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RESEARCH MEMORANDUM

AN ANALYSIS OF THE FULL-FLOATING JOURNAL BEARING

By M. C. Shaw and T. J. Nussdorfer, Jr.

SUMMARY .

An analysis of the operating characteristics of a .fuall-floating
bearing — a bearing in which a floating sleeve is located between
the journal and bearing surfaces - ig presented together with charts -
from which the performance of such bearings may be predicted.
Examples are presented to illustrate the use of these charts and a
limited number of experiments conducted upon a glass full-floating
bearing to verif'y some results of the analysis are reported.

) The floating sleeve can operate over a wide range of speeds
- for a given shaft speed, the exact value depending principally upon
' the ratio of ‘clearances and upon the ratio of radil of the bearing.,
Lower operating temperatures at high rotative speeds are to be -
expected by using a full-floating bearing. This lower operating
temperature would be obtained at the expense of the load-carrying
capacity of the bearing if, for comparison, the clearances remain
the same in both bearings. A full-floating bearing having the same
load capacity as a conventional Journal bearing may be designed if’
decreaged clearances are allowable.

INTRODUCTION

The recent use of high-speed turbines and compressors has
caused much interest in bearings and other machine elementsg that are
guitable for high-speed use. Overheating of journmal bearings, which
i1s oi'ten encountered in high-speed operation, is generally alleviated
by increasing the clearance to induce a greater oil flow. An increase
in clearance, however, may have objectionable effects such as a
decrease in load-carrying capacity or an increase in the tendency for
0il-film whirl (references 1 and 2),

The full-floating bearing (fig. 1) offers a means of increasing
the oll flow without increasing the clearance between adjacent
: mating surfaces. A floating sleeve between the shaft and the bear-
- ing surface provides two channels through which the oil may flow.

R
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In figure 2 & conventionzl journal bvearing and a fuli-Tloabting hear-
ing ave schematically shown with greatly exeggersted clearances. I3
5 evident that the full-floatirg bearing is capable of much greater
oil Tlow and hence should have better cocling characieristica for the
pame clearance hetween sliding surfaces, The total allowable deflec-
tion of the journal relative to the outer bearing housing will be
sreater, however, for a full-floating bearing than for an "sguivalent'
journal bearing. An equivalent Journel bearing denotes a conven-
tional Journal Learing heving tle same shaft dismeter and the same
clearance ag the inner clearance of the full-floating bearing exceps
ag noved elsewnere. The vigcoslty of the oil and the unit bearing
load are also sssumed equal.

ferts

The origin of the full-floating besring known, 3todola
(reference 3) mentions the uge cf & multisleeve bearing on a Parsons
steam turbine; the function of this conatruction was to dampen the
vibration from zn uvavelanced rovor. From 1820 to 1330 full-floating
bearings were used the British in the connnctjnw wods
of Bristol aircraft engiunes. Orloff (refevence 4} has dlscussed the
temperatiure cheracterigtics of tho full-floating bearing. FL““ inge
type multiple-oil-film bearings are described in references a anw G
Fxperimeuts by Ferretti (reference T7) indicate that wunder &
a needle bearing functions g a fuli-floating bearing
tending to rotate as & unit rather than to rolil,

extensgively b

LY

]Oa““

Purlished inTormation on the operating charscterigtics of the
1-floating bearing is incomplete and In some cases misleading.
An enalytical study of the full-flcating vearing was thsrefore made
Gt the NACA uLe“ eland 1370 ratory teo determine bLetier the operating

haracteristics of this type of hearing. A full-Tloating vearing
may be umed witih two geneva types of load: a unidixestional loal
and a roiating load., The tueory is devoTop  for a bearing sub-
sected to a unidirectiocnal lcad and charis are presented Ior use in
the degign of such oe1v¢rg . The manner in which tuese charis nay
bhe used for hearings sublected to a robtating load is also UwaGﬁuOQ.
Ixnerinents using o glass boar .ng were included in this investi
to check some of the generai results of the analysis.

-y

a

-
p]
o~

Y

SYLBOLS

The following sywbols were used in the computations of the
theoretical and the sxperimental analyses:
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Cn pecific heat of oll at constant pressure
¢ radial clearance between journal and vear’ng surfaces, (in,)
B total work done mer unit time in shearins oil film,
(in.<1b/sec)
e sccentricity of Jowrnal relative to bearing, (in.)
H heat generated per unit time in shearing oil film, (Btu /sec\
ol Tilm thickness at any »oint in the oil film, (in.)
L axial length of bearing, (in.)
N speed (rDm)/
n attitude, (T}
\c/t
P unit bearing load on the projected ares, (1b ,sq ic.)
o) rressure at any peint in oil film, (lb/sq in,)

&)

T

oil flow, (cu in,/sec)
radius, (in.)
Sommerfeld number

shear suress at any point in the oil fi

~

friction torgue, (in.-ib)

temperature rise in oil film, (OF)

boundary velocity in the positive-x divection, (i l./:GC)

velocity of particle of oil in posgitive-x direotion,(in./sec)

oy

bearing load, (1b)

o

axes of recltangular system of coordinates
&

")ﬂ_\ i/ -u_‘m\\‘l
tempersture criterion, |

E\Qeﬂ(\4 2}

cylindrical coordinates (See aprendix.)
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4 attitude angle (See appendix.)

n vigcosity of lubrication, reyns (lb—sec/sq in,)

£ full~fleating Journal bearing
b full-floating Journal bearing with resitrained sleeve
e equivalent journal bearing

For conventional Jjournzl bearing
b bearing
5 Journsl

For full-floating bearing with unidirectional load

0 shaft surface “
1 inner surface of floating sleeve .

