UNCLASSIFIED

AD NUMBER

AD466392

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; May 1965.
Other requests shall be referred to
Director, Air Force Aero Propulsion
Laboratory, Attn: RTD, Wright-Patterson
AFB, OH 45433.

AUTHORITY

AFAPL ltr, 21 Jul 1971

THIS PAGE IS UNCLASSIFIED




o

52 ROTOR-BEARING DYNAMICS DESIGN TECHNOLOGY

-

- 0N 2 0 e N P P MY Dl O O P W

e SR e el v -

AFAPL-TR- 65-45

[gé Part I11

i e i e,

.;

i Part 111: Design Handbook for Fluid Film Typs Bearings
5
3' Mechanical Todhlology Incorporated
'S - ' | |
215 TECANICAL REPORT AFAPL- TR-65-45, PART I j
May 1965
Air Force Asro Propulsion llhntlry: DT
Rasearch and Tuchnology Divisin || y
Air Forco Systems Command hh o J
 Wright-Pattorsondir Force -Busa, Obis M}’;s;ug ‘
¥

Best Availabie LOP




NOTICES x

dhen U.8. Government drawings, specifications, or other data are used for any pur- !
pose other than a definitely related Government procurement operstion, the Gover-
nment thereby incurs no responsibility nor any obligation whatsoever, and the fact
that the government may have formulated, furnished, or in any way supplied the
said drawings, specifications, or other data, is not to “s regarded by {mplicati:~ .
or othervise, or in any manner licensing the holder nr any other persoa or corp-

anaar_

oration, or conveying any rights or permission to masnufacture, use, or sell any

patent invention that may in any way be related thereto.

Qualified users may obtain copies of thic report from the Defense Documentation
Center. , . ,
f

4

fense Documentation Center release to the Clearinghouse for Federal Scientific
nd Technical Informstion (formerly OTS) is not authorized. PForeign amnounce-
nt and dln.onln;tlon by the Defense Documentation Center {s not asuthorised.

' lease to foreign nationals is not authoriszed.

; ;;c release to OTS is not authorized in order to prevent foreign snnouncement and
distribution of this report. The distribution of this report is limited because
it contains technology identifiable with items on the strategic embargo. lists

i excluded from export or re-exports under U. S. Export Coatrol Act of 1949 j

N (63 Stat. 7), as amended (50 U.S.0. App. 2020, 2031), as implemented by AFR 400-10.

s

Copies of this report should not be returned to the Research and Technology Div-
fsion unless return is rsquired by security conoldota:loul{ contractual obligations

or notice on a specific document.

’ . NOTICE: ‘hen governmsnt or cther drewings, specie
L fications or other data are used for any purpose
N other than in comnection vith s definitely related
government procuremsnt operstion, the U. 8.
Government theredby incurs no responsidility, nor any
obligation vhatsocever; and the fact that the Govern-
sent may have formilated, furnished, or in any way
supplied the said drewings, specificatioms, or other
. data is not to be regarded by implication or other-
" wise as in any mamer licensing the holder or any
! other person or corporstion, or conveying eny rights
/ | or perxission to mamufucture, use or sell any
/ patented invention that may in any way be related

et e . S 42

DA AR T A R
- My A et Wt
IR ¥




“@PL{TR-65-45- P+ 3
Part it~ ———

o - S

» / HUTDR BEARING DYNAMIGS DESIGH TEGHNﬂlﬂGY

Part 111: Design Handbook for Fluid Film Type Bearings,
T o lppen Lead )

]

s
[l PO

C? Mechanical Technology, Incn‘., bmﬁm,i

TEGHNICAL REPORT AFAPL- TR-G3-45, PART 11|

@ Iayiyﬁ
@ %Ltt(ufx /am(ozy_/&,fuués J

§
i
|
i

4

Air Force Aero Propulsion lnboratory

Research and Technology Division |
Air Force Systems Command ;
Wright- Pmerson inr Force_Base, Ohio. 4




e e e ——————— o —rr1oa e

| == B o

— .

T3

-

b o

| g

FOREWORD

This report was prepsred by Mechanical Technology Incorporated, 968 Albany-Shaker
Lee: RLHEH 270

Road, Latham, New York 12110 under USAF Contract No. AF 33(615)-18957’ The
contract was initisted undct’Projcct No. 3145, "Dynamic Energy Conversion
Technology," Task No. 314511, "Nuclesr Mschanical Power Units." The work wss
edministered under the direction of the Air Force Asro Propulsion Laboratory,
Research snd Technology Division, with Mr. John L. Morrie (APFL) acting as

project engineer.

This report covers vérk‘gonductcd from 1 April 1964 to 1 April 1965.

This raport was submitted by tlie authors for review on 7 April 1965, 1t is
Pert 1IX of finel documentation fssued in multiple parts. This report also
is identified by the contractor's designation MTI-65TR14.

The editor of this report, assisted by Mr, J. L. Morris, is Mr. J. W. Lund.
Contributors to this raport are Messrs. K. B. Arwes, H. 8. Cheng, J. W. Lund,

C. W. Ng, C. H. T. Pan, and B. Sternlicht.

This technicsl report has been reviewed and is spproved.

. MM V. Chneh(l
ARTHUR V. CHURCHILL, Chief
Fuels and Lubricants Branch
Techaical Support Division
Air Porce Aero Propulsion Laborator
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[~ ABSTRACT

This design handbook presents data and methods for use in analyzing the dynam{cal
performance of a rotor supported in fluid film type bearings. The data are given

in form of design charts covering:

{ 1. The dynsmic bearirg coefficients
The onse¢ of hvdrodynamic instabilitv
. 3. The critical speeds and the undbalance response of a simple

rotor-bearing system

The design charts are in dimensionless form and cover a wide range of bearing
. ﬁromctriel and operating crnditions.
J .
-XSevernl different types of f uid film bearings are considered together with

l

(

[

[

o / astous forms of brscattor
-

[

[

. y _ | ,
Incompressible Lybricant «  Cowpressible Lybricant
Plain Cylindrical Bearing C d ‘
., 4-Axial Groove Bearing Plain Cylindrical Bearing
. Pl Elliptical Bearing
. Partial Bearings
Tilting Pad Bearing
'
. Plain Cylindrical Bearing Plain Cylindrical Bearing,
. Turbulent Partial Bearing E 3 Sinﬁ}c Plane Admission \W
Film 4 P {zed Plain Cylindrical Bearing,
' Tilting Pad Bearing L Double Plana Admission

114
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s Orifice radius, inch
; ‘
; B Damping coefficient for hydrostatic bearing, lbe.sec./in
. c Radial bearing clearsance, i.e. the differsnce between the

radius of curvature of the bearing surface and the journal
radius, inch

axis, lbs.in.sec

|

' [ (o Clearance of pivot circle in the tilting pad bearing, i
see Page 65, inch ;
L ?

;‘ ‘ cu.cxy,c”,c” Bearing damping coefficients, lbe.sec/in }
t [ D Journal diameter, inch j
; d ' Feeder hole diamter, inch

§ [ e Eccentricity of journal center with respect to bearing cmtcr.iq
i ]
i [ 1 Mass moment of £g¢ttu of pivoted shoe around longitudinal

I,

) 4 Transverse mass moment of inertis of rotor around cc,lbo.tn.uc‘
I’ Polar mass moment of inertia of rotor, lbo.in.nccz:
: E K Bearing stiffness, lbs/in 1
' [ L Rotor stiffness, lbs/in i\
. K Bearing support stiffness, lbs/in |

™
”-
3

Bearing spring coefficients, lbs/in

Bearing length, inch

g |
-

Distance between sdmission planes in a hydrostatic bearing, tncq

\ i
- L-I.l. combined length of hydrostatic bearing outside aduission
planes, inch : ‘

5

¥ | Rotor span between bearings, inch
Rotor mass per bearing, see Pags 202, 1lbs sec?/1n

M - I/lz. Equivalent mass of pivoted shoe, lbn.uczlin

"erle .
m Ellipticity of elliptical bearing, see Fig. 8. {
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i
E N Rotor speed, RPS 1
] Total number of feedeg holes i hydrostatic besring (on the Mtl’
‘ [ N 1is used instead of N)
' ? a Ambient pressure, psis
' E ) 4 . Supply pressure for hydrostatic bearing, peia
i [ R - -;-D. journal radius, inch “
: Re = xpNDC/u, Raynolds number _ {
‘. E R Gas constant, an/ucz.ol |
) [ 8 = u‘%m‘(bz. Sommerfeld number !
,‘ T Total temperature, °g
E Vc Volume of feeder hole below ortifice, £n3 }
[ W Bearing load, lbs. "
; x Rotor smplitude, see Fig. on Page 231, inch |
{ E X,y Journal center coordinates, inch
; [ X,y Components of journal center velocity, in/sec
: a - Gu + 012. for first critical speed and static unbalance } lnI;
[ = Gy, - G, for second critical speed and dynamic unbalance |
‘ E Gu.an Influence coefficients for the rotor, see Page 23L, in/lbs 1
’ ) Eccentricity of unbalanced mass, see Figure on Page 211, in. 1
E . - nzldc, Inherent compensation factor for hydrostatic bearing
: « = ¢/C, Eccentricity ratio
E, E A : - IT?:m(é)z. Compressibility number | | ;
_,
! A. - m;—ﬁ » Rastrictor coefficient
¥ e e
\ i T Lubricant viscosity, 1bl.uc/1n2
£ l v Whirl frequency, radians/sec | . {
E l ¢ = 1, for first critical speed and static unbalance ]
= (distance between rotor masses) L, see Figure onm Page 231,
‘ . xiil
|
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- ;z' for hydrostatic bearing

- Ec. Rotor flexibility perameter
Bearing attitude angle

= 2xN, Angular speed of rotor, radians/sec

Pirst or second critical speed, radians/sec
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’( A. GRNERAL DISCUSSION AND
DESICH PROCEZDURES

1

INIRODUCTION r
¢ The trend towards high-speed turbomachinery haa accentuated the fact that fluid
film bearings possess stiffness and damping properties which have an appreciable
effect on the dynamic behavior of the rotor-bearing system. Thus, it has Decome
recognized that the static properties (i.s. load carrying capecity, flow, power
loss, temperature rise, etc) are ocaly some considerstions in bearing design. In
fact, the dynamic characteristics will often govern the particular bearing
selection. It has been shown that the dynamic properties will affect the threshold
of instability, critical speeds, unbalance response, noise attenuation, stc.
Each bearing type (e.g. cylindrical, axial groove, elliptical, pivoted lhoc;
etc), lubrication system (.e.g. self-acting, hybrid), fluid property (e.g.
compressible, incompressible, and two-phase), and regime of operation (.s.g
laminar, transition, and turbulent) will influence the dynsmic performance of the
system to a differing degree. Therefore, in choosing the bearing type for a
specific opersting condition and environment, one must consider both the dynamic

MM e e
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and the static aspects.

The calculation of the dynamic properties of bearings has been extremely diffi-
cult and laborious and only the advent of high-speed, high storage computers
has made it practical. These solutions, however have lagged considerably behind

gy IR S

steady-stata analyses. While at present there are several bocks and numerous |
reports and papers available that treat the steady-state performance and design

of bearings, only a few papers are available on dynamic properties. This

handbook partinlly* fills this gap. The text is presented in such a form that

as solutions for other bearing types are made available, they can be readily

added to this handbook. The complexity of the analysis and the numsrous parameters
also introduce the problem of generalization of the results so as to make them v
broadly applicable. In this text the generalization has been n’écubliohad

through the use of dimensionless parameters. Decoupling of the bearings from

the rotor system has also been important in order to make the results applicable i

to a variety of rotor configurations. ;

* The scope of this program permitted only a limited coverage of bearing types, |
dimensions (L/D, m, arc length, etc) and ranges of operating parmmeters i
(Re, A, P_/P_, etc). '
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While the trend to high speed machinery has required the establishment of the
dyaamic properties of bearings, the presence of more severes envirommental re- {
quirements (.e.g extreme temperatures and pressures, radiation, etc) , has also
focused on this need. High speed aircraft, spsce power systems (Brayton and

Rankine dynamic conversion machinery), cryogenic refrigerstion machinery, guid-

ance and control equipment, centrifuges, etc. are just s few examples of new
machinery requirements. Many of these use process fluid lubrication such ss ]
1iquid metal, gas or vapor. The use of these fluids {a high speed machinery is |
relatively recent; thsrefore, uxperience is limited, and in meny cases unfavoublo. l
Meuy of the troubles can be attributed to poor design or triil and error procedure.
At the same time it should be recognized that the analysis with these process
fluids is considerably more complex because of the introduction of nonlinearity

and st least one additional parameter (Reynolds number, compressibility number,
qqalu:y) has to be considered. To ensure satisfactory operation and to prevent
failures of the machinery it is ecsential, as part of the actual design procedure,
to perform an investigation of the dynamics of the rotor-bearing system. Such

an investigation must include the calculation of the system critical speeds, a
calculated prediction of the maximum vibratory smplitude and a check on the,
stability of the rotor. Through the calculations it can be determined if the

rotor has adequate stiffness for its weight and if the chosen bearing typ.u' and

the selected besaring dimensions are adequate for the operational requirements.

