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Abstract

The multiple hole-entry flexible journal bearing configurations with constant flow valve
compensation have been theoretically studied to determine the effects of bearing shell
flexibility on the bearing performance characteristic. Finite element method has been
used to obtain solutions of 3-dimensional elasticity equations and Reynolds equation. The
non-dimensional parameter C g4 is defined to account for the flexibility of bearing shell.

Bearing performance characteristics have been presented for wide range of repre- -
sentative values of deformation coefficient (C4) and non-dimensional external load (Wo).
The results indicate that the bearing performance characteristic are significantly affected
by bearing shell flexibility, both for hydrostatic (2 =0.0) and hybrid (27 0.0) modes of
operations.
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Nomenclature
a : Radius of capillary ,
ap : Bearing land width in axial direction ,
c : Radial clearance ,
Gij : Damping coefficient (z, j =1, 2),
D : Journal diameter ,

e : Journal Eccentricity , )
E : Modulus of elasticity of Bearing material ,
. : : 8h

F : Resultant fluid film reaction [5{?50] ,

F, : Resultant fluid film reaction [%:—'O] ,

Fox, Foz : = and z components of fluid film reaction [%:0] .
g : Acceleration due to gravity ,

h : Fluid film thickness ,

Rnin : Minimum fluid film thickness ,

M. : Critical mass of journal ,

M; : Journal mass Z ,
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l : Capillary length |
L : Journal Bearing length,
-N : Rotational speed,
Oy : Bearing centre,
0; : Journal centre,
p : Pressure,
Pe : Pocket pressure [%%%0],
Ds : Supply pressure,
: Total bearing flow,
Gn : Flow through constant flow valve restrictor,
R; : Radius of journal,
Si; : Fluid film stiffness coeflicient (7, j=1, ..., 2),
t : time,
) : Thickness of bearing shell,
U : Surface speed (=w;R;),
u, v, w : Components of bearing shell deformation,
W, : External load,
X,Y, Z : Cartesian co-ordinate system,
Xj, Z;  : Journal centre co-ordinates,
[T : Dynamic viscosity of the lubricant,
W : Journal rotational speed,
Weh : Threshold speed,
Wy : Damped frequency of whirl,
. 1/2
Wi . [%] )
P : Density of the lubricant

Non-Dimensional Parameters for Journal Bearings

3
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Ci = Cii | ——1 ,
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Subscripts and Supercripts

b : bearing,
¢ : pocket,
j : journal,
o : static equilibrium or steady state position,
R : restrictor,
s : supply pressure,
T : Squeeze terms,
— : Corresponding non-dimensional parameter,
* : Concentric operation.
Matrices
[F] : Fluidity matrix,
[Fr] : Global nodal force matrix,
{p} : Nodal pressure vector,
{_Q} : Nodal flow vector,
{ﬁu} : Column vector due to hydrodynamic terms,
{ij} , {_R—zj} : Global right hand side vectors due to journal centre velocities.

Introduction

Hybrid journal bearings offer advantages of both the hydrostatic (high
stiffness at low eccentricities, high accuracy of location and precision of
rotation, cool operation. low wear) and hydrodynamic bearing (high load
carrying capacity at high operating eccentricities) in one bearing.

In the hybrid mode of operation, the conventional multirecessed of
pocketted journal bearings contribute very less towards hydrodynamic ac-
tion [1-5]. The pockets of recesses constitute large bearing area in compar-
ison to bearing lands. Therefore, the recessed journal bearing is not able
to generate a substantial hydrodynamic pressure. Thus, recessed bearings
when operating in hybrid mode at higher speeds are not suitable for heavily
loaded applications. Therefore, to gain maximum advantages of both hy-
drostatic and hydrodynamic effects in a more efficient way, non-recessed 1. e.
hole-entry journal bearings are used for hybrid operations. The hole-entry
journal bearings give better performance either as a hydrostatic bearing or
as a hybrid bearing. In addition to this these are easy to manufacture and
have reduced cost of machining.




