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Abstract

In this paper, the stability characteristics of a tri-taper journal bearing is analyzed
theoretically. The time dependent form of Reynolds equation in two dimensions for
incompressible fluid is solved numerically by finite difference method, satisfying the
Reynolds boundary conditions. Dynamic coefficients are determined using the
method of linearization of bearing reactions. A study with various ramp size’s and
L/D ratio’s predicts that a bearing with higher ramp size and higher L/D ratio results
in an increased mass parameter and improved stability margin of the bearing.
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Circular fluid film bearings can only offer a little improvement on the stability of rotor
bearing systems. Attention was therefore directed on non-circular forms like lemon
bore, offset half, pressure dam and bearings by Akkok, McC and Ettles,"
,Schuller,* Malik, Chandra and Sinhasan.'*! The notable feature of all these types
is their contribution to an improvement in performance and therefore is called the
anti-whirl, multi-film bearings. Hargreaves!® did the first study dealing with the tri-
taper bearing, which predicted the influence of manufacturing tolerances,
misalignment as well as turbulence on the steady state performance of a tri-taper
journal bearing. His study concluded that over-sized ramps results in an increased oll
flow rate and a decreased load-carrying capacity. Rao et al.,'") made a comparative
study on the effect of Reynolds and JFO cavitation boundary condition on the steady
state performance of a tri-taper journal bearing. Theoretical investigations are carried
out by Rao et al.®! to ascertain the whirl instability of a rotor supported on a tri-taper
journal bearing, operating under steady, periodic and variable rotating load, using
non-linear transient approach as given by Majumdar and Brewe. The dynamic
equations of motion are solved by fourth-order Runge—Kutta method to result in
eccentricity ratio, attitude angle and their derivatives, which is used for the next time
step. Hydro- dynamic forces are then evaluated using these values in the time-
dependent Reynolds equation in two dimensions for incompressible fluid. Stability of
the rotor bearing system is determined from the journal locus. In this paper, a
linearized perturbation approach is used to study the stability characteristics of tri-
taper journal using the Reynolds boundary condition. The time-dependent Reynolds
equation in two dimensions is solved for this purpose. A first order perturbation
method is used to find the dynamic pressures in the clearance space. The stiffness
and damping coefficients (both direct and cross components) are calculated from the
real and imaginary parts of the integrated pressures. These coefficients are then
used in the equations of motion of a rigid rotor for estimating the mass parameter, a
measure of stability. The effect of ramp size and L/D ratio on the stability of these
bearings is studied. The results are in dimensionless form and can be conveniently
used in the design of these bearings.

2 BEARING GEOMETRY

Geometrical arrangement of a tri-taper bearing is similar to that of a three-lobe
journal bearing. However, this bearing is akin to three tapered land composite thrust
bearings arranged around a bearing circle. There are three lubricant supply grooves,
equi-spaced at 120° apart, around the bearing periphery. Each of the three sections
consists of equal lengths of the bearing base circle and a section offset from the
base circle, such that, it merges smoothly with the base circle and provides a
predetermined depth at or near to the lubricant supply groove. The sectional view of
the tri-taper journal bearing is shown in Figure 1.
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Figure 1. Sectional view of the tri-taper journal bearing.
3 THEORY

The basic differential equation for pressure distribution in the bearing clearance
under dynamic conditions for incompressible fluid may be written as

The lubricant film profile is determined by superimposing the effect of ramp on the
conventional expression for the film thickness. Film thickness equation for all
configurations of the bearing can be given by

(2)

Using the following substitutions

Where

4 PRESURE BOUNDARY CONDITION

Pressure along the bearing edges was set to zero.
P, =00 at Z=0and z=1forall
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Cavitation was allowed to occur at ambient pressure by setting all calculated
negative pressure equal to zero through out the iterative solution scheme. This
implies that the lubricant film ruptures and reforms when

p=0, dp/o6=0
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The non dimensionlized supply pressure Bs =0.1362 was set at the grooves.

5 STEADY STATE CHARACTERISTICS

Under steady state conditions, the time-dependent term is dropped. The governing
equation will then be:

0 (5000 1 (D\*_,0%P, dhg

26 <h° ae) 4 (L) ooz = Cap )
In the conventional cylindrical bearing the coordinate 8 in the circumferential
direction is taken from the position of maximum film thickness. In the grooved
bearing this position needs to be found before hand. This is done by assuming an
arbitrary value of attitude angle v and the coordinate 6" is measured from the vertical
position. Using this y the film thickness is obtained from equation (2) and
equation (4) is solved for pressure using the boundary conditions. The force
components along and perpendicular to the line of centres are found from:

N WrCZ L2 * —
W = nURZL == fo fo nPo cos(8* —y)do dz )
a7 WeC? 1 2w _ . i )

¢ = qures = Jo Jo " Do sin(6* — ) df dz (6)

The load capacity and attitude angle are

W= (W2 + W) )

¢o = tan™! We (8)
0 W,

r

After each calculation, the attitude angle calculated from equation (8) is compared
with the assumed value of attitude angle (y). The value of y is modified with a small
increment of y and the Reynolds equation is solved using this modified value until y
is equal to Py.