It is the purpose of this handbook to set forth the required design -.thoc‘ln aﬁd

to give as much design data as is currently available in easy to use form.

The data are given in form of design charts which employ dimensionless pcrameters.
Thereby, the charts become generally valid and apply to & wide rangs of operating
conditions and design configurations. The charts cover three types of data:

1. Dynamic coefficients for several bearing types and bearing geometries
(spring and damping coefficients). The data can be used directly
together with existing computer programs to calculate the danlanéb .
response and the stability of a general rotor-bearing system.

DR CONNTY -l | SR LIRS .. . .. . s

2. The regions of stable and unstable operation of a rotor bearing system.

3. The effect of fluid film bearings on the critical speeds and the
unbalance response of a rotor-bearing systea.

2




L T T L o

-

Cew ez

- b s e e,

e ——

-

e

T T o T

The first chapter in the handbook contains a brisf review of the most important
aspects of rotor-bearing dynamics from s design point of view. This {s followed
by a chapter in which the usual procadure for arriving at a design of g rotor-
bearing system is outlined. The various steps in the design procedure are then
treated separately in the subsequent chapters which at the seme tims give a de-
tailed explanation for using the accompanying design charts.

That part of the design procedure which deals with the stea. state performance
of the system, or the strength and mechanical fntegrity of the rotor and its
support structure, has only been included to the extent that it males the use

of che prescnted data more efficient. A more complete coverage of the sssociated
design problems can be found in standard referance books and numerous reports.

Most of the give:i design data have been computed specifically for the present
handbook. This includes many cf the charts for the dynamic bearing coefficients,
almost all of the stability data and all of the charts for the critical speeds
and the unbalance response. The balance of the data for the dynamic bearing
coeff{.cients has been compiled fto- several sources given in the reference list.

The handbook treats those bearing types which are classified as fluid film
bearings. Desgign data for ball bearings are given in an accompanying report.
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The principal part in any piece of rotating machinery is the rotor itself. Its
function is to generate or transmit power. It consists of a shaft on which may
be mounted such components as turbine wheels, compressor wheels, gsars, the roter
of an electric motor or generator, etc. The shaft is frequently made of an inte-
gral piece of material, although the diameter may vary along the length of the
shaft, and tha components are either integral with, shrunk on or machanically
fastened to the shaft. The shaft is supported in bearings with separate the
rotating surface of the shaft from the stationary supports. The bearings may be
either fluid film bearings, using oil, other liquids, gas, or even two phase
fluids as a lubricant, or they may be rolling element besrings like ball bearings.

The rotor is never completely rigid and in many applications it is actually

quite: flexible. Hence, the rotor vibrates if it is subjected to excitationsl
forces. These forces may be asrodynamic, magnetic, sechanical, etc. DBy far

the most common of uuch' excitations are the unbalance forces present in the rotor.
They generally derive from the manufacturing processes where it is not possible
to ensure that the center of gravity of the rotor masses coincide exactly with
the geometric symmetry axis of the rotor. The unbalance may be distributed
throughout the rotor and varies i{n both magnitude and angular position slong

the length of the rotor. As the rotor is brought up in speed the centrifugal
forces due to the unbalance cause the rotor to deflect and the bent rotor whirls
around its neutrsl axis lynchronouq with the speed of rotation. This phenomenon
is known as synchronous whirl. It should be noted that synchronous whirl is
actually not a vibration of tha rotor in the normal sense of the word. Tha de-
flected shape vf the rotor itself remains unchangsd during the motion and it

is only when the whirl amplitude is measured in any fixed direction (for instance,
by a probe) that the motion appears as a vibration. Howsver, from the point of
view of describing synchkronous whirl the analogy to a vibratory msotion is very
This analogy becomes evident when considering the phenomsnon of the

For the purpose of illustration assume the rotor to

strong.
critical speed of the rotor.
consist of a single heavy disc mounted on a flexible shaft whose weight 1is yery

small compared to that of the disc. Let the mass of the disc be M l‘”‘i‘:‘s-

and let the stiffness of the rotor be xr ﬁ"' (1. e. ‘r is .
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determined as the force which causes a one inch deflection at the center of

the shafr). Purthermore, let the mass center of gravity of the disc be eccentric

by a distance & inch with respect to the axis of the shaft and let the angulsr

speed of the rotor be w 5’%:%?’-. The shaft center at the disc will be vh#rlin;

in an orbit with radius x inch. such that the center of gravity of the disc will

be whirling with a radius of (x+s). Hence, the shaft pulls the disc inwards with

a force of: Kr- x lbs. and the centrifugal force pulls outwards with & force of:
mz(x'n) lbs. For equilibrium the two forces must be equal: | ‘
B F

Center of Gravity |, ..1.

x
’ﬁ_— _[\_'mtul Axis

ﬁrx - H»z(x+u)
i.e. 2

r
from which the whirl radius of the shaft center at the disc can be computed.
It is immediately seen that when the rotor speed is such that:

then the denominator becomes zeru and x becomes infinitely large. The corres-

ponding speed o, is called the critical speed of the rotor. It may further be
noted that for uﬂuc the radius x is positive, {.e., x and a are in the same
direction, such that the center of gravity of the disc is outside the orbit
of the center of the shaft. For speeds above the critical speed x becomes

negative and the center of gravity is inside the shaft center orbit. Hence,
in gaing through the critical speed there is an inversion of the centsr of i‘
gravity or,in the terminology of vibrations thephase angle between the ampli-

tude and the exciting force (i.e. the unbalance) changes from zero to 180 degrees.-
As the rotor speed becomes very large, then x = -3 and the center of gravity
of the disccoincides with the center of the shaft orbit and is therefors stationary.

. - .

The theoretically infinitely large amplitude at the critical speed does not
occur in practice since there is alwvays some damping present in the system. i

e £
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However, any inherent material damping in the shaft itself does not contributs ;
to limit the amplitude since the shape of the deflected rotor does not change :
during the whirl motion. Instead, the major source of damping is in wost cases

the journal bearings and without this or a similar source it would pe very dlffi.ctl:'
to pass through the critical speed. It is, therefoze, evident that the besrings '

play a major role in the dynsmirs of the rotor.

The most common journal bearing type is the fluid film bearing in whirh the rotor
journal and the besring sleeve are separated by a thin film of lubricant. The
lubricent may be oil, water, liquid metal, or a two phase fluid gas. In the case '

of self-acting bearings the geometry is such that the rotation of the journal causes
the bearing to act as a viscous pump whereby pressures are generated in the lubri-:

D e e e

. cant film forcing separation of the journal and the sleeve. Under steady-state

—

“x-axis and a y-axis, and likewise resolving the journal center motion into x and _

A
H
.

conditions the total pressure force equals the static load on the bearing. How-
ever, 1f the center of the rotating journal is in motion, as for instance, during
synchronous whirl, additional pressures are set up in the lubricant film which
act as dynamic forces ou the journal in addition to the static force. The dynamic !
force depends on both the smplitude and the velocity of the journal center motion
but in cortrast to conventional mechanical forces the dynsmic fom-. does not have
the same direction as the imposed amplitude. Resolving the dynamic force into
two components, Px and I'y, along fixed coordirate axes in the bearing, say an

!
i

i

1
§
!

. ¥4

y displacements, the dynamic force components may be expressed by: ‘ >

- - er 4. - .
F‘ Knx " x® K x,y c xy’
F =-K x-C x-K - C_y

y T Tyx™ T Pyx™ T RyyY T by

wvhere x = %E (x-velocity) and y = % (y-veloc;t:y). To illustrate: ,
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Strictly speaking the given equations are only exact for infinitesimal small
auplitudes but in practice they prove to be vaiid even for amplitudes as large

— M/ —

--...-.oc

as a third of the bearing clearance. The 8 coefficients: ‘xx' (!’x
are called spiing and damping coefficients such that, for 1nstan¢a,l*y 1z the

spring coefficient yielding a restraining force in the x-direction due to a
displacement in the y-direction. These coefficients are calculated from lubri-

Noane Bt - e i

cation theory and are properties of the particular bearing. Thay depend on
the bearing configuration, the lubricant properties and, more important, they b{

= M

to a given steady-state journal center position. Consequently, they change with

{

™M

the speed of the rotor.

/M

To illustrate the effect of the bearing on the dynamics of the rotor assume
for simplicity that the bearing may be represented by a single spring co- i
efficient K and a single damping coefficient C instead of the actual 8 co-

efficients. Returning to the single-disc rotor diacussed above the modified

model now becomes:

i
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m
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The critical speed is approximately determined bdy:
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which is less than the critical speed previously calculated with rigid bearings g
{

where: ®, 4. Hence, the flexibility of the fluid film lowers the ciitical ]
|

M
speed. It is not uncommon for the reduction to amount to 30 to 40 percent and j

cases can be cited where the reduction is even greatsr, e.g. with soft gas bear- {1
ings. Although ignored in the above equation the damping way csuse the reduction
to be less than stated. This is readily seen when considering a bearing with so
wuch damping that the bearing acts like it was rigid in vhich case the critical
speed becomes equal toy _f . This effect is frequently of importance in oil 3
lubricated bearings. Ou''the other hand, in gas burtn;!a}pliéntiénn the rotor |
is very stiff compared to the gas film in which case the damping causes a slight ’;J
reduction in the critical speed. : 7,1

When the flexibility of the bearing film {s taken into account it is found that
for whole rotor partakes in the synchronous whirl motions slthough the sise of
the whirl orbit changes along the length of the rotor. Furthermore, the prunc@j
of demping in the bearing film limits the amplitude  in passing through the -]
critical speed. The damping is frequently sufficiently large that the critical ‘
spo'cd may hardly be noticed and even with instrumsntation it may be difficult to

1
identify and measure the critical speed with better accuracy than + 10 percent ?
i
i

in rotor speed. This, however, is also due to the fact that thers are 8 bearing
coefficients instead of just two. With two coefficients as assumed above the

stiffness in the vertical and the horisontal direction are the same and likewise
for the damping coefficisnts. Hence, due to the symmetry of the system the tbirl;s
orbit is circular. When there are 8 bearing coefficients the system is unsymmm- g,
trical and the whirl orbit becomes elliptical. In essence, this implies that t!wl
stiffness and damping coefficients in two mutually perpendicular directicns are

dissimilar. Therefore, there will be one critical speed based on the smallest

stiffness and another critical speed based on the largest stiffness. Theorstical
then, there are two resonant amplitude peaks but due to damping the peaks overlap
sufficiently that in practice they appear as one broad peak. Consequently, it 11

difficult to define by measuremsents the exact rotor speed at which the critical
8
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speed is encountered. Neither is it possible to define the critical speed by
means of a change in the phase angle between unbslance and amplitude. The cbes
phase angle value depends on the direction in which the samplitude is messured.