PERFORMANCE CHARACTERISTICS 65

[sT 4
—"“l"L

© 0 0 » © 0o o0 0 © 0 0 O

© e 0 0 0 0 © 0 O O O ¢

a) Symmetric plain hole - entry hyb-

Sym Rigid housing
rid journal bearing (configuration 1)

c) Co-ordinate system

Q o o o 46 o

b) Asymmetric plain hole - entry hyb-
rid journal bearing(configurationi)

Fig. 1. Bearing geometry and co-ordinate system

. In recent years, various theoretical and experimental studies have been
carried out and reported in literature on non-recessed journal bearings
[2-11]. These studies covered various aspects of these types of bearings,
i. e., analysis, design, optimization, operation etc. The main observation
regarding the available studies on hole-entry journal bearings is that these
studies have been based on rigid bearing assumption i. e. both journal and
bearing are assumed to be absolutely rigid. However, it is expected that
when a bearing operates under heavy load, the pressure generated in the
fluid film may be sufficient to cause significant deformation of bearing shell
(of the order of fluid film thickness). The deformation in journal is ignored
because the journal is generally made of harder material as compared to
bearing shell. Thus, the flexibility of the bearing shell may affect the
bearing performance characteristics.

The studies available on the elasto-hydrostatic analysis of hole-entry
journal bearings are very limited. Recently various aspects of orifice-
compensated multiple hole-entry journal bearing configuration [12] includ-
ing bearing shell flexibility have been analyses. The study reveals that
bearing shell flexibility should be considered in the analysis in order to
establish design data more accurately.

The present work is an extension of the previous work [12] and is
aimed at determining the effects of flexibility of bearing shell on the static
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and dynamic performance characteristics of a constant flow valve compen-
sated multiple hole-entry journal bearing configurations. Two hole-entry
journal bearing configurations studied are the symmetrical hole-entry jour-
nal bearing with 12 holes per row and assymmetric hole-entry journal bear-
ing with six holes per row {Fig. I]. These configurations are referred as
configurations I and configuration II respectively in the further discussion
of this paper. Based on the normalization of the governing equations, a
nondimensional parameter (Cy) has been defined and can be regarded as
a measure of the flexibility of bearing shell.

The bearing performance characteristics in terms of circumferential
and axial pressure distributions, maximum or peak pressure (Pg,,,), min-
imum film thickness (hmin), attitude angle (), stiffness coefficients (511,
S12, S21, S22), damping coefficients (Cy1, Cia, Ca21, Co2) and stability
margin in terms of critical journal mass (M.), threshold speed (@) and
damped frequency of whirl (@g) have been presented for Cy = 0.0, 0.1,
0.50, A= 1.0, » =0.3, = 0.0 and 1.00, ap/L = 0.25. The input flows
fed through each supply hole for configurations I and II are taken respec-
tively as 0.12937 and 0.15514. These are the typical values of low which
corresponds to flow of lubricant through each supply hole for capillary
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Fig. 3. Circumferential pressure distribution and radial deformation at axial MID-plane

compensated rigid bearings, when operating concentrically and having a
restricted design parameters (Cyz) value equal to 0.5000. The ratio (%) of
bearing thickness (¢;) to journal radius (R;) is taken as ¢, =0.1 [12].
Results presented in the paper will help in predicting the effects of
bearing shell flexibility on the performance of constant flow valve compen-
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Fig. 4. Circumferential pressure distribution and radial deformation at axial MID-plane

sated multiple hole-entry journal bearings. The results will be useful to
bearing designers.
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Analysis

Geometric details of the hole-entry journal bearing system are illustrated
in Fig. 1. The laminar flow of isoviscous incompressible lubricant in the
clearance space of a journal bearing system is governed by the following
non-dimensional Reynolds equation.

Rop\, 8 (Kop)_1g
12 e 1268 ) 2
Using Galerkin’s technique, the finite element method and equation (1),

the system equation for the discretized flow field is derived [12] as:

7,y Pl = (@), +2{Re} 45 (R}, 45 (R}
(2)

6_5_
do

o
do

0

9 Ok
98

ot (1)

ngry

where n; is the total number of nodes in the lubricant flow field.
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—

Maximum pressure

Restrictor Flow Equation:

The flow (Q) of lubricant through a constant flow valve restrictor is defined

as
@ = Constant,

Qc = Q.n . (3)

An elastohydrostatic (EHS) analysis of a compensated hole-entry jour-
nal bearing system requires simulataneous solution of Reynolds equation,
together with equations for the flow of lubricant through restrictors as
constraint and three dimensional elasticity equations using appropriate
boundary conditions for different solution domains and a suitable itera-
tive scheme [12].

