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Fig. 2 Scheematic drawing of method for ipplying
Hiwsoidal] load oii lcst hearn r,

Fig. 3 Test connecting road showing photo-
electric displacement pickups

: many a~ivantages as a starting place in

galnin*; a better understanding of the fundamental
,rlnrIples. Of partiular interest is the rela-
tion of the assumptions made in reaching analyt- oscillation may be varied-relative to the fre-
1 a! solutlons to the facts of life of bearing quency of the loading.
;erforman_'e The present beam dimensions are such that the

maximum amplitude of the sinusoidal load compo-
APPARATUS nent is 580 lb. A 36-tooth spline connects the

eccentric sleeve to the eccentric shaft and the
Ttie testing na,:hlne and related equipment are eccentricity can be varied in 18 steps from 0 to

:,owr. In FIg.i. Complete details are available 0.250 in. The load is monitored continuously by
-Isew:.'ýr- (1 6 ,1_) and will not be presented here. use of four SR-4 type AB-7 strain gages mounted
Tr.'• ba~3 e.erents are the loading system shown on the tubular portion of the test connecting

rz.e.nati al.y in Fig.. and the photoelectric dis- rod, an Ellis BA-12 strain bridge, and an oscil-
;,ia #-rý r i k.ups shown in Fig.3. The machine is loscope. . ,

:.!tsi 4gne :'or appliing any combination of a steady Each displacement pickup uses two grids hay-
an,! a .3inus~idal ioad up to maximum total load of Ing 0.01-in-wide clear spaces and opaque lines. !es

L., an. tre s:haft fre"quen:y of rotation or One grid of each pickup is fixed to the connect-
)r
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PI, KUp)S in tur finches of travel; uut sin, e
the .inusotial io~dJis appliea vertically and the

4 '. ups measure trie 4-d eg omponents of thie ver-

W PO 30mWLL ti al motion, It .t a simplt- matter to adjust the
t ,MEs d.-niiitivLtCs of tne pi kups so tnat wieri operat-

I ir• at low fre.•,n ic witr. r, i ol_ ttn travel
:'r'own t.o; tu botto., of t L: . ,ara., a ,_ is z .
in tes oi t. s res l. T:-s , t:,,, :.arar, t 1r 1

I.; :..:il.2 as a I- -e .iltf- ai o; -Ir. :, r'a.'i..s an.'

tr.,b a_ , !tri r tl ratio 6 an:. attit . a , : .

re r a 1 '1'1A r vt -ý.

T ne •nomina' ,I1mt.n51oz o t. arl ar, 1,

I i. . T:.e ratio lL = a, •, 0

!: r'oW av_: :.ýves wit:. tt'.ý .ar'I: an: ..n :.at Lot:. .nir.te an! :.or: ari , :, -

suspendeJ Lj mans5 ,: , lates from tnt- C ar.f. In trr.s o: the ja: '.

ne. tIng roi anA moves wlttn tne ,ournal relat ivrt "-. t.rm 'r,: ti,. a,.ar-5 ;,

to the tearing. Type -:- bulbs and sirwite ,:ruse .. _" ,4 '." :;i.. : .- , ,

are ised to ýroviie essentlal.y ollimatul ig-.t t' ".cm s:.o t beari,:• a• ilts t,. a•. i:,

throute t:e grids. Type )2i (va2auum) pnoto-t-bes .LI 0. en' lea1a'e In ir . an: 1r 71"......:,-la

are used and ti.e over-all response i linear for :lo; 1 ie to kressare Is . ( ) ." SI:. u :.

about C. C-+ in. of travel. :,earIiw mi ;t I-, "n sI:,-bort" at,-r t,:' I " W rt..-:;

A-hieving repeatable, reliable results was into t.e onne tine ro.:, -cfferent .aran e ra-
not a simple matter. The problem of misalignment tios are a. :,ieve. Ly uzinw test s:.afts wit: :I:*-

that plagued Simons was also ;riti:al here. It ferent Jlaneter "ourrals.

is extremely diffi:ult to maintain precise -on-

zentricity of the bearing and journai at all EX(PEKIMElTAL RESULTS

times while pusiing and pulling on an oil film.
In fa.t, 5 years oi' deveiopment, with the assist- The early tests were -arried ou.t with the

ane of Messrs. J.B. Ehret, R.W. Whitlock, and bearing shown in Fig.4. 01 inlet tnrouwfh two

J.W. Brunner, who, as undergraduate students in holes on the horizontal plane was rhosen to pre-
Mechanical Engineering at Cornell University, vent loss of load-carrying :apacity due to a de-

worked on the development and preliminary testing crease in film pressure in the vicinity of the

in connection with their fifth-year projects, inlet holes. Smith (,U) carried out extensive
were required before the author could place any investigations with three :learance ratios,

confidence in the results. In this matter, the 0.00088, 0.00160, and 0.00288 in./in.; frequen-

practical necessity for having the grids located cies from 100 to 845 cpm; nominal load amplitudes

axially away from the edge of the bearing turned from 101 to 333 lb (corresponding to bearing

out to be most fortunate because any angular mis- pressures of 65 to 213 psi on projected area);

alignment is magnified at the grids and results and with oil supply pressures ranging from 27.5

in an easily recognized distortion of the trace, to 150 psi. No attempt was made to control the

