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1. Introduction

Hydrodynamic big-size thrust bearings have im-
portant applications in the large mechanical apparatus such
as hydrogenerators and turbine machinery [1]. Their diam-
eters can be several meters and they need to work with the

loads even on the scale of 1x10’ N and with the sliding
speeds on the scales of 10m/s or 100m/s [2]. Classical hy-
drodynamic lubrication theory [3] predicts that there
should still be sufficiently thick lubricating films in these
bearings which can well separate the coupled bearing sur-
faces. But actually these bearings often suffered from film
and pad failures with the surface seizure [4]. The effects of
the fluid non-Newtonian shear thinning, the surface rough-
ness and the fluid film viscous heating are unable to result
in the film breakdown in the bearing [5-7]. It was popular-
ly ascribed to the effect of the pad thermal distortion which
is very pronounced for big-size thrust bearings [8-10].

There is some literature on theoretically studying
the effect of the surface thermoelastic deformation in hy-
drodynamic lubricated thrust bearings by different methods
[11-14]. These studies are based on continuum fluid lubri-
cation and ignore the effect of the fluid molecule layers
physically adsorbed to the bearing surfaces. However,
when the lubricating film thickness is reduced to nearly
vanishing, the effect of the physically adsorbed layer on
the bearing surface should be very significant. Particularly
for the thrust bearing with low clearances, the physically
adsorbed molecule layers on the bearing surfaces may in-
fluence the shear stresses on the bearing surfaces, the fric-
tional heating in the bearing and thus the thermal distor-
tions of the bearing surfaces. The former studies lack in
considering these important factors.

The present paper theoretically studies the per-
formance of the hydrodynamic lubricated big-size step
bearing by considering both the effects of the surface
thermal distortion and the physically adsorbed molecule
layer on the bearing surface. The surface thermal distortion
is calculated from the formula given by Zhang [15]. The
multiscale lubrication equation is applied to account for the
effect of the physically adsorbed layer. The numerical so-
lution procedure is developed. The film pressure, film
thickness, carried load and friction coefficient of the bear-
ing are calculated. The obtained results give us the new
understanding on the performance of the big-size step
bearing.

2. Hydrodynamic Big-Size Step Bearing with Surface
Thermal Distortion

In hydrogenerators, hydro turbines and other large
mechanical apparatus, hydrodynamic lubricated big-size
thrust bearings are often used to support the axial load.
Fig. 1 shows one of these types of bearings. Because of the
big bearing width (/, + /,) which can reach several meters,
the thermal distortions of the bearing surfaces are very
significant in the working condition of heavy loads and
high sliding speeds due to the severe frictional heating;
They can cause the great reduction of the lubricating film
thickness and even the film vanishing [4, 8-10]. When the
surface separation is as low as comparable to the thickness
of the fluid molecule layers physically adsorbed to the
bearing surfaces, which is normally on the 1nm scale or
even bigger, the effect of the physically adsorbed layer on
the bearing surface should be very significant [16]. Due to
this reality, the present study considers the combined ef-
fects of the surface thermal distortion and the physically
adsorbed layer to more truly reveal the bearing perfor-
mance when the surface separation is over low.

In Fig. 1, h,,,; and h,,, , are the surface separations
respectively on the entrance and the exit of the bearing, 4,
is the thickness of the adsorbed layer, 4% is the step size of
the bearing, /, and [, are respectively the widths of the out-
let and inlet zones of the bearing, and u is the sliding
speed.
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Fig. 1 The hydrodynamic big-size step bearing working in
the condition of heavy loads and high sliding speeds
involving the effects of the surface thermal distor-
tion and the fluid molecule layers physically ad-
sorbed to the bearing surfaces



3. Mathematical Analysis
3.1. Basic equations

The hydrodynamic lubrication in the present stud-
ied bearing is actually multiscale. Zhang’s multiscale flow
equations [16] are used to respectively calculate the ad-
sorbed layer flow and the intermediate continuum fluid
flow.

The analysis is based on the following assump-
tions:
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where Ay, = hy,e/ h, h is the thickness of the continuum fluid
film, n is the equivalent number of the fluid molecules
across the adsorbed layer thickness, p is the fluid bulk den-
sity, 7 is the fluid bulk viscosity, D is the fluid molecule
diameter, g, is the average value of 4;,, / 4; (4; isthe sepa-

ration between the j” and (j+1)" fluid molecules across

the adsorbed layer thickness), Ax is the separation between
the neighboring fluid molecules in the x coordinate direc-
tion (Fig. 1) in the adsorbed layer, 4, , is the separation
between the neighboring fluid molecules across the ad-

sorbed layer thickness just on the boundary between the
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the two bearing surfaces are identical;
no interfacial slippage occurs on any interface;
the lubricating film is equivalently treated as isothermal
by using the low value of the fluid viscosity in the con-
dition of the frictional heating;
the condition is steady-state.

