so that the sand-
wich film will occur in the whole hydrodynamic area of
the bearing, as shown by Fig. 1, b; This is another lubrica-
tion mode in the studied bearing. The present study ad-
dresses both of these two lubrication modes.

In Figs. 1, a and b, hy is the surface separation,
htot,0 i the surface separation on the exit of the bearing, h is
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Fig. 1 The two lubrication modes in the hydrodynamic
wedge-platform thrust bearing with ultra low clear-
ance and surface elastic deformation: a - hito < 2 hpy,
b - htot,o >2 hbf
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the continuum fluid film thickness, hy is the thickness of
the adsorbed layer, 1; and 1> are respectively the widths of
the outlet and inlet zones, and the coordinates are also
shown.

3. Analysis

As done by Wang and Zhang [12], the present
study uses the non-continuum nanoscale flow equation to
describe the pure adsorbed layer flow and the multiscale
flow equations to describe the flow of the sandwich film.
By this way, the solution is sufficiently fast to satisfy the

c. the bearing surfaces are perfectly smooth;
d. no interfacial slippage occurs on any interface;
e. the condition is isothermal and steady-state.

3.1. Governing equations

Some mathematical equations are fundamental
and may be repeated in this section. When the intermediate
continuum fluid film is present between two adsorbed lay-
ers as shown by the sandwich film, the governing equation
is [12]:
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here: Apt = hpi/h, p is the hydrodynamic pressure, x is the
coordinate in the flow direction, u is the sliding speed and
positive, p and 7 are respectively the bulk density and the
bulk viscosity of the fluid, pg, and 7, are respec-

tively the average density and the effective viscosity of the
physically 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, qo = 4j:1/ 4; (4 is the separation be-
tween the (j +1)" and j™ fluid molecules across the ad-

sorbed layer thickness) and qp is averagely constant, n is
the equivalent number of the fluid molecules across the

adsorbed layer thickness, 4n-2 is the separation between the
neighboring fluid molecules across the adsorbed layer
thickness just on the boundary between the adsorbed layer
and the continuum fluid film, and the formulations for Fy,
F» and & were shown in [12].

When the intermediate continuum fluid film is
absent because of too small surface separations and there is
thus only the physically adsorbed layer across the whole
surface separation, the governing equation is [12]:
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where: A=6uny, /S, B=12x], /(Spjfﬁ,z) . Py, and

nﬁfﬁ,z are respectively the average density and the effective

viscosity of the adsorbed layer across the whole surface
separation, and S is the parameter accounting for the
non-continuum effect of the adsorbed layer.

3.2. Numerical calculation

Owing to the surface elastic deformation, the cur-
rent problem is highly non-linear, and the numerical ap-
proach is mandatory for finding the solution. In the present
calculation, there are evenly distributed (N+1) discretized
points in the whole lubricated area in the bearing, as shown
in Figs. 1, aand b.

3.2.1. Numerical analysis for the bearing

By forward difference, the pressure on the J™ dis-
cretized point is:
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where: ay, by, ¢;, dj, Ay and B; are the values of the corre-
sponding parameters on the J" discretized point, p; and p;.1
are respectively the pressures on the J" and (J - 1) discre-
tized points, and & = (I1+12)/N.

Considering the surface elastic deformation, the
surface separation on the J™ discretized point is expressed
as:

ijwz
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where: ho is constant, Ey is the compound Young’s modu-
lus of elasticity of two bearing surfaces, and
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here @is the wedge angle of the bearing.

The thickness of the intermediate continuum fluid
film on the J™ discretized point is:
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Based on the boundary condition po = 0, the pres-
sure on each discretized point was calculated step by step
by using the following equation:

P, = po+ki(pk ~Pea)s 9)

for J=1, 2,..., N; where (p, —p,,) is calculated from

Eq. (5).
The load per unit contact length carried by the
bearing is:

(10)

4. Numerical calculation
4.1. Numerical integration

In Egs. (6) and (8), there is the following integra-
tion:

2
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o, p(s)In(x, —s)2 ds. (11)

Because the pressure distribution p(s) can not be
formulated by the explicit function, this integration can
only be numerically calculated by interpolating p(s). Eq.
(11) is thus approximately formulated as:
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here, X«_1, X and X, are respectively the x coordi-

nates of the (K-1)", K" and (K+1)™ discretized points. It is
then found that:
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4.2. Numerical solution procedure