Unavoidable errors in manufacturing result in a oil temperature and the viscosity of the standard

change in alignment whenever the load is changed, SAE 10 motor oil varied between 2.7 and 9 micro-

and this is the major problem in the use of the reyns.

machine. The judicious use of shims must be re- Although the presentation of Smith's thesis

lied upon to correct the alignment after each ad- is not the purpose of this paper, his results

justment. Since the measurements made are often were instrumental in dictating the path of the

in the order of 5 microin., there isn't much hope investigations that are of immediate interest and

of eliminating this problem by making new parts, some of them will be discussed here. Smith fol-

The output from one pickup is fed to the Y- lowed the notation of Shaw and Macks (18) and

axis input and the other to the X-axis input of used the dynamic Sommerfeld number

an oscilloscope, where they combine to produce a s _

dot that traces out the path of the journal in O PC-

the clearance circle. The cathode-ray tube has as the independent variable and the eccentricity

been rotated 45 deg so that the orientation of ratio as the dependent variable. However, using

the trace on the oscilloscope screen corresponds either this or the more common form

directly to the actual case. A

In use, no attempt is made to calibrate the - )
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Fig.,5 Variation of the maximum eccentricity ratio with LA UBR~ R ~
oil-supply pressure and load number Fig. 6 Variation of di~e maximum eccentricity ratio with

clearance ratio, oil-supply pressure, and load number

0c41eazS th daa intheregin o hig e~the negative pressures contribute f'ull:, to sup-
tricty atis, wi~his he egio ofmos in porting the load, and (c) that the oil flow due

~ortne o te del~ger.To voidthi dili. to pressure in the film is in either the circum-

u~tar, tosimpifyextndig th Li~usion ferential or axial direction, but not in both.

to i~Iut~ sortbearngsas wlla ne dien-Failing to fill completely the clearance
s~onless number, c'alled the load number by Ocvirk space on the unloaded side of the bearing during

~lI e ued n tis aper Th lod nr.. t:;e short time available is the main reason for

Tr' IcIT 
Rifu 

a

finding a family of curves based on oil-supply

• -6oP ( D2 • 2 •760Po (•12 (•2 pressure in Fig.5 and a family of curves based

Ut ~~ ~ (i~~t1 on clearance ratio in Fig.6. As shown in Fig.4,

wr,ere P0 is the sinusoidal load amplitude, and, the oil is introduced at the sides. Equilibrium
ex~ept for the jD/L) 2 term, it is the inverse of' is reached when the oil supplied balances the oil

tn~e Sommerfeld number, lost due to flow in the axial direction.

Fi~g.j, is based on Smith's data for a series Fig.7 shows Smith's data for oil flow as af-
of tests made with a cle0rance ratio of 0.00160 fected by clearance, oil-supply pressure, and

in./in, and a load amplitude of 157 psi. The ob- load. The actual flow rates have been adjusted

vious -onclusion is that neither the long-bearing by multiplying by the ratio of the actual viscos-

nor the short-bearing approximation is adequate. ity to the viscosity at 80 F to minimize the ef-
The major deviations are that the actual bearing fect o2 viscosity on flow rate. The data are

operates with a considerably thinner minimum oil meager but it seemts apparent that the clearance
film and the oil-supply pressure is a major fac- and oil-supply pressure are the major factors and

tor, although neglected by both theories, the load magnitude is relatively unimportant.
Fig.6 is also based on Smith's data and il- Snitrn also snows that the oil flow rate is prac-

lustrates the effect of clearance ratio on per- tically independent of the load frequency. These

fortance. The most significant observation here results are consistent with the observations re-

is that, at least for the zlearance ratios used, fated to variation of eccentricity with clearance

neither approximation adequately accounts for the and with oil-supply pressure. For the smaller
effect of clearance ratio. i t should also be clearances, with very little oil flow, even the

noted that the greater the clearance, the thicker maximum pressure does not provide sufficient flow

the oil film, and that the curve for the 0.00288 from the two holes to maintain a complete (2f)

clearance ratio with 150 psi oil-supply pressure oil film. When the clearancv b s increased, the

corresponds closely to that of the short-bearing oil flow due to the supply pressure is increased

approximation. Also, it should be noted that the and it is more nearly possible to keep the clear-

results for the small and medium clearance cases ance space filled with oil at all times.

lie fairly close together while the results for Recently a series of investigations has been

the large clearance case lie orf by themselves, made with a modified bearing to provide (a) more

The deviations from the theoretical curves insight into the problem o of il supply, (b) per-

appear to be due to the inadequacy of three as- formance data for operation at higher load nun-

sumptions: (a) That the clearance space is at bets, (c) data for determining the reasonability

all times completely filled with oil, (b) that of the assumption of a 2i film, and the resulting

Fig. isals baed o Smth' daa an il Smttials snos tat he il fow ateis rac
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Fig. 9 Comparison of results for the modified (grooved)
_____bearing with'those for original bearing
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RADIAL CLEARANCE, IN.