Figures 1 to & show typical exsmples of synchronous whirl orbits and rotor amplit
The amplitudes are measured by capacitance probes which are mounted inside or jue
adjacent to the bearing. The probes are 90 degrees apart and give the rotor ampl
tudes ds sine-waves as shown by the bottom picture in Fig. 1. By simultaneocusly )
displaying the signals from the two probes on an oscilloscope a picturs of the
orbit is obtainaed on the screen as shown by the top picturs in Pig. 1. Bence,
probes can be thought of as coordinate axis for measuring the rotor motion and
may be labeled x-probe and y-probe in analogy to x-axie and y-axis. To 111&::.:1
assume that the x-signal and the y-signal a~e 90 degrees out of phase so that I:ho1'
may be written: :

X = a cosmt y=b coa(mt-90°) = b sinot

! i (a = peak x-amplitude, b = peak y-amplitude, @ = frequency, nﬁ?‘ﬁ ]

Combining the signals yields:

8.2. !.2.
7 + 7 =1
a b

i.e. an ellipse with major axis: a(along the x-axis) and minor axis: b(along the !‘
y~axis) . If the signals are either in phase or 180 degrees out of phase the
whirl orbit becomes a straight line. For phuse angle values between O and 180
degrees the orbit is an ellipse whose orientation with respect to.tln axss derend
onthe particular valus of the phase angie and on the msgnitude of the peak ampli-
tudes. This is clearly illustrated by Figs. 2,3 and 4. PFigure 2 (and also rtg.l.]

is obtained with a rotor supported iz hybrid gas bearings sxternally pressurized :

with rotation)and shows the synchronous whirl orbit, due to unbalance, as a func
of rotor speed. The amplitude reaches a peak at approximately 18,000 KPM which 1
either the first or the second critical speed (the two critical speeds are the tvﬁ
rigid body modes and they are tov close togsther to separats) . The incresse in

amplitude beyond 25,000 RPM is caused by a pedestal resonance. Apart from the

change in size it may also be noted that the orientation of the elliptical orbit i
changes with speed. Figures 3 & 4 present mesasured syachronous whirl orbits obtaiy
with a 100 degree, Silicone oil lubricated, partial bearing and with a fully
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turbulent lubricant fils (Reynolds number = 5820 and 8314, respectively) The |
messurements are compared to theoretical reaults which are calculated om the bdests
of theoreticslly derived spring snd damping coefficients tmuiuung the b“rtn j
film. The overall agreement is vary good. Rach orbit is shown ia the x-y-coordi~'
nate system corresponding to the two probes and is obtained for s partizular value
of the Sommerfeld Number '%'! (%)2 vhere: u is the lubricant viscosity, N is the rueq
speed in rps, R is the journal radius, C is the radial clearance and P is the bear-

ing loading per unit projected bearing area. Hence, the Sommerfeld number gives '

& direct indication of the rotor speed. 1

Whereas Figs. 1 to 4 show synchronous whirl with elliptical orbits Fig. 3 showe
the onset of hydrodynamic instability in s gas lubricated journal bearing. The
orbit has two lobes and is generated by & simple superposition of synchronous
whirl and half-frequency whirl. The small lobe "correspouds" to the synchronous
vhirl and disappears as the smplitude builds up. If the speed is increased )
further the orbit increases rapidly in sise and eventually the besring will fail (]
due to contact between the journal and the bearing. With gas bearings an in- i
stability failure can be very serious and may cause extensive damage to both the '
rotor and the bearings and even with liquid or oil lubricated bearings it {s very
difficult to operate a rotor beyond the onset of instability. The hydrodynamic
instability is known as either fractional frequency whirl ("half-frequency whirl") ;
or resonant ship ('oil whip'") The instability is inherent in the very principle i
by which lubrication works, To illustrate, consider for simplicity s vertical
rotor supported in plain journal bu:i.ng with length L, radius K, ndini clearance |
adian 3

C and an angular rotor speed of m-r-;ﬁ-—. :
) i

$
}
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Let the journal ride eccentric tn the. bearing clsarince with an ecceatricity o.
sider a flow bdalance for one half of the lubricant film (shaded im the figure)

and assume that no pressuve is present in the film:
3

flow Ln-%le(Oh) f‘.‘;

3
flow out = '}L Ro J(c-.) ff:

Since the flow into the film volume is greater than the flow going out the film
will normally davelop s pressure such that the inflow is reduced and the outflow
is increased with side leakage taking place. It is by this mechanism that a
hydrodynamic bearing is able to generate its load carrying capacity. However,

assume that the journal center i{s not stationary but whirls with an instantaneous

angular speed of Vv f_‘_:_i.::_n!. around the bearing center. The journal center velocity i?

i

is then: ev -:'-2; and the considered film volume incresses with tims at the rate of: '

2LRev ﬁ‘: In this case the flow balance can be written:

(flow in) = (flow out) + (rate of change of volume)

or
%le(on)--;-:.xo(c--)-rzmv , 1

which is satisfied if:

1
veoo

When the above flow balance is satisfied no prcnuri is developed in the bearing ﬂ‘
Hence, when the whirl frequency equals half of the rotational speed the bearing t
looses its load carrying capacity and it becomes unstable.

The purpose of the above illustration is to show that whirl may cuiu instability
and that the instability whirl frequency has an inherent tendency to equal a

half of the rotor speed. However, as already mentioned tlie illustration is only ‘
valid for a vertical rotor or a lightly loaded bearing where the mtor whirls
around the bearing center and the whirl orbit is a circle. In general the bear-
ing 1is under static load. Consequently the center of the whirl orbit is dlaf ‘1

11




placed from the bu/ttn..unut snd the orbit becomes elliptical. This has the
effect of reducing the instability whirl frequeacy slthough the reduction is only.
noticeable when the static load.and eccentricity is high (for s sufficiently high

eccentricity, the instability may actually be eliminated in the oil lubricated bdesr-

ing) . Furthermore, the simple concept of instability as being caused by a complete
loss of load carrying capacity is no longer valid for a loaded bearing. Rather,
the onset of inatability can be viewed as being caused by the besaring loosing its
demping ability. A brief explanation of this phenomsncn will be given in theo
following.

It can be shown that, for the purpose of descridbing the onset cf instability, ‘

& journal bearing can be representad by a single ctftce_l.n spring coefficient und
a single, affective damping coefficient. These coefficients can be calculated
from the 8 dynamic bearing cocfficients as shown im Ref. 16. However, the two
coefficients derived in this manner depend on the whirli frequency such that the
effective damping coefficient is nin’tl.vc for small frequencies and becomss
positive for higher frequancies. The frequency at which the damping becomes sero
shall be called the instability frequency. The ratic between the inscability
frequency and the rotor speed squals approximately 0.5 in most cases except at
h'i;h eccentricity ratios (e.g. at low speeds) where the ratic is usuully smaller.
Therefore, ths instability frequency can be found as s function of speed as shown
by the corresponding curve in the figure below. Yor frequencies less than the
initability frequency (i.e. in the region below the curve) the effective damping '
is negative, and for frequencies greater than the instability frequency the damp-
ing is positive. The effective spring coefficient of the bearing together with
the flexibility of the rotor determines the resonant frequencies of the rotor-
bearing system. Since the bearing stiffness is & functicn of speed the resonant
frequencies become spesd dependent. The lowest of these resonant frequencies {e
shown by the curve labeled: "System Resonant Fruquemcy" in the figure below.
This curve intersects the curve for the instability frequency at s speed denoted
as: "Instability Threshold Speed'™:

PR
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lst Critical Instability
Speed Threshold
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Assume that the rotor is subjected to a small disturbance. It will then tend to
vibrate at its lowest resonant frequency. However, if the rotor is running below
the instability threshold speed the bdearingsprovide positive damping and the
vibration dies out. As the speed is incressed the damping available for the
vibration diminishes until it becomes equal to zerc at the instability threshold
speed. Attempting to increase the lb«d beyond the threshold speed causes the
damping to become negative such that any imposed disturbance is smplified and

the system i0 unstable.

From the figure it is seen that if the rotor mass is increased or the shaft is
made more flexible the system's natural frequency is lowered, whereby the inter-
section between the two frequency curves shifts to the left and the threshold
speed is reduced. Conversely, if external damping is present in the system (for
instance, in the supports) the curve of the film instability frequency is lowered
thereby raising the threshold speed. The latter characteristic suggests means

by which an otherwise unstable system may be stabiliszed and also explains why
some machinery, notably rotary pumps, msy operate stable well above the theore-
tical threshold speed. The damping capacity of the liquid passing through the
impeller acts as external damping to the system and stabilises the rotor.

4
I4
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If the bearings are rigid (X = &) the shaft behaves like a simply supported

;
|

Turning again to the phenomenon of critical spesdsthe preceding discussion has
orly mentioned the lowest critical speed (the f‘rst critical speed). Since t'hcA
rotor {s an elastic body there are, of course, infinitely many critical speeds but
only the lowest two or three critical speeds are of importance in practice. BRach
critical speed has associated with it a mode shape which is simply the shape of
the deflected rxotor at the critical speed. To illustrate the interaction betwsen
the rotor and its bearings at the critical speeds consider a simple model con-
sisting ?t a uniform shaft supported in bearings with equal sti ffness, denoted i
as K:

T S

3 £,

beam with mode shapes:

lst Critical Spoed : 2nd Critical Speed 3rd Critical Speed ,(

Rigid Bearimgs, Flexible Rotor .

Next, assume the bearings to be very flexible in comparison with the rotbt. Then
the critical speeds will be lowered and the rotor will behave like a rigid body
at the first and the second critical speed with mode shapes*):

A ,
1st Critical Speed 20d Critical Speed
(Translatory Whirl) (Conical Whirl)

Flexible Bearig.l. Rigid Rotor ]
(Rigid Body Critical Speeds) i

!

* Strictly speaking, it is only true that the lst critical spead is the translatory
whirl mode and the second critical speed is the conical whirl mode when the trans-~
verse radius of gyration is less than 70 percent of the rotor span between bear-
ings. In practice this condition is usually satisfied.

14




It should be remembered that the rotor does not vibrate but whirls. At the
first rigid body critical speed the whirling rotor describes a cylindricsl
surface in spece and the mode is called: translatory whirl. At the secoad rigid
body critical speed the described surface is a cone with its apsx between the
bearings and the mode 1is called: conical whirl. Both of the two rigid body
critical speeds are proportional to fX. Hence, Lf the critical speeds ware
plotted as a function of bearing stiffness on a log-log graph the rigid body '
critical speeds will appear as straight lines with & slope of 0.5 and the flexible (

rotor modes will appear as horisontal lines:

Span B evees N v B s B cvnes BN e

3rd criticst T
Rotor
| Speed : J £~>=a
(log 208 critic
scale) M
£ =2

\

\

B b ittt et mi AN T s i P et

\'xypi.cal Rffective Besxing Stiffness

Bearing Stiffness K (log scale)

There are only two rigid body modes. Even if the bearings are very flexible
the third critical speed, therefore, involves bending of the rotor itself and

it is the free-free mode:

3rd Critical Speed
(free-free mode)

lexible Bearings ) 1

For a rotor supported in gas bearings the bearing stifiness is generally suffi-
ciently small that the two lowest critical speeds are the rigid body modes.
Actually, at this time it is recommended tn require this condition since gas i

bearings do not posses enough damping to effectively control the resonant
15
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l amplitude of a flexible rotor. Hence, in current design prsctice a gas hurm
supported rotor 1is quite rigid and the third critical speed is nozmslly outside
the operating speed range. : '

o .
] The ;bw- diucuuon summarizes the basic elements of rotor dynamics from the
' point of view of design application. The three major mbjocl;o are: a) unbalance
response and synchronous whirl, b) critical speeds and, c) hjdrodyn-tc instabilicy..
t To this may be added rotor balancing which, however, will be discussed in another
report (Ref.l). Other considerations are in most cases of secondary importance
although they may of course be very significant in certain special pleces of
machinery (shock loading, non-synchronous excitation, random vibration, noise
i transaission, etc). The most frequently encountered of the additionsl considers-
tions are treated in Ref. 1 to the extent informstion is available.

.

