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Predicting Natural Frequencies of
a Hydrodynamically Lubricated
Journal Bearing With Constant Oil
= § Supply Pressure

The analytical and experimental investigations reported here deal with the natural
frequencies and system behavior of a full journal bearing subjected to a small sinusoidal
load superimposed on a large unidirectional static load. The analysis, verified by experi-
mentation, shows that the bearing can be regarded as two independent second-order sys-
tems acting perpendicular to each other. The variable coefficients of the equations of
motion cause the bearing to behave as an underdamped system for low values of static

eccentricity ratio eo, and as an overdamped system for intermediate values of ¢y The
bearing tends to be unstable above a particular ¢y, Further analysis is needed to deter-
mine the effects resulting from changing the oil inlet pressure.

Int_roduction

Most previous work involving the dynamic analysis of journal
bearings predicts the motion of the journal center, due to a con-
stant-magnitude rotating-load vector, [1, 2, 3].! This loading is ap-
plicable to problems such as shaft whirl.

The investigation reported here deals with the first and second
natural frequencies of a full journal bearing subjected to a small si-
nusoidal load superimposed on a large unidirectional static load.
Conceding that partial bearings are used, railroad car journals
serve as an example, since they may carry a large static load to-
gether with a dynamic load due to track joints.

The solution of Reynolds’ Hydrodynamic Film Equation as de-
veloped by Warner [4] was used to obtain the equations of motion
which contain inertial, damping, and elastic characteristics of the
lubricant film. Experimental tests, in the form of frequency re-
sponse, were compared to the analytical solution.

Other aspects of the problem, such as film pressure fluctuation,
are to be reported later.

Analytical Development
It can be shown that a general form of Reynolds differential
equation for journal bearings is

! Numbers in hrackets designate References at end of paper.

Contributed by the Design Engineering Division and presented at the De-
sign Engineering Technical Conference, Washington, D. C., September 17—
19, 1975, of THE AMERICAN SOCIETY OF MECHANICAL ENGI-
NEERS. Manuscript received at ASME Headquarters, May 27, 1975, Paper
No. 75-DET-72,
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The right-hand side of equation (1) is a function of ¢ alone, and
equation (1) can be written as (see Fig. 1)

nap 6
o

ozl ozl = (U — 12v, (1

1 o #PaP o 1 8P
7 oap [ZSE] * SE[H 2z
= 120% cos¢ — 6w — 2 )C€ sing (2)

As can be seen, equation (2) is a nonhomogeneous second order
partial differential equation, and the exact solution for it is quite
complicated, if not impossible, in explicit form. Warner [4] pre-
sented an approximate analytical solution using separation of vari-
ables to reduce equation (2) to two ordinary differential equations:

d W dF.. .
d¢(u d(b) 7’[12c€ cos¢ — B(w — 2¥)ce sing] (3)
and
_+ 1(11_3 d_g) dg
3,2 >
hL@;_M N % =0 @

where F and g are functions of ¢ and g is a function of Z only.
Equation (4) could be written as

a7zt~ M8 =0 (5)
and
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Table 1

A=1+¢ cos ¢ Y=%r B=1-¢?
§= 1ifsin ¢ >0
. -1if sin ¢ <0
F(o) = |Singds 1
1 ] 3 7e a2
. 2
de 1 -¢ sin ¢ 3e sin ¢ §(2 + ) -1
F,(¢) = | = =353 - + cos y]
2 /A3 2B [ a2 A*B la3/2
as 1 -€ sin ¢ [ -1
F(¢>)=/—= [———+ cos Y]
3 X2 B a2 3172
F4(¢>) =/Fl cos ¢ do = %—B [522 ¢ . Bliz cos_ly]
W= Wot Wisinapt ’ . 2
| t z F5(¢)=/F2(o) cosod¢=-21—-§ B+2;l’:—ﬁ'§9~s—°+ (6-1)218E
2
6(2 + ) -1
¥ L2 log, A + T cos Ty
\ L2 Fg4) = fy3(¢) cos ¢ ¢ = & [cos ¢ + L2220 10g 2
R 4 sin & cos_ly
Fig. 1 Full journal bearing coordinate systems pl/2
: 1
’ () = [ F () sin ¢ dé = -
d B de K? ¥ / 1 )
dsr g T e =0 (6) 267 A
2 .
Fg(6) =/F2(¢) sin ¢ ap = 3o |2+ e *3ccos o) sin ¢
where \ is an eigenvalue, which can be determined from equation )
(6). Therefore the solution to equation (2) is + ma_;_:}%z_i_c_)_l cos™ 1y
(2) Fo () = | Fo(0) [sin ¢ ag = L sin ¢+ 2B AL oo7)
=1 -2 g 7 9 3 g sin ¢ i7z - cos Y
P, 2) = [L = B0 IF) G
' dé 3 -1
. . . . . . F,..(¢) = — = cos Y
Equation (7) is an approximate solution because the coefficient 30 _/ A p72
of F(¢) is the leading term of an infinite series. .
. . . T Fo (o) = [ 3300 s = 1 |eBr_(8) + 2F.(¢) - F,,(8)
Considering the boundary conditions due to film continuity, i.e., 11 Al 2 2 3 107
P0,Z2) = P(2w,Z) = 0, the pressure equation becomes
F w)=/”"¢:L
12 2 ZA
cosh(A2) A
P = |1 = ——57v I F + F 8
(¢;Z) [ COSh(AL/Z) ][ a(d’) b(¢)] ( )
where