Fig. 7 Variation of oil-flow rate with
oil-supply prcssurt and radizil clerance the latter being the same for both series of

tests.

Another variation in test conditions is tnat

Smith used an SAE 10 W oil with a viscosity of

o.2"OIA ROTARY FILE 4.27 microreyns at 10J F whereas the oil used in

the current tests has a viscosity of 5.46 micro-

reyns at 100 F.

Theoretically both the clearance-ratio and
viscosity variations should be accounted for by

-1- the load number, but since Smith's results point
out the inadequacy of the load number in these

respects, they cannot be ignored when making al-

rect comparisons of results.

The effect of adding taie oil grooves is

graphically shown in Fig.9 for the medium c'lear-

ance case. The most striking observation is that

the effect of oil pressure is mucýh less with the

grooves than with the holes only. Even a supply
-ontribution to capacity of high negative pres- pressure as low as 10 psi (a condition for which

sures in the oil film, and (d) data for uetermin- Smith presents no results) gives results compara-

ing whether or not it would be possible to corre- ble to those with 150 psi supply. It should also

late the experimental results with a mathematical be noted that in comparison with Smith's data the

model based on the Stefan equation for approach- oil groove results in appreciably lower values

ing flat plates. of (max when the oil supply pressure is low and

Oil grooves were cut Into the bearing, by use in appreciably higher values off max when the oii

of a spherical rotary file as shown in Fig.8, to supply pressure is high. Apparently at low pres-

increase the flow of oil into the unloaded side sures the grooves' assistance in filling up the

of the bearing. This increased flow is at the space on the unloaded side more than compensates

expense of a loss in load-supporting area, due to for the loss in area, while with a high (150 psi)

the grooves extending down into the region in pressure supply, the holes provide a more nearly

which the squeezing action develops pressure in adequate oil supply and the loss of area becomes

the oil film. significant.

During the interval between Smith's tests and A comparison of the curves for the oil-groove

those to be discussed, the Sibley School of Me- runs shows that lower pressures give greater val-

chanical Engineering moved into a new building ues of E max at low values of NL while the reverse

and one of the few items lost during the moving is true at high values of NL. Low vaiues of NL

operation was a parts box containing two shafts correspond here to high frequencies of load vari-

for this machine. Consequently new shafts had ation and the time interval seems to be too short

to be made. The resulting clearance ratios are for the low-pressure oil supply to fill complete-

now 0.00075, 0.00195, and 0.00288 in./in., with ly the unloaded side of the bearing. High values

6
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Fig. 10 Variation of maximum eccentricity ratio with LOA D NUBER •--P(•j2({l 2"'
oil-supply pressur., clearance ratio, and load number Fig. 11 Variation 0 the maximum eccentricity ratio

for'the grooved bearing with clearance ratio, load amplitude, aid load numbe.r

for t157 PrSI21d PS 262rilPS

of NL correspond :•ere to low frequencies of load relationship of clearance to oli supply. Smitr,'s

variation and one would expect the curves to be tests were made with clearance ratios of O.000ouc,
closer together -- wlthi possibly slightly greater C.00160 and 0.00288 in./in. while the grooved-

valses of era with the lower pressure oil sup- bearing tests were made with• ratios of O.0C07•-,
p&. Actua~ll, the reverse is true and 02 is 0.0l95 and j.0028 8 in./in. In Smith's case, the

gecater for the liigr: pressure supply. This will oil pressure has been shown to have the greatest
be again referred to below but, for the present, signifiWance. Combining this with a larger value

It is suffi~ lent to say that it is felt that the for the small c'learance and a smaller value f'or

explanation lies in the fact that since there is the medium clearance, one might expect that a low
no positive control of the oil temperature, the Wressures the supply of oil to the unloaded sie
temperature of the oil supplier' to the hearing is n the bearing would be cuite small for both the
:losely related to the pressure and clearance, small and the medium rlearances, wuiie at ig.
In these tests the viscosities at the higher val- pressures, the medium clearanm e bearing woulad re-
ues of NL were 4.s , 7.9, and 8.0 frcqoreyns for :eive a more nearly adequate supply and would
t ie 150, 27.5 and 10 psi cases, respectively, therefore perforw, better. Tae curves in Fi -:.6

Again, this may be interpreted as evidence point- are in complete agreement with becth hypotheses.
,og to the inadequacy of existing theory. When the grooves are added, the oil supplied

Fig.l0 is a plot of results for runs made to the unloades side of the bearing is almost
pith 27.5 and 150 psi oil-supply pressure for the equalized for all clearan:es and pressures. The
tree clearanc tseratios. ncopar . these major deviation is for the smawll clearan-e ratio
curves with those based on Smith's data, Fig.6, of 0.00075 I n./in., but, even here, the deviatuon

