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Abstract. The effect of the texturing region on the static and dynamic char-
acteristics of partially textured bearings, of which the texturing area is limited on
the bearing surface in the circumferential direction, were investigate theoreti-
cally. The load carrying capacity and stiffness and damping coefficients of some
partially textured journal bearings with the different textured region were cal-
culated by using a numerical model considering the effects of both fluid inertia
and energy loss at the edges of the dimples. The results showed that when the
surface texturing was formed in the unloaded region of the journal bearing
surface, the load carrying capacity maintains as much as the smooth bearing for
a wide range of Sommerfeld number. The linear stability threshold speeds of a
symmetrical rigid rotor supported in two identical textured bearings was also
calculated with the dynamic coefficients of the oil film. The results obtained
showed that when the texture region starts from 270° from the top of the bearing
in the rotating direction, the stability threshold speeds are higher than those of
the fully textured bearing at relatively high Sommerfeld number. From these
results, it was concluded that an appropriate partial texturing formed on the
bearing surface can improve both the load carrying capacity and the stability
characteristics simultaneously.
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Nomenclature

C Mean radial clearance

D Bearing diameter (=2R)

L Bearing length

N Journal rotational speed

Oy, O; Origin of bearing or journal
R Bearing inner radius

S Sommerfeld number

w Static load

X, Y Vertical and horizontal axes
e Eccentricity

fo fr Oil-film-force components in the vertical and horizontal directions
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H Dimensionless oil-film-thickness
hy Depth of square dimple
l,, Iy  Width of square dimples in the axial and circumferential directions
o Pitch of square dimples in the axial and circumferential directions
Half of mass of a model rotor
Oil film pressure (above ambient)
Coordinates in the circumferential and axial directions
Ratio of dimple depth to mean radial clearance (=h/C,)
Eccentricity ratio (=e/C)
Viscosity of fluid
Angular coordinate (=x/R)
Start angle of texture region
Circumferential angle of texture region
Attitude angle, deg
Journal angular velocity, rad/s
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1 Introduction

Surface texturing has been applied to various mechanical elements with the mating
surfaces for the improvement of lubrication performance. This technique has also
attracted attention in a field of the journal bearings, and many researchers have
investigated the effect of surface texturing on the static characteristics of journal
bearings [1-10]. The present authors [11, 12] have also analyzed numerically and
experimentally the load carrying capacity and dynamic coefficients of textured journal
bearings with square dimples. They proposed a numerical model considering both
effects of the fluid inertia and the energy loss at the edge of dimples, and the results
agreed qualitatively and quantitatively with the experimental ones, confirming the
validity of the numerical model. They also demonstrated that the fully textured bearings
improve the stability of a rotor supported in the bearings, but decrease the load carrying
capacity. As for the load carrying capacity, Tala-Ighil et al. [1] and Brizmer [5] also
revealed that the load carrying capacity was increased by manufacturing an appropriate
texturing area on the bearing surface, but they have not investigated the dynamic
characteristic of the bearings.

In the study, we focus on the partially textured bearings, of which the texturing area
is limited on the bearing surface in the circumferential direction, and numerically
investigate the effect of the texturing region on the static and dynamic characteristics of
the bearings.
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2 Numerical Analysis

2.1 Analytical Model

Figure 1 shows a partially textured journal bearing used in this analysis. The journal
rotates with a rotational speed w about its axis, which locates at the static equilibrium
position with eccentricity e and attitude angle ¢. The static load W is applied to the
journal vertically downward. A Cartesian coordinate system is also shown in Fig. 1.
The x-axis is along the vertical direction, the z-axis is in the direction of the journal
length, and the Y axis is perpendicular to the x- and z-axes. The circumferential
coordinate 6 is measured from the positive X axis in the rotating direction. An axial oil
groove is set on the top of the bearing and lubricating oil is supplied from it. The
texture region is formed from 6, to 0,:+ 0, on the bearing surface in the circumferential
direction, and to the whole in the axial direction.

