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ABSTRACT

On o few occasions thrust bearings composed of two opposing flat
parallel -surfaces, have shown some indications of fluid £ilm lubrication.
This behaviour ia in contradiction to the classical lubrication theoxy,
which requires some geometrical restriction or 'taper wedge' effect in
the beaiing clearance in order to produce a load-carrying oil £ilm,

A tentativa explanation by PFogg suggested a 'thermal wedge'! effeot in
which the regiriction to oil flow in the bearing ie caused by thermal
expansion of the fluid as 1t passes through a apace of constent area,
Theoretical analyses of the problem have confirmed the thermal wedge
as a poésible contributing factor in developing a load-bearing Lluid
film, but no direct correlation of theory with practiice has previously
been made,

Towards this end, the theoretical analysis of the thermal wedge
effect in a paréllel surface bearing has been extended in this thesis to
include the important effect of side leakage. Genexsl equations for
temperature distribution, and for bearing pressure and load-carrying
capaclty for a sectoi pad héve ﬁeen develaped; and f£rom these were
obtained characteristie equations which.oan be applied direotly to an
actual bearing, end which can be used to produce theoretical performance

curves,



Ve

A high-speed experimental apparatus was designed and bujlt
and tests were conducted on a parallel-surface thrusi bearing, over
a wide range of operating conditions. Readings of bearing friction,
load, film thickness, oil flow and temperatures around the bearing
were taken for a large number of tests.. The maximum bearing pressure
which could be oarried withoul excessive friction and temperature
rise wag about 60 to 70 psi, which is in accordance with valuee
for the old-fashioned horseshoe marine bearings. The experimental
resulis were plotted and compared with the theoretical performance
ocurves, Although a certain smount of scatlier is evident in the
experimental points, sufficient correlation is shown to confirm the

thermal wedge behaviour, within the range of test conditions.

It 18 concluded that the thermal wedge effeot does exist and is
of importance in a parallel surface bearing at high speeds and low
loads, However, in order to produce a high load-carrying capacity, a
parallel surface bearing of a type similar to the test bhearing would
be required to operate with a £ilm thickness of about 0,0002 inches and a
~ temperature rise around the bearing pad of some 300°F. These values
are outside the limite of normal Llubrication practice, and thuas it
would seem that, while {the thermal wedge effect may be of interest
in certain high-speed low-lomd applicationgy it i® not importent in

normal thrust beafing practice,
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NOMENCLATURE

The following symbole are used throughout the text., As far as
possible, standard symbole are used. Any symbol not listed is defined

vhere it first appears.

Xg Yy 2 Cartesion coordinates

Uy Vy W Velocities in thelx, y and z directions
U Velooity of the moving surface

P Pressure

P Density

M Viscosity

t Temperature rise above inlet

T Temperature or Torque

h Pilm thickness

q Rate of Flow

B Internal Energy

7at Specifio Heat

J Mechanical Equivalent of Heat

A Coefficient of Thermal Expansion
B Coefficient of Viacoaiﬁy Variation
ry & Polar Coordinates

T . Shear Stress

w | Angular Velocity

a Iﬁcluded Angle of Sector Pad

b Bxpansion Coefficient related to bearing angle.
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A, By C Constants of Integration

Qy Ky Gy & §n Funotions defined in text

L Lgngth of Bearing Pad

P Non-dimensjonal Pressure

D - Non-dimensional Dengity

M Non-dimensional Viscosity

Ry ® Non-dimensional Variables

_a; Grid size in relaxation proocess, or

Influence Coefficient.
P Residual Coefficient or Foroe

W Load on Bearing




CHAPTIER I,

I. 1. Introduction.

Note: The experimonbal work for this thesie was done during
the period, Jenuary 1954 to August 1956, and the thesls
was compiled befors March 1959,