The total mass flow rate per unit contact length
through the bearing is [16]:
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Eq. (1) interprets that the total flow through the
bearing consists of both the flow of the physically ad-
sorbed molecule layer on the bearing surface and the flow
of the continuum fluid film between the two adsorbed lay-
ers. It is particularly important when the bearing clearance
becomes very low because of the thermoelastic defor-
mation of the bearing surfaces.

The pressure gradient is obtained from Eq. (1) to
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The thickness of the adsorbed layer is calculated
as:
hy =nD+A, , o9 (5)
‘ 9 —4

Eq. (5) can be derived according to the used ad-
sorbed layer model shown by Zhang [16].

By incorporating the surface elastic deformation
caused by the film pressure and the surface thermal distor-
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tion, the continuum fluid film thickness is formulated as

[2]:
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where /., is constant, p is the film pressure, E, is the
equivalent Young’s modulus of elasticity of the two bear-
ing surfaces, the second term is the function for the bearing
geometrical shape and it is:
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the third term is for the total elastic deformation of the two
bearing surfaces, the fourth term is for the total thermal
distortions of the two bearing surfaces, and R, is the com-
pound thermal radius and calculated by [15]:
R=R,R,/(R,+R,). ®)
Here, R, , and R, are respectively the curvature radii of the

upper and lower bearing surfaces induced by the surface
thermal distortion and formulated as [15]:
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where k, ¢, p, v, @, A and y are respectively the thermal
diffusivity, specific heat, density, Poisson’s ratio, linear
thermal expansion coefficient, frictional heat input rate of
the contact surface and the rate of the frictional heating

[731)

taken by the flow, the subscripts “a” and “b” respectively
refer to the upper and lower bearing surfaces, and 7, is the
average value of the shear stresses respectively on the two
bearing surfaces and calculated as:

= JotSy W i (11)
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where w is the load per unit contact length carried by the
bearing, and f, and f;, are respectively the friction coeftfi-
cients on the upper and lower bearing surfaces.

By accounting for the non-continuum effect of the
two physically adsorbed molecule layers and the Newtoni-
an rheological behavior of the intermediate continuum flu-
id film, the shear stresses on the upper and lower bearing
surfaces are respectively formulated as [16]:
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where v, and v; are respectively the velocities on the upper
and lower boundaries of the continuum fluid film, and u,
and u, are respectively the velocities of the fluid molecules
on the upper and lower surfaces. Because of no interfacial
slippage, it is obtained that ua =0and up =—u. v, and vg
are respectively formulated as [16]:
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According to the used adsorbed layer model [16],
it is expressed that:
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Substituting Eq. (14) into Eq.(13) and also
Eq. (15) into Eq. (12) gives the shear stresses on the upper

and lower bearing surfaces on the ;" discretized point
(Fig. 1) respectively as follows:
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Then the friction coefficients on the two bearing
surfaces are respectively:
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3.2. Numerical calculation
In Eq. (6), there is the following integration term:
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Fig. 2 The numerical solution procedure

Here, Eq. (27) is numerically calculated. Because of the
surface elastic deformation under the film pressures and



the surface thermal distortion, the present problem is high-
ly non-linear and the solution can only be numerically
found. Fig. 2 shows the flow chart of the numerical calcu-
lation in the present study. p'”, /¥ and w'” are respectively
the film pressure distribution, the continuum fluid film
thickness distribution and the carried load of bearing for
the assumed rigid bearing surfaces; 7 is the value of T
under p©. o0, 15 the surface separation on the exit of the
bearing for rigid surfaces. & is the order number of the nu-

merical iteration. 7%, 1 and p® are respectively the value

(k+1),0 (k+1),0

N.,mid N.,min are re-

of T, h and p in the k" iteration. p and p

spectively the film pressures on the entrance of the bearing
based on Q') and Q') Q*+D

m,mid m,min m

is the dimensionless

mass flow rate per unit contact length through the bearing
obtained in the (k+ 1) iteration by defining
On= qn/Wphy,,); § is the relaxation factor.

wi* D and w“* are respectively the values of the bearing

load based on 4,, = %, g and by, = Ry s
4. Input Parameter Values for Calculation

It is assumed that 77,,, /M. ;a =4; [16]. The

equation formulations for C, and C, were shown in [15].
The regressed equation formulations for F, F, and & were
shown in [16]. The weak, medium and strong fluid-surface
interactions were respectively considered. The correspond-
ing parameter values respectively for characterizing these
three interactions were shown in [15].

