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Conical whirl instability of an unloaded rigid rotor supported in a turb~lent flow plain hydrody-
nalnic journal bearing has been studied tlleoretically, following Constantinescu's turbulent lubrication
theory. The effect of Reyn9lds number (Re) and aspect ratio (UD} on the stability of rotor-bearing
system has been investigated. It is observed that stability improves with increase in both Re and
(U D) ratio of bearings.I~ 

In a rotor bearing system, two modes of whirl in- by Safar et a/.l!I,ll. The dynamic force and mo-
stability may occur namely translatory and coni- ment response for turbulent flow annular pressure
cal. Cylindrical whirl in translatory mode occurs seals have been studied by various research-
when a ri.gid rotor is loaded symmetrically in two ersI2-14. Eusepi et a/.15 have shown experimental-
bearings. Conical whirl occurs due to non-symmet- ly that journal misalignment affects considerably
ric loading. For two closely spaced bearings, if the the bearing performance in turbulent flow regime.
transverse moment of inertia is high, then conical An analysis for calculation of the dynamic force
whirl onset speed can occur before cylindrical and moment response in turbulent flow orifice
whirll.2. For a single bearing system, a rigid rotor compensated misaligned hydrostatic journal bear-
in a single rigidity mounted bearing conical whirl ings has been presented by Andres 16. Theoretical
is common particularly when transverse moment investigation of the steady state performance of fi-
of inertia is high. Hirofumi3 observed that the in- nite plain hydrodynamic journal bearings in turb-
stable region of the conical mode began at much ulent regime has been made by the authorsl7. Sta-
lower speed than did the cylindrical mode for a bility analysis of a rigid rotor in turbulent finite
gyroscope consisting of hydrodynamic grooved plain hydrodynamic journal bearings has also
journal bearing. Marsh4 obtained the stability and been reportedl8 in cylindrical whirl translatory
gave equations of conical motion with and with- mode.

~ out gyroscopic effect, using a linearized theory. In the present analysis, the conical whirl insta-
The dynamic tilt stiffness and damping coeffi- bility of a rigid rotor supported in a single bearing
cients of an externally pressurized porous gas operating in turbulent regime is presented.
journal bearings have been analysed and calculat-
ed by Rao and Majumdar5. A theoretical stability Theory and Computation
analysis of the conical whirl mode for a symmet- Governing equations-Fig. 1 shows schemati-

.ric rotating shaft model has been presented by cally a hydrodynamic plain journal bearing with
Yoshihiro et a/.6. The study of stiffness and damp- the coordinate system used in the analysis. The
ing coefficients of a symmetric rotor bearing sys- journal rotates with a steady rotational speed W

.tem, in conical vibrational mode has also been re- about .its axis, and undergoes whirl in a conical
ported 'in the literature 7. Guha8,9 has present.ed a mode with a frequency wp about its mean steady
theoretical analysis on the conical whirl instability state position. The mean steady state position of
of an unloaded rigid rotor supported in porous oil the unloaded journal is concentric and the lubri-
journal bearings with tangential velocity slip on cant film in the clearance space of the bearing is

..:+. the bearing film interface. However, the effect of turbulent.
turbulence on conical whirl instability is not stu- The governing equation of flow in the film re-
died by the previous investigators. The analysis gion is obtained from the following equation
were mainly confin.ed~o laminar flow regimes. [ 3 ] [ 3 ] ah The. effect of D1lsallgnment on the performance ~!!.-§!!!! + ~ ft.g!!!! =!!!!!! + -..'. (1)
of turbulent journal bearings has been presented ax .u ax az .u az 2 ax at
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.!...b.. amplitude oscillations, the perturbed equations for
pressure in bearing clearance and the local film
thickness can be expressed as: +

p= (~) yeiTpI + (~) tJdT P2

h=1+i(~) (COS6)yeiT+(i~) (sin6)tJeiT .