2 outer surface of floafing sleeve ’
3 gtationary bearing surface

For ful*~ oatlab bearing with rotating load

O ocuter bvearing surface

1 outer surface of floating sleeve
2 inner surface of floalting sieeve
3 shaft surface

THEORY

Two load-carrying oil films are assoclated wita a full-Tloating
journal bearing subjected to a unidirectional load: one in contact
with the inner surface of the floating sleeve, the other in contact
with the outer surface, Viscous shear in the inner oil film tends

“
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to make the floating sleeve rotate with the journal, whereas shear
in the outer oil film tends to retard this rotation., The floating
gleeve is thus subjected to two torques of opposite sense, which
cause this sleeve to rotate at an equilibrium velocity belwesn the
velocity of the journal and that of the stationary bearing.

Floating sleeve speed. - The charts of figure 3 are constructed
from equations (A-25), (A-27), a:=d (A-28) derived in the appendix.
From these charts the ratio of the speed of the floating sleeve to
that of the journal Ni/Nb may be determined for any ratio of
clearances 02/01; ratio of rediil rz/rl, and Sommerfeld number SO

(reference 8, pp. 23-26, 119-121)
J 2

where
S _ :’/ -I—l‘]_;.\"‘z LLNO ( l )
0 ”\clj P .

¢

SO is the Sommerfeld number when the sleeve is assumed fixed.

Heat generated in full-floating bearing. - Energy is dissipated
ag heat irn overcoming the viscous resistance to shear in any hydro- -
dynamic bearing. In normal operation most of the heat thus developed
is carried away by the oil as it flows from the ends of the bearing.
In high-speed operation, a high equilibrium temperature gererally
reagults., It is therefore desirable to compare the amount of heat
generated in a full-floating bearing with that produced in an equilv-
alent Jjournal bearing.

A1l work done in shearing the two oil films of a full-floating
bearing must be supplied by the rotating shaft. The total work Ep
that is absorbed by the two oil films per unit time is therefore
equal to the product of the friction force acting on the inner
journal and the velocity of this journal, From equation (A-17),
‘n Cq - ZKPrOL /fﬂrONb Zﬂrlmi 2ﬁr0N6‘

Wosin 4 + L= - ) )
- 5 \. 60 &0 . 60
cl’\, leny : . |

The corresponding quantity for an equivalent journal bearing is

Bp = (2)

Zro
[,
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|n.c, 2rur L (2nx N\ (2mr N\
12‘ S W sin / + = = X 0 // {\ 580/ (3)
L Ce‘q LTy ‘
The ratio of the total heat generated in the full-floating bearing
to that develuped in an equivalent journal bearimg is then
incl o ; 4x° prgl (roly - flkl)}
o P 5h Wosln pq + 1ol
H‘f T L O 80 1 ",j -Il'y A
LR z M
o ki E\T
/ 4 pr_ L \

Equation {5} is comnuted by making Ng = Np, ¢g = cp, and
Ty = rg = v and apnlying equations (A-24), (A-26), and (A-27) of
the asnendix to equation (4).

(5)

A number of clirves showing the variation of the ratio of heat
generated §H /ﬁ with the Sommerfeld number Se are given in fig-
ure 4, These ourves were obbained by use of equation (5) and the
apeed-ratio curves of figure 3,

Flow of lubricant through full-floating bearing. - In general,
the two oil films in a full-fleoating bearing together permit more
0il to flow than the single film in an equivalent bearing. In order
to evaluate the relative flow through these two bearings, 1t is first
necessary to obtaln an expression for the flow between two closgse-
fitting cylindeors with parallel axes,

~sference 4) gives the following expression for the flow
'1

Orloff (
parallel eccentric cylinders (with a changs of notation

between two

and units):
3 o

Q = % EEEE (L + 1.50%) (6)

In this equation the supply pressure p 1s assumed to be ccastant
along the periphery of the bearing. In an actual bearing the
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pressure changes from point to point around the bearing; for this
case p is a function of 6 and equation (6) does not strictly
appliy. If the variation of pressure around the equivalent and
full-flcating oil films is assumed to be the same, however, then
to a good approximation the pressure may be cancelled from the
numerator and denominator of the expression for the ratio of flow
through the two bearings. Thus,

T r0013‘9 2 a recy P 2
X 1+ 1.5n + 228727 (1 +1.50,%)
92 _ 6 T ( 1 ) pL ( 2 (7)
Qe 7€ 5P
1 L
1127 1+ 1.5n2)

/ +C
(1 + 1, Snlz) + \> 2) (1 + l,onzz)

= - (8)
1+ 1.5n

A number of curves showing the variation of oil-flow ratic

Qf/Q with Sommerfeld number S, are given in figure 5. These

rves were obtained by use of equation (8) and the speed-ratio
curves of figure 3.

Temperature criterion for full-floating bearing. -~ The opsrating
temperature of a bearing is, in general, dependent upon two quanti-
ties: +the amount of heat generated in the bearing and the quantity
of lubricant flowing through the bearing to carry this heat away.
Several other factors such as the specific heat of the lubricant
and the temperature difference between the oil and the bearing
surfaces also influence the resulting bearing temperature but to a
lesser degree,

The operating temperature of a full-floating bearing can be
compared to that of an equivalent journal bearing by means of a
factor called the temperature criterion. In any bearing problem it
is approximately correct to assume that the heat generated is equal
to the heat removed because most of the heat is carrisd away by the
oil. The following equations may therefore be written:

He

QeCplty

1

He

QfopAtf
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where the oil-temperature rise At  is proportional to the bhearing-
temperature rise. Therelore,

R (9)
e o
He

From equations (5) and (8)

15ng (1 - ) + ﬂZSe

’}/ =
. 2 2
150, (3-ng”) + w0 (28, - S;)

I T\ /ConD —; ——

. | 2\ ./—‘2— ‘. :"1——2-\\ 2 - .
i(_L . 1.51'11 / ‘\r /a ’\\. 1/ (l + 1.5112 )i gl_an
; - !ﬂ = (10)
L 1 + 1.5n," A \1'ne

The opera®ing temwperature of the equivalent bearing will be 7 times
the operating temperature of the full-floating bearing under the same
conditions. Curves showing the variation of the temperature criterion
with Sonmerfeld number are given in figure 8.