The two bearing surfaces are made of steel. The
input values of the other parameters for calculation are as
follows:

N=2000,D=0.5nm, Ax/D=A4,,/D=0.15,

E, =209 GPa, =0.005 Pa-s, [, =/,=0.2 m, Ah =20 pm,
$=0.0001, A,=A,=0.5, k, =k, = 1.53x10"° m%/s,

¢, =c, =400 J/(kg-°C), a, = oy = 1.3x107° v, = v, 0.3,
7=0, p,= p,=7800 kg/m’.

5. Results
5.1. Minimum surface separation

Fig. 3, a shows that when the surface thermal dis-
tortion is neglected, for a given load the value of the mini-
mum surface separation is rapidly increased with the in-
crease of the sliding speed. However, Fig. 3, b shows that
when the surface thermal distortion is incorporated, there is
the optimum value of the sliding speed which gives the
greatest value of the minimum surface separation; The
sliding speed deviating from this optimum one results in
the reduction of the minimum surface separation. The high
sliding speed causes the severe frictional heating and the
significant surface thermal distortion and consequently
pronouncedly modifies the surface separation profile and
reduces the minimum surface separation. In the condition
of heavy loads and high sliding speeds (e.g.
w= 5000 kN/m and u > 15 m/s), owing to the surface
thermal distortion, the minimum surface separation is less
than 0.8 um and more than 20 times smaller than the clas-
sical calculation as shown in Fig. 3, a; For u =105 m/s,
such a difference reaches 100 times. These results support
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the arguments on the experimental findings of the hydro-
dynamic film breakdown in large thrust bearings which
ascribed the film breakdown to the pad thermal distortion
[8-10].

Fig. 4 shows that in the condition of heavy loads
and high sliding speeds (u= 20 m/s), when the surface
elastic deformation is considered but the surface thermal
distortion is neglected, the calculated minimum surface
separations are a bit lower than the classical hydrodynamic
theory calculation, which is based on the assumption of
rigid surfaces. However, when the effect of the surface
thermal distortion is further incorporated, the calculated
minimum surface separations are 1 to 2 orders smaller than
the classical calculations and they are much more rapidly
reduced with the increase of the load than the classical
hydrodynamic theory description. These indicate the se-
vere worsening condition of the thrust bearing under heavy
loads owing to the surface thermal distortion and follow
the experimental observations [8-10].

Fig. 5, a shows that when the minimum surface
separation £, ,,;, s reduced to below 0.3 um owing to the
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Fig. 3 Variations of the minimum surface separation with
the sliding speed for different loads for the strong
fluid-surface interaction: a — for elastic surfaces
without thermal distortion, b — for elastic surfaces
with thermal distortion
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Fig. 4 Variation of the minimum surface separation with
the load for different contact regimes when
u =20 m/s and the fluid-surface interaction is strong
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Fig. 5 Variations of the minimum surface separation with
the load for different fluid-surface interactions when
u =20 m/s: a — for elastic surfaces with thermal dis-
tortion, b — for elastic surfaces without thermal dis-
tortion

effect of the surface thermal distortion or the load is great-
er than 7000 kN/m, the effect of the fluid-surface interac-
tion is noticeable due to the effect of the physically ad-
sorbed layer. When £, ,,, is as low as only several tens
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nanometers for the load greater than 8500 kN/m, the strong
fluid-surface interaction gives the much higher minimum
surface separations than the weak and medium fluid-
surface interactions. However, Fig. 5, b shows that the ef-
fect of the fluid-surface interaction on the minimum sur-
face separation is negligible for the same operating condi-
tions if the surface thermal distortion is ignored; It is due to
the resulting minimum surface separations (more than 7.5
pm) far greater than the thickness of the physically ad-
sorbed layer so that the effect of the adsorbed layer is neg-
ligible. The comparisons between Figs. 5, a-b show that in
studying the performance of the hydrodynamic big-size
thrust bearing in the condition of heavy loads and high
sliding speeds, the combined effects of the surface thermal
distortion and the physically adsorbed layer on the bearing
surface should be considered. This demands the multiscale
lubrication analysis by incorporating both the adsorbed
layer flow and the intermediate continuum fluid flow.

5.2. Film pressure distribution and surface separation pro-
file

Fig. 6 shows that owing to the effect of the sur-
face thermal distortion, the maximum film pressure moves
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Fig. 6 Film pressure distributions in the bearing for differ-
ent contact regimes for the strong fluid-surface in-
teraction when u =20 m/s
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Fig. 7 Surface separation profiles for different contact re-
gimes when w = 3000 kN/m and the fluid-surface in-
teraction is strong
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Fig. 8 Surface separation profiles for different contact re-
gimes when u = 20 m/s and the fluid-surface interac-
tion is strong

closer to the exit of the bearing and the magnitudes of the
pressure gradients in the outlet zone of the bearing and
particularly around the location where the maximum film
pressure occurs are much greater than those by neglecting
the surface thermal distortion.

