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The paper proposes a concentric hydrodynamic journal bearing constructed by the boundary
slippage, which is opposed by conventional lubrication theory. Analysis for the carried load
and friction coeflicient of this bearing is presented. The optimum condition for the maximum
load-carrying capacity of this bearing is examined. It is shown that the whole circumference
of the bearing should be taken as the lubricated area, while on most of the stationary surface
of the bearing there should be a hydrophobic coating covered so that the boundary slippage
would occur on this surface, In this condition, the load-carrying capacity of the bearing is
the highest but its friction coefficient is the lowest.
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1. Introduction

Conventional lubrication theory says that no hydrodynamic lubrication effect can be generated
between two sliding parallel smooth plane surfaces (Pinkus, 1961). It also denies a concentric
hydrodynamic journal bearing, where the lubricating film thickness is circumferentially constant.
However, in practice, a concentric hydrodynamic journal bearing is very useful because of its
high supporting precision, high lubricating film thickness, low viscous friction and low energy
consumption.

The boundary slippage has been found to be capable of improving the performance of a
hydrodynamic lubrication (Salant and Fortier, 2004; Zhang, 2008, 2010, 2013, 2014, 2015b;
Li et al, 2014). It was found that hydrodynamic lubrication can be generated between two
sliding parallel smooth plane surfaces because of the boundary slippage (Zhang, 2008). While,
in conventional bearing configurations, the artificial introduction of the boundary slippage can
increase the load-carrying capacity of the bearing but reduce its friction coefficient Zhang (2010,
2013, 2014, 2015b). In Zhang (2015b), the performance of a hydrodynamic journal bearing with
an eccentricity was found to be able to be significantly improved by the boundary slippage.
However, in that paper, a concentric hydrodynamic journal bearing was not addressed.

This paper proposes a concentric hydrodynamic journal bearing which is formed dependent
on the boundary slippage. Analysis of this bearing is presented. It has been found that a signi-
ficant load-carrying capacity can be generated depending on the design method applied. The
optimum condition for the maximum load-carrying capacity of the bearing is also analyzed. In
this optimum condition, the bearing also works with the lowest friction coefficient. The study
shows a potential application value of such a bearing in practice.

2. The bearing configuration

Figure 1 shows the configuration of the studied bearing. The bearing is formed by a rotating
shaft (with circumferential speed u) and a stationary sleeve. The two elements are concentric
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and the lubricating film thickness in the bearing is constant and equal to the bearing clearance
¢(= R—r). The clearance of the bearing is filled with a fluid. The lubricated area of the bearing is
divided into two subzones, i.e. “I” and “II” subzones which are, respectively, the inlet and outlet
zones of the bearing. On the stationary (sleeve) surface in “I” subzone there is a hydrophobic
coating covered to yield a low fluid film-contact surface interfacial shear strength (7s,) at this
surface so that the boundary slippage would occur at this coated surface. The envelope angles
of “I” and “II” subzones are respectively ¢; and ¢;r. On the other surfaces of the bearing,
the fluid film-contact surface interfacial shear strength is relatively high so that the boundary
slippage is absent on these surfaces. The radii of the shaft and sleeve are r and R, respectively.
The carried load per unit contact width and attitude angle of the bearing are respectively w
and . The coordinate system used in the analysis is also shown in Fig. 1.

Entrance

Sleeve

Exit A

The bearing is filled with a fluid between the shaft and the sleeve. The fluid film slips at the sleeve
surface in subzone "I" beacause of low fluid-sleeve interfacial shear strength 75,. It does not slip at
the other bearing surfaces because of relatively hight interfacial shear strength there

Fig. 1. Configuration of the proposed bearing

3. Analysis

The analysis carried out by Zhang (2015b) is also applicable to the present bearing. The analysis
is based on the following assumptions:

(a) The lubricant film thickness is high enough so that the lubricant is continuum across the
film thickness;

b
(c

(b) The lubricant film is Newtonian within the film;
)
(d) Contact surface deformations are negligible;
)

)

The lubricant is isoviscous and imcompressible;

The side leakage in the bearing is negligible and the lubricant is in laminar flow;

(e
(f

The operating condition is isothermal.

Accordingly to Zhang (2015b), the following dimensionless parameters are defined:
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Here, n is fluid viscosity, p is film pressure, ¢, is volume flow rate in the bearing per unit contact

width, F, and Fj are respectively components of the carried load in the z and y coordinate

directions, Fy ) and Fy 4 are respectively friction forces per unit contact width acting on the

sleeve and shaft surfaces, 7 is shear stress, and Aw is fluid film interfacial slipping velocity.
The pressure boundary conditions in the bearing are:

Ply—o =0 Plo=g;+¢r, =0 (3.1)

When the eccentricity ratio ¢ is zero, a lot of the analytical results obtained by Zhang (2015b)
are applicable to the present bearing. The following Sections demonstrate those results.