Operating characteristics of lightly loaded bearings. - The
operating characteristicg of the full-floating bearing are of
particular interest at very high values of Scmmerfeld number, inas-
much as such bearings are generally used at high speeds. Values of
speed ratio and temperature criterion are therefore given in fig-
ure 7 for an unloaded bearing, which 1s equivalent to a bearing
operating with a high value of Se

APPARATUS AND PROCEDURE

A photograph of the apparatus used to check part of the fore-
going analysis of the full-floating bearing ig chown in figure 8.
The test shaft was suoported by two standard, self-alining, ball-
bearing pillow blocis with the journal midway between these supporting
bearings. The brass floating sleeve had a central clrcumferentiai

S 3 .
oil groove %5 —~inch wide by Tz —inch deep on the inside and outside

surfaces. Oix symmetrically spaced radial holes cornected the outer
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and inner cil grooves. The outer bearing was made of precision-
bore glags tubing ground to a close tolerance; an inspection of the
extent and condition of the oil film could therefore be made under
operating conditions. In all experiments the pressure of the inlet
21l supplied to the grocve through a hole in the glass bearing was
maintained constant at 15 pounds per square inch.

Three full~floating bearings of the foliowing dimensions were
used:

Bearing
A B C
Journal diameter, (in.) 1.5286 1.5242 1.5242

Diameter of floating sleeve, {(in.)

Inside 1.5325 1.,5266 1.5325

Outgide 1.9975 1.9973 1.9975
Diameter of glass bearing, (in.)

Inside © 2.0013 2.,0013 2.0013
Radial bearing clearance, (in.)

Imner, (o) 0.0012 0.0012 0.0042

Outer, (02) 00,0019 0.0020 0,0018
Ratio of clearances, (cz/cl) 1.00 1.67 0.43
Ratio of radii, (rz/rl) 1.30  1.30  1.30
Bearing length, (L), {(in.) : 1.708 1.750 1,705
Ratio of bearing length to journal diameter 1,12 1.15 1,12

Inasmuch as glass was used as one the bearing materials, it
was thought advigable to limit the applied load to relatively low
values, Fallure of the bearing as indicated by stoppage of the
floating sleeve could, however, be caused at any value of load by
gradually reducing the speed of tie shaft. The bearing was always
loaded unidirectionally by means of a lever as shown in figure 8;
the range of load was from O to 50 pounds. The test shalt was
driven at speeds ranging from 150 to 5000 rpm. The speed of the
floating sleeve was determined by inspection under a stroboscopic
light of variable frequency. A few runs were made to check the
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effect of ratio of clearances upon speed ratio for an unlcaded bearing
and also to check the effect of bearing load upon speed ratio. In all
runs the effective viscosity of the lubricant was maintained at

3 x 107° reyns (SAE 10 oil at 125° 7).

RESULTS AND DISCUSSION
Full-Floating Bearing with Unidirectional Load

Floating-sleeve speed. - The floating sleeve of a full-floating
bearing can operate over a wide range of speseds for a given shaft
speed, the exact value depending principally upon the ratio of
clearances and upon the ratio of radii of the bearing. It is
evident from figure 4 that except for Iow values of Sommerfeld
number, which are avoided in practice, the speed ratio Ni/Ng is
independent of Sommerfeld number., Tigure 7 may therefore be used
for lightly loaded bearings as well ag for bearings operating with-
out load. The three data points sghown in figure 7 were obtained
using three unloaded full-floating bearings, each having a ratio
of radii of 1.3. Two of these points are seen to fall very close
to the analytically determined solid curve, but the one corresponding
to the larger ratio of clearances is somewhat below the theoretical
curve, :

Experimentally determined values of speed ratlo are shown in
figure 9 plotted against sommerfeld number for full-floating
bearings A and C, having ratios of clearances of 1.00 and 0.43,
respectively. - The sxperimental points lie close to the analyti-
cally determined solid curve over a wide range of loads in the case
of the bearing C having a ratio of clearances of 0.43. The
points for the bearing A, having a ratio of clearances of 1.00,
however, deviate from the theoretical curve at low values of
Sommerfeld number. Similar runs were made on bearing B having a
ratio of clearances of 1.67, but these points were irreproducible
unless the bearing was operating completely unloaded. The experi-
mental results indicate that the analytically determined curves
approximately represent the performance to be expected from a
lightly loaded full-floating bearing. The bhearings with a large ;
ratio of clearances tend to be unstable when operated under load

Extent of oil film., - Observation of the outer oil film through
the glass bearing under operating conditions corresponding to those
of the foregoing experiments showed the oil film to be continuous
at all points when the bearing was unloaded. As load was gradually




NACA RM No. E7A2Sa 11

applied, however, the film became progressively discontinuous in
the region beyond the point of closest approach in the direction
of rotation. The rupture of the oil film, when the Journal noves
eccentrically, is due to the tendencyfor high negative pressures
to be FTormed in the region where the surfaces are diverging.
Because a film carmot withstand tension, it will break when a
negative pressure develops. Inasmuch as the analysis assumed a
comnlete oil film o exist at all times, failvre of this assump-
tion to be completely realized could account for the limited
discrepancy existing between the experimental and the calculated
data,. '