F$) = 120) & [Fi(9) + CFY9) + €] (9

and

F(9) = 6ul))(w ~ 2D[Fy(@) + CyFy(e) + ¢, (10)

Nomenclature

Table 1.

The C’s are integral constants, and Fy, Fo, ...

etc., are given in

By evaluating the given functions for a full journal bearing, the

pressure equation becomes

a, = circumferential acceleration of lubri-
cant in the film

a; = radial acceleration of journal center

u, = axial acceleration of lubricant in the
film

ai, ag = real parts of complex roots of fre-
quency equation

B,x, Byy = damping coefficients in x and y
direction, respectively

B.y, By: = cross damping coefficients

by, bg = imaginary parts of complex roots
of frequency equation

¢ = radial clearance

1) = journal diameter

e = journal eccentricity (Fig. 1)

F(¢) = function of ¢ (Table 1)

IF"(¢) = function of ¢ (Table 2)

Iy, Fy = film forces in x and y direction

g = orthogonal function from equation (7)

h = film thickness

Kz, Kyy = spring coefficient in x and y di-
rection, respectively

Journal of Engineering for Industry

Ky, Ky = cross spring coefficient

L = bearing length

M.x, M,, = inertia coefficient in x and y
direction, respectively

M.y, My, = cross inertia coefficients

Op = bearing center

0; = journal center

P(¢, z) = hydrodynamic film pressure

P,(¢, 2z) = pressure in the film due to accel-
eration

Py = film pressure at ¢ = 0

P, = supply pressure

q = function of z only

r = journal radius

ri, - . ., r4 = negative real roots of frequency
equation

S = roots of frequency equation

t = time

U,, V1 = velocities of a point on the jour-
nal surface in x and y direction, respec-
tively :

uj, vj = coordinate system fixed on bearing

center

W = bearing load

Wo = bearing static load

W, = amplitude of dynamic load

W, = force due to film pressure

x,¥,2 = coordinate system fixed on center
of journal at steady state

X,Y,Z = coordinate system (see Fig. 1)

B = bearing arc length

€ = eccentricity ratio = e/c

€0 = eccentricity ratioat t = 0

{ = damping ratio

n = side leakage factor

u = lubricant viscosity, reyns

¢ = coordinate measured from line of cen-
ters

¥ = attitude angle, rad (see Fig. 1)

o = attitude angle for static load, Wy

w = journal angular velocity

ws = dynamic load frequency

wp, = natural frequency
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Fig. 3 Displacement due to dynamic forces

cosh(\2) 7 . 1
cosh(AL/Z)][ (E)Zu]{i[e(l + € cos)?

€ sing(2 + € cos¢)
(2 + €)(1 + € cose)? It

+ Py (1)

P(¢7Z) = [1 -

1

where, from Fig. (1)
h = c(l + €cosd) (12)

was used to develop equation (11).

Pressure Forces. For now it is assumed that all the load car-
ried by the bearing, identified as W, may be determined from the
pressure distribution P(¢,Z). Later other load terms will be added
due to dynamic effects.