3.1. “I” subzone
The dimensionless Reynolds equation in “I” subzone is:

dPgp 3k,
_ Qo sti 2
do 3 = 3Qu,stip 2 (3.2)

Using the boundary condition in Eq. (3.1), integrating Eq. (3.2) gives dimensionless pressure
in “I” subzone:

3k,
Paip = (3= 3Quastip — =57 ) for 0<¢<dy (3.3)

The dimensionless pressure on the boundary between “I” and “II” subzones is:
3k
Pslip,max = (3 - 3Qv,slip - TT)QbI (34)

3.2. “II” subzone
The dimensionless Reynolds equation in “II” subzone is:

dPslip
d¢

=6 —12Q, s1ip (3.5)

Using the boundary condition in Eq. (3.1), integrating Eq. (3.5) gives dimensionless pressure
in “IT” subzone:

Pyip = (6 — 12Qy s1ip) (¢ — 1 — ¢11) for ¢ < o< o1+ drr (3.6)

According to Eq. (3.6), the dimensionless pressure on the boundary between “I” and “II” sub-
zones is:

Pslip,max = (12Qv,slip - 6)¢II (37)

Equations (3.3) and (3.6) show that the pressure is respectively linearly distributed in “I”
and “II” subzones in the present bearing. Figure 2 schematically shows the pressure distribution
in the present bearing.
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Fig. 2. Tllustration of the pressure distribution in the proposed bearing

3.3. Volume flow rate and condition for the bearing

Define 14 = ¢11/¢r1, solving coupled equations (3.4) and (3.7) gives:

1+ 2ty — 3k,
= 2 3.8
Qv,slzp 1+ 4'¢¢> ( )
and
Pslip,maa: = _slip,maz(¢l + ¢II) (39)

where Pslip,maa: = 6¢¢(1 - ij)/[(l + quﬁ)(l + 4¢¢)]

From @, qip > 0, it is obtained that k; < 2 + 444. From Pyip mae > 0, it is obtained that
k; < 1. Therefore, k; < 1 is the condition for the present bearing.

It is noted from Eq. (3.9) that for given values of k- and ¢ + ¢77, when ¥y = 1/2, Pyip maa
reaches the maximum, and its maximum value is 2(1 — k-)(¢1 + ¢11)/3.

3.4. Carried load and attitude angle of the bearing

The dimensionless hydrodynamic force component in the x axis direction acting on the shaft
per unit contact width is:

d1+P11

Fa:,slip = - / Pslip COs ¢ d¢ = Pslip,maa:fl (¢¢’ ¢tot) (310)
0

where ¢y = ¢ + ¢r1 and (also Zhang (2015a))

o~ (11 2[5 () - (25
¢ sin( Dot ) (3.11)
e[ e (22

The dimensionless hydrodynamic force component in the y axis direction acting on the shaft
per unit contact width is:

Gr+oérr
Fy,slip = / Pslip sin ¢ d¢ = Pslip,maa:fQ (¢¢’ ¢tot) (312)
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where (also Zhang (2015a))

J2(g, brot) = ( %) ffbf;; cos (1 TOLd)) — SIN Gror + Gtor COS Pyor + sin (%)
3.13)
+ (14 vg) lsin <1TOL¢) - 1?:0;(;5 cos <1TOL¢)
The dimensionless load per unit contact width carried by the bearing is:
Wtip =\ Fz qip + Fro-stip = Petipmaz Fu (Y drot) (3.14)

where fw(@z)qﬁ’ ¢tot) = \/f%(%f)qﬁa ¢tot) + f22(¢¢’ ¢tot) (Zhang, 20153)-

Figure 3 plots the values of f,, against ¢, for the given values of 4. It is shown that for
a given 1)y, the value of f, reaches the maximum when ¢;,; = 27. This means that for the
maximum load-carrying capacity of the bearing, ¢;,; should be taken as 27.
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Fig. 3. Plots of f,, against ¢y for given 14 values (Zhang, 2015a)
When ¢, = 27, the dimensionless load is:
Witip = (1 = k) G(1g) (3.15)

where G (1) = 6thg fu (g, 2) /[(1 4 ¥g) (1 + 4bg)].
The attitude angle of the bearing is:

v = arctan 2V, drot) (3.16)
fl (@Z)qﬁ, ¢t0t)
3.5. Friction coefficient and interfacial slipping velocity
The dimensionless shear stress on the shaft surface is:
k.
r (3 - 7 3Qv slzp) for 0< ¢ < ¢I
Ts,slip = (317)