Figure 2 shows a schematic of the dimples on the bearing surface. We chose the
square dimples according to our previous study [11, 12]. As shown in Fig. 1, the square
dimples are formed at an equal interval in the texture region. Three parameters char-
acterize the square dimples; the depth hy, the length and the pitch. Considering the
direction, the length are represented lq9, /4, in the circumferential and axial direction
respectively, and the pitch [, I, in the circumferential and axial direction respectively.
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Fig. 1. Analytical model of the partially textured journal bearing with a coordinate system
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h,

Fig. 2. Schematic view of the square dimples [11]

2.2 Governing Equation for the Pressure Distribution

As the calculation procedure used in the study were almost similar to the reference [11,
12], we described it briefly here.

In the study, the pressure distribution of the oil film is determined based on the
Reynolds equation, considering the inertia effect and the energy loss due to the film
discontinuity at the edge of dimples. In this study, the pressure jump due to the inertial
effect is evaluated by using Bernoulli’s equation and the energy loss is calculated using
expressions that depend upon film expansion or contraction.

As the governing equation for the pressure distribution, we used the incompressible
and iso-viscous Reynolds equation written in dimensionless form as follows:

9 ( 40P\ 1(D\*0 ( 0P\ OH _OH
%(H %)*1(2)37(*’ ﬁ>— 20 T2 )

The dimensionless forms of the variables in Eq. (1) are defined in Eq. (2):

The dimensionless film thickness in the land is given by
H=1+c¢cos(0 — ¢) (3)
and in the dimple
H=1+¢cos(0—¢)+9d (4)

where ¢ (=e/C) is the eccentricity ratio and ¢ (=h/C) is the dimple-depth ratio.
The inertia effect and energy loss of the fluid in the discontinuous clearance at the
edge of the dimples are evaluated by using a combination of Bernoulli’s equation and



426 H. Taura

some loss formula. At a film-expansion point, the loss formula of a sudden expansion
pipe is applied to estimate the pressure variation:

- P x4 \2 w2 P2
p _p+:§<(u +) _(u ))"‘éloss'i(” ) (5)
Where, u* denotes the average fluid velocity in the film-thickness direction, and the
superscripts + and — indicate quantities in the dimple section just after flowing out of
the smooth section and quantities in the smooth section just before entering a dimple,
respectively. The coefficient of loss, £, is defined as

h 2
éloss = é/(l - h+> (6)

where ( is 1.0 in the study [11]. At an abrupt reduction point, the empirical formula
[13] of step bearings is used.

ppt =0 () e D (W P) et ()

In the laminar regime, coefficient f§ takes a value of 1.2 and coefficients &; and &,
each take values of 0.133 [13].

As the boundary conditions for pressure, Reynolds boundary condition is applied.
The pressures at both bearing ends and in the oil-feeding groove were set to zero
(ambient pressure).

After the pressure distribution was obtained, the vertical and horizontal components
of the oil-film reaction force can, respectively, be calculated by the following integrals:

R 2 12n

fy = —no (E) RL | Peos 0d0dz (8)
R\?> 12n )

fr = —no (C) RL{) éPsm 0dodz )

The above two force components under the steady state condition, fxo and fy, are
as follows:

fro=W (10)
fr=0 (11)

where W is the static load applied vertically downward on the journal.
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Fig. 3. Discretization of the bearing surface

2.3 Numerical Calculation of the Pressure Distribution

To obtain the pressure distribution numerically, the Reynolds Eq. (1) was discretized
by using a cell method, which is proposed by Arghir [14]. The calculation region is
divided into an orthogonal grid with 180 in the circumferential direction by 60 across
the bearing width, and the edges of the square dimple are placed on the cell boundary
as shown in Fig. 3. The pressures at the cell’s centers are calculated with a difference
equation derived from Eq. (1) using a successive over-relaxation scheme, whereas the
pressures at the cell boundaries on the step between the dimple and the smooth region
are also calculated considering the inertia effect and the energy loss. If any negative
pressures obtained during the iteration, the pressure are set to zero to maintain the
Reynolds boundary conditions.

