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SUMMARY

This paper presents the numerical calculation for the elastohydrodynamic journal bearing with
ultra-small clearances (with the eccentricity ratios approaching unity), where in a local small area
only the physically adsorbed layer is present, while in the other areas the sandwich film is present.
It is shown that both the adsorbed layer and the elastic deformation of the surface strongly
influence the performance of the bearing. For a given operating condition, the surface elastic
deformation causes significant reductions in both the maximum hydrodynamic pressure and the
load of the bearing, while it significantly increases the minimum clearance (for a given eccentricity
ratio) and the friction coefficient. The surface elastic deformation also increases film stiffness.
These effects are strongly dependent on the fluid-surface interaction; the stronger the fluid-surface
interaction, the more significant the effect of the surface elastic deformation. The present study
shows the considerable benefit of the adsorbed layer formed by the strong fluid-surface interaction
in increasing the bearing minimum clearance (for a given load or a given eccentricity ratio) and
reducing the friction coefficient of the bearing when the surface elastic deformation is involved.

KEYWORDS: adsorbed layer; elastic deformation; friction coefficient; hydrodynamics;
journal bearing; load; pressure.

1. INTRODUCTION

Journal bearings are very important components that carry load by reducing friction and wear
[1]. Hydrodynamic lubrication theories have been extensively developed for them by
considering surface elasticity [2, 3], fluid rheological behavior [4, 5], film thermal effect [6, 7]
and surface roughness [8, 9] etc. Those theories are based on the continuum assumption and
ignore the molecule layers of fluid on the surface. Indeed, they may be valid for relatively large
surface clearances, such as on the scales of 1-10 m or more. However, in modern industry, of
the extremely heavy loads and high fluid-film temperatures, the hydrodynamic fluid film may be
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difficult to form and it may break down in a journal bearing, resulting in surface seizure [10].
This case represents an extremely severe operating condition in which the eccentricity ratio

approaches unity.

When the surface clearance is ultra-low, the physically adsorbed boundary layer plays a vital
role in a journal bearing. Actually, in most areas, a sandwich film is present, which consists of
both the physically adsorbed layer and the continuum fluid film [11]. The sandwich film flow is,
in fact, multiscale [11]. Obviously, for this case, the conventional hydrodynamic lubrication
theory [12] fails.

Shao et al. [13] studied the hydrodynamic journal bearing with ultra-small clearances by
assuming rigid bearing surfaces and using a multiscale approach. In their study, the eccentricity
ratio approached unity, so that the physically adsorbed layer occurred locally, while in the other
areas a sandwich film was present. They calculated the bearing loads for varying eccentricity
ratios and found that the fluid-surface interaction strongly influences the bearing load capacity.

The present study is a further development of Shao et al. [13]. It computationally investigates
the hydrodynamic journal bearing with ultra-small clearances, considering the surface elastic
deformation, the magnitude of which may be comparable to the surface clearance. In addition
to the carried loads, the shear stresses on the surfaces and the bearing friction coefficient are
calculated based on the non-continuum flow theory. Several new mechanisms are revealed
concerning the combined effects of the adsorbed layer and the surface elastic deformation.
These findings are of significant interest for the design of the current type of journal bearing.

2. DESCRIPTION OF THE BEARING

The studied bearing is shown in Figure 1. The operating regime of this bearing is different from
the conventional type [12], since the surface clearance is ultra-low, so that the effect of the
adsorbed layer becomes significant. The magnitude of the surface elastic deformation resulting
from hydrodynamic pressures may often be comparable to the surface clearance. On the other
hand, the adsorbed layer formed due to the fluid-surface interaction should have a pronounced
influence on the bearing performance. The coupling effect of these two important factors in the
journal bearing has not yet been revealed and is addressed in the present study. This bearing
operates under heavy loads and/or high fluid-film temperatures. Its load-carrying and friction
mechanisms are therefore crucial for preventing surface damage. The local, purely physically
adsorbed layer behaves as a non-continuum medium: its rheology, flow regime and friction are
substantially different from conventional understanding. In the other areas, the effect of the
adsorbed layer still plays a role. The flow in this bearing is multiscale, and the film rheologies

are highly mixed.
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Fig. 1 The studied journal bearing with ultra-small clearance involving the effects of the adsorbed layer

and the surface elastic deformation

3. MATHEMATICAL ANALYSIS

The flow of the pure adsorbed layer is described by the nanoscale non-continuum flow equation
[14]. The sandwich film flow is described by Zhang’s multiscale flow equations [11], which are
closed and explicit in form. These equations make the present study feasible, without requiring

massive computational sources.