&
;(4 — 6Qu stip) for ¢ <o < or+ orr
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The dimensionless shear stress on the sleeve surface is:

C

k- for 0< ¢ < o1
_ r
Thyslip = g ¢ (318)
;(6Qv,szz‘p -2) for ¢r <o <or+ o
The dimensionless friction force on the shaft surface per unit contact width is:
Gr+orr o1 Prt+orr
Ff,s,slip = / %s,slip de = /fs,slip d¢ + / %s,slip de
0 0 o1 (3.19)
c k c
= ; (3 - ?T - 3Qv,slip) le + ;(4 - 6Qv,slip)¢ll
The dimensionless friction force on the sleeve surface per unit contact width is:
Gr+orr o1 Prt+orr
Frpostip = / Th,stip AP = /fh,szz‘p do + / Th,stip A9
0 0 o1 (3.20)
c c
- k’r(b]_ + _(GQv,slip - 2)¢II
roor
The friction coefficients on the sleeve and shaft surfaces are respectively:
thslip Ffsslip
Thostip = =3 fs,stip = =3 3.21
slip Wslip s,slip Wslip ( )
The dimensionless slipping velocity of the fluid film at the sleeve surface is:
3Qustip 1 kr for 0< o< ¢r
pu=! 2 2 1 (3.22)

0 for ¢r <o < o1+ érr

where DU should be positive for 0 < ¢ < ¢y.

4. Results and discussion

Figure 4a plots the values of G' against vy when ¢y = 2m. It is shown that G significantly
increases with the reduction of 14 when ¢4 > 0.1. While, for ¢4 < 0.01, G is weakly influenced
by 4. According to Eq. (3.15), it means that for a given k, the load-carrying capacity of the
bearing increases with the reduction of 14, especially when g4 > 0.1, while too low values
of 14 have no benefits in increasing the load-carrying capacity. As the optimum value of 1)y
for the maximum value of Py, max is 0.5, in the engineering design, the value of ¢4 may be
recommended to be chosen between 0.1 and 0.5.

Figure 4b plots values of v against 1)y when ¢y = 27. The minimum value of « is about
579, and it occurs when vy is around 1.0. For 94 < 0.1 or 14 > 20, v approaches 90°.

Figures 5a and 5b plot respectively values of fs gipr/c and fp, sipr/c against ¢y for different
k; when ¢y, = 27. It is shown that for given values of k; and ¢/, the friction coefficients fs qip
and fp, s1p both are linearly reduced with the reduction of 4. This indicates that a relatively
low value of 14 has also benefit of giving a low friction coefficient to the bearing. The reduction
of k; is shown to significantly reduce the friction coefficient, especially when 1) is high.



A concentric hydrodynamic journal bearing with the boundary slippage

351

(a) (b)

100 80
O COR ST -
T, = *h\ //‘,.—vn»n
. [ \
N 60 \ /
S 1Y
10} e "
\.\ [ L\ %
\\ 40
\ I
1 \
% 20
\
0.1 1 L Il 1L 0 I EATIT IR WETIT IR EETE ] At et in) A EETET]
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
Py Vs
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Fig. 5. Plots of fs siipr/c and fr s1ipr/c against ¢, for different kr when ¢ror = 27

5. Conclusions

This paper proposes a concentric hydrodynamic journal bearing which is formed dependent on
the boundary slippage. The configuration of the bearing is presented. The lubricated area of the
bearing is divided into two subzones, which may respectively be the inlet and outlet zones. In
the inlet zone, on the stationary surface a hydrophobic coating is covered to yield a low fluid
film-contact surface interfacial shear strength so that the boundary slippage could occur on this
surface. On the other bearing surfaces, the boundary slippage is absent because of relatively
high interfacial shear strengths on these surfaces.

Analysis for the load-carrying capacity and friction coefficient of the bearing is presented.
Typical calculations have been carried out. It has been found that the optimum value of the ratio
of the circumferential length of the outlet zone to that of the inlet zone, i.e. the optimum value
of g4 is 0.5 for the maximum hydrodynamic pressure building-up. However for this value 1y,
the load-carrying capacity of the bearing is still not the maximum. The whole circumference of
the bearing should be taken as the lubricated area for achieving a high load-carrying capacity.
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In this condition, the carried load of the bearing is found to be increased with the reduction
of 1y, especially when 14 > 0.1. Nevertheless, for 14 < 0.01, the load-carrying capacity of the
bearing is weakly influenced by variation of 4. It is recommended that in engineering design
the value of 94 should be chosen between 0.1 and 0.5. A low value of 1), also has the benefit of
giving a low friction coefficient to the bearing.
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