From Fig. 2:
L/2 or
Woe == [, , )y P(&, D)7 cospdpdz (13)
L/2 o
Wy, = —f_mfo P(¢, Z)r sinpdpdz (14)

Substituting the value of P(¢,Z) and integrating
s . .
Wy = — 61’L(E)2un{2€[F4(qb) + CFs(¢) + C, sing]

+ (w-— 2V [Fl9p) + C3F5(9) + C, sing]} (15)
and

Wy = 67LC) unf2E[Fil@) + C,F(9) = C, cose]
+ (@ = 20) [Fy(¢) + CFy(d) — C, cosd]t (16)

where 7 is an oil side-leakage factor for load:

AL

e Y Y I

] (17)

Dynamic Forces.

(i) Forces Due to Displacement of Journal Center. In Fig. 3
point A represents the location of the journal center at steady-
state with ¢, ¥o as eccentricity ratio and attitude angle, respective-
ly. The coordinate system (x,y), where the x-axis is along the line
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Fig. 4 Film element

of centers, has its origin on point A. Point B is the new position of
the journal center slightly displaced from point A. Coordinate sys-
tem (u;, v;) has its origin fixed on the bearing center.

Congsidering forces due to displacement from equilibrium posi-
‘tion A to B with respect to coordinate system (x,y)

Fe = Wy cos(ly -~ 1) + W, sin(¥, — ¥ (1g)

Fy = W,, sin(¥y — ¥) + W, cos(¥, - ¥  (19)

Note from Fig. (3) that
' X
\p:\p0+9éande:eo+z (20)

Also, assuming a small displacement from point A to B,
sin (W) ~¥) =0, cos (I, —¥) = 1 (21)

Expanding equation (18) and equation (19) by Taylor’s series
about (e ¥o)

Fle,¥) = Flep, ¥y + Kox + Ky (22)
and
Fle, W) = Fyle, V) + K,x — K,y (23)
where
1ow,. oW, Y
R J — | -
Ko = 22— (2,12 (24
1 W .
Ky = ¢ [—5\1{—* - W] (25)
10w, oW, y
= 2O Wy 9 Wy B
B = ¢ e [ sw ] el (26)
1 BWE
K, = E[ o T P J (21

By neglecting higher-order terms, the elastic coefficients will be

L 75 2Fs o o 8Fs | . 8C
K, = 6Lnu(c) w[ﬁ)( + (,3—86 F5Aae
aC, .
+ ?674 sing],™ (28)

oCy , 9G

_ Y3 Wry
Ky = —6Lnu)" [Py + 5y

xy

sing — Fy — C3Fy

+ C; cosd]y (29)

i

¥,y (8Fy . 0C aF
K. GLW(E)%[—j + ﬁFe + ¢t

de €
aC
_ _a_e_flcos(p]o” (30)
= PY3 LBy + CyFy + Cy sing + 23 F
Ifyy - 46LT”-L(Z) z[ [4 345 4 Sln¢ 9l 3
-G cospl? (31)

ow

(it) Forces Due to Velocity of the Journal Center. By taking
the time derivative of equations (20) and assuming small motions
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e=% ¥=2 (32)
c e

The velocity vector of the journal center, caused by moving the
journal center from A to B in Fig. 8, generates forces in the oil film.
Equation (32) is substituted into equations (18) and (19) using the
approximation of equation (21):

F, = B,X + B,y (33)
F, = B,x + B,y (34)

where the damping coefficients are

B, = —12LW(3)3[F4 + C,F; + C,singl¥  (35)

B

xy

I

12Lnu( )3 [F6 + GF; + C, sing],™  (36)

B.

yx

il

—12Lnu(;)3[F7 + CFg — Cycosdl™ (3D

B,, = 12Lnu(—£)3[F9 + CyFy —

¥y

C, cosp ¥ (38)

(iii) Forces Due to Acceleration of Journal Center. Evaluation
of the acceleration terms will necessitate taking the inertia of the
lubricant into account. The inertia of the journal was considered
and found to be small relative to the effect of the lubricant inertia.

Acceleration applied on the running journal will produce a sud-
den change in the pressure of the film. The lubricant in the film is
accelerated circumferentially and axially in making way for the
journal. There is also radial acceleration of the film, but since it is
of smaller order compared to the axial and circumferential compo-
nents, it is neglected.