Tempevatnre characteristicg. - Less total heat is generated
in the two oil films of a full-floating bearing than is generated
in the single oil film of an equivalent Journal bearing. This
fact is evident from the curves of figure 4. In additiom, fig-

ure 5 gshows that the total oil flow through the two clearance
spaces of a full-floating bearing is always greater than that
through the single clearance space of the conventional bearing.
These two characteristics of the full-floating bearing make 1ts

use of particular interest in high~speed applications where the
operating temperature is an important consideration, The tempera-
ture criterion offers a convenient means of evaluating the combined
influence of an increase in flow and a decrease in bearing friction
upon the operating temperature of the bearing. From figure 6 the
temperature criterion is seen to be always greater than 1 and
hence the full-floating bearing is an advantageous design under

all operating conditions so far as bearing temperature is concerned,

Load capacity. - The full-floating bearing is considered to
fail when the speed ratio Nl/Nb ig either O or 1. This condition

of failure does not mean that the full-floating bearing as a unit
has seized to the housing because the unit may continue to operate
as a conventional journal bearing, with selzure existing between
only one of the palrs of mating surfaces. The full-Tloating
bearing failed at the outer surface before it falled at the inner
surface in all casos. A comparison of the Sommerfeld numbers for
the two oil films should indicate which surface failed first.

From equations (A-27) and (A-283)

S /r 8 AN
! —\ < (2) (1 + 20 (11)
\Fz/ \°1/ . W/

3
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If this ratio is greater than 1, the outer bearing surface should
fail before the lmmer surface. For bearings A and B the value of
the ratio S /S2 was greater than 1. The value of this ratio for
bearing C was 0.63 but it also failed on the outside surface.
This incongsistency between the theoretical and the experimental
results may be explained by consideration of several unknown vari-
ables mot talien into account, namely, deflection of the floating
gleeve, dirt in oll, different viscosity of the oil in each oil
film, and difference in coefficients of frlotwon of the bearing
materials. Equation (11) shows that, if the floating sleeve is
thick (rz/rl large) and the outer clearance oo is small relative
to the inner clearance, the bearing may be made to fail on the inmer
surface first. Bearings of practical proportions, however, should
fail first on the outer surface.

Inasmuch as the floating sleeve of a full-floating bearing is
actuated by a fluid drive rather than by a positive mechanical
linkage, it may fail to rotate under certain circumstances. Wken
the shaft starts to rotate, the fleoating sleeve will fail to rotate
if the boundary friction betwsen the inner bearing surfaces is
considerably less than that between the outer bearing surfaces, In
general, the starting friction between these twe sets of surfaces
will be about the same, but the presence of a small amount of dirt
between the outer bearing surfaces wmay increase the gtarting friction
in this region to a value high enough to prevent the floating sleeve
from rotating. IT metal-to-metal contact exists between the outer
bearing surfaces at the same time that a hydrodynamic film exists
between the innor surfaces, the hydrodynamic film will be incapable
of transmitting sufficient torque to the Tloating sleeve to over-
come the high sterting fricticn between the outer surfaces. This
difficulty should be considered particularly when the bearing is
subjected to a unidirectional load. In order to achieve normal
operation of the bearing, it is necessary to remove the load and to
allow sufficient time for an oil film to be established. A mechani-
cal disturbance such as vibration will shorten the time required
to establish this oil film, .

The failure of the full-floating bearing bto function properly
at all times when started from rest iz a decided disadvantage. How-
ever, the choice of proper bearing materials to be used on inner
and outer bearing surfaces can mitigate this difficulty. The materials
for the outer mating surfaces should offer low friction under boundary
conditions of lubrication and also have good emupeddability. The
bearing materials of the inner mating surfaces should offer high
frictional resistance under boundary conditions and should not have
as good embeddebility inasmuch as the presence of dirt between these
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surfaces will auguent the frictional resistance, which causes the
floating sleeve to rotate. TFor example, aluminum might be used
against steel for the immer bearing surfaces and lead against steel
for the outer bearing surfaces. '

Failure of the floating sleeve may also be caused by starving
one of the oil films. Proper bearing design and sufficient oil
sressure will prevent failure of this nature.

When load capacitises are compared, the basis of the comparison
is %he equivalent journal bearing as previously defined. The low
operating temperature of ths full-floating bearing may, however,
allow smaller clearances between adJjacent surfaces than wer
necesgary for the conventional journal bearing. In this casge it
would be possible to replace the conventional bearing with a full-
floating bearing having a load capacity equal to or greater than
the conventional Jjournal bearing.

Floating-sleeve whirl. - Oll-film whirl or shaft whirl is
generally caused by the action of the oil when the bearing is
supporting light loads at speeds above the critical speed of the
shaft, Tt is undesirable becauss severe vibration and bearing
failures often result. The floating sleeve was observed to whirl
in the direction of journal rotation at shaft speeds as low as
50 ypm when unloaded. The circumferential movement of the point
of closest approach between the floating sleeve and the glass
bearing was quite distinct when the fluorescent lubricant was
observed by means of "black light." With bearing B, the rotative
speed of the point of closest approach was Tound to vary from
0.329 to 0.717 times the floating-sleeve speed ag the floating-
sleeve speed varied from 217 to 630 rpm. The whirl speed is not
Eone—half the critical speed of the mechanical system as 1t has been

-

reported (references 1 and 2) to be in converntional high-speed
bearings. The whiriing characteristics of the floating sleeve of
a full-floating bearing should be thoroughly investigated. The
proper choice of grooving in the surfaces of a full-floating
bearing may prevent this phenomenon. '

Use of full-floating-bearing charts., - An example is presented
to illustrate the use of the full-floating-bearing charts presented
in figures 3 to 6. In order to illustrate the importance of the
relation between the inner and outer clearances of a full-floating
bearing, five bearings of various arrangements of clearances are
analyzed. Repregentative operating characteristics of these five
full-floating bearings as applied to a rotor of a compressor-
turbine power plant are presented in table T.

|
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ture of the bearing (y 1is approximately 23). This increased cooling
gcapacity, however, is cbtained at the expense of a decrease in load |
acapacity. This effect ig found to be generally the case.