2.4 Calculation of the Dynamic Coefficients of the Oil Film

When the rotor is applied small displacements, AX and AY, and small velocities, AX
and AY, in vertical and horizontal directions around its equilibrium position, the
dynamic reacting forces, fy and fy, are described with eight dynamic coefficients based
on the assumption of linearization as follows:

Sx = fxo + kxxAX + kxyAY + cxxA):( + chAf’ (12)
fr = fro +kyxAX + kyy AY + cyx AX + cyyAY

where k; and ¢;; (i,j = X, Y) are the stiffness and damping coefficients, respectively.
Stiffness and damping coefficients are defined as follows:
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kK %) %) ]
] =g G (13)
kvx  kyy 67? 0 T;’o_
[of| O
Cxx Cxy _ X 0 oY 0 14
|:CYX CYY:| o Iy (14)
Lox |, o]y

where the subscript “0” denotes the quantities in an equilibrium position.

In the present analysis, the dynamic coefficients were numerically calculated using
a perturbation method. For a given small displacement or velocity of the journal at an
equilibrium position, the dynamic pressure distribution was calculated and the film
force components were obtained. The dynamic coefficients were determined from the
difference between the force components just obtained, fy and fy, and the corre-
sponding ones in the equilibrium position, fxo and fyo, divided by the relevant dis-
placement or velocity. For example, in the case of kxyx and kyyx, a small displacement
Ay is only applied while the other infinitesimals are set to zero. With the resulting
difference of the oil-film reaction forces due to Ay, kyxy and kyy are calculated as
follows:

o =20 gy L (1)

In the study, we used 0.001 as the values of the small displacement or velocity.

2.5 Calculation of the Linear Stability Threshold Speed

Figure 4 illustrates a model rotor used for the stability analysis. The rotor is composed
of a massless rigid shaft and a disk with a concentrated mass of 2 m located in the
middle, and it is supported by two identical journal bearings at each end.
Considering small vibrations of the rotor at the equilibrium position, the equations
of motion of the rotor in the X and Y directions can be written with the dynamic
coefficients obtained above as follows:
{mXJFCXXXJFCXY:YJFkXXXJFkXYYO (16)
mY+cYXX+chY+kYXX+kyyY =0

Applying the Routh—Hurwitz stability criterion to the characteristic equation
obtained from Eq. (12), the linear stability-threshold shaft speed w, for the rigid rotor is
obtained in dimensionless form v, [15],

ayasds

Ve
VC = =
g 2 2
,/g/C a1+a2a5 — ajasas

where g is the acceleration of gravity, and the coefficients a; to as are expressed by the
following dimensionless dynamic coefficients:

(17)
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a; = KxxCxx — KxyCyx — KyxCxy + Kyy
a3 = CxxCyy — CxyCyx

a3 = CxxCyy — CxyCyx (18)
as = Kxx + Kyy
as = Cxx + Cyy

In Eq. (14), K;; and Cj; (i,j = x,y) are the dimensionless stiffness and damping coef-
ficients, respectively, and are defined as follows:

C Cw
Kij = 37k G = 5 ¢ (19)
Mass 2m

Journal bearing

0 Rigid shaft [ =

#

_ Stiffness

Damping coefficients

coefficients

Fig. 4. A model rotor

2.6 Analytical Conditions

The analytical conditions are listed in Table 1. In the analysis, we changed the texture
start angle 0,; from 0° to 270° to investigate the position of the textured area under the
constant texture angle 0, = 90°. A fully textured bearing and a smooth bearing were
also calculated for comparison. Schematics of the bearing shape used in the study are
shown in Fig. 5.