...(4)
(c) JOURNAL AT THE PL'ANE

Y B A- B where

(0) y.z PLANE p=p(6,z, T)

PI = PI(6, i)

P2 = P2( 6, i)

~ Substituting Eq. (4) intoEq. (2) and collecting on-
z~ ly the first order terms for y and tJ, the following ~ Iequations result. '

CfYr' 2 -.,2 -
OPI 2 °PI 1 -' .-

Y G9-:;-62 +(D/L) Gz-;:2= --zsm6+1().zcos6)
Y,'Y2 u uZ 2

(b) X-Z PLANE (d) ,., (5)

Fig, I-Bearing geometry. coordinates and rotation angles of
journal 02P2 2 02P2 1 -.-,

G9al}T+(D/L) Gz ~=2 zcos6+1().zsm6). {6)

where G8 and Gz are turbulence coefficients. Us- B _A nd' , Th b d d ' ,. th f 11 . d ' . al t our~ary co ltlOns- e oun ary con Itlons
mg e 0 owmg non- lmenSlon erms s: th film .

lor e region are

P=~ i=~, h=~, PI(6,' :t1)=P2(6, :t1)=OatO~6~2.1l{ambient)
pUR' L C PI{6,0) =P2(6,0)=OatO~6~2.1l(antisymmetric)

x W PI( 6, i) = PI( 6+ 2.1l, i).
D= 2R, 6=-, T= wpt, l=::::J!. - (6 -)= - (6 2 -) (7)R W P2 , Z P2 + .1l, Z , , .

~
the above equation can be reduced to the follow- Solving Eqs (5) and (6) satisfying the above boun-
ing non-dimensional form dary conditions by Gauss-Seidel iteration with

[ -] 2 [ ---successive over-relaxation scheme, the dynamic

~ Ii 3 G !!£ + !! ~ 1i3 G!!£ =!!!!! + ~ pressures in the film region are obtained.
06 \ 806 (L) oi z at] 2 06 or Stiffness and damping characteristics-It can be

shown that the four compone.nts each of stiffi1ess .
...(2) and the damping coefficients can be computed

Constantinescu 19 indicated the following values of from the following expressions by numerical inte-
G8 and Gz gration using Simpson's 1/3rd rule. c

1/G8= 12 +0.0260 (Re*)O.S265 - [ II 12" ---
]1/Gz=12+0.0198 (Re*)O.741' ...(3) Sxx= -Re 2 ° o PI zcos6d6dz

The journal axis performs periodic motions
around its steady state concentric position. These c --R [2II 12" --, 6 d6 d -

] motions are pure rotation about axis OX and OY, '-'YX- e PI z sm z
with amplitudes Re( yi!T) and Re( tJi!T), respect- ° °

ively. In Fig. 1, these periodic rot.arional motions [ II 12" ]are represented by 1/Jx and 1jJy. For a first-order .5xY = -Re 2 ft2 i cos 6 d 6 di

perturbation, which is generally valid for small ° °
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[I I J ,21f ] ity of the motion, the determinant of Eq. (12) is

~y = -Re 2 P2 i sin 8 d 8 di set to zero, giving two equations. Substitution off 

+ 0 0 E;. ;9) i~to th~se two ~uatio~s giveS2 ~ -2.

- [ I I I 21f --- ] A. 1'2-A. 1'2(2Sxx-2JDvx+J 1'2)-A. (Dxx+Dyx) '.

Dxx= -1m 2 PI z cos8 d8 dz fA. + (S-2 + S-2
) =0 ( 13 )0 0 xx YX ...