1.
CHAFTER I

Te 1. Introducilon

Since the problem of hydrodynsmic lubrication was fivaet
analyged by Osborme Reynolds in 1886, perbaps the most imporiant point
to emérge from the development of hie work is the principle of the
"{apexr wedge.g;.whia postulates tThal fluid £4ln lubrication is nol
poesible unless there 4o a geometrical restriction of the clearance
9pﬁeéﬁietwaen e bearing surxfaces in the dirvection of relative motion.
The resiriction may be arvanged, by uweing t1l¥ing pads or L£ixed taper
lands ag in dhrust bearings, or may happen fortultously as in ths case
of a Journal bearing where the restriction occurs when an applied load
causes the journal to run seccenirieally im the bearing. Or indeed,
gtrietly speaking, the xeaﬁriotion ney not be tapered, as bearings with
various non-linear functions of film thickness variation, including a
gtepped surface bearing, have been operated quite successfully.
Specifically the geometvical '"taper wedge" requirement precludes %he
posaibilidy of film Jubrication existing between two parallol surfaces
in relative motion.~

Experimental_&atg and praciical experience of perallel=.
surface thrust bearings, which were in general use before the
introduction of the Eichell and Kingsbury tilting pad bearings, generally
agreed with this conclusion. Any thruet load which these parallel
bearings did carry was at low speceds with bigh friction coefficients, and
could be afttribulied 1o boundary lubrication and the oiliness of the
lubricant, Although some discroponey was noted (Newbigin (1) end Iasche (2)

in that parallel surface bearings somelimes performed better than expected,
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the phenomenon haé no definite characteristics and was nol examined
in detail.

It was not uﬁtt& 1946 that a positive aentéibuﬁion Qaal
made by Fbgg (3) who reporbed high load carrying capacity end low
friction in perallel thrust bearings operating at high rotational
specds. Because the work was done under conditione of var-tife
secufmﬁy,”Many detaile of the running ecnaitiané, dinensions of the
bearinge and results obtained were not reported in full. However,
from the mmgnitude of the loads carried, the low coefficients of
friciion, the absence of metallic coniact and a general relationship
between fricﬁion and the visoosi%yuapee&-lvad parameter, enough
evidence was produced to suggest that £ilm lubrication did occur (Fig.l).
Tt wae stressed that the bearings were plain annuler fings with white-
melalled faces, in which a number of sharpwedged grooves were cub
radially across the surface, Hyexy effort was made to ensure that
there vas no geometrie taper present. The 0n1§ apparent difference
be#wa@n fhe testfbégg;ng and the sald-~fashioned parallel surface
bearing ﬁas that very high roiational specds were used, &@h@ actual
gpeeds were not reported, but it¥ has since been.learned thét the test
apeeds vere about_i4,ﬁoo and 19,000 rpm)e A ﬁentaﬁivé.explanatian
of ﬁbe:resulta vas giﬁeﬁ, which suggested that a pxséﬁure wag developed
because of the differeniial expansion of the lubricant ag it passed
through the bearing, 1In effect, & restriction was caused, o by
paseing o constant volume of oil through a converging passage, but
by paéaing an expanding volume through a parallel yaséage =~ the so~called

Tthermal wedge' effect,
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Thia novel suggestion caused an jmmediate re~oxamination
of Reynolds equation, and several solutions were produced in which
the aseumption of mase continuity through the bearing replaced the
former assumpﬁionlef v%&ﬁme continulty, thus daking account of the
eﬁpanﬁion of the lubricant., Sowme of these aolutions are disoussed
in deiail later, and according to them, 1% seems possible o produce
& loadwcarrying 1u%riaéﬁing filnm between parallel pletes, dependent
on ‘the 'them&}. waedge! affect.

In spltie of o convineing amount of theorelbionl work, there
gtill remains some 6ubiet# about the existence and effect of a 'thermal
Qédge' £4lm in an aétual bearing, because so far as is known, no positive
correlation betweon theory and experiment has been made. The new
solutions o Reynolds equaﬁiqn which followed Fogg's work could not
be checked agéinst pis'expeximents because not enough detall was givens
and generally the solutions themselves were obtained by making
gimplifieations - in pavtioular the faivly common apsumpiion of no
side leakage, which implies an infintely wide bearing - which had
but lititle physical justifiaaiiany and which made comparizons difficult.