Table 1. Analytical conditions

LD 1.0
0, 90°

Oy 0°, 90°, 180°, 270°
Lo/nR) | 1/60

1,/L 1/10

Lollyo = L/l 0.5

h/C 1.0

The data obtained in the study was summarized by using the Sommerfeld number
S, which is defined by
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2
nNDL (R
S=——1= 20
w\E (20)
where N is the rotational speed of shaft.
O15=0° Ots=90° Hts=180°

FULL PLN
s=0°

Fig. 5. Schematic diagram of bearing shape used in the analysis

3 Results and Discussion

Figure 6 illustrates the eccentricity ratio ¢ for various Sommerfeld number S. In the
figure, the blue and red lines denote the numerical results obtained for partially textured
bearings, whereas the black lines for the smooth (PLN) or fully textured ones (FULL).
The eccentricity of the partially textured bearings is smaller than that of fully textured
one, but larger than that of smooth one for a wide range of S. This means that the
reduction of the texture region is effective for improvement of the load carting capacity
for the fully textured bearings. In addition, it is difficult to use the surface texturing for
the increase of the load carrying capacity. As for the position of the texture region, the
eccentricity of 0;; = 0° and 270° are smaller than those of 0, = 90° and 180°. This
trend becomes prominent when S is low. The dimples on the loaded region
(90° <0 <270° 0) on the bearing surface has substantial impact on the load carrying
capacity than unloaded region (6 <90°, 6 > 270°).

From the above results, in order to suppress the reduction of the load carrying
capacity the texture region should be formed in the unloaded region. This results
qualitatively agree with the results of Tala-Ighil et al. [1] and Brizmer [5].

Figure 7 shows the variations of the attitude angle ¢p. When S is lower, the results
of partially textured bearings except 90° are close to that of PLN. As S increases, the
influence of 0 increases. In particular, in the case of 6;; = 0°, ¢» becomes larger than
that of PLN.
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Fig. 6. Variations of eccentricity ratio with Sommerfeld number.
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Fig. 7. Variations of attitude angle with Sommerfeld number.

Figure 8 shows a stability chart for the model rotor shown in Fig. 4. It is found that
the stability shaft speed of 0, = 270° is significantly higher than those of others
including FULL and PLN at high Sommerfeld numbers. As the load carrying capacity
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of 270° is higher than that for FULL, an appropriate partial texturing can improve both
the load carrying capacity and the stability simultaneously. However, the increase of
the stability threshold speed in 270° is smaller than the improvement in two lobe
bearings with preload factor 0.5, which was calculated on the basis of the stiffness and
damping coefficients of the Journal-bearing Databook [16]. On the other hand, the
stability shaft speeds for 0°, 90°, 180° do not exceed that of FULL. Even on the same
unloaded region, stability characteristics of 0° and 270° are entirely different.

Dimensiionless stability threshold speed

0 1 1

0.01 0.1 1 10
Sommerfeld number §

Fig. 8. Stability chart of a rigid rotor supported in the two identical partially textured bearings

Figures 9 and 10 show the stiffness and damping coefficients respectively. These
values are used to create the stability chart shown in Fig. 8. Focusing on the results of
270° which have high stability threshold speeds, two specific features seem to exist at
high Sommerfeld number. One is that the magnitude of the cross-coupling stiffness
coefficient Kyy is relatively smaller than those of the other partially textured bearings at
higher Sommerfeld numbers The other is the direct damping coefficients Cxx and Cyy
are larger than those of FULL at higher Sommerfeld numbers. The decrease of the
cross-coupling stiffness coefficients and the increase of the direct damping coefficients
is known to improve the stability characteristics of the rotor system. Hence the stability
of 270° is relatively higher than the others.

In the case of 180°, some stiffness and the damping coefficients change discon-
tinuously at high Sommerfeld number. This is due to the large step of the Sommerfeld
number.
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Fig. 9. Stiffness coefficients for partially textured bearings
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Fig. 10. Damping coefficients for partially textured bearings
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4 Conclusions

In the study, we investigated the effect of the texturing region on the static and dynamic
characteristics of partially textured bearings theoretically. We performed numerical
calculations to obtain the load carrying capacity and the stiffness and damping coef-
ficients of the oil film and the linear stability-threshold shaft speed of the rigid rotor
supported by textured bearings by changing the start angle of the texture region.

1. An appropriate partial texturing formed on the bearing surface can improve both the
load carrying capacity and the stability characteristics simultaneously.

2. The start angle of the texture region should be set at 270 from the top of the bearing
in the rotating direction to improve the bearing characteristics.
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