The detailed analysis of the present mixed-film flow has been presented by Shao et al. [13]; for
brevity, it is not repeated here. Unlike the former study, the present work considers the elastic
deformation of the bearing surfaces and formulates the surface separation in the bearing as:

ot (9)=c-+ecosg-—— [ p(q )in(ro-rg, ) de ™

where c =R - 1, ¢is the angular coordinate, p is the film pressure, and E, is the equivalent Young's
modulus of elasticity of the two bearing surfaces. The continuum fluid film thickness is: h = hso; -
2hpf.

3.1 CALCULATING THE SURFACE ELASTIC DEFORMATION

In Eq. (1), there is the following term:
2r %
O(g)=———], P(&)in(rg,~rg )" dg (2)
\%

T
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Since the mathematical formulation for the exact pressure distribution is not possible, Eq. (2)
can only be numerically approximated by interpolating the pressures in each discretized section
[#:1, #] using the nodal pressures pi.; and p;. Here, when calculating ®(¢) by Eq. (2), we
approximately take the pressures in the section area [ @1, ¢#] as the nodal pressure p;.;. Thus, Eq.
(2) can be expressed as:

N-1
O(¢,)= chipi (3)
i=1
where:
R TY
o j¢+§? In(rg; —r¢, )2 de;
+ R/
—Tﬂn(r-“?—fl—r@)z(r-%—r@) @

¢?+¢?1

~in(r- AL g 2 (r T ) -g0)]

Here, ¢.1, ¢ and @1 are, respectively, the angular coordinates of the (i-1)t, ith and (i+1)th
discretized points.

3.2 SHEAR STRESS AND FRICTION COEFFICIENT

In the present bearing, due to the absence of interfacial slippage, and according to the multiscale
flow theory [11], the shear stress on the sleeve surface in the multiscale flow areais [11]:

n—-1 iA
ro¢ Mine -1 Ip
T, = — +——D (5)
44 rog
=1 Mine ,j-1
The shear stress on the shaft surface in the multiscale flow area is given by [11]:
n-1 ;4.
~ rog “=Mine j-1  p b
Ts= n—1 A. _% (6)
j—1
j=1 Niine j-1

where D is the fluid molecule diameter, n is the equivalent number of the fluid molecules across
the adsorbed layer thickness, v4 and vz are, respectively, the velocities of the continuum fluid
film on the boundaries adjacent to the sleeve and shaft surfaces, A;.; is the separation between
the jth and (j-1)t fluid molecules across the adsorbed layer thickness, and 7iinej.1 is the local
viscosity between the jth and (j-1)* fluid molecules across the adsorbed layer thickness.
According to the multiscale flow theory [11]:
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n—1 'A-_ n—1 A n—1 A,
vy = o py +— Gl S ap[ +Dn j 1 7)
ra¢ —1 Miine , j—1 27]24 ! e Nine ,j-1 rog\ 2 j=1 Nine ,j-1
=1 Niine ,j-1

and

n-1 iA. n—-1 A n—1 A
sziD L nl“ AN T 1q)- ap(+Djz )
rog =i Mine j-1 lz 4;_ hjzlnline,j—l rog\ 2 =1 Mine ,j-1
h

j=1 Niine JJ— 1

Assume that 77, /... =4 » Where qo (>1) is the average value of A1 /A; and yis constant

[11]; Then, we have:

An—Z [qo(1+y)(i—n+2) B qo—(n—Z)(1+y)

(1+7) _1)

y o

, fori=1,2,..,(n-1) 9)
Jj=1 Miine J-1 nline,n—Z (%

i jAj—l ~ An—Z q£2—n)(1+y)_ (1+y)(i—n+2) I-q(1+y)(i—n+2)
(q," -1)° qltr -1

= , fori=1,2,..,(n-1) (10)
j=1 Nline ,j—1 nline,n—Z ]

where 7iinej-2 is the local viscosity within the adsorbed layer adjacent to the continuum fluid
film,taken as 7.