- One further GXP;rimental paper by Kettleborough (4), did
little to clerify the situwation. This nuthor recorded & pressure
distribution for a parallel surface bearing (with come diffieculty
and showing obvioua.ﬂ¢gfrepaneiaa begause of the very small f£ilm
thicknesses involvmés, but was unabls Vo regoxd any tempersture
gradient around the £ilm in the oircumferentisl direction. The:

friction coefficlents were much greater {han comparable values from
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Fog§§§wﬁaﬁér§ but the difference in running speeds prevented a ;
direéfw;om§ariaon (Ma. 2)s It ie stated tha%-hydraéynamic lubrication
044 exiet in this bearing, although again, no correlation w th theory
was attempted, ‘ |

It would appear;'thexefbée,'that “he YWhermal wedge' can
only apaéaﬁe under ceéﬁéin conditions, which have not yot been cleaxly
defined, although the effect seems to be more evident at high gpeads,

"It was conslidered that a useful ucntributionrcould be ﬁade
by recording the operating characteristies - whe friotion, Film
thiekneée, #emperaﬁura around the bearing, and go on = of a parallel
surface béarin@ over o wide range of epeeds and loads and analysing
the results; by ahawing'wh@ﬁhar oxr not the temperature gradioeni exists
and 1s»ég$§;eient to produce the necessary expansion fo provide a
pressure film; and finally, by expanding the existing theoretical
work to include the effect of side leakage, in oxder to demonsirale
whefﬁer ¥he resulis obiained are in agfaemeﬂt with theoxye.

T4 was with these objectives in view vhat this research

was undertaken.
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II. l. Critical Review of Published Theoretical Work,
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8.
CHAPTER II

Ile 1o ‘Criticel Review of Published Theory

The publication of Fogg's paper provoked e comprehensive
disgussion in which opinions vere divided. Several contributors
exprésaed beliefs that side leskage from & bearing would more than
counter any expansion effect of the oil, and that thermal distortion
might cause a geomeiric taper, whioh would be of more consequence in
producing a piessure £iim than would be a thermal wedze.

No theoretieal gr experimental evidence wasg prcduced to
snbstantiate this side of the argument ‘ot that time,

uppaxting the thermal wedge idea, Bower (5) produced an
analyeais of %he problem in & simplified form, in which he agsumed no
side leakange, and ab initio linear variations of denaity, viscosity,

and Tilm thickness along the bearing, viz;=

i

Vs ( 1+ a Xx)
P\o ( | + k’ >(l)
Wo (1 + ¢ Xi)-

It

%;ﬁ
h

§

»

where 'xl' defines ﬁh@ distance of a point along the bearingfaa a
fraction of the total length L. He then tabulafed the load capacity
of the bearing for various values of ‘a', 'b', and 'c', and coﬁcluded
that & bearing could carry a load by an expansion effect only, i.e.

for 'a' > 0 and 'b' = 0, but that Lor similar conditions the effect of
varying 'b' wae much greater than varying 'a'. This latter éonoluéion,

ol course, agsumes the seme minimum £ilm thickness for a parallel and
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taper bearing, cérrying the same load al the same condidionsg, an
aﬁaumptioﬁ'which need not be ‘true,  Siﬁée‘fhe load ocarrying capaoity
yaries asfl/h5 , L7 conditions are favourable for maintaining a
'very thin film, a parallel surface bearing should be able to caxry a
uaeful lOad. ‘While these arbitrary variations give a ‘reagonable

appreximaﬁion tc the acnﬁitlcna mat wjth ina bearing, ngverthelesa

they tend e mask the true siate of affairs, and the derived equaﬁicns
have 1ittle physical aignificance. |