4
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II1
OUTLINE OF THE DESIGN PROCEDURE FOR A ROTOR-BEARING SYSTEM

1

A successful rotor design for high performance rotating machinery applicatioms
requires the integration of many technical considerations, one of which i3 rotor-
bearing dynamics. Compromises must be made to balance the often conflicting
requirements of materials properties, stress, heat transfer, aerodynamics, aand
electrical design in addition to rotor-bearing dynamics. Careful attention must
also be given to the supporting structures in which the bearings are mounted.
These structures must maintain the aligument of the bearings with the shaft and
with each other and maintain clearances around rotating members. At the same
time they must provide proper structural stiffness for the support of the rotor
and its dynamic loads. The design should be such that these functions are ac-
complished with minimum change during load and temperature transients. .
The remainder of this section is devoted to the rotor-bearing dynamics aspect ,
of rotor design. It should be remembered, however, that this 1is only onc‘o'lt nany
considerations that must come into play during the evolvement of the rotor design.
At an early stage of the design it is necessary to take into account the critical
sreeds and stability of the rotor-bearing system, and the methods for balancing
the rotor and minimizing rotor amplitude. The following chart uluuram the
relationship of rotor-bearing dynamics to other design canai{etatim in the.

e

design procedure. s

|!otor specificat io—t-:l

[Specified rotor function |
£

|Configuration of rotor and mpportin‘_structur;]
3

— — — — —»{Dimensions, stiffness and weight of rotot]
- I

I ' T—— ——.:LSelection of journal and thrust ben‘in‘_n__l

| af
I"'L Selection of bear{ dimensions bned on steady-state erfomnnc
4

| | - = =—— -——— <%{Calculation of critical speeds

L Subjects
] —_— Qﬂlnveat:lLatioa of the stability of the rotor-bearing system| ’ treated
i ' Calculation of unbalance resgonlel in this
f—— — — <*—{Balancing specifications and dynamic bearing loads! manual.

‘ /
L<-[—s—tteu, Heat transfer, aerodynamic, electrical and materials considerations]

IFinal de.igl
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The “boxes" give the sequential -tcp'u of the design procedurs while the broken
lines indicate “feed-back" paths depending the outcome of the various calculatioms.

The particular machinery application dictates the function of the rotor. "nyléal
examples are: turbo-generator, turbo-compressor {gas turbines {n qgutii),
turbo-compressor alternator, turbo-alternator pump, -otot—caquu'br or motor-
pump. There are also multi-rotor systems ﬂ:c;o two or more rotors are cou,lid
together as in conventional turbine-generator sets, counnected with a flexible or
a splined coup_lin;, or gear shafting wvhere the gears thsmselves provide the con-
' nection between the individual shafts. The required output of the machinery
determines the optimum number of turbine or compressor stages and wheels and
thcir‘nizo,.fér the size of the rotor and stator for l:l,,nlcetrtcgl potot or genera-
tor. On this basis a preliminary lay-out of the rotor can be made incorporating
such other considerations as the strength of the rotor, thermal imsulation, heat "
shielding, space fpr seals, space for inlet and eﬁml,t ducts, and assembly
sequence. The approximate weight of the rotor and the corresponding bearing
reactions can be computed from the preliminary layout. In addition, the totof
span, the journal diameters and the space available for the bearinrgs can be
determined.

Barly in the design process, attention must be given to the stiffness and the
nass distribution of the rotor. Stiffness is of particular concern if the rotor
is built-up of several shrink-fitted slesaves, collars and disks compressed -
together by means of either a nut on the shaft or a long tie bolt. Ideally, the
built-up rotor is as stiff as an integral rotor if all the parts have exact
dimensions and the compression between parts induced by thc pre-loading is suf-
ficiently high that it will never be exceeded by any tensile stresses caused by
bcn;lfn;.\gf the rotor. However, this is never achieved in practice and a reductiom
in ltiffn;\i&..gn always encountered. It can only be minimized Ly having as few
separate conpo\n"ént\. as possible, by requiring tight tolerances and by specifying
a high pre-load. gj"‘t{ditional disadvantage of the bn'i.lt—.up rotor is the possi-
bility of eacountering ﬁitllg\iuty induced by dry. friction and sliding betwes-
the rotor components. Such u; inng;.hility sets in just above the first critical

speed. T~
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The mass distribution of the roter is important because of its strong influence !
on critical speed. For example, the rotor frequently extends beyond the bear _
tc carry a tucthine wvheel, a compressvr wheal or a similar relatively heavy -ls..;
This is normally referred to as a rotor with overhung mass. Such an arrtngvl.nt@
causes several problems. The primary rcasoun is that the shaft sections near Aadj
thrbugh the bearings are usually the most flexibie part of tha rotor. This is {
especially the case in high speed appiications where the size of the journal d114
meter is kept to a minimum in order to reduce the friction power loss in the %
bearings. Hence, the uverhung masses are supported on rilatively flexible |
“"cantilevers" thereby causing a significant lowering of the critical. speeds. Thy
flexible shaft sections at the ends also make it more difficult to balance the j
rotor. Normally the only accessible balancing planes are at the end of the rotot
and if heavy correction weights are required, the rotor will bend and make it |
virtually impossible to obtain a satisfactory balance.
Another effect of overhung mszss is to shift the shaft nodes towards th; bcnrin;n;
The resulting decrease in whirl amplitude at the bearings reduces the capacity }
of the beuring to provide damping. Consequently, the whirl amplitude of the rotq
between the bearihgl will get very large. This problem is especially severe at 5
the third critical speed. ;
' |
The shape of the'overhung mass is also important in the way it influences the i
so-called gyroscopic effect. The dynamic forces on relatively thin disks like

a turbine wheel tend to exert a stiffening effect on the rotor at high speed

and raise the critical speed. Relatively long cylindrical masses like an

alternator rotor have an opposite effect and lower the critical speed. As will |
be shown in subsequent chapters, the factor which determines which type of ;
behavior will occur is the relative magnitude of the polar and traunsverss f

moments of inertia »f the mass.

To arrive at a final rofor design requires detailed calculations and the incorpoz
tion of the bearing characteristics. The choice of bearing type and Jimensions '
is largely governed by the properties of the available lubricant, the cperating
environments, the speed of the rotor, the load imposed on the bearings and the
dynamic performance of the bearings, including stability. A more detailed
discussion is given in the next chapter which also de;cribcs the various bearing

types for which data are available in this manual.
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Once the preliminary lay-out of the rotor and its besrings is established, the
spring and damping coefficients for the dearings cam be detarmined from the
design charts, (see Pigs. B-1 to B-128), and & calculation of the critical speeds
can be performed, usually by oeans of a caaputer program. If the operating speed
is too close to any of the critical speeds, the rotor or the bearing design muet
be modified. To assist in this evaluation, the design charts, Figs. D-1 to D-20
can be used to determine the effect of bearing type and bearing dimensions on the

critical speeds.

e s et s e i et e, el e g

Knowing the dynamic bearing coefficients also makes it possible to check the \

stability of the rotor-bearing system. For this purpose a computer program may

be employed or the design charts, Figs. C-1 to C-17, can be vyed. This 1is dis- |

cussed in detail in a later chapter.

Finally, the magnitude of the rotor whirl amplitude and the corresponding

dynamic bearing loads due to a rotor unbalance should be estimsted. Thereby the

sengitivity of the rotor to the location of the unbalance can be evaluated and !

the required balance level can be established. The calculations are normally

performed by a computer program but an overall estimate can be obtained from
Pigs. D-21 to D-40 in which the effect of both static and dynamic unbalance is

presented.

The subsequent chapters are devoted to a detailed discussion of each of the x
steps in the outlined design procedure and to a description of the presented ;

design charts.

20
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The wide variety of machinery applications has produced numsrcus bearing types
to suit the different requirements. A representative seclection of such bearing

types are treated in the present report as summarized in Fig. 6. A brief des-
cription of each type is given below: i

'.._mgnm_mmm;mnu (See Pig. 7) is the simplest of all journal |

bearing types. Its performance characteristics are well establ ished and ex- 1
tensive design information is available. Hence, the cylindrical bearing plays %
an important role in the study and analysis of rotor-bearing systems. Its ;
practical application, on the other hand, is generally limited to the gas lubri-
cated bearing. To make the plain cylindrical bearing practical for oil lubri- i
cation or other liquid lubricants it is necessary to provide the bearing with J
grooves or holes through which to supply the lubricant. Sometimes a single,

circumferential groove in the middle of the bearing s used, and in other cases ;

|
one or several axial grooves are provided. {

;h_Jh,_ﬁ:g;;;l_ﬁ;ggxg_]gggxng (Sea Yig. 7) is one of the commonly used oil lubri
cated bearing types. It is a cylindrical bearing provided with four oil supply !

grooves. The oil is supplied at a nominal gage pressure which ensurss an ndoquq)
oil flow and thereby some cooling of the bearing. Occasionally the grooved bcai{
ing has been used in gas bearing applications in order to improve the bearings
stability but this case is not considered here.

¢, The Elliptical Begring (See Fig. 8) is another typical example of an oil
lubricated bcaring. It is especially used in gear and turbine applications. As

a bearing type it is classified as a lobed bearing in contrast to a grooved bear
Whereas the grooved bearing consists of a number of partial arcs with a common ‘
center the lobed bearing is made up of partial arcs whose centers do not coin-
cide. Thus, the elliptical bearing consists of two partial arcs where the
bottom arc has its center a distance m *+ C above the bearing center and vice
versa for the top arc (see Fig. 8). Here C is the bearing clearance and m is
called the ellipticity. The value of m is between 0 and 1. By thii arrangement
the bearing is preloaded which means that the journal center eccentricity
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with respect to the loaded arc is increased and mewez becomss :m. Thersby
the bearing is stiffened and its stability is somewbat w-;

w
Pt

4. Ihe Rartial Bearing (See Fig. 8) is in general not a practical bearing im
itself. However, having available partial bearing dsts sllows combining the
partial arcs into a varisty of grooved and lobed bsaring configurations. The
present report treats 4 partial bearing coufigurations: 50, 60, 80 and 100 degree
arc, (the caentrally loaded partial bearing). The lubricant is in all cases a
liquid and the bearing film {s laminar except for the 100 degree arc whera tur-
bulent flow is also considered.

e, Ihe Tiltins Pad Bearing (See Fig.9) is widely used in high speed spplications
where hydrodynamic instability and misalignment are problems. The tilting pad boar-g
ing consists of a number of shoes, each thoe actually being partial bearing,

which are mounted on pivots. Hence, the shoes are free to adjust and to follow
the motions of the journal. In this way the tilting pad bearing ensures in-
herent stability as long as the mass inertias of the shoes do not interfere with
the adjustment ability of the bearing. In the present report the 3,4, 5 snd 6-shoe |
tilting pad bearing are considered. The load direction may either pass betwsen

the two bottom shoes ('load between pads') or it may pass through the pivot of

the bottom shoe ("load on pad'), (see Fig. 9). The lubricant is incompressible
(liquid) and the lubricant film is laminar. For the 3 and 4-shoe bearing,turbulent |
flow is also considered. ‘ ‘

e

- £: The Bydrostatic Bearing (ses Fig. 10) finds application where the bearing load

is very high, when a very stiff bearing is required or where the rotor speed is !
too low to allow the bearing to operate hydrodynamicaslly. The lubricant is $
pressure fed to the bearing through flow restricted feeding holes and, thus, z
the bearing requires equipment to furnish the flow such as a pump, & compressor

or an accumulator. In the present case the gas lubricated hydrostatic bearing is

considered. v !

&:. The Bgll Bearing offers the advantage of compactness, simple lubrication re-
quirements and relatively high speed capability. However, its operational life ‘
is limited. Since the ball bearing as a bearing type is entirely different from
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the fluid film bearing types the design dats and performance data for the bell
bearing are given in a separate report. ’

Selection of Pearing Tvpe

At & very early stage of the design it is necessary to choose the bearing type.
Unfortunately, the choice is governed by many factorxs and it is dangerous to
givvc any general rules on which to base the selection. Most frequently the
bearing type is chosen on the basis of steady state performence; lcad carrying
capacity, lubricant flow requirements, friction power loss, etc. but in many
applications it is also necessary to consider the dynamical performance:; dynamic
load, stiffness, damping and stability. Since the presant report is concerned
with rotor-bearing dynamics it is not possible within this scope to also treat
the rather large subject of bearing performance and design for steady atate
operation. Reference shall instead be given to the published literature among
which References 3 & 4 may serve as representative examples. However, a brief
summary will be given of the major considerations affecting the selection

of the bearing type: . -+

1. The Lubricant
Examples of lubricants are: oils, gases, liquid metals,water, vapour, etc. The
choice of lubricant is dictated by what can be made available, the required

7
|
|

i
]
i
i

auxiliary equipment, and the operating conditions as discussed later. The lubri«

cant must be chemical stable in the operating temperature rangs, and if the
environment is radioactive conventional lubricants are affected. From a purely
lubrication point of view the most important lubricant characteristic is its
viscosity and its boundary lubrication ability. For oils and most liquids the
viscosity isstrongly dependent on temperature and it decreases with increasing
temperature, For gases the viscosity increases with temperature but the effect
is not nearly as pronounced. The density-to-viscosity ratio is sometimes of
importance eaéecially with low kinematic viscosity fluids such as liquid metals,
and the higher the ratio the more is the bearing likely to operate in the turbu-

lent regime.