Substituting Egs. (7), (9) and (10) into Eq. (5) and rearranging yields:

nu ap [h ]
—+D(n-1 11)
ZAH_Z[q(IH') (n 2)(1+V)] rog\ 2 (n-1)

I+y 1

=

4y

Substituting Egs. (8)-(10) into Eq. (6) and rearranging yields:

_ nu Lop { j
T. = +D(n-1 (12)
s 24, [q(1+y) a4 —(n- 2)(1+)/)] ra¢ ( )

q0+)/ 1

By using a forward difference for dp/d¢, the shear stresses, respectively, on the sleeve and

shaft surfaces on the jth discretized point in the multiscale flow area are formulated, respectively,

as:
—p. .(h;
Thj = (1+ ’7”( 2)(1+y) - Apj 1(?]+D(H_UJ (3)
) n—
ZAn 2|: Y) dp Y } r ¢
q1+y 1 +hj
and
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nu L PP l(h
Ty )= —— +D(n-1) (14)
P An_z[qgl+y)—qo(" 2)(1+y)} h rag | 2
+n.:
qé+y_1 J

According to the nanoscale non-continuum flow theory [15], in the pure adsorbed layer zone,
the shear stresses on the sleeve and shaft surfaces are, respectively, given by:

)
ap Miine,1-1 avr,n,—1 u

rog A4
(“’ J (00 —1)[ ! ]
| nline,l avr,n,,—1 | nline,l avr,n,—1
and
0 14,_
u+D(nyy—1) ap¢(7] At )avr,nw—]
T, = line,[-1 (16)
(n00 - 1)( )avr Mgy —1

line,l

where ngg is the equivalent number of the fluid molecules across the entire surface separation
in the pure adsorbed layer zone, and the definitions of the other parameters remain the same as
above.

The value of ngp should vary with the surface separation hs: in the pure adsorbed layer zone,
which itself varies with the angular coordinate ¢. The value of ngg is determined according to the
following equation:

_Myp—1
A(q, 2 -1

h. .=n,D+2
tot 00 q51—1

:c+ecos¢—ﬂ2Trjfp(¢5]1n(r¢—r¢5)2d¢s 17)

where A, is the separation between neighboring fluid molecules across the surface separation
at the median plane of the surface separation in the pure adsorbed layer zone, and ngg should be

an odd number [15]. Note that ngg may vary with ¢in the pure adsorbed layer zone.
For the pure adsorbed layer zone, the following equations are used [16]:

3-ny,

Mgy~
4. % 2 (V+1) @ p (y+1) ~ ng]
(1’100 1)( ) 1= — — + (18)
line,l oo™ Niine,im 71002 1()""1) '10073(}/_'_1) 1- qu+1)
4y —qp

and
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-1
M1 —1 ()=
’ (v+1) Mo % 2

14. 4 1 —q 2
( Moo -1 —l)avr,noo—l =— 1y, —1 ),0+1 2 I y+1 +
Miine,1-1 Mine,im | ( S -D(y+1) ( Q — 1) qQ - 1
Qb
_ _ —fya1) 0L
0t e =1 AU
Mo —19 4 1-9 L, 2
2 1-g}"! [qg(yu) _ 1]2 G -1

(19)

where 7iineim is the local viscosity at the median plane of the surface separation in the pure
adsorbed layer zone.

The friction forces per unit contact length on the sleeve and shaft surfaces are, respectively,

given by:
N
F=r4¢> 1, ; (20)
j=1
and
N
Fo=rA¢y 7, ; (21)
j=1

The friction coefficients on the sleeve and shaft surfaces are, respectively, given by:

IR g IR
w

fu nd f; (22)

3.3 NUMERICAL SOLUTION PROCEDURE

Figure 2 shows the numerical solution procedure. p(®, h(® and w(©® are, respectively, the
hydrodynamic pressure distribution, continuum film thickness distribution, and bearing load
for rigid surfaces; ¢ is the relaxation factor.