Similarly, haw (6) gave a aolution, in which he allouad a |
Iinear vaxiation af denaity but kept the visa081ty congltant. Again,.,
a compariaon of #he'1oad-carry$nggpapa§1ties of t1lt¥ing~pad and‘
parallel surface typés‘oi-bearingwhag_made on the basis of equal .
film thicknessy muhi 1éd to the oconolusion that a parallel surface
. bearing has a load capacity of abouk 1/10 that of a similar tilting-
pad bearing (Fig. 3). Shaw aloo states that while the variable
deneity theory explains tﬁe operation of a'parallei surface hearihg
a¥ low Speedé and moderate lomds, it does not explain salisfactorily
the high load carrying cape_.créy.at high speeds, claimed by Foggs In
the discussion of this paper,.?rqféssor Shaw waa‘éritieised for the
assunption of a lubricant which maintaing a'gon&tanﬁ-visaoeity, but
has a denaity vatying with temperature, DResides bainglphyaiealiy
untenéble, this as&nmptian leade to an erkoneous pressure dietribution,
when used to derive the pressure equation. Blok (7) states that the
density and vi&cog;ty cannot be chosen a;’*ﬁ}tmgﬂuy but Y the problem
should be apaéified by féﬁr basgic equationgie |

(é) a piaaaure equation

(b) an energy or heat balance equaiion.
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(g) 2 temperature-viscosity relationship and

(d) a ﬁempéimufe‘..aéhsmy rela;tion;}hip;fg#; .ygpe Lubricant, ..

Cameron ‘and ond (8) had earlier used auch a procedure, ‘but

'their workfwam ‘nok pubifshed until racantly (8&), and in conggquence

......

¥ .
H . ‘
1

A auxhors used

(a) %he gcneralfﬂsynolda equation with denaity ag 8 variable

ax(/“tx R ay(ﬂey -

(b) - an criergy equakion (derived by assuming adisbatic f¢ow,
~.sintlar Yo that of Christopherson (9)

-;(W‘ﬂ*"* & (tray) :a—%["-% + M]

(c)‘ an exponcntial varimﬁion of absolute viacoaiﬁy with
. temperature

where 'k' and 'b! are constant for a particular
o1l and #1 w dege Oantrigrade, ang ‘

(d) =& linear variation of density with temﬁérétﬁre; |
| /Oo (1 = \t)

Hence two simultaneous partial @ifferential equations in
pressure and %emperature wexre developed, which being rgther.complicated,
~wexe integrated for ¥he mimplified cuse of negligible side leakage
ohly. Numerical values vere obtained for a variety of conditions,
and it was observed that the iniroduction of an appropriste conglany

value of viscogity d4d not seriously affect the results obtained,



It 18 to 5é‘ﬁﬁhed, however, that this use of a cona%ént viscosity
value %8 at‘thé enloulation stage; end not in the deriﬁation of the.
pressure diétribution“equgﬁipn, ag in Shaw'e papér.

An error of omiééion in the enexgy equatian.aboﬁe was poﬁed
by Cope (10) who presented a,oompleteimathematical analysis of the
hydrodynamié bearing, Starting with the fundamental equations of
flow, - a mass~continuity equationy a‘ﬁoméntum ot Naéiér-ﬁtokea
equation; and a very eompiete enexrgy equation ~ Cope developed his
thesis carefully, any simplifying assumptiions being made only afterx
Iqoﬁﬁiéer&%io&@oi the orders of megnitude of the termes involved,

This author also arrived at two equations in pressure and temparatpre,
the pressure equation:baing similaxr to that of ca@eron and Wood, bé%_
the temperatura.equatidn differing by an amount dependent on the work
done on an element of the lubricant by the pressure forces exerted by
the surrounding fluid - omitted by Cameron and Wood. The difference

is only 1mpdrtant at higher values of pressure gradient.

In the present notation, Copels equations are

~h% 2 _d foh® 2 _
£ {eh( (;E“u'Eg) ay {e/fu 551) = 9

2 t r4 o t | u 4
(=& 3038 - G 35085 = 22l

K gimplified derivation of these equations follows in Section 2 of

this Chapter. These equations arxe again too complicated for direot

12,

integration, and are solved by Copé for the case of a rectangular pad with

no side leakage, with a asimplified equation of state and law of viscosity



~uvariation. Cope coneludes that for successful lubrication, &

wééging action 18 necessary and this méy be achieved (1) geometrically,
by decxeaéing %he £ilm thickness, or (2) thermally, by decreasing

the o1l density, in the direction of motion. The reladive importance
of these two "wed ges’ would depend on the particular application,. .

the thaxmal wedga aaauming 1mportanoe under conditions of small Lilm
thickness, and when &he 1ubricant had a small viscosity~bemperature
variation and a large coefficient of thermal expansion,

A gimilar solution, but one derived in a praciical rather
than purely mathema%ieal.manner ia thatl of Osterle, Charnes and
saihel'(ll), The energy equation used by these authors was developed
in a separete paper (12), and is identical to that of Cope. Again, the
cquations a*e avaluataed for an infinile bearing onlyy and alihough
some numerical values are given, correlation with experimental results
wonuld be difficult because of the "no side leakage" assumpliion.