2. Rotor Speed

From a functional point of view there are three most commonly used bearing
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types: the hydrodynsnic (self-scting) bearing, the hybrid {extitnally 'tinihxtncd
with rotation) bearing, and rolllrig element :Zarings™” ‘The firat tue types :Te
fluid film bearings where the rotor surface is separsted from the beariag surfacs
by a thin film of lubricant. The hydrodynamic bearing works ss & viscous pump
and its load carrying capacity is, thexefore, proportionsl to the lubricaat
viscosity and the rotor speed. The hydrostatic bearing, on the other hand,
carries its load by means of the pressure at which the lubricant is supplied.
Thus, for very low speeds or where the load is very high the bydrostatic bearing
should be used (alternatively a rolling element Sutt:’u) . Ryt woderately high J
speeds the 1iquid lubricated hydrodynamic bearing can‘be used, the latter bearing :
having the advantage at hi;b‘c-r speeds due to its lower friction. Fot very high
speeds the gas lubricated bearing should be applied.

3. Dearing load £
The bearing's load carrying capacity should be considered simul taneously with {
the rotor speed as discussed above. In fluid film bearings the maximm load
carrying capacity is determined by specifying the minimum allowable filmthicknass
taking into consideration the type of machinery application, possible dynamic loads
and the size of possible dirt particles. Wit gss bearings and lubricants with

" low boundary lubrication ability there are certain limits imposed on the bearing
load because of the dry friction and wear taking place during starting and
stopping before the self-acting film has formad. If the load i ‘too 1ight, on
the other hand, the bearing may be susceptible to hydrodynamic instability.

P

4, Friction Power LoS®
The magnitude of the power loss in the bearing is frequently & major factor in
deciding which bearing type to use. For fluid film bearings operating in the i

laminar regime the power loss is approximately given by: ;
3 3.2 . ]
a

friction power loas = ’—E-D—L-NV-—T ;14 :
6600°C-Vl-¢ ‘ :

vhere: lubricant viscosity, lbs.sec/ 1n?

rotor speed, RPS |
journal diameter, inch .

bearing length, inch

radial clearance, inch
eccentricity ratio = (journal center eccentricity) /(radial clearance)
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For eccentricity ratios sbove .5 to .6 the sctual power loss becomes a little
higher. It is sean that the power loss increases with the square of the speed
and the cube of the diameter. Thus, for high speed applications the wsa of an
oil as the lubricant would necessitate a very small journal diameter. Thereby
the rotor may become too flexible and instead it is necessary to choose a low
viscosity lubricant like gas or, in some cases, liquid metal. In the latter
case the bearing film frequently becomes turbulent with a corresponding increase
in the power loss.

2. Operating Temperature

If the bearing operates at an elevated temperature a conventional hydrocarbon
oil bearing is no longer feasible and instead a special oil or a gas bearing

(in special cases a liquid metal beering)must be used., For very low temperatures
oils again are not available and the gas bearing may be applied. Apart from
affecting the choice of lubricant the operating temperature allo‘pffoctu the _
selection of the bearing and shaft materials and configuration. Thus, elevated
temperatures are in general accompanied by appreciable thermal gradients with
corresponding distortions of the bearing geometry. It is, therefore, important
to select a bearing type which is not too sensitive to thermal distortions or
which can be provided with means to ensure a uniform tempsrature distribution.

6. Dynamic Load

In addition to the static load a bearing is also subjected to some dynamic load,
for instance, unbalance forces or shock forces. Actually, the magnitude of the
dynamic forces cannot be established prior to the design of the rofor-bcaring
system since they depend on the rotor mass, the rotor flexibility and the dynamic
properties of the bearing. Even so, they should be estimated and taken into
account in selecting the bearing for the application.

L. Beariog Stiffness and Damping

The bearing stiffness greatly influences the critical speeds of the rotor-bearing
system. The critical speeds, in turn, are of major importance in determining

the operating speed range of the rotor. As a general rule: the higher the number
of critical speeds in the speed range, the more difficult becomes the operation
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of the rotor and the more difficult it is to talance the rotor. Nurtherwore,
if the unit {s not a variable speed machine the design speed should be removed
from the closest critical speed by at least 10 to 20 per cent. Knowing the
critical speeds, however, is dnly sufficient in estsblfshing those speeds at
which a relatively high rotor whirl smplitude can be expected. To evaluate the
amplitude it is also necessary to consider the bearing damping. To assist in
comparing various bearing types on the basis of their fnfluence on the critical
speeds and the corresponding whirl amplitudes, several design charts have been

prepared as discussed later.

§. Rotor-Bearing Stabilicy

The nncdluity of avoiding hydrodynamic instability is frequently a determining
factor in selecting the bearing type. Thus, in most high speed gas bearing
applications the tilting pad bearing will be preferred over other bearing types
because of its very high threshold speed. Design chnttlitor de terminiag the
onset of instability for several bearing types are included in the present re-
port and will be discussed later.

In any given application the consideratiors listed above enter intc selecting
the bearing type. The final choice must be based on a numerical evaluation of
each of the factors. The present report gives data and methods for evaluating
the factors connected with the dynamical performance and the stability of the
rotor-bearing system. Data for the steady-state performance is available else-

where, for instance Rafs. 3 & 4.

Selection of Bearing Dimensions

In most cases it is difficult to separate the selection of the bearing type from
the selection of the bearing dimensions. In dimensioning and designing the bear-

ing the same factors must be considered as previously discussed for selecting
the bearing type. Among the factors the dynamical performance will be treated
in subsequent sections and in the following a brief discussion will be given of
design data for calculating the bearings load carrying capacity. The discussion

is concerned with fluid film bearings; ball bearings are treated in a separate

report.
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The design data for load carrying capacity are given in Figs.A-l -to A-14. They

_are in dimensionless form such that they cover s wide variation in design com-

ditions. The governing dimensionless parameters are summarized in Fig. 11
and will be further defined below.

Por liquid lubricants (incompressible lubricants; there are 4 dimensionless

parameters:
-
Length-to-diameter ratio: L/D
Sommar feld Number: Ss= "gm‘ (s)2 Laeminar
P Turbulent
Eccentricity ratio: ¢« = e/C
Reynolds Number: Re = !Q'Em _J
where:
- Bearing length, inch
- Journal d!ameter, inch
R = % D, Journal radius, inch
C - Radial clearance, inch
e - Journal ecceantricity, inch
N - Rotor speed, RPS
W - Bearing load, lbs.
M = Lubricant viscosity, lbl.seclinz
p =~ Lubricant mass density, lbt.leczlina

The radial clearance C is always the difference between the radius of curvature
of the bearing surface and the journal radius R. The journal eccentricity e

is the distance between the journal center and the bearing center.

For the elliptical bearing an additional parameter enters, namely the ellipticity
m. It is defined as the distance between the lobe center and the bearing center
divided by the radial clearance C, see Fig. 8. Similarly, in a tilting pad bear-
ing the center of curvature for the shoes may not coincide with the bearing center
in which case a similar parameter is required as for the elliptical bearing. For
the tilting pad bearing this parameter is known as the preload factor: (1-c'/c).
This factor is zero in all the design data for load carrying capacity.
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Pigs. A-1 to A-11 give the eccentricity ratio or the minimem filmthicksess as @
function ot the Sommerfeld number for various bearing types and geometries, all
with liquid lubricants. Under specified operating conditions and with known
bearing dimensions the Scamerfeld number can be ccmputed and the cerresponding
eccentricity ratio (or minimm filmthickness) can be found from the charts. In
the cases where the sccentricity ratio is given, the minimm filmthickness can »

Bk ST 2o ¥ S

be found from:
minimum film thickness = C - (l-¢)

Yor each of the three tilting pad bearings there are 2 charts. The first chart [ J
(Pigs. A-6, A-8 and A-10) gives the relationship betwsen eccentricity ratic and .- %
Sommerfeld number. The eccentricity ratio is denoted as €3 to emphasize that [
it applies to the coumplete bearing, not to the individual pads. The sacond
chart (Figs. A-7, A-9 and A-11) gives the filmthickness over the pivot for ths L

bottom pads as a function of €g- : ]

The charts for partial bearings (Figs. A-3 to A-5) may occasionally be useful
{ " in estimating the eccentricity ratic and minimum filmthickneas for multi-groove [ﬁ
| or multi-lobe bearings. For multi-groove baarings a cluse estimate is obtained ‘ L
by assuming that the loads is carried solely by the bottom segment of the grooved !
bearing. To illustrate, it is seen from Fig. 7 that the bottom segment of the -
present 4-axial groove bearing configuration is 90 degrees. Hence, the eccentricity }
ratio for the 4-axial groove bearing, alreadycoverad byFig. A-l, can also be ob-
tained with good accuracy from Fig. A-5 which is valid for an 80 degres partial
bearing. A similar procedure can be employed ‘or a multi-lobe bearing but only

-

at relatively high eccentricity ratios.

It should be emphasized, however, that the outlined method must be used with great
caution and judgement since all the partial bearing data in the present handbcok

assume a centrally loaded pad. Furthermore, extensive data for eccentricity ratio

e F e e B "

and minimum filmthickness are already available elsewhere for several multi-groove
and multi-lobe bearing configurations (see Ref. 3). Thus, the chief purpduc of the
1 presented partial bearing data is not so much to define the steady-state performance
L of the bearing but, rather, to make it possible to determine the eccentricity ratio

e e e

at which the dynamic bearing coefficients are evaluated. This will be discussed

later.
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For the self-acting gas bearing the dimensionless design paramsters are:

Length-to-diameter ratio: L/D

Compressibility number: A= LPE“I (§2
'y
Eccentricity ratio: ¢ = e/C
Bearing lnad parameter: V/P'LD -

where:
P‘ - Ambient Pressure, psia

and the other symbols have been defined above.

Figs. A-12 to A-14 allow determining the eccentricity ratic for the plain
cylindrical gas bearing when the values of the compressibility number A and

the load parameter are known. ' 4

For the hydrostatic gas bearing the operating eccentricity ratio can be cal-

culated with good approximation from:

€ =

K (e < .9)

where K is the stiffness in lbs/in as detérmined from Pigs. B-110 to B-122.
The calculation of K will be discussed later. -_The eccentricity ratio computed

in this way should not exceed .4 to .5 in order ho‘avoid lock-up.

1n general it is difficult to give specific rules for Ehé‘pmallest allowable value
of the minimum filmthickness. The choice is based on expe;lence and {s governed
by such considerations as the size of possible dirt particles, the desired amouat
of cooling of the bearing and the maximum tolerable bearing surface temperature.
As a rule, high speed ratios (e.g. centrifuges, high speed gears, superchargers,
etc) will operate with a low eccentricity ratio (e < .4) while low speed gears,
turbines, etc. will operate with a telativelf high eccentricity-ratio (e = .4 to

.8). For further comments, consult Refs. 3 and 4.

On this basis the given design charts together with the formulae for the
friction power loss can be used at least to arrive at a preliminary set of
bearing dimensions.
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Shaft Orbit

Scale: Vertical Axis - 240u in./wajor div.
Horizontal Axis - 206y in./major div.

Top: HKorizontal Amplitude (x-probe)
Bottom: Vertical Amplitude (y-probe)

Searing No. 2, Probes:
Speed = 30 100 RPM

Fig. 1 Synchronous Whirl due to Mechanical Unbalance

Hydrostatic Gas Bearing

Whirl Orbit and Corresponding Amplitude Components

30

Bearing-to-Shaft, 50 su/cm
Supply Pregsure = 200 psig Anbient Prassure = 14.7 psia
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Scalas: Vertical Axis - 241, in./major div.