:Ior operation under comparable :onditions a nun- from the results for the large alearance case is
..er of differences are immediately apparent: (a) ih less than forces pe wit es only anl
Tne large-clearance curves with hhat-pressure ol a somewhat larger clearance ratio of 0.000lde in.i
supply now deviate muoh more from the short-bear- is . The difficulty of supplying suffioient oil
Ing prediction than before the grooves were added, with the very small clearance is further empha-
(b) all points lie mvuch more closely together, sized by noting in Fig.l0 that the ecientricity
(c) the medLun,-clearance points now agree more ratio curve for t aequ 0 psi oIl s.p an falls a-
closely with those for the large-clearance 1ase, prrp iiably below that for tThe cu rsi oFl supply.
and (d) values of bm I = 1.0 were noted at the The great difference in behavior with very
highest load numbers, small clearane ies areadily noted in a sualita-

Observations (a), (b), and (r) are all re- tive manner by operating with some oa i supply
fated to the effect of the oil-groove on the oll pressure until equilibrium is reacned and tpen
supply and on the loss in load supporting area. shutting off the oil and observing wat happens.

The explanation for the shift in agreement For the large-clearance case, the maximum e icen-
between the results for the i mall and medium tricity ratio increases to n.t in a few seconds,
clearances with the oil holes only to agreement as evidenced both by observance of th0e tra:e on
between tne results for the medium and large t he oscilloscope screen and by a loud, snarl
clearances with th e oil groov es again in the kno kin r souny. The meclir.-clcaran i fu asrh e-



1 1.O __ ; ' Itacted the bearing surface through a breakdown
SE of the oil film. However, a distinct knock could

0A _be felt when placing one's hand on the top of the

connecting rod.

Fig.ll compares results for tests made with
/ three load amplitudes; 157, 213 and 262 psi.

31 W t Since practical bearings operate with relatively
0.$ N_ , low oil-supply pressures and since the effect of

\ . oil pressure on the bearing with oil grooves is
k 0• -" -not great, the only data considered here are for

0 W/luW n/W 27.5-psi supply. Again, as in Fig.lO, there is
TIM, SEC some scatter of points for the medium and large

Fig. 12 Variation of eccentricity ratio with time as pre- clearance-ratio cases. However, if the points
dicted by Burwell (3) for a sinusoidal load for the 262-psi load amplitude and large clear-

ance are ignored, the remaining five sets of

points plot as one curve while the points for the
small-clearance case lie close together but at a

considerable distance from the other curve.

OBSERVATIONS RELATED SPECIFICALLY TO THE THEORY

•CCCXTa T-, 1*o 4 Aside from the very practical and important
0 0 consideration of filling the space on the un-

loaded side of the bearing with oil, the major

possible sources of difference between the pre-
uActions of the theories available at this time
and the observed behavior are (a) the assumption
of a complete (2n) oil film and (b) the assump-
tion of a bearing with either infinite or zero

length.
There is general agreement that oil films in

Fig. 1.1 Experimentally determined variatio! Journal bearings cannot carry a tensile stress
and cavitation exists in regions where th6 abso-of eccentricity ratio wtth time for a sinu-
lute pressure is less than the vapor pressure of
the lubricant. Thus, in practice, cavitation is
to be expected in all but very lightly loaded
bearings (21, 22).

.oc,•:'a• ~:.re se oucs ;•al-to-rnetal Fig.12 shows the relationship between I_ and
:j.a t is stil- maie in a very s.ort tire. For P as functions of time according to Burwell's
t:.e vvry small :learance, the eccentri:ity ratio (2) development of the short bearing approxima-
in-reases mui. more slowly and will still not tion. Fig.13 is a photograph of 6 as actually
.. ave rta:aeed l.Q at the end of 30 min. The ec- observed, including the effects of deflection.
entri:ity ratio will increase somewhat faster, The difference arises because theories based on

rut only to a slightly larger value, on the top a 27T film, and thus support by negative pressure,
sle. Apparently, the clearance is so small that result in curves for E that possess a type of
2apillary action keeps the oil not only from be- symmetry about the peak load, or wt - n12,
Ing squeezed out and lost but from even running whereas in reality the negative-pressure support
down under the force of gravity, is negligible and the entire curve looks some-

In terms of fundamental behavior, observation thing like the last half of the theoretical curve.
(d) is particularly important. In more detail, On the basis of these figures It sec!.= obvi-
ýIax = 1.0 was noted at the two highest values ous that there is little point in pursuing much
of NL and this value was approached far more rap- further analytical studies based on a 2v oil
Idly than either theory predicts. Because of the film.
inherent problems of misalignment, calibration At the same time, the knowledge that only the
of the oscilloscope pattern, and reading the de- positive pressures materially contribute to sup-
flection on the oscilloscope screen, it is rather porting a load led directly to the analogy be-
diffic-ult to prove that the Journal actually con- tween the Journal and bearing and Stefan's (7)



solution for approaching elliptical flat plates.

