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A Parametric Study on the Characteristics of the Oil-Lubricated
Wave Journal Bearing
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Abstract : A new bearing concept, the wave journal bearing, has been developed to improve the static and dynamic
performance of a hydrodynamic journal bearing. This concept features a wave in bearing surface. Not only straight but also
twisted wave journal bearings are investigated numerically. The performances of straight and twisted bearings are compared to
a plain journal bearing over a wide range of eccentricity. The bearing load and stability characteristics are dependent on the
geometric parameters such as the number of waves, the amplitude and the starting point of the wave relative to the applied load
direction. The bearing performance is analyzed for various configurations and for both cases of smooth and wave member
rotation. The wave journal bearing, especially for the twisted one, offers better stability than the plain journal bearing under all

eccentricity ratios and load orientation.
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Introduction

Spindle motor bearings are required high speed and superior
vibration  characteristics ~ for  better  performance,
miniaturization for compactness, and low cost for economy.
Especially, stable rotation of the spindle motor bearing is
indispensable to give full play of the sophisticated electro-
mechanical device such as, hard disk drive (HDD) for the
information storage device. Non-contacting journal bearings
have been replaced rolling element bearings to satisfy these
various requirements. But plain journal bearings have poor
vibration characteristics so that many researchers have been
trying to improve the stability characteristics of the journal
bearing by adding holes, lobes, spirals, and herringbone-
grooves on either journal or bearing surface.

In 1990’s, new bearing concept, the wave journal bearing,
was developed to improve the static and dynamic
performances of the plain journal bearing. Mokhar et al. [1]
analyzed the static characteristics of the journal bearing with
undulating surfaces. Dimofte [2,3] proposed the concept of the
wave journal bearing and studied on the characteristics of it
with compressible fluid. Walker [4] et al. conducted
experiments of air-lubricated wave journal bearing and
concluded that the stability of the wave journal bearing was
superior than that of the plain journal bearing. In this study, we
present numerical analysis of the oil-lubricated wave journal
bearing with various geometric parameters for the cases of
smooth and wave member rotating as well as for the cases of
straight and twisted wave in axial direction.
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Analysis

A schematic geometry of three-wave journal bearing is shown
in Fig. 1. The variation in fluid film thickness along the
circumference can be defined as follows:

A =P + Py = ¢ + ecos 8+ e,c0s[n, (0 + )] {1

where ¢ is the radial clearance which is defined as the
difference between the mean circle radius of the wave and that
of the journal, e, e, and n,, represent the eccentricity, the wave
amplitude, and the number of waves, respectively. The angle a
is the angle between the starting point of the wave and the line
of centers and 8is the angular coordinate starting from the line
of centers in counter-clockwise as shown in Fig. 1. The wave
position angle yis the angle between the starting point of the
wave and the direction of the applied load. The wave
amplitude is expressed as the wave amplitude ratio, &g, (e,/c)
which is normalized with the clearance, c.

The fluid film thickness of the twisted wave journal bearing
can be obtained by shifting the fluid film thickness of the wave
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Fig. 1. Three-wave and plain journal bearing geometry.
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Fig. 2. Twisted wave journal bearing geometry.

journal bearing in circumferential direction along the axis.
Then the rates of the change in film thickness both for
circumferential and axial directions can be obtained
numerically. Figure 2 shows two kinds of the twisted wave
journal bearings. One is twisted in one direction along the axis,
the other is twisted as chevron shape. The twisted angle § is
defined as shown in Fig. 2.

Neglecting the inertia effect of the fluid, the appropriate
Reynolds equation usually used for thin fluid film geometry is:
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where R is the journal radius, @ is the journal angular speed,
and g, is the oil viscosity. The stiffness and damping
coefficients of the bearing can be obtained by means of
perturbation method considering small journal perturbations
(Ax, Az) about steady-state journal position. [5] The film
thickness and the pressure are assumed to be as follows:

Substitution of the Eqn. (3) into the Reynolds equation (1) gives a set of differential equation of pressure:
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In order to analyze the effect of twisted wave, the rate of
change of the film thickness in axial direction, d4,/dy, should
be included into Eqn. (5). The boundary conditions for Eqn.
(5) are as follows:

Po=Pa (6
p=p.+p+p.=0
at both ends of the bearing in axial direction and
ap,
% - O ’ po _paa (7)

along the cavitation boundary, where p, represents the ambient
pressure. Periodic condition is used for the circumferential
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direction.
The resultant reaction load is decomposed into £, and £, in x
and z directions, respectively:
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The finite difference method is applied to Eqn. (5) and the
alternating direction implicit method is used to compute
pressure iteratively. The iteration repeats until the relative error
of the pressure at every points is less than 107. Reynolds
boundary condition is applied at every iterations. Integration of
the pressure distribution over the journal surface gives the
reaction forces and resultant attitude angle of the fluid film
bearing and then the stiffness and damping coefficient, k and b
can be calculated.