B e P
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The resulis presented in table I demonstrate the wide difference
in performance that can be caused by relatively slight changes in the
inner and outer clearances. Such clearances must be controlled to
very close tolerances if the performance of a full-floating bearing
1s to be predicted. By changing only the clearances, the speed ratio
in the table varied Trom 0.21 tc 0,54,

The decrease in the total heat generated in the two films of a
full-floating bearing over that generated in the single film of an
equivalent bearing i1s illustrated by the data in tabls I, Evidently,
the total heat generated in a full-floating bearing may be as little
ag one-half that agenerated in an equivalent journal bearing. By the
proper adjustment of clearances, the combined effect of increased oil
flow and decreased heat generation may yield a temperature criterion
that is greater than 20, Bearings 2 and 4 illustrate the manner in
which the clearances may be chosen to cause the inner bearing to fail
first.

The load capacity of a bearing is directly proportional %to the
Sommerfeld number. Comparison of the Sommerfeld nuubersof bearings 1
and 5 (each having the same inner clearance) shows that the load
capacity of the inner bsaring is somewhat improved by increasing the
ratio of clearances from 1 to 2 but at the same time the load capacity
of the outer bearing is considerably reduced. The clearance combina—f
{tioqs of bearings 3and5, in which the ratio of clearances is equal !
{to 2, are advantageous from a consideration of the operating temneraj

¢

The best combination of clearances to be uged depends upon the
conditions under which the bearing must operate. If the speed of the
Journal 1is high ant the load 1s relatively light, cooling the bearing
isg the paramount nroblem; under such circumstances a ratio of clear-
ances greater than 1 might be employed. It should be noted, however,
that the measured speed ratio of the full-floating bearing became
less reproducible as the ratio of clearances was increased. From !
an over-all considerasion of bearing operaticn, including reproduci %
bility, load capacity, and cocling capacity, a ratlo of clearancesg g
of a litfile less than 1 would be desirable for most full-floabting
bearlngs, Thig” bearlng will be stable and will have approximately
equalload capacities in the inner and outer oil films, Whereas this
bearing will not have the maximum temperature criterion, its cooling
capacity will be about twice that of an equivalent journal bearing.
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Full-Floating Bearing with Rotating Load

Free sleeve. - The foregoing discussion pertains to a full-
floating bearing under a unidirectional load, as diagrammatically
shown in figure 10(a). The operating characteristics are signifi-
cantly changed when a bearing of this type is subjected to a
rotating load. The most common case, in which the load rotates at
the same speed as the shaft, will be considered in the following
discussion. (See fig. 10(b),) TInasmuch as it is difficult to
visuvalize the effective motion between the bearing surfaces when
the load is rotating, it is advantageous to employ an equivalent
diagram oriented with respect to a fixed point on the load vector
(fig. 10(c)). Comparison of this diagram with figure 10(a)
indicates that the rotating and stationary elements are inter-
changed. The equations and charts of the foregoing analysis may
therefore be made applicable to a bearing operating under a
rotating load by simply changing the notation, that is, by
numbering the successive surfaces inward from the outer surface
rather than outward from the inner surface. (See symbol list.)

The ratio of radii is less than 1 for a bearing operating ?
under a rotating load whereas this ratioc was always greater than

1 with a unidirectional load. Inasmuch as the curves of figures 3
and 6 are relatively flat for high values of Sommerfeld number,
where the full-floating bearing is of most interest, curves for
values of ratio of radii less than 1 are included only in figure 7.
The speed ratio will evidently be greater for a bearing subjected
to a rotating load than for a bearing supporting a unidirectional
load; the temperature criterion is also slightly greater. It
should be noted that the equivalent Journal bearing used in the -
comparigson with a full-floating bearing subjected to a rotating
load had & diameter and clearance equal to that for the outer -
bearing. On the other hand, the equivalent journal bearing used
in the comparison with a unidirectionally locaded full-floating
bearing had a dlameter and clearance equal to that of the inner
bearing.

Resgtrained sleeve, - In order to improve the over-all load
capacity of a floating bearing, Stone and Underwood (reference 9)

proposed a bearing with a nonrotating sleeve (fig. 10(d)). Rotation

of the floating element is prevented by loosely pinning it to the
outer bearing surface in such a way that curvilinear translation
(irrotational motion) is permitted. The equivalent diagram with
respect to the load vector is given in figure 10(e). The load
capacity of the inner bearing is then equal to the capacity of the
equivalent Jjournal bearing for waich ¢, = ¢ and ¥y = ro = ry,
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whereas the load capacity of the outer bearing is twice the capacity
of the equivalent journal bearing. The heat generated, however, in
the floating bearing is always greater than that developed in the
equivalent journal bearing as is evident from the following equation,
wvhich may be developed by a sequence of steps similar to those used
in deriving equation (5):

2 2
Hps 7Qi\{;0n1/¢l—nl AJl-ne

SR T
" c
© a/ o & 2
{15n, {1 ng Y + 7 Se, |

(12)

where Hf, is the tobtal heat generated per unit time in the bearing

of figure lO(e), and the subscripts 1 and 2 refer to the outer and
inner oil films, respectively, of the floating bearing.