The analogy could not be expected to be perfect
because (a) the projected area or even the de-
veloped area for a bearing is in general a rec- +
tangle, not an ellipse, and (b) the film thick-

ness between the journal and the bearing is not

uniform over the entire area. The shape of the

area was not felt to be too critical because it

should be possible to work with an equivalent el- (a8 t t* (b) t,-t.tAt

lipse, with the constant of proportionality de- Fig. 14 Film thickness definition
termined empirically. The importance of the var-

iation in film thickness was actually given rela-

tively little thjught until later but it seemed

logical that again an empirically determined con- The relationship of the area of the equiva-

stant would allow for its effect. At the same lent circle to the projected area of the bearing

time the use of an equivalent area based on ex- with L = D is

perimental results would take into account the

actual pattern of oil flow from the finite length

bearing. SR •22 (2)

FLAT-PLATE ANALOGY from which 1 /2 )
e R2() (3)

The usefulness of this analogy lies in the

relative ease with which the film thickness can Substituting for Re in equation (1), gives

be calculated for any type of loading. Assuming

the projected area of the bearing to be the logi- R- .--'2(4

cal basis for comparison, the solution for ap-

proaching flat rectangular plates would appear In terms of the unit loading P = W/4R2 equation
to be most desirable. Since the solution for (4) becomes

this case dops not exist it becomes necessary to dl P O
consider the next closest approximation for which dt 6,k2 (5)

a solution exists, approaching ellipses.

At first glance, ellipses appear to be a rea- For the particular bearing used here R ='0.625

sonable approximation in that one axis can be in. and equation (5) becomes

made proportional to the bearing diameter and the dl . l3 (6)
other to the bearing length. The difficulty in- -• 2

herent in this approach is that if the total area

is kept constant, the behavior predicted would be Assuming, as a first approximation, that k

the same for a bearing with L/D = 1/2 as for a 4.s a constant, separating the variables gives

bearing with L/D = 2. Expericence has shown that 1 - P d (7)
end leakage decreases the load capacity when car- ;3  ,k2

rying a static load with a rotating journal and which upon integration and rearranging becomes
it did not seem likely that the behavior of a

squeeze-film bearing would be independent of the L. 2- (8)
value of L/D. The actual significance of L/D b2 -0J

will be discussed later but for the time being

only the ratio L/D = 1, corresponding to the test For a oul bearig a wle t tc

bearing, need be considered. In this case the ness of the o l ured t the point

equivalent flat plates become circles and the closes a cot ual t te bearing
rateof hane offil thcknss wth imemay and new initial conditions must be used each timerate of chang e of film thickness with time may t e l a e e s s d r c i n o x m l , i

be shown to be the load reverses direction. For example, in

M 3 (1) Fig.14 the journal position is shown at time to
at * in (a) and a short time later in (b).

For steady-state operation with a sinusoidal
where Re is the radius of the equivalent circle l..ad when h = ho at t = 0 and P = - Po sin UWt,

and W is the load. W will be a negative number CO 2.68P+• 4..--8!--. -, , +,, o, ÷ - ._ (9)
because its direction is opposite to that of pos-. - 2 (2

itive h. ho

9



14
Values of k are shown in Fig..li: as Anctloiiz

1.2 Of hoin/C or 1 - MaX. Thu observations of most
0 _+-V interest ar. that (a) k is not a :onctant but

t -.. •-- -• .... . _ .. .... varies with film thickness and clearanc e, (b) al_
2o.5 PSu .'urves rean zero at zero film thiiknuzs, anki ()

.XI8- values of k were found to ex:cua l.d.

a - As poirstua. out previouslý * tne ci vfc ýt of
0.6 -learane is i,iost apparent for tixvcrr L.:Lali

o. 0 'Clearance case. However, in geunral, c:aLIes'

•0.4 -t. P clearances result in a decrease in relative uf-
C/R P6

7 1,7PS1 213PSI 262PSI fectiveness, particularly for thicker filrs. Tiie
(12 0.00075 0 -

0.00195 0 + a reason seems, again, to be simply that the great-
0.0028 & X 0 er film thicknesses are developed at higher load

0
0 0.1 0.2 03 0.4 0.5 0.6 0.7 O.s 0.9 1.0 frequencies and with small clearances the resist-

KN/C ance to oil flow is so great that the unlbaled

Fig. 15 Variation of area factor with clearance ratio, load side cannot be filled in the short time available.

amplitude, and ratio of minimum film thickness to radial From a practical viewpoint, triis is not .riticd.

clearance. Area factor assumed constant during each test The agreement between the medium and large clear-
ance curves is good in the region where operation

,,nay be critical; i.e., 6 0.7, or h /iniC <0.3.

Although the small clearance appears to be

rather inefficient in terms of k, it should be
noted that even under the most extreme test con-

ditions (a load magnitude of 262 psi and a load

frequency of only 105 cpm) 6 never exceeded 0.75.
Since the experimental curves indicate that k is

not a constant but is a function of h/C, the val-

Fig. 16 ues plotted are significant only for sinusoidal

loads and represent some sort of an average over

the total displacement.
The major reason for k, and thus 2, ap-

The minimum film thickness hmin occurs when

u-t = 180 deg and proaching zero as h approaches zero lies in the
geometry of the cylindriucl surfaces. For exam-

1----"% 1 (10) ple, as shown in Fig.16, the film thickness is
hm.,2 7•o•%2 more nearly uniform when the journal is relative-

Solving equation ( for k gives ly far away from the bearing at hI than it is at
( 10) Po .1/2 h 2 when there is almost metal-to-metal contact.