5.‘ [ 100 13,00 15,000 16,380 15,000 W 19,990 1,00 M NG WIS
[ Horis-autal Axis - 206y in./major div.
Y

g Bearing No. 2, Probes: Bearing-to-Shafe, 50 mv/ca
- Supply Pressurc = 200 psig Ambient Pressure = 14.7 pesias
. .
\\
. Fig. 2 Synchronous Whirl due to Mechanical Unbalance
Hydrostatic Gas Bearing
[~ Whirl Orbit as a Function of Rotor Speed
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TYPES OF BEARINGS CONSIDERED

™ -

. PLAIN CYLINDRICAL BEARING: LIQUID LUBRICATED - LAMINAR AND TURSULENT FILM
GAS LUBRICATED

e n g

b 4-AXIAL GROOVE BEARING  LIQUID LUBRICATED - LAMINAR FiLM

. ¢. ELLIPTICAL BEARING LIQUID LUBRICATED - LAMINAR FILM
L '
_ d. PARTIAL BEARING LIQUID LUBRICATED -LAMINAR AND TURBULENT FiLM
L | |
s [ o. TILTING PAD BEARING LIQUID LUBRICATED-LAMINAR AND TURBULENT FILM
L ¥~ » \.
: -t {
. 3\| 4 |
L . HYDROSTATIC BEARING GAS LUBRICATED
- A~ mcmcm
. *. < }. A ——
i ~NT breerrer
| [ ¢. BALL BEARING

r=

Fig. 6 A Schematic Summary of the Bearing Types
for which Data are given in the Report
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CLEARANCE C

. 4-AXIAL GROOVE BEARING

Mg. 7 Geometry of the Plain Cylindrical Bearing
§ . and the 4-Axial Groove Bearing
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15°

1. 34 :
C*CLEARANCE
m=ELLIPTICITY
‘t
]Q
- !
' BEARING |
| l CLEARANCE ¢
1: [ PARTIAL BEARING
o Fig. 8 Geometry of the Elliptical Bearing
L and the Partial Bearing
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TILTING PAD BEARING :

LOAD BETWEEN PADS 3

]
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a 2

{
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| BEARING HOUSING [/

T A

CLEARANCE C
TILTING PAD BEARING
LOAD ON PAD ;
.7‘ Fig. 9 Geometry of the Tilting Pad Bearing 4
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l
REPRESENTATION OF THE BEARING FILM ;
UNDER OYNAMIC CONDITIONS :

BEARING SHELL OURNAL
BEARING FILM ,
r
K r
X -
BEARING SPRING AND DAMPING COEFFICIENTS -
| ! :
~ - tf
ORBIT OF JOURNAL CENTER I
Doy 10N OF DYNAMIC CONDITIONS .
| g
ROTATION ( STEADY STATE JOURNAL L
/ CENTER
"« TRAJECTORY OF JOURNAL CENTER ‘
STEADY STATE EQUILIBRIUM -
' R
 § l
DYNAMICAL - MOTION OF JOURWAL CENTER :
Fig. 13 Dynamical Model of the Bearing l?llui.d Film “L
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DESIGN CHARTS FOR
LOAD CARRVING CAPACITY OF FLUID FIiLM BEARINGS
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Figure A-1 The Plain Cylindrical and the 4-Axial Groove Bearing
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Laminar Film

Eccentricity Ratio vs. Sommerfeld Number
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Figure A-2 The Elliptical Bearing
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Figure A-5 The 80 Degree Partial Bearing, Centrally Loaded
Laminar Film
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Figvrs A-11 The 4 Shoe Tilting Pad Bearing, Load between Pads
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Load vs. Compressibility Number and Bcéentricity Ratio

Figure A-13 The Plain Cylindrical Gas Bearing
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SPRING AND DAMPING COEFFICIENTS FOR FLULD FYLM JOURNAL BEEARINGS

The journal bearings supporting a rotor may be either of two general types:
rolling element bénrtngs or fluid film bear.ngs. In both cases the bearings
possess flexibility and damping and these properties influence the dynamic
characteristics of the rotor. Thus, in order to perform a design analysis of

the rotur-bearing system it is necessary to know the values of the bearing stiff-
ness and damping. For this purpose the precsent report gives desigr. data for a
large number of fluid film bcuringﬁtypen. The data are in tomm of graphs, as
Fig. B-1 to B-124 which will be discussed in detail below. Rolling element
bearings (ball bearings) are treated in a separate report (Ref.2).

Ceneral Concept of Spring and Damping Coefficients

In all fluid film bearings the journal is separated from the bearfn surface
by a thin film of lubricant. The lubricant may be an oil, nnothervfiquid or
a gus;indd the film may“;betatu in the laminar or the turbulent flow regime.

In hydrodynamic (self-acting)bearings the load carrying capacity is due to pressures
generated in the fluid film and this i{n turn requires the jourmnal to operate
eccentric within the bearing or, in other words, the larger the eccentricity

the higher the load carrying capacity, everything else kept the same (including

the speed). This may be illustrated by considering one of the simplest bear-

ing types namely the plain cylindrical bearing. It consists of & cylindrical
sleeve with radius R and with length L. The difference between the bearing

radius and the journal radius is the radial clearance C. Thus, the distance
between the bearing center and the journal center, denoted as the eccentricity e,
can vary between zero and C. For convenience the eccentricity {s normalized

with respect to the clearance, the ratio being known as the eccentricity ratio

€ = ¢/C. Hence, ¢ varies between O and 1. Assume the rotor to be running with

a speed of N rps and abply a load W to the bearing, starting from zero and

increasing steadily. ‘Then the juurnal center will describe a locus:

-
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[ B DYNAMIC BEARING \
COEFFICIENTS

Bearing Center ‘ W

Journal Center

P e s e c— — —— — — —— —

Journal Center locus O

v

x
The position of the journal center with respect to the bearing center is given

by the eccentricity ratio ¢ and the attitude angle ¢ (see figurs above) such
that ¢ goes from approximately 90° to 0° as ¢ goes from O to 1. The vertical

displacement in the same direction as the load becomes ecos¢.

Introduce an x-y-coordinate system with the x-axis vertically downwards whereby
x = ecos® = Cecos® and y = esin® = Cesin¢. Hence, the static stiffness i{s given
by:

. R
Static stiffness dx Cd(ecos®)

f.e., it is the slope of the load curve plotted as a function of the vertical
displacement. Since the load curve is not linear with displacement the stiff-

ness changes with eccentricity ratio too:

Static
Stiffness
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It is evident that the static stiffness alone is not sufficient to describe the
total stiffness characteristics of the bearing. From the sbove journal center
locus it is seen that even under static load the journal displacement {s not in
the same direction as the applied load. The displacement has both s vertical
component x and a horizontal romponent y. This is in contrast to conventional
mechanical systems where the elastic deformation usually is {n the same direction
as the force. Hence, it is necessary to split up the static stiffness in two
parts, one part related to the x-displacement and one part related to the y-
displacement. Assume the rotor to be operating at a given speed under a static
load W and with journal center coordinates x and y. Increase the load by en
infinitesimal small amount AW whereby the journal center coordinates are changed
by Ox and Ay, respectively, However, to separate the effects of L« and Oy, the
change should be performed in two steps: first increase x by &x such that W is
increased Ly O, and next, increase y by Ay whereby W is fusther increased by
OW,. In total: ‘

2
fa Aﬂl + Auz
or A"l sz
O = el OHx + Z;_ . Dy

For very small changr:s theratios become derivatives. Since the derivatives are

taken with respect to one coordinate at a time, they are partial derivatives:

¥ g

ox by y

.%-M'F%'Ay

This may be shown to be a separation into components of the previouslv discussed

7L

Therefore:

E

static stiffness as follows:

N gi.éx
dx Ox g% + y dx
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For cbnvenience the partial derivatives are designated by symbols:
xx Ox xy y

They are called spring coefficients. There are, however, more than two coeffi-

cients as will te discussed.

Under static conditicas thc static bearing load W is oppoead by an equal and
opposite force wx representing the integrated pressures in the fluid film. Hx

is taken to be positive in the same direction as x such that:

W)

X static » W

L1f, however, the journal center is outside the earlier shown journal center locus
the fluid film pressures generate an additional horizontal force component Hy
which under static conditions forces the journal back to its equilibrium position
where wy = 0, This means that the bearing has stiffness not only in the vertical
direction (x-direction) but also in the horizontal direction (y-direction).
Hence, in calculating the psrtial derivatives above where x is first increasd by
&x, not only is W increasd by /W, (more accurately it is wx which is i ncreased
by wl) but wy is changed by Similarly is wy changed by N‘. in increasing
y by &y. Therefore, in total:

3

o o v .*)
—1 I cAx t .
(AHQ static ol - b Ax Oy by ¥ &x Lo S;n by

o o~ v N
3 4
(“‘y).t.uc""":""‘"E"AY:S;X‘A‘+5;1'°’

The minus signs are due to the convention of W and Hy being positive in the same
direction as x and y, respectively. It is convenient to write these equations

as:

(mx) static © -xxx " bx - ny by

(my)ltatic - -ny T ‘YY. &

61

-




haal L g R LA R s J
S — e v . .

_vhere:

K
XX xy

1% S‘LS'

e
s )
- '3;1 K
Kyx yy
These four coefficients are the spring coefficients of the bearing. The first ‘
index gives the direction of the force, the second index gives the direction of |
the displacement. It is seen that a displacement in, say the x~direction, gives l

rise to a force not only in the x~direction, but also in the y-direction.

Under dynamic conditions the journal center nmo longer occupies a fixed position.

It has a velocity with components x and y (x = %% and y = %% where t ic time). {
Such a velocity induces additional pressures in the fluid film resulting in an

increase of the fluid film force components wx and "y’ This effect is called jf
the squeeze film effect because the forces are generated by the lubricants re-

sistance to being "squeezed" out of the bearing film. In complete analogy to {i
the four spring coefficients the squeeze film forces can be represented by four

damping coefficients: cxx’ C _,C _andC yy' In total, the changes in the ti

xy' Tyx
fluid film force components due to a motion of the journal center are given by:

- - . - X - N -0 \
Aﬂx ka Ox cxx x (xy by Cxy y

Auy - - ny » Ox - ny x - Ky’ . by - ny 2
The coefficients where the indices are the same (i.e. ‘ix’cxx"yy and cyy) are
called the direct-coupling terms (force and displacement are in the same direction)
whereas the coefficients where the indices are different (i.e. ‘xy’cxy"yx and Cy‘)
are called the cross-coupling terms. Since the cross-coupling terms do not possess the
necessary symmetry it i{s not possible by a simf.« rotation of the x-y-coordinate

system to eliminate the cross-coupling terms.

Furthermore, the cross-coupling terms are not "pure" coefficients, i.e. a cross~-
coupling spring coefficient is not & pure stiffness, it also contains damping
properties. This mcy be {llustrated by considering the energy dissipated during

the journal center r;:otion. Assume the journal center to whirl in an orbit {

with angular frequency o such that:




Dl B |

=1 o

N

—

1 m

Ax = a cos(wt + Ox) i.e. x= - o a sin(wt + Ox)

Oy = b sin(wt + QV) y=wb cort(wt + Oy)

The energy dissipated during one orbit of revolution is:

y

Zm .

- . . R r + X + ‘y4+C  yiyydt

Energy dissipated [u xx Ox + Cxxx + nyy + nyy}x +[ny7 c > Kyy y yy)’JY
L

2 2 - - =
= x(a uJCxx+ b mcyy- a.b. ., ain(’x-Omeny + wcyx) adb . c.:on(bx Qy) (ny yx)}

Hence, the croas-coupling spring coefficients may contribute to the energy dissi-~

pation which is usually considered a prope~ty of a damping coefficient.

The 8 dynamic coefficients are calculated from lubrication theory. They are computed
as the previously indicated partial derivatives of the camponents uf the fluid film
force. They depend not onlylo‘ the bearing type and the bearing geometry but also on
the steady state journal center position. Thus, to each operating point on the journal
center locus (see the figure, page.59) corresponds different values of the 8 coeffi-
cients. Therefore, when the eccentricity ratio is known the dynamic coefficieats are
also defined. The eccentricity ratio in turn is a function of several dimensionless

parameters:

for liquid lubricated, hydrodynamic bearings:

Length-to-diameter ratio : L/D

DL 2

Sommerfeld Number: S RNDL laminar

€ umbe v (%) Fturbulent
Reynolds Number : Re = 7ONDC/n

(for laminar film: Re = 0) N

for gas lubricated, hydrodynamic beavings:

Length to-diameter ratio: L/D

Compressibility Number : A= %&E (%12

Bearing load parameter: H/PaLD
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for gas lubricated, hydrostatic bearings:

Length to-diameter ratio: L/D
A-SEE !ET E

Restrictor coefficlient:

Supply Pressure Ratio: P./P.