Figs. 7-8 show that in the condition of heavy
loads and high sliding speeds, the severe surface thermal
distortion largely modifies the surface separation profiles
and the step of the bearing is not visible.

5.3. Friction coefficient

Figs. 9, a-b show that owing to the surface ther-
mal distortion, the friction coefficient on the upper i.e. sta-
tionary bearing surface is much smaller than those classi-
cally calculated, while the friction coefficient on the lower
i.e. moving bearing surface is significantly greater than the
latter. This obvious discrepancy is due to the large magni-
tudes of the pressure gradients occurring in the bearing due
to the surface thermal distortion.
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Fig. 9 Friction coefficients in the bearing for different con-
tact regimes when w= 3000 kN/m and the fluid-
surface interaction is strong: a — on the upper bear-
ing surface, b — on the lower bearing surface
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Fig. 10 Friction coefficients in the bearing for different fluid-surface interactions when u = 20 m/s and the effect of the
surface thermal distortion is incorporated: a — on the upper bearing surface, b — on the lower bearing surface

Figs. 10, a-b show the influence of the fluid-
surface interaction on the friction coefficient of the bearing
when u = 20 m/s and the effect of the surface thermal dis-

tortion is incorporated. When the load is greater than
7000 kN/m, the effect of the fluid-surface interaction on
the friction coefficient of the bearing is appreciable, it a



little increases the friction coefficient on the upper bearing
surface but a little reduces the friction coefficient on the
lower bearing surface if the fluid-surface interaction is
strong. Such phenomena occur in the condition of low sur-
face separations. While for relatively high surface separa-
tions i.e. for the loads smaller than 7000 kN/m, they are
absent and indicate the negligible effect of the fluid-
surface interaction.

6. Conclusions

The combined effects of the surface thermoelastic
deformation and the physically adsorbed layer on the sur-
face are numerically investigated in the hydrodynamic big-
size step bearing in the condition of heavy loads and high
sliding speeds by using the multiscale lubrication analysis.
The studied bearing mimics those used in hydrogenerators
or hydro turbines. Exemplary calculations were made and
the conclusions are drawn as follows:

a. The effect of the surface thermal distortion is very
significant and it can reduce the minimum surface
separation by 1 to 2 orders in the bearing; While
the effect of the physically adsorbed layer signifi-
cantly plays when the minimum surface separa-
tion is below 0.3 um and it can significantly in-
crease the minimum surface separation for the
strong fluid-bearing surface interaction.

The surface thermal distortion largely modifies
the surface separation profile and the bearing orig-
inal geometry of the step is even not visible. It
much increases the magnitudes of the pressure
gradients around the location where the maximum
film pressure occurs.

For sufficiently heavy loads, the effect of the
physically adsorbed layer on the friction coeffi-
cient of the bearing is appreciable because of the
low surface separations.

. In studying the performance of the hydrodynamic
big-size thrust bearing, the combined effects of
the surface thermal distortion and the physically
adsorbed layer on the bearing surface should be
considered.

In the subsequent research, the mixed lubrication
model should be developed for the studied bearing
by incorporating the effect of the surface rough-
ness. It may be important when the bearing clear-
ance is low.
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X.Ye, Y. Zhang

EFFECT OF SURFACE THERMOELASTIC DEFOR-
MATION ON THE PERFORMANCE OF THE HYDRO-
DYNAMIC BIG-SIZE STEP BEARING

Summary

The multiscale lubrication analysis is presented
for estimating the performance of the hydrodynamic big-
size step bearing by incorporating the effects of the surface
thermoelastic deformation and the lubricant molecule lay-
ers physically adsorbed to the bearing surface. The numer-
ical calculation results show that in the condition of heavy
loads and high sliding speeds, the effect of the surface
thermoelastic deformation can reduce the minimum sur-
face separation by 1 to 2 orders, while the effect of the
physically adsorbed layer on the bearing surface signifi-
cantly increases the minimum surface separation especially

[omom
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for the strong fluid-bearing surface interaction; The effect
of the surface thermoelastic deformation largely modifies
both the film pressure profile and the surface separation
profile in the bearing; It also obviously changes the friction
coefficient of the bearing. The effect of the physically ad-
sorbed layer significantly influences the friction coefficient
of the bearing only in the condition of heavy loads and
high sliding speeds, which yields very low surface separa-
tions.

Keywords: adsorbed layer, film pressure, friction coeffi-
cient, hydrodynamic lubrication, surface thermoelastic
deformation, thrust bearing.
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