The stability analysis is followed once the dynamic
coefficients of the bearing are obtained. Equations of motion
for the constant speed journal of mass m, are:

mAx =f.
mAz = f, (10)

Equation (10) is recast for the given coordinate system as
follows:

m, 0\ Ax + Cxx Cxg Ax kxx kxz Ax 0

0 m,)lAz Coe € AZ k,. k. Az 0
an
The solution to Eqn. (11} is of the type:
X
Axi o] o (12)
Az 2y

where Q:—.Qd+i.Q‘; Substituting Eqn. (12). into Eqn. (11)
gives:

_ _ —
QMa+QBxx+Kxx Qsz+sz Xn| Qor 0
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D and L represent the journal diameter and the bearing length,
respectively. The instability of the bearing occurs at £2,=0,
and the dimensionless critical mass parameter (M,). can be
calculated from Eqn. (13):

2
cm, o

= —— 15
or = | piD (15)

(M,)

cr
Results and Discussions

All the results shown in this work is for the case of I/D = 1 for

simplicity. The pressure distribution is mainly affected by the
waves as can be seen in Fig. 3, which differs significantly from
the plain journal bearing. The wave journal bearing generates
pressure even at zero eccentricity so that it can obtain the high
stiffness and stability performance even the bearing is operated
near the concentric position. The pressure distribution is
plotted in Fig. 3 using a dimensionless pressure, P,, and the
load carrying capacity, which can be obtained by integration of
the pressure distribution over the bearing surface, is normalized
as follows:

f
p =P p- (16)
Da p, LD

The same eccentricity ratio of 0.2 was set in computer
program to compare the load carrying capacity of the wave
journal bearing to the plain journal bearing. The load carrying
capacity of the wave journal bearing depends on the
parameters such as eccentricity, the number of waves, the wave
amplitude ratio and the wave position angle. As an example,
the variation of load carrying capacity for the wave amplitude
ratio is plotted with respect to the wave posion angle in Fig. 4.
As the wave amplitude ratio becomes larger, the load carrying
capacity increases more. Furthermore the maximum load can
be obtained at certain wave position angle and in reverse, load
carrying capacity of wave journal bearing may fall below that
of plain journal bearing for certain wave position angle. That
is, the waves position angle must be carefully selected.
However, the large wave amplitude ratio can cover up above
mentioned problem.

The wave position angle for the maximum load carrying
capacity of the 3-wave journal bearing can be decided from the
Fig. 4 at each wave amplitude ratio and this corresponds to
a=0. Among the attitude angle, the wave position angle and
the angle between the starting point of the wave and the line of
centers (a), the following relation, which is shown in Fig. 1,
can be written:

y=® -0 (17)

The wave position angle must be equal to the attitude angle
to maximize the effect of wave on load carrying capacity of the
3-wave journal bearing. The attitude angle vs. the eccentricity
ratio of 3-wave journal bearing when ¢ =0 is plotted in Fig. 5.
As the wave amplitude ratio becomes larger, the attitude angle
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Fig. 3. Pressure distribution of the 3-wave bearing (&=0.1,
£,=0.2, o=0, smooth member rotating).
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Fig. 4. Dimensionless load vs. wave position angle of 3-wave

and plain journal bearing for various wave amplitude ratios
(e=0.2, smooth member rotating).
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Fig. 5. Attitude angle vs. eccentricity ratio of 3-wave and a
plain bearing for various wave amplitude ratio (a=0, smooth
member rotating).

at given eccentricity ratio decreases.

To illustrate the effect of the number of waves, the load
carrying capacities of wave journal bearings are plotted with
respect to the wave position angle for various number of waves
in Fig. 6. As the number of waves increases, the load carrying
capacity of the wave journal bearing becomes nearly constant
regardless of the applied load direction while the maximum
value decreases compared to the less number of waves. The
dotted line corresponds to the load carrying capacity of the
plain journal bearing for the minimum film thickness due to
the wave.

The load carrying capacity of the wave journal bearing which
is twisted in one direction along the axis (twisted-wave I) and in
chevron shape (twisted-wave II) are plotted in Fig. 7, where the
eccentricity ratio and the wave amplitude ratio are set to 0.2 and
the twisted angle is set to 27.6° at each case. The twisted-wave I
has less maximum load carrying capacity compared to the
straight-wave journal bearing. On the other hand, the twisted-
wave II has more improved maximum load carrying capacity
than that of the straight-wave journal bearing.

Figure 8 shows the effect of the twisted angle on the load
carrying capacity and the attitude angle of the twisted-wave 1
and T. As the twisted angle increases, the load carrying
capacity and attitude angle of the twisted-wave 1 and the
attitude angle of the twisted-wave II decrease. But the load
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Fig. 6. Dimensionless load vs. wave position angle of wave and
plain journal bearing for various number of waves (&=0.2,
£,=0.2, smooth member rotating).
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Fig. 7. Dimensionless load vs. wave posotion angle of straight,
twisted-wave I and II (3 waves, £=0.2, £,=0.2, smooth member
rotating).

carrying capacity of the twisted-wave II increases to some
extent as if there is an optimal value in twisted angle just like a
herringbone groove journal bearing.