The software for numerical calculation was developed by us in MATLAB. It is independent of any

commercial finite element analysis software. The flowchart of our code is shown in Figure 2.
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Fig. 2 The numerical chart for determining the eccentricity ratio for the given load w®, considering the

surface elastic deformation

4. OPERATIONAL PARAMETER VALUES

Both the fluid piezo-viscous effect and the fluid compressibility under pressure were

considered, as formulated by Shao et al. [13]. The weak, medium and strong fluid-bearing

surface interactions were also taken into account, and the corresponding characteristic

parameter values for these interactions were provided by Shao et al. [13].

In the calculations, the following input parameter values were used:

Ax /D=4, ,/D=015, D=0.5nm, r=10mm, c=3um, n,=0.01Pa-s, E,=2.09x10"Pa,

N=2000, 9=02
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where N is the total number of discretized points in the entire lubricated area, Ax is the
separation between the neighboring fluid molecules in the circumferential direction within the

adsorbed layer, and 7, is the fluid viscosity at ambient pressure.

5. CALCULATION RESULTS

5.1 PRESSURE DISTRIBUTIONS AND BEARING LOADS FOR DIFFERENT CONTACT
REGIMES

Figure 3(a) presents the film pressure distributions for different fluid-surface interactions when
£=e/c=0.999, u=0.1 um/s, and the bearing surfaces are elastically deformed. As the fluid-
surface interaction becomes stronger, the film pressures, particulary in the pure adsorbed layer
zone, rise significantly. However, compared with the pressures for the assumed rigid surfaces
shown in Figure 3(b), the influence of fluid-surface interaction on film pressure is notably
reduced when the bearing surfaces are elastically deformed. For weak interaction, Figure 3(a)
also indicates that the bearing load obtained for the elastic surfaces is slightly smaller than that
predicted by the classical model [12].

For a given £ and a specified fluid-surface interaction, Figure 4 shows that the effect of sliding
speed on film pressure is weaker for elastic bearing surfaces than for rigid ones, although the
general trend remains similar. Figures 5(a)-(c) demonstrate that surface elastic deformation has
a pronounced effect on the pressures in the pure adsorbed layer zone, but only a minor influence
in the hydrodynamic regions. The surface elastic deformation reduces the film pressures,
particularly under strong fluid-surface interaction. In contrast, for weak interactions, the effect
is much less significant because the generated pressures, and consequently, the magnitudes of
the surface elastic deformation, are smaller.
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Fig. 3 Film pressure distributions for the elastically deformed and assumed rigid bearing surfaces for
£=0.999 and u = 0.1 um/s
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Fig. 4 Film pressure distributions for different speeds for the elastically deformed and assumed rigid

bearing surfaces for €= 0.999 and the weak fluid-surface interaction
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Fig. 5 Film pressure distributions for the elastically deformed and assumed rigid bearing surfaces for

u=0.1um/s
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Fig. 6 Loads per unit contact length carried by the bearing for different contact regimes when

u=0.1um/s

Figure 6 shows that for the sliding speed u = 0.1 um/s and a large eccentricity ratio (¢> 0.997),
surface elastic deformation reduces the bearing load by approximately two orders of magnitude
compared to the assumed rigid surfaces, particularly for stronger fluid-surface interactions. For
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elastically deformed bearing surfaces, the influence of the fluid-surface interaction on the
bearing load is significantly weaker than for rigid surfaces. In the elastic contact regime, the rate
of increase of the bearing load with eccentricity ratio is considerabely smaller than in the rigid
contact regime, regardless of the fluid-surface interaction.