Results and Discussions

In the present study the size of supply holes are assumed to be quite small,
and hence, the effects of pocket size have been neglected in computing the
performance characteristics.
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Fig. 7. a), b) Minimum film thickness

The performance characteristics of a constant flow valve compensated
multiple hole-entry journal bearing system presented and discussed in this
section were obtained using the analysis and computational technique dec-
sribed in the previous section. The validity of the computer program used
is tested by computing the validity of the computer program used is tested
by computing the characteristics for a rigid bearing (C3=0.0) and compar-
ing these with the available results [2]. Figure 2 shows a good agreement
between the computed film reaction (F,) corresponding to different ec-
centricity ratios (¢) and those of [2] for capillary compensated bearing as
the for constant flow valve compensated bearing are not available. Some
differences between the computed and available results are seen at higher
eccentricity ratios. This is probably due to the use of different compu-
tational techniques between the studies. The elastic deformation analysis
program has been tested separately. ‘

To study the effects of bearing shell flexibility, the bearing perfor-
mance characteristics have been plotted against load (W), for three rep-
resentative of Cy (=0.0, 0.1, 0.5) [12]. With configuration II, it is possible
to carry a load even at zero eccentricity ratio (¢ = 0.0); the value of this
load is W, =1.415. Thus, the range of non-dimensional load W, =1.0-2.0
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Fig. 8. a), Attitude angle b), Journal centre equilibrium position

is selected for the configuration II. Results for configuration I, have been
obtained for the range of load W,=0.0-1.0. The range of non-dimensional
load W, =0.0-2.0 is selected so as to cover the generally used operating
range of eccentricity.

The static performance characteristics have been presented in Figs. 2-
8. Figures 9-21 present the dynamic characteristics. At a fixed load (W),
the circumferential pressure distribution (7) at the axial mid plane and the
radial deformation (W) for the hole-entry journal bearing configurations I
and I have been shown in Figs. 3 and 4, both for hydrostatic as well as
hybrid modes of operations.

In general, the fluid film pressure (P) decreases with an increase in
bearing shell flexibility (Cy), both for hydrostatic as well as hybrid modes of
operations and for both the configurations studied. Fig. 5 shows the axial
pressure distribution curves at an angular position a=270°. These curves
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Fig. 9. a). b) Stiffness coefficient

depicts that radial deformation at any point increases with an increase in
deformation coefficient (Cy).

At a constant vertical load (W,), the maximum pressure (5,,.) (Fig. 6)
is reduced as the bearing shell flexibility (C,) increases, for both hydrostasic
as well as hybrid modes of operations. For a flexible bearing, the film
thickness is a function of radial displacement (@) of the fluid film — bearing
shell — interface. An increased value of radial displacement (W) and thus,
the fluid film profile gets modified. This results in reduction in the value
of Pmax- _

Results of minimum film thickness (hpni,) have been presented in
Fig. 7. A general of these results reveals the following:

1. In the case of configuration II, the constant flow valve compensated
rigid journal bearing systems operates concentric (¢ =0.0) when sup-
porting an external load Wo=1.415 and therefore, Ami, remains unity
in this situation,

2. At constant load (Wo) wmin value is reduced with an increase of
bearing flexibility (C4) both for hydrostatic as well as hybrid modes
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S
Y

of operations as compared to the corresponding value for the rigid
bearing case,
. For flexible bearing, operating in hybrid mode of operation (2=0.0),
the value of ki, is generally more as compared to the corresponding
values for the pure hydrostatic mode of operation,
. At 4 constant load (W,), the reduction in the value of k., become
more at large value of deformation coefficient (i. e. Cy=0.500).

Fig. 8 shows that so support a constant load, a flexible bearing system

operates at higher eccentricity ratio (¢) and lower attitude angle (¢) than
the corresponding rigid bearing system. This property is favourable from
view point of dynamic performance.