In Fig. 4(b), a; is the radial acceleration of the journal, a. the cir-
cumferential acceleration, and a, the axial acceleration of lubri-
cant at angle ¢. From the continuity equation

a, =2 2 (any + n2 (39)

9 z

The general form of Navier-Stokes equation [5] consists of an
inertia term, pressure gradient terms, and shear terms. In the deri-
vation of Reynolds’ equation inertia is neglected. Therefore, ne-
glecting the shear term and considering the inertia terms, the Na-
vier-Stokes equations reduce to

18P,

Pae =" 5% (40)
aP,

pa, = - (41)

Substituting equations (40), (41), and (12) into equation (39),
and writing a; in terms of its components of the x,y coordinate sys-
tem

i 5

2 2P,
2|

] ( 822
= g[ax cos$ + a, sing] (42)

3¢

where a, and a, are components of a; in the x- and y-directions,
respectively.

Due to the similarity of form between equation (42) and equa-
tion (2), the pressure distribution due to acceleration will be

cosh(x,2) 1+ ¢

Pi$,2) = [cosh A L/Z)] {a lo gel + cosdJ)
al(zr — ) + cos (20} (a3)

where ), is the eigenvalue calculated from the solution of equation
(42). Forces due to P,(¢,z) can be given as

Journal of Engineering for Industry

A=1+¢€ cos ¢ Y—1£++ec2csns¢¢ B=1-¢

§ = 1if sin ¢ > 0

-1 if sin ¢ < 0
- _ dé § -1
File) = [A_‘ gi7z o8 Y
- _ sim ¢ d¢ _ _ 1
Pyl ‘/T‘" g log, A
g _ cos ¢ dé _ 1 | .7
Fale) —/ = [Fl(tb) + ¢]
F;(&) = ’/‘F‘(¢) sin ¢ d¢ = Bi/z cos ¢ cos”ly - % cos ™1y
)
vl
. = : = i "y s/ log, A
F5(¢) = F.(¢) cos ¢ d¢ = —7«51 5 [sin ¢ cos Ty < 9o
F;(¢)-= /F;(M sin ¢ d¢ = % [(cos ¢ + %) log, A - cos ¢]
. . 172 _
F,($) = /F (¢} cos ¢ d¢ = ~ ——51: ¢ logy, A + &8 5— cos 1
3

Fg(0) = /F () sin ¢ ap = 2 [—F;w) + sin ¢ - ¢ scos @]
F;(tb) = /F; cos ¢ d¢ =% l}F;(M + ¢ sin ¢ + cos ¢]

We = Mg% + M,y (44)
We = Myx; + Mw; (45)

where in general form

[F/(9)],
[Fi @)oo ¢>]¢1°1+ﬂ
[F(#)],, 1%
[F / ¢)]®1®1+B

X Fy'(¢y + B)][sin¢]®1‘°1*3}

M. = % {[F()],01% -

XK

£ ()], o1

+ =R (e + p) +

PLON g1 s L E@)],°
Mxy = _Tpn{[ (¢’)] [ )] m1+B
[F5'(#)]y, %1%
X [F5'(@)]e,°1" + [Fy'(¢4 + p) — *—,——*—ﬂ;—
[ ¢)]®1
x Fy'(¢; + p)][sing], ! 11 4n
_ PLone gy, o (@), 1"
My, = === {[Fg(9),, 1% W
[Fy (@], 1%
X [F (@), 21 + [Fy(dy + B) ~ XOING
X Fy'(¢y + B)[cose],, *1**} (48)

[Fy ()], 1%

_ Y Longg (., .
M»—T{ [Fg'(9)], 1B+W

¥

, [Fy"(9)],,°
X [F41(¢)]¢1®1+B _ [F3,(¢1 + B) - WW[F1 ((P

+ B)][cosd)]m“’i*‘g} (49)

For a full journal bearing, ¢; = 0, 8 = 2x and
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tanh(x‘éL)

NL/2 ]

Mo = [1- (50)

Fs are given in Table 2.