- [ II J21f ] = (I5xx_~x+~Syx
) ...(14)Dvx= -1m 2 0 0 PI isin8d8di fA. 1'2 A.2Dxx + JSyx

[ I I J ,21f ] These two equations are solved simultaneously

I5x = -1m 2 P i cos 8 d 8 di fA. to find the threshold value of 1'2 and A. for differ-
y 0 0 2 ent values of J. The rotor is just stable for these

values of 1'2 and A.. For a given rotor-bearing sys-

- [ I I I 21f ] tern, if the numerical value of 1'2 is higher than the

Dvy= -1m 2 Pz Z SID 8 d8 dz fA (8) above predicted value, the system will become
.0 0 unstable. The stability of the system can be stud-I

For oil bearings the value of A. will not affect the ied by the conical stability parameter 1'2.
~ dynamic coefficients. Hence, A.= 1.0 has been Method of solution-Putting J= 0 in Eqs (13)

used for calculating the coefficients. and (14) give

The journal bearing system is rotationally sym- me~ric about the Z' axis since the steady state po- A. 21'2 = Dxx Sx~ Dvx Svx (15)

sition of the unloaded journal is concentric. So Dxx

the following relations should exist between re- 4 2 2 -2 --
sponse coefficients 7 A. 1'2 -2A. 1'2Sxx -A. (D k + D h) .

-2 -2

S =~ D =1) +(Sxx+Syx)=O ...(16)
xx uyy xx '-"'Yy

Sxy= -Svx Dxy= -Dyx ...(9) Substitution ofEq. (15) into Eq. (16) gives

Equations of motion-Referring to Fig. Id, the A. 2 =
(~ )2

equations of motion of the journal for small har- -Dxx

monic rotational disturbances are given as20.21

1; tjix + Ip tjJyw+ Sxx 1J1x + Dxx ~ + ~ 1/Jy Th & ~ = - (~ ) (17)erelore, II. I +DxytjJy=O ...(10) Dxx! 

~ On the right-OOnd side, negative sign is taken so

1;1/Jy-Ip1J1xw+ Syy1/Jy+ Dyy1/Jy+Svx1J1x as to make A. positive, beca~e numerical compu-

+ Dyx vix = 0 ...(11) tation gives negative value of Svx.

The value of A. and 1'2 can be obtained from
Being harmonic rotations, 1J1x and 1/Jy are repre- Eqs (15) and (17), as the values of stiffness and

sented by damping coefficients are known. The value of A.

.1J1x = yi!T 1/Jy= l>eiT for non-gyroscopic system (J= 0) is the initial set

value for solving Eqs (13) and (14) simultaneous-
The t,,:,o eq~at1ons of motion can be expressed IDly. A trial method gives the stability parameter for

non-d1mens10nal form as follows: different values of J. The solution by trial method

[ ( -A. 2 + ~ +. A. n ) ( .).J + ~ +' A. n ] is obtained as follows: (a) Substitute the value of A.
.1'2 ..:::xx .1 ~x 1 ;2 ~ 1.2Y for J= 0 and the values of stiffness and damping

(-1).]1'2 + Svx + 1A.Dvx) ( -A. 1'2 + Svy+ 1A.Dyy coefficients into Eq. (14) to determine 1'2 for a

particular value of J. (b) Substitute the values of

~ 1'2 and those of the stiffness and damping coeffi-

x [ 1' ] eiT =0 (12) c~ents ~to Eq. {13) and evaluate the left hand

lJ ...s1de, which denotes the error. If the error is not

zero, choose a new value of A. and proceed until

Stability-At the threshold, Eq. (12) must allow the error becomes zero. The error should be ne-

a non-zero solution for I' and o. To test the stabil- gative for a stable region22.
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Results and Discussion
In the present ~alysis, a parametric study Qf ()-OOO

conical s~bility parameter bas been made for dif- 0 0.1 0'2 0'3 0.' 0"9
ferent values of Reynolds number (Re) and aspect MOMENT OF INERTIA RATIO OF JOURNAL. J ,
ratio (U D). The stability curves in terms of the Fig. 5-Variation of conical stability parameter wiu. moment -.;...

conical stability parameter, 1'2 are drawn with re- of inenial'atie--fefdifferenrvatues ofQD

spect to moment of inertia ratio of journal (J). Effect of Re-Figs 2-4 show the stability limit
The upper and lower portions of the curves rep- curves for different values of Re for L/ D ratios of
resent unstable and stable regions, respectively. 0.5, 1.0 and 1.5. These figures clearly show that,
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3.0 with increase in turbulence in conical whirfmode,
whereas at low loads the stability is unaffected .by