The plots presented in Figs. 9 through 12 shows the variations of

fluid film stiffness coefficients. In the case of pure hydrostatic ({2 = 0.0)
mode of operation, the value of cross—coupled stifiness coeflicients (_512,
S21) obtained were zero. For the hybrid (2 = 0.0) mode of operation,
the coupled stiffness coefficients were obtained to be equal in magnitude
for configuration I. but not for configuration II. At a constant load (W,),
the fluid film stiffness coefficients (S, S12, Sai, Sy2), decreases withy an
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Fig. 11. Cross coupled stiffness coefficients

increase of bearing shell flexibility (Cy), both for hydrostatic as well as
hybrid modes of operation of bearings.

The effects of bearing shell flexibility (Cy) on damping coefficients
have been presented in Figs. 13-15. When the bearing operates in the
hydrostatic mode (£2=0.0) of operation, the coupled damping coefficients
(612, —C-z;) are zero. Therefore, the variations in coupled damping coefhi-
cients are shown for hybrid mode of operation only, In general, at constant
load (W,), the magnitude of damping coefficients (C11, Cia, C21, Ca)
decreases with an increase of bearing shell flexibility (Cy), both for hydro-
static (2 =0.0) as well as hybrid (€ = 0.0) modes of operational and for
both the configurations studied.

The behaviour of coupled damping coeflicients (Ci2, Ca1), for config-
uration II, is opposite in nature if the load is greater or less than the load
carrying capacity of the rigid bearing at zero eccentricity ratio (e = 0.0)
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Fig. 12. a), b) Stiffness coefficient

i. e. W,=1.415. the coupled damping coefficients have identical valves for
both the configurations studied. For configuration I, the coupled damping
coefficients are very small in comparison to direct damping coefficient and
remains negative over the entire load range.

Figs. 16 through 21, shows the variations of the stability margin
parameters M, @, and Wy due to bearing shell flexibility. The variations in
the stability margin parameters have been presented only for hybrid mode
of operation. When the flexible bearing operates in the pure hydrostatic
(2 =0.0) mode, then owing to the absence of cross-coupled stiffness and
damping coefficients terms, the stability margin parameters (Hc, Wik, Td)
of the journal bearing system assumes values such that the system remains
always stable.

At a constant load (W,), the values of M. and @y}, decreases with an
increase of Cq for Configuration I, Figs. 16 and 18. While for configuration
II, the behaviour of plots of M. and @y, due to increase in bearing shell
fexibility (Cq) id opposite in nature for load below and above the load
Wo=1.415, Figs. 17 and 19.

The damped frequency of whirl (@y) for the hole-entry journal bearing
configuration I, Fig. 20, gets stabilized between values 0.40 and 0.50 for
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loads (W, =0.1-1.0) when Cjy is increased. However, for configuration II,
@, increases with the increase of bearing shell flexibility (Cy), Fig. 21.

Numerical Example

A numerical example is provided to illustrate the effects of bearing shell
flexibility on bearing performance characteristics.

A hole-entry journal bearing with 12 holes per row, configuration I,
Fig. 1, using constant flow valve compensation has been analyzed for the
following geometric and operating data:

R; = 50mm, + =025,

t;p, = 5mm, p = 0.5000,

A =10, g = 0.0345N- s- m™2 at 38°C,
¢ = 858 kg-m’a, c = 0.05020 mm,

N = 2500rpm, ps = 8.96 MN/m2,

Q =1.0, Wo = 22.4kN,

Wo = 1.00.
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The dimensional values of performance characteristics of a hole-entry hy-
brid flexible journal bearing, configuration I are presented in Table 1.

The percentage changes in the values of bearing performance char-
acteristics for a flexible bearing system as shown in Table 2, have been
computed with respect to the corresponding values for rigid bearing cases.
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Table 1
Performance characteristics of hole-entry hybrid journal bearing with constant valve
) compensation

CONFIGURATION I

Specimen 1 2 3 4 5 6
No.