_(.___ ,(11) Thus, although the total capacity may not be as
S1'2 great, hI is a better approximation to an effec-

tive film thickness than is h 2 , which would be

where, in terms of experimental measurements appropriate only over a small region near the

ho -C (1 +•) (12) point of closest approach.
If the effective area is to have any practi-

and cal value to the designer, a better estimation
h'J' - C (1 - _a) (13) of the relationship of k 2 to h/C is necessary.

2 Letting kI2 = f(h/C), equation (6) may be rewrit-

Values of k2 and k were calculated for the ten as

grooved bearing with 27.5 psi oil-supply pressure (14)
and for the three clearance ratios of 0.00075, !(h/C) •h - p dt

0.00195 and 0.00288 in./in. and the three loads o
or .

of 157, 213 and 262 psi, the data being the same f(h/C) 13/4Ph 3

as used in plotting Fig.ll. Although k 2 is the v h/c) (15)

more important from the load-capacity viewpoint,

k, which is a measure of how effective the actual The straightforward approach is to substitute

bearing is relative to the flat plates, offers experimentally determined values for h3 and dh/dt

more insight into fundamental behavior and will and known values of P into equation (15) and

be considered here. solve for f(h/C) = k 2

10



This sounds relatively simple and attempts 11 _ ý -- --- ' '
have been made and are continuing to Le made to .•Vt7 -
arrive at satisfactory results, but the problems .- AREA FACTOR [ _

become rather formidable in terms of compensating 2o._

for shaft deflections, graphically differentiat- FR FIG. 11

Ing for dh/dt, and above all accurately measuring - -* ' -

h In the important region where h <100 micro-
inches . 9 0.2 .. . . 4 • ..

Another approach is to apply curve fitting----
by assuming a form for k 2 

= f(h/C) and solving - -
0 20 40 60 so 100 120 140 lE0 1S0

for the constants by using the sinusoidal test

data. Here the first step was to plot the values LPOA ,MR L

of k 2 for the medium and large clearance points. Fig. 17 Comparison of arca-factor prediction with cx-

The resulting curve had no direct significance pcji cntal results
in itself but it indicated that, although there

might not be a simple expression that would cover

the entire range from 0 !Sh/C :!12.0, a curve of

the form
k2 .A(h) (16)

would be a reasonable approximation, at least in

the region where h/C <0.4. Since the load ca-

pacity of the squeeze film is appreciable only

for very thin films, it was felt that the error h

introduced at large values of h/C might be negli- \ I

gible and far outweighed by the convenience of Fig. 18 Model for squeeze-film

being able to solve equation (14) directly for h lubrication with zero rotation of

for any type of loading; e.g., square-wave, load, shaft, and ournal

steady plus sinusoidal, and so on.

Substituting equation (16) in equation (14)

and simplifylig gives
hE-3dh . P' (17)

A&&

Integrating equation (17) for P = - P0 sin wt, W

substituting limits, and rearranging gives

1 1 2.68 (a-2) cA p (18)
hA Vw 0

Then, data corresponding to two points on the
curve of k 2 versus h/C were selected and equation

(18) was solved for a and A. The resulting ex- Fig. 19 Bearing treated by Fuller (15)

pression for. k 2 is
k .4 b 1.72

2..6 (i (19)

The curve for the relationship in equation
and equations (17) and (18) becomes, respectively (22) is given in Fig.17 where it may be compared

h-1.26dh 0.545 cl'72 P d, (20) with the experimental curve reproduced from Fig.

b h 11. The agreement between the curves is in gen-

and eral quite good. In fact, if the equation (22)
0.305C 1 "72 P curve is drawn in Fig.l1, it will be found to lie

_7 0-- (21) within the scatter of points, except for low ec-
"hm h. centricity ratios.

Upon substituting equations (12) and (13) for ho The maximum value of k from equation (19) is

and hmin, making other substitutions, and rear- 2.85, which at first seems to be ridiculous. Un-

ranging terms, equation (21) becomes simply doubtedly, k is somewhas too high for larger val-
ues of h/C. This is indicated by the prediction

(1 - 1 (22) of lower eccentricity ratios at low values of NL

( AX than actually observed. However, even here the



0 
L dh/d't [K]

70 (C/R) /

6( E2) /3 1 22/2"

50 FLAT PLATES (1- , .,E

a.o 1.0 A comparison could be made on the basis of
K-_ I assuming a constant value of Wi/dt for both casesIo _and calculating W as functions of E only. How-

3 ever, it is also a matter of considerable inter-
est to compare the capacity of the squeeze film

to_ __with that of the wedge film of an ordinary jour-

F nal bearing carrying a static load. For this

10 F•.A FULALC .O• - purpose the assumption of a constant velocity of
AREA FACT-1 approach is too unrealistic, simply because the

I IL 4-- JL±- -L - physical limitations require dh/dt -->0 as h -)0.
0 02. 0.4 0.6 0. 1.0 .2 1.4 1.6 1.6 2.0

h/c Although no absolute comparison can be made, a
Fig. 20 Comparison of load capacities predicted by the area- fairly realistic basis for a relative comparison
factor equations, Fuller's (15) equation, and flat-plate equa- will be to let the velocity vary directly with

tion film thickness; i.e., (dh/dt)/h = constant.