6 DYNAMIC CHARACTERISTICS

The Reynolds equation under dynamic conditions , equation (3) is solved assuming
that the journal performs a periodic motion of small amplitude Re(Ce4e") along the
line of centres and Re(Ceo®oe") perpendicular to the line of centres around its steady
state position gy and ®,. It is assumed at the onset of instability, the position of the
journal centre can be defined as a steady state value (go, ®,) together with a
harmonic vibration of frequency w,, Thus

€= €y + €

b= do+ Pye”
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|p1] < o

Under this condition (i.e. for a small amplitude of vibration) first-order perturbation
will be valid.
The pressure and film thickness can be written as

P =Do+ €1e"P1 + € b1eP, (9)
h=hy+ €e"cosO+ €;,¢p;€'"sinb (10)
Substitution of equations (9) and (10) in equation (3) and retaining up to first linear
terms gives the following equations

_.0%P, ahoapo 1 0%p, dhy
3 — | — K3 _— = 11
(h" 092> 3h 5g 36 00 1 (L) ooz " =0 (1)
0°py 0%po = dPo ahoapo = 6h06p1
<h0692>+3hc59692 3h§s n9£+ 6h0c05069 69+3069 20

2

1 (D\?_,0%; 3(D\*_, 92p,
+ Z(f) hg 3572 +Z(f) hg cos 6 372 + 6 sinf — 12idcos8 =0 (12)

2=

0%p — d op
(ho p2>+3h(2)sin9 Po — 3h3 cos 020 4 6h sin 6

dho 0P 72 dhy 0P,
067 602 09

00 96 090 00

1 332}92 3(D T . 0%po L0
+ 7 (f) hy == 372 Z(f) hgsin @ 352 + 6 cosf —12idsinf =0 (13)

Knowing the steady state pressure distribution, equations (12) and (13) are solved
numerically satisfying the boundary conditions.

7 STIFFNESS AND DAMPING COEFFICIENTS

It is found that the fluid film, which supports the rotor, is equivalent to a spring and a
dashpot system. Since the journal executes small harmonic oscillations about its
steady state position, the dynamic load-carrying capacity can be expressed as a
spring and a viscous damping force. This results in four stiffness and damping
coefficients as given below-

1 p21
K, = —Re <f f p, cos O dé dZ)
0o Jo
1 r2m
Kgr = —Re (f f p1Sin 6 do dZ)
0 Jo

_ (f01 fozn Py cos O dO dZ)
Dy, = —Im 7
_ (f01 fozn Py sinf do dZ)
D(j)r =—Im 1

(14)
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_ KUC _ DUCG)
U= Ipp, 70T I,

Considering the dynamic displacement of the journal centre along the ® direction,
the following expressions result

_ 1 p2m
27'[
Kr¢> = —Re (j j p, cos 6 do dz)

_ (f f p251n9d6 Z)
_ (f f Do costH dz)
D,y = —Im - (15)

The stiffness and damping coefficients thus obtained can be used to study the
stability of a rigid rotor supported on this bearing.

8 STABILITY ANALYSIS
The stability of the journal is analysed by combining the equations of motion and the

film forces F, and Fo , assuming the rotor to be rigid and having a mass M. The
equations of motion in nondimensional form are written as-

M= ’12(5¢:b+5rr) [(Errgd’d’ + I?rrﬁ‘l’d’) N (Kprﬁr(j) + 5¢rEr¢>) + g(ﬁrr cos ¢pg —

Dy sin o) (16)
2% — 2 [M (m + Ky + Rrr) (D Dp — Ed,rﬁw)] + (R Kpp — KpyeKyg) +
- (Krr cos ¢ — Kyrsing) = 0 (17)

Equations (16) and (17) are linear algebraic equations in M and A and the solution of
these will give M and ). The speed of the journal calculated from this value of M is
the threshold speed, above which the bearing system will be unstable. The whirl
speed (speed of the journal centre) can be found from the whirl ratio for the journal
speed. It must be noted that the journal centre rotates in the same direction as that
of the journal.