Cq 0.000 0.004462  0.170252  0.0308073  0.1406505  0.3982281
Perfor-
mance

v _— 0.303 0.357 0.44 0.40 0.47
Charac-
teristics
Pmax 0.76527 0.76375 0.76045 0.76049 0.73586 0.73190
Nmm?
hmin 0.89762  0.89715 0.89615 0.89637 0.88841 0.8900
mm
¢(deg.) 59.14721 58.83813  58.17677 58.20680 53.38637 52.88394
S11 5.1453 5.1265 5.0858 5.0864 4.7863 4.7421
MN/mm
S12 8.2998 8.2706 8.2078 8.2095 7.7453 7.6850
MN/mm
~591 -8.5099  -8.4821 -8.4221 -8.4239 -7.9782 -7.9202
MN/mm
Sao . 5.1881 5.1681 5.1241 5.1249 4.7996 4.7509
MN/mm
Ci1 17.3979  17.3291 17.2027 17.2063 16.2686 16.1480
MNs/mm
Cio=0Cn -0.1941  -0.1943 -0.1946 -0.1945 -0.1972 -0.1965
MNs/mm
Cas 17.1834  17.1258 17.0017 17.0050 16.0853 15.9642
MNs/mm
M. 36.881 36.744 36.446 36.451 34.2466 33.918
108-kg
Wih 2066.321 2062.475  2054.075  2054.208 1991 .038 1981.622
rad/s
wq 214,942  214.933 214.925 214.925 214.827 214.814
rad/s

$=0.5000; ps=8.96 N-mm; Wo=1.0 Wo=224kN; =1.00; N=2500rpm.
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Table 2
Percentage change in performance characteristics of hole-entry hybrid journal bearing
with constant flow valve compensation

Specimen 1 2 3 4 5 6
No.
T4 0.000 0.004462 0.170252 0.030807 0.1406505 0.3982281

Perfor-

mance

v —  0.303 0.357 0.44 0.40 0.47

Charac-

teristics

Pmax — -0.1986 -0.6298 -0.6246 -3.843 -4.3605
hmin — -0.0524 -0.1637 -0.1392 -1.0261 -0.8489
B(deg.) — -0.5225 -1.6407 -1.5899 -9.7390 -10.5899
S11 — -0.3208 -1.1122 -1.1005 -6.9356 -7.7951
S12 — -0.3518 -1.1085 -1.0879 -6.6808 ~7.4074
~521 — —0.3266 -1.0374 -1.01059 -6.2480 -6.9296
S22 — -0.3855 -1.2336 -1.2182 -7.4883 -8.4269
C11 — ~0.3382 -~1.0651 -1.0444 -6.4372 ~7.1308
Ci12=Ch — 0.1030 0.2579  0.2061 1.5971 1.2364
Cao — -0.3352 -1.0574 -1.0382 -6.3905 ~7.0952
M. — -0.37026 -1.1794 -1.1666 -7.1439 -8.0327
Wik — -0.18612 -0.5926 -0.5861 -3.643 . -4.0990
wq — -0.004113-0.00822 -0.008226 -0.008226 -0.05964

p=0.5000; ps=8.96N-mm; Wo=1.0; W,=224kN; Q=1.00;
N =2500rpm.

. P.C)yrexivie={(P.Clrigi
% change in P.C.= ¢ )“(P‘g),.;(,}.:C) 2id . 100

P.C. = per formance characteristics
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Conclusions

Based on the results presented in previous sections, if a constant ver-
tical load is to be supported, the following observations apply:
. In general, the values of bearing performance characteristics such as max-
imum pressure (Pp,,y), attitude angle (¢), stiffness coefficients and damp-
ing coefficients decreases with the increase of bearing shell flexibility (Cy),
when the bearing operate in hydrostatic— hybrid mode of operation.
. The value of minimum film thickness (ﬁmin) is reduced with the increase
in Cq and/or load (W,). A flexible hole-entry journal bearing system is
superior from the view point of hmin, when operating in hybrid mode of
operation.
. An increase in bearing shell flexibility (C4) improves the stability margin
(M., @y,) of hole—entry journal bearing configuration II at higher loads,
while for configuration I, the stability margin decreases. These results,
therefore suggests the need for a careful disposition of supply holes around
the circumference of a bearing geometry.
. The elastohydrostatic effects in the study of hole—entry journal bearings
are significant when load is heavy and/or deformation coefficient (Cq) is
large. In the numerical example a reduction of 8.43% is noticed in the value
of stiffness coefficient (S22).
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