General Equation. Assuming that the principle of superposi-
tion applies, the equation of motion can be written by adding
equations (22), (23), (33), (34), (44), and (45):

External Steady-state
load force

= ey

Dynamic forces

A
r - )

T 6 L 26
Ky, —K,, ¥ "Byx —By, y

e R

yx vy

For an external load shown in Fig. 1

W = W, + W, sinw

W, = Wecos¥, W, = W sin¥,
Also
F (e, ¥g) = Wy cosly, Fe,¥) = W, sin¥,

Frequency Equation
General Case. Equation (51) may be written in the form

b4 B, By fx B, B, §x B
sf L Y [ 208 - {3 o
{V} Ay Al ly Ay Al y As
where x is the horizontal displacement and y is the vertical dis-
placement of the journal center with respect to the bearing center.
Desiring only the characteristic or frequency equation for the

bearing, load terms Bs and Aj are ignored. Equation (52) in opera-
tor form yields

(D* + B{D + Byx + (BD + B)y = 0 (53)
(AD + A)x + (D? + AD + A)y =0 (59
The frequency equation becomes
S'+ (4, + BY)S® + (A, + B + A B, — A3B)S?

+ (AyB, + A,B, — A3B, — A;By)S + (Ay,B, — A,B) = 0
(55)

The form of the roots of equation (55) depends on static eccen-
tricity ratio e as follows:
1 Two conjugate pairs for small ¢

Si,p = & 2 V1 - 512)0.)"1 (56)
S0 = (&g & V1~ §22)wn2 (57
2 Two real roots and one conjugate pair for intermediate €

v, = (6 £ Vg -1 Wy, (58)
S50 = (& £ V1 — 59w, (59)

3 Four real roots for large ¢

Ty, = (& £ VP - 1) Wy (60)

¥a,1 = (=& £ m%z (61)

Specific Case. Equation (55) was solved using a journal bear-
ing with the following parameters:
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Fig. 5 General view of apparatus

Fig. 6 Schematic of apparatus: A—proximity sensors, B—journal, C—
bearing, D—scanning valve, E—pressure transducer, F—teed-back pres-
sure transducer, G—servo-valve, H—oscillator, 1—strain gage, J—mag-
netic sensor, K—timing gear, L—recorders, M—scanning valve control
panel, N—amplifier
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0.001

0. 0001 1 111 L L.l

1.0 10.0 160, 0
f (120

Fig. 7 Frequency response of bearing

L =D =127.0mm (5.0in.)

C = 0.065 mm (0.00255 in.)

p =0.0168 Pa.s (2.44 X 10~ 6 reyns)
P; = 138 kPa (20 psig)

For small values of ¢ the bearing behaved as an underdamped
system with roots as in equations (56) and (57). At ¢ = 0.575 the
roots took the form of equations (568) and (59). When ¢ = 0.655
was reached the roots were those of equations (60) and (61). High-
er values of e yielded positive real roots from equation (55). Since
this implies that the system is unstable [6], the analysis was termi-
nated. '

Experimental Work

The parameters of the journal bearing are the same as those
given in the previous section. The complete test apparatus is
shown in Fig. 5-and a corresponding schematic is shown in Fig. 6.
The method of load application and measuring bearing displace-
ment and pressure in the oil film are also shown in Fig. 6.

Twenty-three equally spaced 1-mm dia holes drilled radially
through the bearing were used to measure pressure in the oil film.
Oil was supplied to the bearing through one of the holes, which was
enlarged, and connected to an oil reservoir pressurized to 138 kPa
(20 psig) and held constant. The load was applied to the loading
block beneath the journal bearing through a hydraulic cylinder
and tie rod.

With the journal rotating at the desired speed, the static load
W, was applied and the system allowed to stabilize at ¢. The dy-
namic load, Wi sin wg, was applied, with the magnitude W7 as
close to 10 percent of Wy as possible.

Two types of frequency response were found. The first was the
ratio of maximum film pressure P to total load W, and the second,
the ratio of displacement to W. For both types of response, the
load W, was adjusted so that the eccentricity ratio ¢ was constant
over the range of forcing frequencies.

Proximity devices, Fig. 6, were used to measure the relative dis-
placement of bearing and journal. Through a transformation [7],
displacements could be found in the x- and y-directions, Fig. 2.
These transducers could also be used to verify the eccentricity
ratio ep.