Prom the foregoing analyses, 1% can be seen that while ﬁhé
"thermal wedge" eifect is theoretically valid; it still remins %o be
demenstrated that theory and experiment can be vorrelaied, In order
to do this, the effect of side lemkage, previously neglected for
convenience in 1n%egraﬁiony mugt be taken into account.,. Only y
go doing can the 1oad§carrying capaciiy, coefficient of friction,
f4lm thicknese and other operating characteristics of a segtor pad
bearing - dhe usual practical type - be calculateds

1% should perhaps be noted at this point that while this Whesis

18 concerned cussentially with the phenomenon of the thermal wedge and

13,
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its analysis, the author is not proposing that a parallel surface
bearing operating on a thermal wedge prineiple is a practical
propogsition - at leagt not in the normal operating range of plain
thyuat bearings. In addition, the effect of viscosity~temperature
variation has been minimized, not because of lack of importance, but
in order to clarify tho density-temperatuxe relationship, Recent
analyses by Zienkiewicz (13) and Coameron (14) indicate that the
variation of viscoeity in a high speed bearing 1e possibly more

inmportant than the density variation.
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1l. 2. Governing BEquationg of Iubricstion between Parallel Surfaces

The following analysis concerns the gteady flow of an incompressible
viscous fluld beilween parallsl plates, which are moving relative to
one another at & speed high enough that ﬂénaity varjations become
importants Under these conditions, there are two equations governing
the flows the first 18 a géneral expression of the well-known Reynolds
equatidn,.in,which the variaiion of density is included; and the
gecond 12 an energy equation, expressing the congtancy of énergy in
the fluids The equations are briefly re-daveloped below for the sake
of continuliy, in o rathér less formal mamner than ia mathemaitically
PropeX. |

Referring to Fig. 4a, since 'h' is aemall, it ig réasonable
to assunes -

1, That variatious of the variebles, exdept veloclty

are not important in the' Z direction.
1e€e p,[a,t,/g are funciions of x and y only.
2. That veloclty gradients are important only in the

% direction.

du ou oV oV
QU o [2A% N
oz  dx and 2z~ dy

%¢ That the fluild velocity in the Z direction ig negligiﬁia.
w = O
Coneider o small reotangular element of fluid <£x, Jy ,JZ

as in Pig. 4b.
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The visgous shear forces on the lower face arxe

M5 ‘7“ dx. 5}/ J and -).}9V dx.dy

The corresponding forces on the upper face are
Qu u ;- dv . Pv Jz)dxd
p(az + Soe Jz) (SX.G'y and F(()Z + 5% ) Y

The algebraic sum of Whese forces plus & difference of fluid

presgure forces = change in momentum of the element.,

(,v — gl;)cfx Jy dz = m dxdydz g.li! veo (1)

=2

and gimilar equations for the 'y' direction.

The momentum terms m g‘; and m gz are amall and can be

neglected., (Cope,l0)

Q%u d .
F()Zz - B—E | = 0
seo (2)
Q% _ -
M dz? %5 = °
Integrating
0 L
Koo~ g SE(%ET v Az + A2)
\ s \ ees (3)
v =}§5(%Z +Biz *Bz)

gince 'p' and '},J are independent of 'z',
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Boundary conditions are