Rewriting equation (25) in terms of P and

(dh/dt)/h gives for Fuller's case
difference is not great and, therefore, it seems R (dkS8

reasonable that the error in k is also not great. 2 F) (F) h [K] (24)

Again, from a purely practical viewpoint, this
becomes inconsequential because low values of NL Similarly, rewriting equation (5) in terms
correspond to low values of Emax where operation ok 2  2.6 and solving for P gives

is not critical. for the area-factor case

However, the really significant conclusion 2 h )(-28 (25)
based on the variation of k with h/C is that the PE',69 Z () (& (

model of approaching flat plates is not the prop- Letting

er one to use in the first place, for two impor- R)
2 (_d (26)

tant reasons; (a) The effect of curvature on the 4 ( "1 p(i

effective value of h as discussed previously, and

(b) the fact that the bearing clearance space is equation (24) becomes

a closed system if end leakage is neglected and p • (•) [K]pi (27)

almost closed even if end leakage is considered.

A more appropriate model is the loose fitting a t )

piston with curved ends in a cylinder shown in P - 4.69 ( pk i (28)

Fig.18. Downward motion of the piston results

in the development of a pressure because of the Curves calculated by use of equations (27)

ordinary squeeze effect previously considered and and (28) are shown in Fig.20. The main observa-
because of the pumping losses in moving the oil tions are that both curves have the same general

from underneath to above the piston. For this form and that the area factor curve indicates

model, the pumping losses are independent of h less load carrying ability than does Fuller's so-

and the squeeze effect becomes appreciable only lution.

when h becomes very small. It is apparently a Although Fuller's solution, in its present

very fortunate coincidence that the empirical re- form, cannot be extended to values of h/C > 1.0,

lationship for k adequately expresses both ef- the similarity of the curves is so great that it

fects. Further evidence of the validity of the seems only reasonable to expect the extension to

above conclusion is given by a comparison of continue in much the same manner as does the

Fuller's (15) solution for the half-bearing with area-factor curve.

the experimental curves. Fuller considers the The lower capacity shown by the area-factor
case in Fig.19. Here the eccentricity ratio can curve is to be expected because it is based on
vary only from 0 to 1.0 and end leakage is con- experimental results and includes the leakage ef-

sidered to be zero. His expression for the in- fects due to the finite length and the oil

stantaneous load capacity is grooves, neither of which is considered in

12
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Fuller's solution. It should also be noted that Fig. 22 Comparison of the relative capacities of the squeeze
if Fuller's solution were to be interpreted in film and wedge film as functions of ratio of film thickness to
terms of the area factor, the values of k would radial clearance
be considerably greater than found experimentally
and therefore finding values of k greater than
2.5 is not at all unreasonable.

To emphasize further the great difference be- tics, a comparison based on the instantaneous ca-
tween the flat-plate analogy and experimental re- pacities of the films as functions of the Journal
sults, a curve showing the relative capacity of position in the clearance space is far superior
two circular plates with areas equal to the pro- to the comparison Just made on the basis of si-
jected area of the bearing has been included nusoidal loading. However, even if all other pa-
in Fig.20. The flat-plate curve intersects the rameters are held constant, the squeeze-film load
area-factor curve at h/C = 0.59 where k for the capacity, equation (25), is a function of both
area-factor case equals 1.0. the position of the Journal and the velocity with

which the Journal is approaching the bearing,
COMPARISON OF SQUEEZE-FI14 AND WEDGE-FIIU whereas the load capacity of the wedge film is a
PERFORMANCE CHARACTERISTICS function of only the position. Therefore, again,

it is impossible to compare the squeeze-film and
Onm basis for comparing the performance of wedge-film capacities in absolute terms and any

the squeeze film with that of the wedge film is relative comparison must be qualified by the as-
to compare the value of Emx for a sinusoidal sumed conditions. Here, the basis for comparison
load with zero rotation and a load frequency of is that (dh/dt)/h is a constant for the squeeze-
N cpm with 6 for a static load equal to the am- film case and that the wedge-film capacity is
plitude of the sinusoidal load and a Journal equal to that of the squ-eeze film when C = 0.9,
speed of N rpm. Furthermore, since the area-fac- or h/C = 0.1. Utilizing equation (25) for the
tor curve is based on experimental results, the squeeze film and Fig.21 for the wedge film, the
comparison will have more significance if the capacities relative to that at h/C = 0.1 have
wedge-film curve is also based on experimental been calculated and the curves are presented in
results. Fig.21 compares the wedge-film experi- Fig.22.
mental results of DuBois, Ocvirk, and Wehe (20) In general the conclusions drawn from Fig.22
with the area-factor curve given by equation are the same as those drawn from Fig.21. How-
(22). As can be seen, the squeeze-film case ever, showing the capacities as functions of the
gives smaller eccentricities, and thus thicker film thickness emphasizes the different charac-
films, for 6 <0.9 and larger eccentricities for teristics of the two films. The obvious, and
E > 0.9. The superiority of the wedge film for very important, difference is that the squeeze-
values of E > 0.9 is graphically shown by the film capacity is appreciable over the entire
wedge-film curve being almost horizontal while range of hiC while the wedge-film capacity be-
the squeeze-film curve is still approaching E = comes appreciable only when h/C is small. Noting
1.0 at a rapid rate. the rapid increase in the wedge-film capacity