Fig. 2 shows the numerical solution procedure
used in the computer calculation. k, is the order number of
the iteration calculation; p©, hix® and w(® are respectively
the hydrodynamic pressure, surface separation and bearing
load calculated for rigid surfaces; hito, is the surface sep-
aration on the exit of the bearing calculated for rigid sur-

faces , ®") is the value of @ in the k. iteration; p'*")

is the hydrodynamic pressure in the k. iteration; hmt("")
is the value of hy in the ko iteration; & is the relaxation
factor; wgix and Wr(:) are respectively the calculated
bearing loads for elastic surfaces when heo = hgomax and
hoo = hoom. Q¥*Y s the dimensionless mass flow rate per

unit contact length through the bearing obtained in the

Set the operational parameter values

Calculate p”, hy,/” and w®

[ Pema=hionartd | hoomimhiard |

Poon=(HoometRoomin)/2

——=]  Calculate ) under p* |

| Calculate £, ) When Hoe=loomax ad Ho=hoom respectively |
| Calculate p® D7 under 71,01 I

[ttt
ubstitute Q%) and 0" to calculate
P&y and pi” respectively
(k1
No 1 #5D-p % |

[Vl

Calculate 1,2 and /" when Hoo=Hoo,max
and foe=Hoo m respectively

2( hoomax=Hoomin)

Wiomat Tl 01202

Fig. 2 The numerical solution procedure



(kn+1)™  iteration and it is  satisfied  that
Qlad < Qo) <l Here, it is defined that

Qm = 0m / Upahieo. Then, the pressures on all the discre-
tized points can be calculated from the equations shown

above, by starting the calculation from the exit of the
bearing. pl"P® and p{nrU° are respectively the hy-

N ,min

drodynamic pressures on the entrance of the bearing when

Qi =Qfini and QY = (Qlni +Qi%)2 ; The
value of Qn will be obtained when the following conver-
gence criterion is satisfied:
2| QS — Qi Q! + Q)| < 0.1% .
4.3. Parameter formulation

According to the Roelands fluid viscosi-

ty-pressure relation [13], the bulk viscosity of the fluid
filmonthe J™ discretized point is expressed as:
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=1, exp{(ln 7 +9.67)[ (1+5.1E-9p, )’ —1}} (15)

where z = a/ [5.1E-9(In772+9.67)], na is the fluid bulk vis-
cosity at ambient pressure, and « is constant.

At relatively low pressures, the dependence of the
fluid bulk density on fluid pressure is nearly linear, and the
bulk density of the fluid film on the J" discretized point is
expressed as:

P31 = Pa (1+ﬂ' pJ-l)a (16)
where p, the fluid bulk density at ambient pressure and S is
constant.

Define and

Cyl(Hbf,l) 77bf1/’7
qu(Hbf;L) = pyy | p, where Hog = hot / herpra, and herpra

is the critical thickness for characterizing the rheological
properties of the adsorbed layer in the sandwich film area.

Define Cya(Hor2) = Ugfﬁ,g I'n and Cg(Hbip) = Ptffﬁ‘z lp,

where Hyt2 = hiot / herpt2, herpr2 is the critical thickness for
characterizing the rheological properties of the adsorbed
layer which exists across the whole surface separation, and
herpi2 = 2herpra. The equation formulations for Cqi(Hor ),
Cq2(Hbi2), Cya(Hur1), Cy2(Her2) and S have been shown in
[12] and here are not repeated.

The weak, medium and strong fluid-bearing sur-
face interactions were respectively considered. The opera-
tional parameter values for these interactions are the same
with those shown in [12].

The other input operational parameter values are:
D =0.5nm, N = 1000, An2 1 D = Ax/ D = 0.15,
i =1,=100 um, 6= 1E-4 rad, a=1.6E-8 m?/N,
na=0.03 Pa-s, f#=4E-10 Pa!, E, = 2.09E+11 Pa, $=0.2.

5. Results

5.1. Effect of the surface elastic deformation on hydrody-
namic pressure distribution

Figs. 3, a-c compare the hydrodynamic pressure
distributions in the bearing calculated from the present

multiscale approach respectively for elastic and rigid sur-
faces when the fluid-bearing surface interactions are weak,
medium and strong. It is shown that the surface elastic
deformation greatly changes the film pressure profile in the
bearing although the film pressures may be no more than
2.4 MPa. This is especially significant for a strong flu-
id-bearing surface interaction. It indicates that the magni-
tude of the surface elastic deformation resulting from the
low pressures is indeed comparable to the surface separa-
tion. The effect of the surface elastic deformation pro-
nouncedly reduces the maximum film pressure, remarkably
increases the film pressures in the outlet zone, but reduces
the film pressures in the inlet zone. It appears to flatten the
film pressure profile in the bearing.
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Fig. 3 Comparison of the film pressure distributions in the
bearing calculated respectively for elastic and rigid
surfaces for different fluid-bearing surface interac-
tions when u=1E-5m/s: a - for the weak interac-
tion, w =192 N/m, b - for the medium interaction,
w=283N/m, ¢ - for the strong interaction,
w =622 N/m