5.2 SURFACE SEPARATION PROFILES AND FILM STIFFNESS FOR DIFFERENT CONTACT
REGIMES

For the same sliding speed and the same eccentricity ratio, Figures 7(a)-(c) show that the surface
separations in the pure adsorbed layer zone, including the minimum surface clearance for the
elastically deformed bearing surfaces, are significantly greater than those for the assumed rigid
bearing surfaces, especially for a stronger fluid-surface interaction.
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Fig. 7 Influence of the surface elasticity on the surface separation profiles for u = 0.1 um/s

Figure 8 shows that for u = 0.1 um/s and €= 0.999, because of the fluid-surface interaction, the
surface separations in the pure adsorbed layer zone, including the minimum bearing clearance,
are significantly increased compared with the case of the rigid bearing surfaces. This effect is
significant for the strong fluid-surface interaction, which increases the minimum bearing
clearance by nearly one time. This is due to the much higher pressures and the consequently
much greater magnitudes of the surface elastic deformation in the pure adsorbed layer zone
caused by the strong fluid-surface interaction, as shown above.
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Fig. 8 Effect of the fluid-surface interaction on the surface separation profiles when u = 0.1 um/s,
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£=0.999 and the bearing surfaces are elastically deformed

Figure 9 shows that when the bearing surfaces are elastically deformed, the slope of the variation of
the minimum surface clearance h:;min With the eccentricity ratio €is significantly reduced compared
with the case of the rigid bearing surfaces when the values of £approach unity. This is especially the
case when the fluid-surface interaction is strong, where a residual film is seemingly present in the
pure adsorbed layer zone for £approaching unity. It is shown that for the same very large value of &
a stronger fluid-surface interaction gives a significantly greater value of the minimum bearing
clearance when the bearing surfaces are elastically deformed.

12
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10 b —a— Weak interaction,elastic surfaces
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[@)}
T
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0.9970  0.9975 09980  0.9985  0.9990  0.9995 1.0000

&

Fig. 9 Variations of the minimum surface clearance (hwtmin) with the eccentricity ratio (¢ for different

contact regimes when u = 0.1 um/s and the values of € approach unity

Figure 10 shows the load (w) versus minimum bearing clearance (h:smin) curves for different
contact regimes when u = 0.1 um/s. The magnitudes of the slopes of these curves represent the
film stiffness for different contact regimes. The surface elasticity results in considerably
increased film stiffness, especially for the strong fluid-surface interaction when h¢o,min is 1 on the
nanometer scale. That is, for the same load, the value of h¢min for the elastically deformed
surfaces is considerably greater than that for the assumed rigid surfaces especially, for the
strong fluid-surface interaction; alternatively, for the same minimum surface clearance, the
bearing load for the elastically deformed surfaces is considerably larger than for the rigid
surfaces, especially for the strong fluid-surface interaction. These results show the very
significant benefits of both surface elastic deformation and strong fluid-surface interaction in
improving the bearing performance.
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Fig. 10 Load versus minimum bearing clearance curves for different contact regimes when u = 0.1 um/s

5.3 SURFACE SHEAR STRESSES AND FRICTION COEFFICIENTS OF THE BEARING FOR
DIFFERENT CONTACT REGIMES

Figures 11(a)-(c) show the distributions of the shear stress t; on the sleeve in the pure adsorbed
layer zone for different fluid-surface interactions when €= 0.999 and u = 0.1 um/s. For a given
fluid-surface interaction, the surface elasticity results in significant reductions in the
magnitudes of the shear stress on the sleeve in the pure adsorbed layer zone, especially for a
stronger fluid-surface interaction. However, when the adsorbed layer effect (with different
fluid-surface interactions) is considered, the shear stress magnitudes on the sleeve in the pure
adsorbed layer zone are considerably greater than those classically calculated [12], even when
the bearing surfaces are elastically deformed. Figures 12(a)-(c) show the same effects on the
magnitudes of the shear stress 7; on the shaft in the pure adsorbed layer zone when €= 0.999

and u = 0.1 um/s.
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Fig. 12 The shear stresses ts on the shaft in the pure adsorbed layer zone when &= 0.999 and