9 RESULTS AND DISCUSSION

To validate the computer code, the dynamic characteristics namely, direct and cross
stiffness and damping coefficient for a plain journal bearing are compared with those
obtained by Stachowiak and Batchelor!'® for the same bearing configuration, Figure
2 and Figure 3. Hargreaves!® has provided the design data for a tri-taper bearing
operating in the turbulent regime. The results of his study has been applied to a high
speed gear box, where manufacturing tolerances and misalignment have significant
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effects on the steady state performance of the bearings. Rao et al. [ have studied
the dynamic characteristics of a tri-taper bearing using a nonlinear transient method.
They have obtained the journal centre locus to ascertain the stability of the bearing
system for various ramp and L/D ratios and under different loading conditions. The
preceding research papers have not made an attempt to use the linearized
perturbation method to ascertain the stability of the bearing system. This method is
not as computer intensive as a nonlinear transient method or the modeling of
turbulence and misalignment. At the same time the results this study will be fairly
useful. In this paper, the influence of ramp and L/D ratio on dynamic performance
characteristics of a tri-taper journal bearing is studied. The computed values of direct
stiffness, cross stiffness and damping co-efficient are plotted with eccentricity ratio
and are presented below :

From Figure 4, the non-dimensional direct stiffness co-efficient, K., , increases with

increase in eccentricity ratio for all L/D ratios and ramp sizes. The range of K., value

is higher for lower L/D ratios. But for lower eccentricity ratios (s<0.5), bearing with
R,., = 0.58 shows lesser value of K, than a bearing with ramp size of 0 and 0.25.

L/D =1.0. Plain journal bearing

K
KR

[
m

------ Reference value from (11}

Calculated value

Non-dimensional Stiffness Co-elficient,

Eccentricity ratio

Figure 2. Comparison of Non-dimensional direct Stiffness Co-efficient.

L/D =1.0. Plain journal bearing

...... Reference value from(11)

Calculated value

Non-dimensional Damping Co-efficient, Sy

04 0.3 0.6 0.7 0.8 0.9 093
Eccentricity ratio
Figure 3. Comparison of Non-dimensional direct damping coefficient
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From Figure 5, it is observed that the range of values of non-dimensional cross
stiffness co-efficient, K, , increases with increase in L/D ratio. For bearing with L/D =

1.0, or 1.225 and ramp sizes 0 and 0.25, an increase in eccentricity ratio decreases
the value of K.,. However, for a bearing with R, = 0.58, increase in eccentricity

ratio increases the value of K, , peaks at eccentricity ratio of 0.6, and decreases with
further increase in eccentricity ratio.

LD=1.225 LD=10

Non-dimensional Stilfness Co-cfficient, ®ggp

Non-dimensional Stiffness Co-efficient, Kpp

04 0.3 0.6 0.7 0.8 01 02 03 04 05 06 07 08 09
Eccentricity ratio Eccentricity ratio

Ramp =0 Ramp=025 e Ramp = 0.58

Figure 4. Comparison of Non-dimensional direct stiffness co-efficient, Ky, for a tri-taper bearing
with different L/D ratios.

From Figure 6, it is observed that the range of values of non-dimensional direct
damping co-efficient, C., decreases with increase in L/D ratio. At lower eccentricity

ratios (¢<0.5), bearing with Ramp= 0.58 has lesser value of C.,than bearings with
ramp size 0 and 0.25. However at higher eccentricity ratios, bearing with Ramp =0.58
has higher value of C., . For L/D=1.0 or 1.225 and bearings with ramp sizes of 0 and
0.25, an increase in eccentricity ratio results in increase in the value ofC., . For a
bearing with R, = 0.58, the value of C.. at eccentricity ratio less than 0.6 is
considerably lower compared to that for a bearing of ramp size 0 and 0.25.
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Figure 5. Comparison of Non-dimensional cross stiffness co-efficient, K. for a tri-taper bearing with
different L/D ratios.

From Figure 7, it is seen that the range of values of non-dimensional direct damping
co-efficient C,; increases with increase in L/D ratio. For L/D = 1.0, or 1.225 as the

eccentricity ratio increases, the value of C,; decreases for bearings with ramp size of
0 and 0.25. For bearing with R, = 0.58, increase in eccentricity ratio results in
increase inC,;, attains a maximum value at eccentricity ratio of 0.6; and further
increase in eccentricity decreases the value of C., . From Figure 8, it is observed that
the range of values of non-dimensional cross damping co-efficient C,; increases with
increase in L/D ratio. For a bearing with L/D = 1.0 OR 1.225 and R, =0 and 0.25,

increase in eccentricity ratio decreases the value ofC;,. For a bearing with R, =

0.58, an increase in eccentricity ratio increases the value of C., peaks at an

eccentricity ratio of 0.6, and further increase in eccentricity ratio decreases the value
of C, . For lower eccentricity ratio (¢<0.5), the value of C; is lower for bearings with

higher ramp sizes; while for higher eccentricity ratios (¢>05), Ramp= 0.58 shows
higher value of C., than bearings with ramp sizes of 0 and 0.25.
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Non-dimensional Damping Co-efTicient,

Non-dimensional Damping Co-efficient,

3
A
3
02 0.3 04 05 0.6 07 0s 02 03 04 0.3 0.6 0.7 0.8 0.9
Eccentricity rafio Eccentricity ratio

Figure 6. Comparison of Non-dimensional direct damping co-efficient, C; for a tri-taper bearing with
different L/D ratios.