5.2. Effect of the surface elastic deformation on the surface
separation profile

Figs. 4, a-c compare the surface separation pro-
files in the bearing calculated respectively for elastic and
rigid surfaces when the fluid-bearing surface interactions
are weak, medium and strong. It is shown that the surface
elastic deformation normally has a strong influence on the
surface separation profile in the present bearing especially
for a strong fluid-bearing surface interaction. We can no-
tice the “end constriction” resulting from the surface elas-
tic deformation. The effect of the surface elastic defor-
mation is shown to increase the surface separations in the
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Fig. 4 Comparison of the surface separation profiles in the
bearing calculated respectively for elastic and rigid
surfaces for different fluid-bearing surface interac-
tions when u=1E-5m/s: a - for the weak interac-
tion, w =192 N/m, b - for the medium interaction,
w=283N/m, ¢ - for the strong interaction,
w =622 N/m
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outlet zone including on the exit of the bearing (i.e. the
minimum surface separation). The surface separation
profiles in Figs. 4, a-c correspond to the film pressure
profiles in Figs. 3, a-c. Figs. 4, a-c directly show the
magnitude of the surface elastic deformation in the pre-
sent bearing on the same scale with the surface clear-
ance. It can be derived that if the film pressures are
higher for higher sliding speeds or/and bigger bearing
widths, the magnitude of the surface elastic deformation
would be larger than the surface clearance, and this
should bring much more significant effects of the sur-
face elastic deformation in the bearing.

6. Conclusions

The present paper investigates the effect of the
surface elastic deformation in the hydrodynamic
wedge-platform thrust bearing with the ultra low clearance
on the 1nm scale by the multiscale analysis. Because of the
surface elastic deformation, the lubrication status in this
bearing may be apparently different from that for rigid
bearing surfaces; The surface elastic deformation on the
same scale with or significantly larger than the bearing
clearance may result in the occurrence of the sandwich
film in the whole lubricated area of the bearing which con-
sists of both the adsorbed layers and the intermediate con-
tinuum fluid film. The surface elastic deformation expands
the sandwich film area but reduces the pure adsorbed layer
area with critically low surface separations.

The non-continuum nanoscale flow equation was
used to simulate the flow of the adsorbed layer occurring
across the whole surface separation. The multiscale flow
equations were used to simulate both the adsorbed layer
flows and the intermediate continuum fluid flow in the
sandwich film area. The coupling of these equations gives
an ultra fast solution for the engineering size of the bea-
ring. Because of the highly non-linear problem resulting
from the surface elastic deformation, the present solution
can only be obtained by the numerical approach.

The caluations have been made for varying opera-
tional paramter values. The conclusions are drawn as
follows:

a. The effect of the surface elastic deformaiton is
normally very significant in the studied bearing;

b. The magnitude of the surface elastic deforma-
tion even resulting from low pressures is comparable to or
on the same scale with the surface clearance in this bea-
ring;

c. It is possible that the magnitude of the surface
elastic deformation is much larger than the surface clea-
rance in this bearing in the condition of higher sliding
speeds or/and bigger bearing widths; In this case, the effect
of the surface elastic deformation should be very strong;

d. The surface elastic deformation greatly changes
both the film pressure profile and the surface separation
profile in the bearing. It appears to flatten the film pressure
profile by remarkably reducing the maximum film pressu-
re. However, it increases both the film pressures and the
surface separations in the outlet zone.
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C. Wang, Y. Zhang

MULTISCALE ELASTOHYDRODYNAMIC
WEDGE-PLATFORM THRUST BEARING WITH
ULTRA LOW CLEARANCE

Summary

The effect of the surface elastic deformation is
investigated by the multiscale approach in the hydrody-
namic wedge-platform thrust bearing with the ultra low
clearance on the 1nm scale, by incorporating both the
non-continuum pure adsorbed layer flow and the mul-
tiscale “sandwich” film flow. The pure adsorbed layer flow
in ultra small surface separations is described by the
non-continuum nanoscale flow equation; The “sandwich”
film flow is described by the multiscale flow equations
respectively for the adsorbed layer flow and the intermedi-
ate continuum fluid flow. The numerical calculation results
show that in the studied bearing, the effect of the surface
elastic deformation is normally significant, it pronouncedly
reduces the maximum film pressure, greatly changes both
the film pressure profile and the surface separation profile,
and considerably increases the minimum surface separa-
tion, which occurs on the exit of the bearing. The effect of
the surface elastic deformation is shown to be obviously
dependent on the fluid-bearing surface interaction.

Keywords: adsorbed layer, elastic deformation, hydrody-
namics, multiscale, pressure, thrust bearing

Received May 16, 2023
Accepted February 15, 2024

This article is an Open Access article distributed under the terms and conditions of the Creative Commons
Attribution 4.0 (CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