The quantity H.,/H. is shown in figure 11 plotted against S_,
by e ©

which is the Sommerfeld number for a conventional bearing having a
diameter the same as that of the inmey journal of the floating bearing.
Whereas the additional heat generated in the floating bearing over

the heat developed in a similar equivalent bearing is small for

lightly loaded bearings, this additional heat may be as much as 100 per-
cent greater than the heat generated in the equivalent bearing under
heavy load. A bearing having similar properties under a unidirectional
load is obtained by loosely pinning the floating element to the shaft,

Other Design Considerations

The full-floating bearings shown in Ffigures 10(a) and 10(c) will
operate at a lower temperature than an equivalent Jjournal bearing of
Gy = Cp = C, butb the load capacity will be reduced by a factor equal
to the speed ratio., This lower operating temperature is due to the
combined effects of decreased heat generated in the oil film and
increased oil flow through the bearing. The floating bearing, which
has a nonrotating sleeve (fig. lO(d)), will have a load capacity equal
to the capacity of the equivalent journal bearing but will operate
at a temperature intermediate between the temperature of the equiva-
lent Jjournal bearing and that of the full-floating bearing with
rotating sleove. The decision to restrain the floating sleeve depends
upon whether bearing temperature or load capacity is the critical factor.
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SUMMARY OF RESULTS

An analysis of full-floating bearings operating under either a
unidirectional or a rotating load has been made and a design chart
is presented from which the important operating characteristics of
such bearings may be obtained. This analysis enabled the following
observations to be made:

1. The floating sleeve operated over a wide range of speeds
for a given shait speed, the exact speed of the element depending
principally upon the ratio of clearances and the ratio of radii.

2. The speed rabtic of the full-floating bearing becams
increasingly irreproducible as the ratio of clearances is increased
above 1.

3, Less total heat was generated in the two oil films of &

- full-floating bearing than was generated in the single oil film of

an equivalent Journal bearing (if the floating sleeve was not
restrained from rotating).

4, The over-all cooling capacity of a full-floating bearing
was always greater than that of an equivalent journal bearing.

5. The failure of the floating sleeve of a full-floating
bearing to start always from rest, when under load, would be an
important consideration in the design of this bearing.

6. The floating sleeve was observed to whirl at rotative speeds
of this element as low as 50 rpm under light load. The speed of
the whirl was observed to vary from 0,329 to 0.717 times the
floating sleeve speed as the speed of the sleeve varied from 217
to 630 rpm.

7. The load capacity of a full-floating bearing was less than
that of an equivalent journal bearing if the clearances between all
mating surfaces were the same. By adjusting the clearances for a
full-floating bearing, the load capacity would be greater or less
than that of a conventional journal bearing of the same shaft
diameter.

Alrcrait Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio. '
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APPENDIX - DERIVATION OF EQUATIONS FOR SPEED OF FLOATING SLEEVE
Expressions are first derived for the friction torques acting
ol the journal and bearing surfaces of a conventional journal
bearing. These expressions may then be used Lo obtain the friction
torques, which act at the inner and outer surfaces of a full-floating
vearing. The following assumptions are involved in the derivation:
(1) Lubricant is Newbtonian
(2) Plow is laminar
(3) There is no slip between fluid and wall
(4) Inertia effects of fluid may be neglected
(5) Weight of fluid may be neglected
(6) Fluld is incompressible
(7) Film pressure is constant with depth of film
(8) Curvature of film may be neglected
(9) Films are =o thin that they may be unwrapped
(10) Slopes of unwrapped films are so small that cosine of angle
is unity and the sine of the angle 1s equal to the angle

in radians

(11) Viscosity of +the fluid is uniform throughout the film

Derivation of General Friction Torque Equations

A conventional journal bearing is shown operating under load in
Jigure 12. In the system of coordinates employed, the x-axis extends
along the surface of the bearing but is not attached to this surface.
Consider the free-body diagram of a particle of lubricant with all
forces acting upon 1t parallel 4o the x-axis. The sum of all these
forces must be zero; that is,

/ d \ / d )
. D ]
pdydz - . p + dx) dydz + (s + d ) dxdz - sdxdz
\P S5« y, J &? 361

\
+ <s + %; d%) dxdy — sdxdy = O (A-1)
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or
€L 22 . 2= A-2
dx oy o (A-2)
By Wewton's law of viscous flow

8 = j g;_ a (.A'S)

From equations (A-2) and (A-3), noting that §2<<5—- because the

lubricant f£ilm is thin

Q)
o
53

"

“ i

(A-4)

(o))
[aY)
o
M

J

The following equation is obtained by integrating twice with respect
to y and evalueting the constants of integraticn from the following
conditions: uw =Ty when y = C, and u = Uj when y =1

1 ._'1’._ ..a..E .;Y- T 3
v =3 S5 y(y-n) + 3 (U5 - Up) + 1 (A-5)

From equations (A-3) and (A-5)

_ 19D (zy- B - -
=557 (2y-h) + L (v, _Ub) (a-8)