When waves are formed on the rotating surface, the film
thickness varies with the journal angular position, which
makes reaction forces in fluid film vary with time with a
fundamental period equal to (2@@)n, The transient
characteristics of the wave journal bearing have to be analyzed
when the wave member rotates.

Figure 9 shows the dimensionless radial and tangential
forces variations of the 3-wave journal bearing with respect to
the journal eccentricities. Due to large pressure change in wave
by wave, these transient force variations are more prominent
for the wave journal bearing with a small number of waves
operating at large journal eccentricity.

The bearing stability is illustrated with the dimensionless
critical mass parameter defined by Eqn. (15). Figure 10 shows
the dimensionless critical mass parameter variations with
respect to the wave position angle of 3-wave journal bearing
for various wave amplitude ratios. The maximum bearing
stability can be obtained with proper selection of the wave
position angle, that is, &= 0 which is similar to the case for the
load carrying capacity. However, wave journal bearing is more
stable than plain journal bearing regardless of the wave



A Parametric Study on the Characteristics of the Oil-Lubricated Wave Journal Bearing 63

0.055

- TWISTED WAVE i

DIMENSIONLESS LOAD
o
o
(4]

— STRAIGHT WAVE
-o- TWISTED WAVE |

0.045 = A A
0 10 20 30 40
52
@
Qo
st
=)
2]
-
g
Z a1}
ad
a
2 — STRAIGHT WAVE
E - TWISTED WAVE 1l
< ~—TWISTED WAVE |
42 AL A AL
0 10 20 30 40

TWISTED ANGLE (DEGS)

Fig. 8. Dimensionless load capacity and attitude angle vs.
twisted angle of straight, twisted-wave I and II (3 waves,
£=0.2, £,=0.2, smooth member rotating).
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position angle and better stability is obtained as the wave
amplitude ratio increases.

Figure 11 shows the stability map of the 3-wave journal
bearing with respect to various wave amplitude ratios for the
case of or= 0. The wave journal bearing is more stable than the
plain journal bearing in all eccentricity range and its difference
becomes larger especially near the concentric position where
plain journal bearing is easy to become unstable.

The variations of the dimensionless critical mass vs. the
twisted angle are plotted for the case of the twisted-wave I and
Il in Fig. 12. The eccentricity ratio of 0.01 was selected
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Fig. 10. Dimensionless critical mass parameter vs. wave
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10
Unstable

’jon//

1r

2
cm, @
[ p. LD o
01 F Stable -3 WAVES, Ew=0.4
region
-+-3 WAVES, Ew=0.2
— PLAIN
0.01 A - .
0 0.2 0.4 0.6 0.8

ECCENTRICITY RATIO
Fig. 11. Dimensionless critical mass parameter vs. eccentricity
ratio of 3-wave and plain journal bearing for various wave
amplitude ratios (=0, smooth member rotating).

0.56
-~ TWISTED WAVE Il
—- STRAIGHT WAVE
0.53 }| - TwiSTED WAVE |
. 2
o 0s |
pLD |,
0.47 }
0.44 2 L
0 20 40 60

TWISED ANGLE (DEGS)

Fig. 12. Dimensionless critical mass parameter vs. twisted
angle of straight, twisted-wave and (3 waves, 0.01, £,=0.2,
smooth member rotating).

because the instability occurs easily near a concentric position.
The stability of the twisted-wave II increases as the twisted
angle increases to some extent while the stability of the
twisted-wave 1 decreases with the increasing twisted angle.
That is, the twisted wave I has poor stability characteristics
than even straight wave journal bearing. However, twisted
wave I can pump the lubricant into axial direction, that can be
applied to improve another characteristics of the spindle motor
bearing system.
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Conclusions

The characteristics of the wave journal bearing using
incompressible lubricant have been analyzed and compared to
those of the plain journal bearing. Also the static and dynamic
performances of the journal bearing with various wave
parameters are investigated numerically. The following
conclusions are drawn:

1. By adding the wave geometry on the bearing surface, the
load carrying capacity increases as the wave amplitude
increases and the static and dynamic performances of the
journal bearing are improved.

2. For the case of the smooth member rotating, the position
of the wave relative to the applied load gives big
influences on the bearing characteristics.

3. As the number of waves increases, the load carrying
capacity of the wave journal bearing becomes nearly
constant regardless of the direction of the applied load
and the maximum value decreases compared to less
number of waves.

4. For the wave journal bearing twisted in one direction, the
maximum load carrying capacity and the stability
decreases as the twisted angle increases. On the other
hand, the wave journal bearing twisted in chevron shape
has better characteristics in both the load carrying
capacity and stability than the straight wave journal
bearing.

5. For the case of wave member rotating, the transient force
variation increases as the journal eccentricity increases
and the number of waves decreases.
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