U = QO
: . ab . Z = O AN Ag and BQ are zero.
V = © ‘
and n = U } af =z = h
vV = .0
P { |2 +U - h j
T nu = = e + >
4
v -.:)L/‘L%s{i,"z - %Zhj 000(4)
The volume of f£low per ung width from 2 = 0 to 2 = h will be
h ' ’ h
- d = [V d
9 x fu Z and q,y ov z
o
el Rk . Uh
Thus qx = Tizp Ox z
- h® oP
b = iz Oy ese (5)
Since the dengity variation is to be considered, the equétimn‘
of mase continuity is used instead of the usval volume continuitye
J )
(P + 5(Pe) =o ves (6)
there being no flow in the Z dirvection,
substituting ‘for 'a' in equation (6) @ives a general Reynolds
equation
.)h _jg) - 92 ,plh
ax(rz/tr oX oy (rz/u v)y &x< 2 ) ser (7)

which gives the pressurse diktribution through the bearing, provided

that the variations of viscosity and density are knowm,
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In order to obtain the correct Yemperature variation through
tha bearing, it ie neceasdry to consider the exchange of energy in
the fluid. ,

Cope (10) gives a complete energy equation. whereby for & fluid
element, the rate of dac?eaae of intermal energy and the work doné by
pressure in éompreesing the £luid is eguated to the sum of the hent
enexrgy conductod gway and the rate at which work ie done against
viscosity. It may be considered as implicit in assumption (1) above
that the heat trensfer from fluid to bearing surface ia negligible.‘
That 1is, the process is adiabatic and the heat developed by friction
goes only to raise the temperature of the fluid. By comparing the
relative magnitudes of the varioue terms in the emergy equation for
typical physical conditions, Cope shows that this adiabatic assumpiion
i justifiable and reduces the equation o

J/’( o o gy /"[ C)V)} Csee (8)

where the internal enevgy above inlet conditions is B = o~ t
Substituiing values of veloeltice and velocity gradients from
aquation (4) and integrating across the £ilm, the energy eguation Wecomes

3 S at

= ,2), [( )’ *"( ] M_EA* ves (9)

The two equations obtained, aqua%ion (7) for pressure and
equation (9) for temperature cammot be solved independently, since

viscosity and density appearing in (7) are functions of temperature



by rigorous means.

mainly, and pressure ﬁerms &ppe@r in equation (9). For & -complete

solulion theme two equations must be golved simultaneously for

p and 1, - This process would oerbainly prove laboiious and it is

doubtful 1f a soluiion of any practical value would be'obtainea
However, an understanding of the behaviour of the thermal

wedge can he ob¥ained by making aeftain gimplifying assumpiions in

the originel equationsy or by solving by means of & numerical method.

Solutions thus oblained are presented in the following chapter,

20, -
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CHAFUER TIX

Scluifion of Governing Equations for No Side Leakage..
Solution by a Relaxation Method,

General Solution taking account of Side Leakage.
Numerieal Comparisons of the Three Solutiong.
Friction in a Parallel Surface Bearinge.

Summary of Theoretiocal Work..
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CHAPTER III

Three solutions of the governing equations (7) and (9) are
g1§9n~here. 0f these, solulions ILX, 1 and IIX. 2, while original in
their applicaﬂion Yo this problem, owe a eertain debt to the work of
Ogterle, Charnes and Seibel (11) and Christopherson (9) respectively.
Sclution%;;l, 3 48 quite new end so fay as il known, 48 the Lirst
gengral sﬁiuticn of these eqnations to include the effect of side lealmge.

ALls 1.  Solutiong of Governing Equations for No Side Iealmgo.

o kg
The simplest soluiion is obiained by assuming:an infinltely
wide bearing, in which there im no sjde leakage, i.e. all variations

with reapect;to 'y! ean be noglected. The cquations then becors: .