The symbols are defined on Page 27 and in the nomeaclature list.

Use of the Design Charts

The design data for spring and damping coefficients are given in Figs. B-1 to
B-124 for a wide selection of beuring types. The bearing types considered are

listed in Fig.6.

a, Liquid Lubricant, Laminar Film i

The design data for the bearing types with an incompressible lubricant and a
laminar film are given in Figs. B-1 to B-~55. The charts give the dynamic co-
efficients as a function of the Sommerfeld number S. The coefficients are in

dimensionless form:

CcK CK CK

.+, 9 XY YXx Yy |

w W W w

CuxC CwC CwC CaxC |
XX Xy ¥yX Yy |
W W W W

where: {

C - Radial clearance, inch

W - Bearing loed, lbs. {

®w = 2mN. Angular speed, radians/sec

N - Rotor speed, RPS ‘

Kxx’xxy"yx’xyy ~ Spring coefficients, lbs/in

c C__ - Damping coefficients, lbs.sec/in ‘

xx’cxy’cyx’ yy

When the bearing dimensions, the load and the viscosity of the lubricant are known |

the Sommerfeld number can be computed for several values of the speed over the

operating range. Entering the charts with these calculated values the correspond- |
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ing values of the coefficients can be computed. Thereby the coefficients
become determined over the speed range and can be used in an undalance

response calculation, a stability analysis or a critical speed calcuation.

For the plain cylindrical, the 4-axial groove and the partial bearing the
only other pavameter besides the Sommerfeld number is the L/D » ratio. PYor
the elliptical bearing an additional parameter is the ellipticity m which
gives the distance between the lobe center and the bearing center normalized
with respect to the radial clearance. Thuc, m = O corresponds to a plain
cylindrical bearing whereas m = 1 would mean solid contact between the
journal and the bearing. 1In the present design charts (Figs. B-9 to B-16)
two values of the ellipticity are considered: m = 0.25 and m = 0.5,

In analogy with the elliptical bearing the tilting pad bearing may not have
the center of curvature of the pads coincide with the center of the bearing.
If the journal radius is R and the radial clearance is C then th.lrldius

of curvature of the'pads is (R+C). Let the circle with center in the

bearing center and touching the surface of the pads at the pivots have

* - the radius (R+C') .~ If C' = C the pad centers coincide with the bearing

—

RO e T i T i B

i

centar and if C' = O the journal is always in solid contact with the pads.
The parameter (1 - C'/C) is called the preload factor and it may vary from
0 to 1 like the ellipticity m.

In Figs., B-37 to B-52 the preload factor is zero. Furthetmore, Figs. B-37 to
B-48 assume that the mass inertia of the 'shoes i8 very small and can be
ignored. Under this assumption the 4 cross-coupling terms of the dynamic
coefficients vanish and oniy K. , K _,C _and C remain. In addition, for
XX© O yy  xx yy
the 4 shoe bearing with the load direction passing between the two pottom
pads Kxx = Kyy and Cxx = ny because of symmetry. The effect of pad mass
inertia and the corresponding values of the cross-coupling terms are pre-
sented in Figs. B-49 to B-52 for the 4-shoe tilting pad bearing. The wass

inertia is expressed in terms of a dimensionless parameter:

M ___
o cd 212

PO
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where: 2 ;
M= I/R |
I = mass moment of inertia of a pad around a lgngltudinnl
axis passing through the pivot, lbs.in.sec

The other symbols are defined on Page 27.

In addition to the dynamic coefficients the design charts for the tilting pad
bearing also show a curve labeled “critical mass”. For each Sommerfeld number
this curve gives the value of the above dimensionless mass imertia parameter
at which the phase angle between the journal motion and the pad motion becomss
90 degrees. If the actual pad inertia is more than approximately half the
critical value the cross-coupling terms become significant. The critical mess
parameter also gives some measure of the bearings stability characteristics

as discussed later.

The three last charts, Figs. B-53 to B-55, apply to a vertical rotor and show
the effect of the preload factor. Since the load W is equal to zero for a i
vertical rotor it is necessary to redefine the dimensionless form of the dynllii
coefficients. The revised form is defined on the charts.

The values of the dynamic coefficients for other multi-groove bearings than the.
4-axial groove bearing and for other multi-lobe bearings than the elliptical :
bearing can be estimated approximately from the partial bearing coefficients
given in Figa. B-17 to B-36. This is best {llustrated by first giving the
exact and general method for calculating the dynamic coefficientes of a bearing
made up of several segments, say n segments (i.c.for the 4-axial groove benringi
n =4, and for the elliptical bearing: n = 2). Consider the i 'th seguent, whic
is actually a partial bearing in itself, and let this segmeat be located an ang

]'t with respect to the vertical load line for the complets bearing. '1 is meas
" in the direction of the shaft rotation from the top of the bearing to the radia!

line bisecting the segment. Next, it is necessary to know tha steady-stata loc
of the journal center within the complete bearing for the givan load direction.

.This information can be obtained from Refs. 3 or 4. Once the journasi center l¢

is available the eccentricity ratio and attitude angle for each segmeant can be

established from simple geometrical relationships which depend on the particulg

A}
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bearing conﬂguyntion under investigation. Knowing the eccentricity ratio and
the attitude angle for the i'th segment allows computing the 8 dynamic coeffi~

: ceana i
cients for the sagment (Kxx)i' (ny)i. (wcyy)i from the analysis descri
previously. Combining the n segments rasults in the 8 dynamic coefficients fa

the complete bearing as follows:
z 2 2 ]
| -151 [kxxc01 + Kyy siny¥ - (‘xj* ny) cosV sidl {

K = > [K conzv- r i 2' + (K _-K coay simg ]
xy "1l Ky yx o0 Ky 1

n

2 2
ny -151 [nycos V- ny sin'y + (Kxx- Kyy) cosy simf ] L

n
Kyy -151 [Kyycoazi+ K . sin2¥ + (Kx§+ ny? cosV liﬂ'] .

The equations for mcxx’ wC wcyx and wcyy are the same by simply replacing

XY
K with oC i{n the four equzations above.

_It is evident that the segments in general are not centrally loaded. Hence, i
the partiil bearing data given in this handbook are tc be used for calculating
-the dynamic coefficients of a multi-groove or multi-lobe vearing certain assum
tions are required. First, for the particular cteady-state opa-ating conditio
the eccentricity ratio and the attitude angle for each segment must be known
(e.g. frov Eafs. 3 or 4). Thereby the load line for each segment is also know
and the angle '1 should be measured to this line instead of the bisecting line
as used before. Next, the load line divides the segment into two arcs which
normally are unequal. Multiply the smallest arc by two and use this arc lengt
as the effective partial bearing arc for the segment. If the load line is out
side the segment disregard the segment. With the obtained values of eccentric
racio and effsctive arc length enter the appropriate chart from Fig. A-3 to A-
read off the Sommerfeld number and use the corresponding caart from Figs. B-17
to B-34 to determine the 8 dynamic coefficients for the iegnen:. Repeat this
procedure for each segment and, finally, compute the overall dynamic coefficie

for the complete bearing from the equations given above.
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The condition of the flow in the bearing film, whether laminar or turbuleat,
is determined by the Reynolds number:

Re = 2ENDC
"

where:
-~ journal diameter, inch

-~ radial clearance, inch
rotor speed, RP3
~ lubricant viscosity, lbl.lcclinz
-~ mass density of lubricant, Ibc.lcczlina

v T ZEZ O O
[

When Re < 1000thefilm is laminar. Por higher Reynclds number the film becomes

turbulent.

The dynamic bearing coefficients are given for three different bearing types
operating in the turbulent flow regime: the plain cylindrical bearing, the

100 degree partial bearing, the 4-shoe tilting pad bearing and the 3-shoe tilt-
ing pad bearing. The data are summarized in design charts, see Figs. B-56 to
B-93. Apart from the Reynolds number the dimensionless parameter are the same
as for the laminar film data.

C. b d

When the lubricant is compressible the Somuerfeld number is no longer adequate
as the governing .design parameter. Instead, the compressibility number A.iq

used: .
- l2mN R 2
O apu

where: .
P - Ambient pressure, psia

[}

and the other symbols are defined on Page 27 . In addition, one more para-ntarj
is necessary. It can eith@r be the eccentricity ratio ¢ or tha dimensionless
bearing load W/P‘LD (note: Sommerfeld number S = Af(12x - W/P‘LDD ). 1In the
present deaign charts for the dynamic bearing coefficients the chosen parametsrs
are A and ¢. The relationship between A, ¢ and H/P‘LD is showm in Pigs. A-12

to A-14.
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The dynamic coefficients are given in dimensionlass form: i

cx cx X y
i VN S <

i
P LD P LD P LD P LD
a a a

R

1
o CuC e ,
Xy YX Yy I

P LD P LD P LD P LD g
a a a [ S

b -

Hence, when the bearing dimensions, the load, the rotor speed and tha gas vtlcq‘
are known the compressibility number, A, and the dimensionless load can he comm
Entering Figs. A-12 to A-14 the corresponding value of the eccentricity ratio i
be found. With this value and the value of A the dynamic coefficients can be i
determined from Figs. B-94 to B-109. Repeating the calculations for several sp
allows determining the coefficients over the complete speed range. They can th
be used in calculating the unbalance response and the critical speads of tha ro

bearing system.

When the lubricant is a gas the dynamic coefficients are actualiy a function of
the whirl frequency in addition to depending on A and ¢. In the present case ﬁ
whirl frequency is set equal to the rotational speed of the journal. 7his

that the design charts are only valid for calculations involving synchronous vq

i.e. unbalance response anu critical speads.

4. Gas Lubricant, Hvdrostatic Bearing

Whereas all the previously considered benrlng.éyhcc are self-acting and rely
on the viscous pump effect (hydrodynamic effect) for generating their load capa
the hydrostatic gas bearing is pressurized from an external source (a compressd
or a bottle). Therefore, the presentation of design dats for the hydrostatic
bearing requires a new set of deaign perameters. These parametcrs are:

% for single plane adaission
Length=to-diameter: £ = ' '

X2
D for double plane admission

Restrictor coefficient: A% -8 3

P‘C +5

Supply pressure ratio: P./P
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Yeadar hole volume ratio: "vc/tDLc

where:

D - Journal diameter, inch

R ~-- % D, Journal radius, inch

L - Bearing length, inch

C = Radial clearance, inch

Ll = Distance between .d-i,-ion planes, inch

L2 - L-Ll, Combined length outside admission planes, inch

P. - Ambient pressure, psis

P' = Supply pressure, psia

a = Orifice radius, inch

4 - Feaéer hole diameter, inch . - .

i - Total number nf fesder holes (in thedesign charts N is used
fn the place of K)

V. - Volume of feeder hole below orifice, tq3

® - Gas constant, inzlaecz. °r

T - Total temperature, °p

M - Gas viscosity, lbc.a.clinz

5 - lzldc, Inherent compencation factor

(for details, see PFPig. 10)

Instead of 8 coefficients as for a hydrodynamic bearing the hydrostatic bsaring
has only two coerficients: a spring coefficient K and & damping coefficient B.

They are given in dimensionless form:

2
Dimenaionless stiffness: s

R SN
1+§ 62 (P.- P‘)DL
B .

Dimensionless damping: uL(g53

where:
K = Spring coefficient, lbs/in

B - Damping coefficient, lbs.sec/in

The hydrostatic gas journal bearing is a plain cylindrical bearing provided with
feeder holee for admission of the pressurized gas. The feeder holes may be

arranged in one or two planes, denoted as single plane or double plane admission.
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The feeder holes are flow restricted by means of an orifice and some rclttictioq'
may also take place in the "curtain area" between tha rim of the feedsr hole and

the journal surface. The latter area is equal to xdC whereas the area of the

J e e |

f

orifice is xaz. The ratio between the two areas is: O = lz/dc which, therefore,

gives an indication of where the major part of the flow restriction cakes place.

i

The restrictor coefficient Ai gives the ratio between the flow resistance of the
bearing film and the flow resistance of the feeder holes. If the film resistane
is very small (A;'='0) the pressure in the gas film becomes equal to ambient and
the bearing has no stiffness or load carrying capacity. On the other hand, 1if thy

'm rfMm™~™M "M MmO MmMmMeE MM/,

film resistance becomes very high or the feeder hole resistance is very small
(A;-Oco the pressure downstream of-all the feeder holes will cgual the supply
pressure and again the bearing has no stiffness. There is, therefore, an optimuy

value of the restrictor ratio, approximately given by:

A'E:.S to .7

Under this condition the stiffness fs a maximum.
The restrictor coefficient together with the supply pressure ratio are the con-

trolling desigr parameters for a hydrostatic bearing. However, in considering

the bearing damping a third one enters namely, the feeder hole volume ratio. Th
parameter gives the ratio between the volume contained in all the feeder holes
and the volume of the gas film. It affects the time lag between the flow and
pressure when the journal performs dynamic motions. The value of the parameter :
should in general be less than 05 to .l to minimize the bearings lulceptibtltty%

to pneumatic hammer instability.