10 STABILITY

Clearance plays an important role in deciding bearing stability. Figure 9, shows the
effect of ramp size on critical mass parameter and Figure 10, depicts its effect on

whirl frequency ratio for a bearing with L/D = 1.0. The bearing with Ramp = 0.58 offers

better stability than Ramp= 0.25. Figure 9, depicts that increase in the ramp size

increases the critical mass parameter, resulting in an improvement in the stability
margin.

LD =1225
ey LD=10

o
r

¢
T

Non-dimensional Damping Co-efficcient,

Non-dimensional Damping Co-efficient,

01 03 04 0.6 0.8 20 = 3 96 0 8
Eccentricity ratio Eccentricity ratio

Figure 7. Comparison of Non-dimensional direct damping co-efficient, C;; for a tri-taper bearing with
different L/D ratios.
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Non-dimensional Damping Co-elficient,
Non-dimensional Damping Co-elficient,

0.1 (.2 0.3 14 03 0.6 0.7 0.8 0.1 02 03 0.4 03 0.6 0.7 02 0.
Eccentricity ratio Eccentricity ratio
Figure 8. Comparison of Non-dimensional cross Damping co-efficient, C;; for a tri-taper bearing

with different L/D ratios.
11 CONCLUSIONS

It is the dynamic load characteristics of the bearings of a rotor-bearing system, which
help, determine the critical speeds and the threshold of instability of the rotor-bearing
system.

At higher eccentricity ratios, the ramp has least influence on values of K., and K.

Dimensionless C.; is more in the case of circular bearings and dimensionless G is
more for a bearing withR_=0.58. Dimensionless C.; and C; is more for circular
bearings at lower eccentricity ratios, however, a bearing with R, =0.58 has more

Cqr and C,; at higher eccentricity ratios. Figure 9. depicts that increase in the ramp

size increases the critical mass parameter, resulting in an improvement in the
stability margin. Variation in film thickness significantly affects the performance

characteristics of the bearing. The bearing with R, /= 0.58 offers better stability than
R,., = 0.25.
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Mass Parameter

Figure 9. Critical mass parameter Vs. Eccentricity ratio for various ramp sizes.
] LD=1.0

—A—R =025

amp

—a— RmF =0.58

LA S 71 L S N A T LN, L iR R T \ S |
00 01 02 03 04 05 06 07 08 09 1.0 11
Eccentricity Ratio

Figure 10. Whirl frequency ratio Vs. Eccentricity ratio for various ramp sizes.
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Nomenclature
C -radial clearance (m)

D-diameter of the bearing (m)
Dir Doo Dro Dor — Damping coefficients

D,+Dyy Dy Dy - Non-dimensional damping coefficient, D;; = %
R-radius of the bearing (m)

e-eccentricity (m)

F. ,E. dynamic force along radial direction,F. = Z’(f;

Fo,Fg dynamic forcealong f direction, F = ZZCRZ

h,h local film thickness(m), h = 2 = 1+ £ cos 6 + Ramp

K Koo Kro Kor — Damping coefficients

K, Kpy Ky Ky - Non-dimensional damping coefficient, K;; = %

Ramp-Normalized ramp size, Ramp/C
L- length ofthebearing (m)

Vi o MC3w?
M,M - mass parameter (kg), M = UL
— 2 _ pCZ
p,p film pressure(N/m?), p = roR?

ps - non-dimensional supply pressure

Dq - Pressure at the bearing edges

p1, D, - perturbed pressures

t - time (s)

U- journal peripheral speed, wR (m/s)

W- steady state load capacity (N)

W -non-dimensional load capacity, W = WC?/qUR?L

W, —components of load along and perpendicular to the line of centres (N)
W, W,-non-dimensional load capacity, W,., = W,.,C?/nUR?*L
€ -eccentricity ratio, e/C

€1 @4 — perturbation parameters

n- coefficient of absolute viscosity of lubricant (Ns/m?)

0,z -non-dimensional co-ordinates, 6 = %,Z = z/L ,8 measured from line of centre

6* -co-ordinate in the circumferential direction measured from centre of the groove.
010, -angular coordinates at which the film cavitates and reforms, respectively

A- Whirl ratio, 1 = wy,/w

t- non-dimensional time, t=w, t
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®- attitude angle(rad)

y- assumed attitude angle

w- journal rotational speed (rad/s)

wp frequency of journal vibration(rad/sec)
( )o Steady state value
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