From the viewpoint of gaining a better under- with decreasing film thickness leads to the ob-
standing of the fundamental behavior characteris- servation that for thin films, the wedge film is

13



much more effectlvc than is the squeeze film. nal 2teaud-staut puoltlun :ut u-vi-r Ji,:

In a practical situation the casu often wedge film :arryini; t:,u ch:tlrt .c§-1 .u.

arises in which a bearing carrying a static load tbat time th,. load ziumuetr wo;,i b,- _ob, .j

is subjected to a sudden increase in load that and from Flg.21 the new u •[.tri it, rdalo * I.

arts for a relatively short time. Numerous au- bu about 0.)43. If the rapi..Ij ii ia••; ava -

thors have discussed this in terms of the squeeze ity of the wedge film aniA ttie Aow irL Ii.

film carrying all of tbe suddenly applied load. ciapacity of the squeeze film art 1,nurcz, ( :.

A better approach would be to consider that the time required to move from F = 0.)" to f =

instantaneous load capacity is the sum of that at the initial rate of 9.85 in./iri./6e, is oni,

due to the wedge film and that due to the squeeze about 0.0013 sec.

film. Since the squeeze film requires a velocity Since it is impossible to apply sucti a Loa,

dh/dt in order to develop pressure, the eccen- instantaneously and since the load that must be

tricity ratio will increase and the wedge-film carried by the squeeze film decreases rapidly as

capacity will also increase. The question then the wedge-film capacity increases with iný:reasing

is - how is the load distributed between the eccentricity ratio, it becomes obvious that any

fi lms? step-by-step procedure would have to be done In

One of the major difficulties in combining terms of time increments in the order of tenths

the load capacity of the squeeze film with that of a millisecond and that for all practical pur-

of the wedge film Is that relative motion between poses the effect of the squeeze film is inconse-

the journal and bearing is along a radial line quential and can be neglected.

for the squeeze-film case, while it follows ap- For thicker films, for example, when the in-

proximately a semicircle for the wedge-fi.m case cremental load acts in the opposite direction to

(20). Although there is no experimental evidence the static load, the wedge film has relatively

confirming this, it is felt that for a heavily little capacity, it may even be negative, and the

loaded bearing, i.e., 6 > 0.9, no serious error pumping action of the squeeze film will effec-

will be introduced by ignoring the difference in tively help support the load until the journal

paths of travel with increasing load. The dis- approaches its new steady-state position.

cussion below will offer a logical basis for this.

Equation (25) may be used to calculate the SIGNIFICANCE OF L/b

velocity dh/dt required, under a given set of

conditions, for the squeeze film to support a The remaining major factor is the effect of

specific instantaneous load. However, as a mat- the ratio of length to diameter on the perform-

ter of convenience, it is desirable to work in ance of the squeeze film. Since only the ratio
terms of the rate of change of the eccentricity L/D = 1 has been used in tests to date, all con-

ratio. By definition clusions must be inferred by comparison with the

-. ic (29) wedge-film case for which DuBois, Ocvirk, and
Wehe (20) have reported experimental results for

and, therefore, (30) ratios of L/D from 1/4 to 2. There is no appar-

C -- ent reason for expecting end leakage to have an
appreciably different effect on the load capacity

In terms of dE/dt, equation (25) may be rewritten of the squeeze film than it does on the wedge
as film. Therefore, until proven otherwise, it is

- (C) (31) suggested that the designer follow the recommen-

dations of DuBois, et al, which are simply to

To illustrate a possible approach to consid- calculate the load number by using the actual

ering both squeeze and wedge films at the same value of (L/D) 2 when L/D <1 and to let (4/D) 2 
-

time, let us consider a bearing under the follow- 1 when L/D 1. For loads other than completely

ing operating conditions: P = 1000 psi, N = 1000 reversed, the load number has little meaning and

rpm, C/R = 0.00288 in./in., L/D = 1, andp= 6.0 the designer must work directly with the load ca-

microreyns. The load number is calculated to be pacity of the squeeze film. In this case the

83 and from Fig.21 the steady-state eccentricity procedure would be to modify equation (25) by

ratio is found to be 0.93. Assume now, although multiplying the right-hand side by (L/D) 2 to give

it is a physical impossibility, that the load is • (L (b)" ( (32)
instantaneously increased to 2000 psi. Thus, in- .

stantaneously the incremental load of -1000 psi
must be carried by the squeeze film and from and to follow the above recommendations with re-

equation (31) d•/dt = 9.85 in./in./sec. The fi- spect to the value of (L/D) 2 .

14
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