+- turbulence in cylindrical whirl in translatory mode
1-0 (Ref. 18). In high speed rotating machines, with

;;; bearings operating in turbulent lubrication regime,
; higher U D ratio preferably L/ D around 1.0
~ UNSTABLE should be used for better stability in conical whirl

I ~ mode. An increase in moment of inertia ratio (J)
i ~ makes the journal more stable in cQnical whirl
, ~ 0- mode.

--N
~ Nomenclaturew
:;. C = mean radial clearance of bearing
~ D = shaft/journal diameter
~ R. : \3J 0 0 Dij = bearing damping coefficients (first suffix denotes
B. the direction of moment and the second denotes the
>- 0-0 direction of angular velocity)
~ D;j = dimensionless bearing damping coefficients
m

~ ~ (~ )---on R-' L'
-' ,u
-<
~ Gq, Gz = constants in turbulent Reynolds equation
~ 0.001 ~ = local film thickness
Co) h = dimensionless film thickness (hlC)

Ip = polar moment of inertia of journal
I, = transverse moment of inertia of journal

0.0003 i = (-1)1/2
0.25 0'50 0'75 1-00 -1.50 J = inertia ratio (111;)

ASPECT RATIO, LID L = length of bearing
P = local fluid pressure in the film region (above am-

Fig. 6- Variation of conical stability parameter with ~pect bient)
ratio for different values of moment of inertia ratio J

d" " nl fl "d (pC2
)= Imenslo ess UI ressure-

for all aspect ratios, stability lIOproves WIth an m- P p ,uUR

crease in Re. Turbulent lubrication is effectively rt bed " th f.1 .PI' P2 = pe ur pressures In elm region
equIvalent. to .operatlng WIth a lubn~a.nt of m- PI' P2 = dimensionless perturbed pressures
creased VISCOSIty, ~ther factors remalOlng same. R = shaft/journal radius
The above improvement in stability with increase Re, Re* = mean Reynolds number, local Reynolds number

~ in Re may be due to this reason. (pUc::/,u, pl!h/.I4)Effect of UD ratio-An eOhancement in stabil- ~ = b~anng.spnngstlff~ess" "
ity is observed with an increase in i/ D ratio of Sij = dImensIonless beanng spnng stIffness

bearings (Fig. 5): It is further observed that effect (~ )of turbulence, in improving the conical whirl sta- ,uR3 L 3

bility, is more In a bearing with higher aspect ratios- t = time, s
.Fig. 6 shows a plot of conical stability parame- T = dimensionless time (T= Wpt)

ter (1'2) with respect to aspect ratio of the journal. U = shaft surface velocio/ (RlI!)
It depicts that the improvement in stability of ~ y, z : ci"rcu~erential, r~dial and. axial coordinates

, turbulent bearings, with increase in L/ D ratio is Z -dimensIonless aXIal coordinate (2z/L)

very sharp for L/ D ~ 1.0. Therefore, for stability Greek symbols
of turbulent bea~ngs, operating in conical whirl 8 = dimensionless circumferential coordinate (x/ R)
mode, the L/ D ratio should be kept around 1.0. ,u = absolute viscosity of fluid

Effect of J-Figs 2-5 clearly show that an in- w,Wp = angular velocity of shaft, angular velocity of journal

~ crease in moment of inertia ratio (J) improves the ce~tre ., stability in conical whirl. ). = whirl ratIo (wi w) ." "
f/Jx, f/Jy = perturbed angular rotations of journal axIS about x

-and yaxes, respectively
Conclusions y, <5 = amplitude of perturbed angular rotation of journal

The following conclusions may be drawn from axis about x and yaxes, respectively
.the foregoing analysis: The stability is enhanced Y: = conical stability parameter dimensionless
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