Journal of Engineering for Industry
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W 0,001
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Flg. 8 Frequency response in y-direction
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€ 0.
L/D 1.0 A
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1 (a2

Fig. 9 Frequency response in x-direction

Discussion

Fig. 7 shows a typical response curve of the bearing in terms of
maximum film pressure P and total load W. This loading was cho-
sen (eo = 0.5) because both break-points could be reached experi-
mentally. The break-points occur at 2.6 Hz (16.3 rad/s) and 21 Hz
(132 rad/s) which are quite close to the values of w,; and w3 at €
= 0.5 from Figs. 10 and 11, respectively. The slope of Fig. 7 beyond
wp1 is approximately two log units per decade while the slope after
wpg is about 3.6 log units per decade. This indicates that the bear-
ing behaved similar to two second-order systems superimposed on
each other. ’ ‘

Frequency response in terms of displacement is shown in Figs. 8
and 9. Fig. 8 shows a break-point occurring in the y-direction at 2.6
Hz, and Fig. 9 a break-point in the x-direction at 21 Hz. Since the
loading is the same (e = 0.5) they may be compared to Fig. 7,
which has the same break-points.

Experimental and analytical values for w,1 and w,9 are shown in
Figs. 10 and 11. Fig. 11 shows only analytical values for wys, al-
though w,2 was found experimentally for ¢ = 0.5, as previously
discussed. However, other values of w,s were not found due to the
difficulty and even impossibility of the system to operate at such
high frequencies. The system was limited by the frequency re-
sponse to the hydraulic cylinder.

AUGUST 1976 / 985

€20z aunr gz uo Jasn ABojouyoa | % 82usIog Jo Ausiaaiun LNossi Aq spd- L~ 086/1£9E059/086/5/86/1Pd-a1o1ue/eousiosbulnioenuew/B1o0°swWse uonoa||0ole)bipawse//:dpy woly papeojumoq



5 2
&
—_:i 10 analytical —
- f — ~~ experimental
S L/D = 1.0 =1
8 3600
oL N
-
P 1 i 1 t 1
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
€
°
Fig. 10  w,y versus ¢
260 . —— —— T .
245 — —
230 — —m——— analviieal J
215 -
g
< a0 | —
=
A
o 18 ]
42
170 [~ 1
155 | _1
140 r —
125
0 0.7

Fig. 11  w,2 versus ¢

Figs. 10 and 11 show that natural frequency can be found in
terms of ¢. It is important to recall that ¢y depends on the Som-
merfeld number which, in part, depends on journal load and angu-
lar velocity. A given bearing has a predictable relation between ec-
centricity ratio and Sommerfeld number. But the same Sommer-
feld number and thus the same eccentricity ratio is realized as long
as the ratio of journal angular velocity to journal load is constant.
This is limited by the ability of the system to conform to its math-
ematical model. When other phenomena such as excessive shaft
deflection, foaming, or cavitation are predominant, the model fails.

Figs. 12 and 13 show the corresponding damping ratios, {; and
¢9, for Figs. 10 and 11, respectively. Fig. 12 shows a tremendous in-
crease in {1 beyond ¢ =. 0.6 for this particular bearing. When this
region is compared to Fig. 10 it is evident that w,1 i8 approaching
zero. A natural frequency equal to zero yields a “rigid-body” mode.
This means metal-to-metal contact between journal and bearing
due to a breakdown in the hydrodynamic oil film. Therefore, once
a certain ¢ is reached (0.675 in this case), the bearing starts to
make contact with the journal and gradually begins to wear. In-
creased loading just speeds up the wearing process.

Figs. 12 and 13 also indicate the transition of the bearing from
an underdamped ({ < 1.0) to an overdamped ({ > 1.0) system.
From Fig. 12 critical damping, in the first mode of vibration, oc-
curs at ¢ = 0.575, and from Fig. 13 the second mode is critically
damped at ¢ = 0.655 for this particular bearing.

Fig. 14 shows how € and ¢ vary with respect to time when the
bearing is operating at w,i. The bearing eccentricity ratio in-
creased while ¢, the attitude angle, decreased. Fig. 2 shows that if
V¥ decreased to zero then the line of centers would be vertical.
Therefore Fig. 14 shows that most of the vibration occurs in the y,
L.e., vertical direction. If the bearing were operated at w,s, it is as-
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sumed that ¢ would approach 90 deg and most of the vibration
would be in the horizontal (x) direction.

The fact that w,; and w, 2 are widely separated (Figs. 10 and 11)
tempts us to regard the bearing as two separate systems, one for’
the x-direction and another for the y-direction. Therefore uncou-
pling equation (52) yields

¥k AD A+ Ay =0 (62)
¥4 Bx + By =0 (63)
where
Ay = 20w, 4y — w,° (64)
By = 28,Wp, By = W, (65)

Equations (62)-(65) ‘can then be used to yield first and second
modes of the bearing with reasonable accuracy.
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