Assuming a continucusg oil film to extend around the bearing (a full
journal bearing) the friction torgue acting upon the bearing surface
is

oo (TP, axd (8-7)
_L.b = I‘} : S(y = O) XA.Z Y
40 Jo
Because &x = rdf, - (a-8)
L 2=n
= 2 1 ‘ ; -
T, =7 | S(y = 0) dedz (A-9)
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and therefore

f .27 I!(ZH 1
= - = gp . pdz B
= 2] i 1189 aedz + ur (U‘ Jb)’ T (£-10)
20 .0 Jo
The following integration may be performed by parts:
{Zn 3p %ﬂ Y
! s = i - I -
| nSgee-m ; ! p & dG (a-11)
JO 6=0 —’,O

The first right-hand term is O and hence from equations (A-10) and
(A-11)

AL (Zyc 2%
r! dh 2 e -
T, =3 | ; P == dedz + preL (Uj - Ub) I = (A-12)
i |
IO “jo "”O

The film thickness at any point in the oil film (fig. 12) can
be expressed to a good approximation as

h=c(l +n cos 8) (A-13)
where bearing attitude n = %

From equations (A-12) and (A-13)

ner {° LoL2x o 2
T, = - —§—§ i D sin 6 d6dz + pr' L (Uj - Uf) ——  (A-14)
2
fo 20 CM l-n

Inasmuch as all forces acting on the bearing in a direction pexrpen-
dicular to the line of centers 00' (fig. 12) must be zero for
equlilibrium
{I,rZK
;

r p sin 6d6dz = W sin ¢ (A-15)

40 z’o
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From equations (A-14) and (A-15)

2
T, -2y sin g+ EEL (y, - 1) (A-16)
2 H 2 J b
c Y1l-n

The following expression for the torque aclting upon the Jjournal
surface may be similarly derived:

z v
T, =28y ogin 4+ EHEL (U, - U) (4-17)
J a ,.\I 2 J b
cYyl-n

Application of Friction Torque Equations

A full-floating bearing is dilagrammatically shown in figure 13.

The torgues T4 and T,, which act upon the inner and outer surfaces,

respectively, of the floating bearing, must be equal in accordance

with static equilibrivm. Expressions for T and T, may be obtained
[

by substituting the proper dimensions from'f¢gure 13 in equations
(A-16) and (A-17), respectively.

2nral 271+ 1
ZﬂurlZL ( 00 l \

. Cl 60

T, = - 'E W sin ¢l + - (A-18)
Clw’l-nl
2 2
- 190y . npry L (rONb - rlNi) _
T) = - =5 Wsin gy + (A-19)
; 2
lSclﬂll—nl
72 37
noC nepr,-L N
T, = iiz W gin %2 Z (A-20)
2
Al -
15¢ \{l n,
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Equating (A-19) and (A-20) and noting that rONO-rlNl==r1(NO-=N1)
to a very good approximation -

/'l a
.-/ ClI‘ZS '(i} l-nl \‘

NO =.’l -+ . 'iNl
021‘13/ l-nl _/’
2
15¢q N1-m® W
+ - & (cor, sin @s + cqng sin ¢y) (A-21)
272 2 171 1
2nlulr, °
e |

The following equation igs obtained by replacing W in equation
(A-21) with its equivalent 2LrlPl, where Pl is the unit bearing
load acting on the projected area of the inner bearing:

3 2
cqiro” fl-n
Wy ={ 1+ -2 = m
B3 alq.n 0
Cle //i\ll 1'12
150, 1-my 2 Py
+ s o (epn, sin ho + c,my sin #1) (a-22)
7w ury

The viscosities of the inner and outer oil films have besn con-
sidered equal in the foregoing derivatlion.

The attitude angle ¢ (fig. 12) has a value of 90° when a
load of any magnitude is imposed upon a full jJournal bearing of
infinite length (reference 8, p. 107). The significant end flow
agsociated with bearings of finite length causes this attitude
angle to vary with load. The manner in which the attitude angle
for this bearing varies with load cannot be analytically expressed
inasmuch as the differential equation for the pressure distribution
in the load-carrying oil film of a full Journal bearing of finite
length has not been solved in closed form. Published results of
gseveral experimental investigations of this problem are available,
ag well as approximate solutions for partial bearings. (See
references 10 to 14.) This work indicates that, as the bearing
is loaded, the journal center moves along a path similar to the
one shown in figure 14. It will therefore be assumed in this
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investigation that, as load is applied, the journal center moves
along a circular agg in accordance with the following expression:

M-““’

. e =c cos p (A-23)

\"{:,.» -'Zv&‘~ﬁt ;;f
oin ¢ = N 1-n (A-24)

From equations (A-22) and (A-24)

3 ﬂt
"1*”2 nl

\ Cory M l—n2 /

SRR LY

Iy

=
]

2 . —_—
1501 nl Py -

¥ 2 2 &Czna l“nz + Gy J 1-ny ) (8-25)
ki !Jrl /

Further simplification of this equation requires a relation
between the load acting on the bearing and the resulting attitude.
Whereas this expression is not available for a bearing of finite
length, the equation for a full journal bearing of infinite length
(reference 8, p. 120)

2\1/2
g - (r\ uN _5(2 + n Z) (1-n%) / (A-26)
c] P <20

Sommerfeld number is, in general, only of qualitative value. Strictly

used, it should be applied only to bearings of infinite length but
when employed for the purpose of comparing two bearings of the same

finite length, the errors introduced by ignoring end leakage tend Lo
cancel each other.

Swift (reference 15) has analytically shown that the load
capacity of a unidirectionally loaded bearing in which both journal
and bearing rotate in the same direction (as in fig. 12) is the
same as though the journal alone were to rotate at a speed equal to

the sum of the actual journal ard bearing speeds. tone and Underwood
(reference 9) have experimentally verified Swift's analytical results.