u=0.1Tum/s

Figures 13(a) and (b) show the friction coefficients on the sleeve and shaft surfaces, respectively,
for different contact regimes calculated from the present model and from the classical
hydrodynamic lubrication theory [12] when u = 0.1 gm/s and the values of £approach unity. The
calculated friction coefficients are all very low, on the scales of 104 and 10-5. When the adsorbed

layer effect is considered, the friction coefficients obtained are aproximately half or even less than
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those predicted from classical hydrodynamic lubrication theory. For a given €and a given fluid-
surface interaction, the surface elasticity causes a significant increase in the friction coefficients on
both the sleeve and the shaft. Conversely, for a given & a stronger fluid-surface interaction results
in lower friction coefficients on both the sleeve and the shaft, whether the bearing surfaces are

assumed to be rigid or elastically deformed.
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Fig. 13 Friction coefficients on the sleeve and shaft, respectively, for different contact regimes, obtained
using the present model and the classical hydrodynamic lubrication theory [12] when u = 0.1 um/s and the

values of € approach unity
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6. CONCLUSION

The effects of surface elasticity have been included. The governing differential equations were
numerically discretized using the forward difference method, and the resulting equations were
solved based on the specified boundary conditions.

According to the obtained results, the main conclusions are as follows:

The load and friction performances of the hydrodynamic lubricated journal bearing with ultra-
small surface clearances (where the eccentricity ratios approach unity) have been
computationally investigated using the multiscale approach. This f bearing regime occurs under
conditions of heavy loads, high lubricant temperatures and/or low sliding speeds. In this bearing
regime a pure physically adsorbed boundary layer is locally present. The nanoscale non-
continuum flow equation has been employed to calculate the flow rate through the pure
adsorbed layer zone, while Zhang’s multiscale flow equations have been applied to evaluate the
total flow rate through the sandwich film region, where both the adsorbed layer and the
continuum fluid film coexist. The effects of surface elasticity have been included. The governing
differential equations were numerically discretized using forward difference method, and the
resulting equations were solved based on the specified boundary conditions.

According to the obtained results, the main conclusions are as follows:

(a) For the given eccentricity ratio and sliding speed, the surface elasticity leads to significant
reductions of both the maximum film pressure and the bearing load, particulary under
strong fluid-surface interactions.

(b) For a given eccentricity ratio and sliding speed, the surface elasticity results in a notable
increase in the surface separations within the pure adsorbed layer zone, including the
minimum surface clearance. This effect is especially pronounced for strong fluid-surface
interaction.

(c) The film stiffness of the bearing with the elastically deformed surfaces is greater than that
of the bearing with the assumed rigid surfaces, particularly when the fluid-surface
interaction is strong.

(d) For a given eccentricity ratio and sliding speed, surface elasticity considerably reduces the
magnitudes of the shear stresses on both the sleeve and the shaft within the pure adsorbed
layer zone, especially for strong fluid-surface interactions. However, it substantially
increases the friction coefficients on both surfaces, in contrast to the results for the assumed

rigid surfaces.

(e) The influences of the fluid-surface interaction and the sliding speed on the film pressure and
bearing load are weaker for elastically deformed surfaces than for assumed rigid surfaces.

(f) Whenever the bearing surfaces are rigid or elastically deformed, stronger fluid-surface
interaction lead to higher film pressures and greater bearing load, while simultaneously
producing lower friction coefficients on both bearing surfaces.

The obtained results provide the following important implications for the design of the
hydrodynamic journal bearing operating with ultra-small surface clearances. The fluid-surface
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interaction should be as strong as possible to enhance the load-carrying performance. A bearing
surface with a low Young’s modulus of elasticity is advantageous for increasing the load capacity
of the bearing. However, to achieve lower friction coefficients, a bearing surface with a high
Young’s modulus of elasticity is preferable.

NOMENCLATURE

e - eccentricity of the bearing

hps, h - thicknesses of the adsorbed layer and the continuum fluid film, respectively

hiwt - surface separation

R, r - radii of the sleeve and the shaft, respectively

u - circumferential speed of the shaft

@, ¢ - angular coordinates of the bearing exit and the location of maximum film pressure,
respectively
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