For given bearing dimensions and lubricant p= erties the controlling design par
meters may be computed and Figs. B-110 to B- can be entered to determine the
stiffness and damping of the hydrostatic bearing. The values given for the danp
ing coefficient assume that the vibratory frequency is not too large.

In an actual application the journal rotation superimposes hydrodynamic pressure
on the hydrostatic pressure. This effect, usually denoted as the hybrid bearing
effect, has been ignored in the preseant design charts. The effect is not-nllyi

small. n
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Figure B-7
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Figure B-9 The Elliptical Bearing, Laminar Pilm
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Figure B-31 The 80 Degree Partial Bearing, Centrally Loaded, Laminar Fils
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Pigure B-33 The 80 Degree Partial Bearing, Centrally Loaded, Laminar Film
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Figure B-37 The 6 Shoe Tilting Pad Bearing, L/D = .25, Laminar Film
Load between Pads

Cc'/C = 1, No Pad Inertia
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Figure B-38 The 6 Shoe Tilting Pad Bearing, L/D = .5, Laminar Film
Load between Pads
¢'/C = 1, No Pad Inertia
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Figure B-39 The 6 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film
Load between Pads
C'/C = 1, No Pad Inertia l
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Pigure B-40 The 5 Shoe Tilting Pad Bearing, L/D = .25, Laminar Filw
Load between Pads
C'/C = 1, No Pad Inertia
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Figure B-41 The 5 Shoe Tilting Pad Bearing, L/D = .5, Laminar Film
Load beuween Pacis
C'/C = 1, No Pad Inertia
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Figure B-42 The 5 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film
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Load between Pads
C'/C = 1, No Pad Inert'a
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Figure B-43 The 4 Shoe Tilting Pad Bearing, L/D = .5, Laminar Film
Load between Pads
¢'/C = 1, No Pad Inertia
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Load between Pads
c'/C = 1, No Pal Inertia
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Figure B-44 The 4 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film
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Figure B-45 The 4 Shoe Tilting Pad Bearing, L/D = 1, Laminar Film
Load between Fads
C'/C = 1, No Pad Inertia
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Figure B~47 The 5 Shoe Tilting Pad Bearing, L/D = .5, Laminar Film
Load on Pad
C'/C = 1, No Pad Inertia
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Figure B-48 The 4 Shoe Tilting Pad Bearing, L/D =
Load on Pad
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Figure B-49 The 4 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film
Load between Pads
c'/C= 1, Effect of Pad Inertia ' i i
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Figure B-50 The 4 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film
Load betw=en Pads :
Cc'/C = 1, Effect of Pad Inertia
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Figure B-5! The 4 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film
Load between Pads
c'/C = 1, Effect of Pad Inertia
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Figure B-52 The 4 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film

" Load between Pads
- C'/C = 1, Effect of Pad Inertia
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Figure B-53 The 12 Shoe Tilting Pad Bearing, L/D = .25, Laminar Film
Vertical wtor, Effect of Preload
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Pigure B-55 The 4 Shoe Tilting Pad Bearing, L/D = .75, Laminar Film L,
Vertical Rotor, Effect of Praload

128 1}




o———. ¢ ———— v crene, pr——

b. Liquid Lubricant, Turbulent Film

129

J



s13333 E3 it 1t it+T 3355825 IR = : b > b o e 2 lOl
8313381 tepeongy ¥ B R isssILEEE: ¥+ 3 It " + ¥ e b 77
He2te pe B B H111 o o4 o r e b 1 Fots it naws d
15e2 800 prose » by - 12008 sl o seavan 13 23 0 1 = -
44 +4-44- ¥ T ' +
SR -+ +4444 4 ¢ + + « L e A R i ad sk
E T 1 HHH s -
, HN + ¢4 + b 4 - i 3 N i dd + 3+ d4ied
- — . e .
! 4 : m" N i § 31T Bttt A
: 1 1 4 +4 1 +1- H ] of 34350 BE B w
: b+ 344 - i 0404 37 > i ? SR i + w 4 44+ v o
[ S8 Bk oo TH {3 IR I ! s P
+ ITL.H 14 14+ 4+ 4+ -4+ H P 9N LRI { g =8 +
b i b T334 nt RS ! 225 R Lates M
: 1 . ; L]
: "y t 4+14-++ it RSN -1 H s g LIS ©
f + . 114 «o« + X 2% N See gt . -l
i 4424 -4 1y 4+ $lods ; : + - 2
: . PSR ST A N 0% 18 I RO -4 R [V}
T K P . i i S RN o
T B =4 2553 R S * + + " 22 -— =
H esma I1SSE 17223 AN 3 H : T ey o Py o L4
M : po H — 313444 45 O 5220% i v 'R 1322 w., 4 bl “lm
s 10 48 4+ bOY SOOTY SN . ¢ - t- *
» b 1 > 1 5t - N ! I . -t
' 1+ +—Ht 10500808 88 B nell AR : t [*R ]
M AM . N
4 S 1 _W_ W P b . . ¢ vH mn
H > = - <
i3 3 gt iR R f PR RS * ©
13 o RS B : o
s SO RS EE XSS R E #1338 08 -
3 3eaed 2 .H\H 4414 Btttz ennm 9
I " EXR s ge3e ]
P-4+ \aads 4+ o rd s py — 444 + A v !
n + 80064 b—4. 44 b e o %Ir + M. t bod
1001 i 1 e 1 ~ ] =4
+ _ 1 +4 | t ° ]
M SRR d b4+ Tl 1.?Lx¢ - P ’
+4+ o e L 4 4 -l
™ ¥ i 17T —- e
« I ai ! AT 4 < >3 .
i | LN s Oe
sy =t it : = ~ '
3 333 L2 TI31 g a
o 44—t 4 v.r;h = d g9
v + ' L]
" - -y ”
s 1908 pmen : * ~
s '
1 v
i§ T mb
. (=] ;
p4-4-4 .
+ e 49 !
oS
§ 11 4 :
A ;
L)
L] [
[ ]
N [
1 . ®
rx -4 0
: = =
H
-
, 1i n o)
w ® e < ) N & v < - - o L - e @ * [ -
L — ]




L —

R i

e X

s 5y ﬂ
R + >
i -
P - - BEgOS
" 1
(44 L 1
44
-+ E : +
1332 =T ritt Pt
b 4534 -en o 14 H ¥
R H EE =iy v ettt sk b 84
258 30 04 poapticepa op mup el M T A
b1y §4 44 Y28 06 o " ml rx +
H3 ; S PN
xl»w H -+ 17¢L < 1 ‘HAH,TA 1 b 9 m~
M M - . — 1
-HA M 3 v * +
{,1 1 <+ 14. 53 sepp + ~—d4] idad y 44
J; 1 " - M« I S ) N Qbﬁfo_ - lxl* I it
! . N +
T ! - + + - _
STTI Y V8 U W ¥H I i i N . ! . . '
PR T B e PN B + 0
et b NS RNI I eN i , il
T > dioy- o1 AR L B LIS £ X RN T R 2]
it &5 + >4 + - s -4 - - =
e s T Tttt —— - 3
: et e
4 IZ R R L11222 22T S | = - ia st R RE B 2212 PR i o . y .. —- +
92 % 8 G} Gl S0S Y PE O & B 1 "
mx i - HOaE 6 I Bt [ 'y »:JJwI,,fAIrfoilﬂ.. 1 + 4 B T 3
1] F e Pl 1T et s Heo vyt - 0y BR + - ! :
‘ eyt 4 . ¢ 8 G LERa — - s by }
D RSl R 0% CRO0Y S Gk Gy Wy 111 &4 i RN IR e i Lo % 94
t2 S SR S Sbay crrr-s LRI - > s R
SR BN I 355 SR - SI3IENE N ISIISANEE R ERETE Il 52 51 ans g ool +
SRS B B CoH SETNE i TETITIITTTTE L S aaE THEHETE
S2tE RS RRCHIEERRN  METE (ARG it cetd § SR EIRER 111 T EE ERHE e R
b e R . LR S22 . . . 4 . AA..A .t‘ ER aandat X3 . M M . s
80000 54 B D 05094 - s ....;41: $5200 SRS BEMEESgul b0 14 04 M P13 7§
5509 00 OO B IR 46004 H o |3 S e SOSE S & (I8 e ¢4 vi i J& *
3 O 99 DO DY 1Y 00k 1 « 4 108 08 a8 es S2 8, oA,«AWI.m.fT .tvwwn“ < - . va? RIS 0889 0t
Y 1! T
NN : ¥
4 b ..H# 4 . idy 4y
RN |8 B 10 U001 I3l RIS 1108 4 1§ B LA}
4 08 B o0 Ve va s SIB U1 BRIt T P
. Hitit 4 b by s 11114 )8 . v —dof] o 1L +
bt it Ju : Y T +
bedrgo b e + 4 44 ATLILT! SE PR
. et 4 4 ,
TL S ARBRE I ! L InR i
123 : 13335338 8 SMITIIIEETE RIEIE! 1335222 2SR :3s £: 3 3 * sl : 2
- . - - .o x o~ - - . . - st . - - .
= 3 PO 3232 T 2R AR =1 2 I 31 I23E1 = TR T > PO 35382 &
: BEERE 12253 282 A i I R IS I T R T S : +
B ; T it 33! 122221 8 IR T 10008 SEORE B Shas upr e &
i of e b T 490048 79 UU INN-IOLS SOGDE B SR g T Hi B o0¢ e H-F 3 e 98 e T
bt o R s §88 A0EE! P s - e
D TN I - 2 ad - . - Ny
-4 ooy {44 ﬂ_ 3 st 44 - e ey io Y IS tMW - l.WAL 4 4 ot M Pw -+
St IE L R T TS U0 DRat . -{ - e | . + 08 04 +
. thededbts b4 doraitodbs -t et b et 444 b4+ ¢ —— 10800 SN B 10008 oM "
LI LERR B IARS S S p e w SR 23 S I AR 220D o9 4 + w a ity :
LI TR B I3 + 4 3 > 8 P S b due JUG Sy - B 13 s he
SERB R EE Stz & SRR s e e IS AR E 33 B i Mttt
ig : 3 CR It s i gd s ssssgn’ ==& 331043179 3oas:
SSHSES B i isEsa s SRR F YT T = Hott
L d-3+4-3- 3+ o iedevid §.3 b - tr. ﬁwu‘l beab ol +99 Y m« +
NIYOO SO B B +rprse 14 H . P - { ] o
, s 8 s o T D 19081
e " H A o
H P Rt . : BOw & )
At ad BE Sk i N s h« - : 44,
% vty FHHH N 1 i1l 1]
L.! -+ 4 4 i 4
. 1 L BE NN
g LT : T
! + 4+ + ++ + 44
L . 4 ;
; R .
- NLr hA
T * '
i i o _
T T i
" 1 M — —
i
- C ~
” - - o - L] ® o - - ”
o o — )
— =
-—
-—
M ] 2 . ’ * -
M a i “ ' B , . , . ' . . . ' s .
— ¥ wanod Aoomvon Sonvni  —— [ s | SR e j d [ -{.
- -

4

02 *

0

Figure B-57 The Plain Cylindrical Bearing, Turbulent Mlm
Dimensionless Dynamic Coefficlents
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Figure B-72 The 100 Degree Partial Bearing, Centrally Lo'a‘d-d. Turbulent Fila
Dimensionless Dynamic Coefficients
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Figure B-80 The 4 Shoe Tilting Pad Bearing, Turbulent Film
Load between Pads !
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Figure B-95 The Plain Cylindrical Bearing, Gas Lubricated
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