Therefore, in applying equation (A-26) to the immer oil film of a
full-floating bearing, the speed to be used is Nb + Ni and
equation (A-26) then becomes
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o
e 2\1/2
" /ri\ u(V + Ny ) 5(2 + nlz) (l-nl ) /
8, = ) —— 5 (A-27)
\%1/ Py n°ny
For the outer oil film equation (A-26) becomes
,
/T \ ul,© 5(2 + n 2) (l—nzz)’“/2
"2 1 2
S =) & = (A-28)
\%2/ T2 nln,
2
Equations (A-25), (A-27), and (A~28) may be combined to give
i) 7 Cq NoN2 + 1 '
Loy _.3: i ( 2) 1 (A-29)
Jo \CZ s r 2 + n,
and
c g Y 1. C
.~ '/‘—?‘\(—-l—\, (2+n22) 2(—-; /\ i + =2 +n°
e \cl/ \Oo /- rs 5 C 1
P E / - L— A l_nl 2 ‘
. - [ 2 2 2
- 30y (nl,\Il-nl + -C—; I,lzf\\!l-nz ) | (A-30)

Method of Constructing Charts

Tguations (A-27), (A-29), and (A-30) may be used to construct
charts from which values of the speed ratio Nj/Ng may be determined
for any value of the Sommerfeld number for given values of ratio of

clearances cg/cy and ratio of radii rp/ry.

tiong to be followed in obtaining such charts is summarized as IOLlOWS

(a) Choose values for cp/cy and rp/ry

The .sequence of opera-

(b) For the values of (a), plot np against n; with

equation (A-30)

(c) Plot 81 against n; by use of equat

ion (A-27)

(d) For a given value of Sy, find the corresponding values

of ny (from curve of (c¢)) and np

(from curve of (b))

™

| Ry
l -
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rJ
(&)

"(e) Substitute these values of n; and n, Iin equation (A-29)

an? determine the correspornding value of the speed ratio
N/
l

(f) Rencat this procedure using other values of Sl to obtain
data for a curve of Nl/Nb againgt Dl corresponding to the
hosen values of cp/cy and rp/ry

In practice Sy (equation (A~27) is not a convenient variable
to use because it is necessary to know the speed N; of the floating

sleeve as well as the shaft speed NO before Sy may be determined.
A more convealent variable is

“2 K
I }.L].\O
S =/—i - (A-31)
07\ A
The quantity S, may be expressed in Lerms of SO from equations
(A-27) and (A-31) as follows:

] N /N |
= __‘J:.\_H.. !/L o+ —-;]l> = SO {1+ "—-l:' (A‘BB)
©1 /R Yo A

" This equation may be used to replot speed-ratio curves against the
Sommerfeld number SO ingtead of Sl‘ A number of apeed-ratio curves

obtained in this manner are shown in figure 3.
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TABLE I - REPRESENTATIVE OPERATING CHARACTERISTICS OF FULL-FLOATING BEARINGS

Bearing
1. 2 3 4 5}
Aggumptions: , i
Journal speed, N, (rpm) 20,000120,000120,000 Bo,ooofzo,ooo
Viscosity, u, (reyns) 5 centipoises = 0.72 X 1076 reyns
Unit bearing load, Py, (1b/sq in.) 100 100} 100 100 100
Bearing length, L, (in,) 2 2 2 2 2
Journal radius, rp, (in.) 1 1 1 1 1
Outer radius of floating bearing, ro, (in.) 1.2} 1.2 1.27 1.2 1.2
Clearance of inner bearing, c-, (in.) 0,002 0,004 0.00l‘ 0,002 0,002
Clearance of ocuter bearing, cp, (in.) 0.002| 0,002| 0.002}{ 0,001} 0,004

Clearance ratio, cp/cy 1| 0.5 2.0/ 0.5 2.0
Ratio of redii, rp/ry 1.2} .20 1.2] 1.2] 1.2

Calculated operating characteristics:

Sommerfeld number . i

Equivalent journal bearing, S, 369 9 144 ) 36 36
Inner tearing, S 49.11 10.9 222 44,11 55.5
Outer bearing, So 22,71 13,1} 33.6 56 8.4
Speed ratio, /g 0.37{ 0.2l 0,54y 0.23; 0.54
Speed of floating sleeve, Ny, (rpm) 7300} 4200}10,800} 4500110,800
Flow ratio, Qp/Q, B 2.2] 1.2] 10.8] 1.2] 10.6
Ratio of heat generated, Hf/ﬂe 0.64) 0.78f 0.461 0.78] 0.46
Temperature criterion, 7 3.5 1.5 22.9 1.5 22.9

NATIONAL ADVISORY COMMITTEE
FOR AFRONAUTICS
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Fig. 10 NACA RM No. E7A28a

(a) Rotating sleeve, unidirectional load.
%

) “ - N 1 ) , ks
(v) Rotating sleeve, rotating load ~ (e) Equivalent to (b), relative
(relative to ground). to point on load vector
ol

(d) Nonrotating sleeve, rotating (e) Equivalent to (d), relative
load (relative to ground). to point on load vector. -

NATIONAL ADV1SORY
COMMITTEE FOR AERONAUTICS

Figure 10, - Diagrammatic representations of floating bearings subjected 2
to unidirectional and to rotating loads.
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Fig. 12 NACA RM No. E7A28a
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Figure 12, = Diagrammatic representation of forces acting on Journél
bearing operating under load, showing forces upon elementary par-
ticle of lubricant in direction of motion.
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Fig. 13
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Figure 13. - Diagrammatic representation of forces actiﬁg on
full-floating journal bearing operating under load,
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Figure 14. - Path taken by center of journal as applied load
is increased. : ‘
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