% .2,:‘,'(

3 3
Llply -5 )] - o - 0
and 3 2
3 4 2
P B BT - LI R

Integrating equation (10)

pUL ﬂf%}f N .. (12)

12y ax
. ) d - O .
At the point of maximum pressure X = and Vs :~/¢%n
5 U
Henee A3 — pm._z_b.

ooe (13)



e

, dp
Substituting this value of f

in equation (11) gives
21 t
o {ub BT elp |+,e_a«]} dt
P77 20 LW ( /J) okx
4 3 ( 2,2 2 2
R h o h
" which becomes afier simplification
2
{ it 2“ ' . _ fdm
L = 2! + 30— A vee (14)
/U DLX h"?‘.}pm[ ﬂ)] ’
How eonsiéer the vardations of viscoslty and density with pressure
and temperature. The preseures encountered in a bearing of this type
are comparatively low, and 8o it is permiseible to ﬁaks‘}f and /3 8.8
functiona of 4 only, The laws of variation are derived from stendard
tables of properties (15) for the oils useds Curves of viscosity/
temperatuxe and density/emperature are plotted (¥ig. 5) and it is seen
that to a good approximation, the viscosiity variation is exponential and
the density variation is linear over the range of temperature encountered
in the experimental bearing: Thus the viscogity variation is taken ag
*-/Bt :
}f“ !.'..’/UB e ewe (15)
and the density variation

where B and Aare esteblished for each oil used. Introducing these
relationshipe into equations (13) and (14) end expanding according to

the binomial theorem they become

—pt
d—h = "/Ué eﬁ % /\(t th) XYY '(3-7)

dx
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FIG. 5 VARIATION OF VI5SCOSITY AND SPECIFIC GRAVITY OF SHELL 'TuRBO 2?'



and : : -
elt dt - % | ' vee (18)
having neglected terme ccn'haining )\ and higher pouerg, since A |
:m small o | |

Equation (3.8) gan be 1ntegraﬁed thus |

.l d(ﬁt) - 2 U p

(3 olx }]20*/»‘] eve (19)
Henece |
e = G( X =+ AZ(. e (20)
o Ve ()
where Gy = /\Z(iJﬂ”‘
and t = 0O at X = Q
' ’ A4 = ‘
t - kt n (G x +1) eee (21)
Substituting this value of ¢ in the pressure equation (17) |
_(-)’-1? = "20. .I‘L_LL-H L"" __WG]X+' .
AX  Gx +1 Zﬂ ' (G|’(M+l) ree (22)

Integratie by substituting Y = Gx+l dx = Gy

'ef GZ: éﬁ-o__u—l\
h"ﬁ

b mGe[BY L aY « G [Hulommr) Ly
{

Y G,
2
| b = -—%?.{[Lu Z.x—rﬂ _ blGxm+l) lrn(G.x+c)}+ A5 .. (2)
At X = Xm b = pm
’ 3 LMo A
LA = pm — F-éic—;: [’LW{GIXM ‘)]
_ 3 Um Gyx + | z Ve (24
P = P’“ "\zﬂ G, llﬁ‘(—dﬁaﬂ(m-fl)} (
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R R L L

see (25
Z&nd conditions a;f;ga P = Q at X = O , L
- te t = e, tL
0 = pm —2ANTJ om (tm)z
and 0O = P"" - % Nod /’rn (t;_" th«)z
Lot = 2t ees (26)
b = 5 balGiL=n) eee (27)
tm = 2"% (G L+ 1) cov (28)
md  pmo= ENTT o (Ew)C oer (29)

where

om = /20 ("’“‘Atm)

Substituting these values for tm and pm in equations (21) and
(25) gives the cvaluation of t and p, These eguations axe evaluaiod
for a particular set of conditiong in Section 4 of this chapter.
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IIl, 2. Solution by o Relaxation Melhod

A rigorous solution of the two simulteneous equations in pressure
and'temperature being impracticable, the most accurate results are
obtained by o numerical method, One euch method is a relaxation process
firet applied to lubrication by Christopherson (9).

Congider the equations (7) and (9) in polar coordinates which
refer to a seclor pad, Pig, 6, with boundaries ¢ = 0 and «,
r=Tr and Xye

The Reynolds egqualion becones

> (K 2 (h? - 6w r% 0 (ph
So(5F 4b) + "ar(z—,‘?r%‘;ﬁ = 6w 2 (eh) vee (30)

:ana the energy equation

Tpoflgh - s S 8 - 88 8

Z ré izr 9o’ 00 iz oV
5 {0py2 . Ldpy' ) L wrF
N IR i T S

These two squations are vendered suitable for compuiation by
writing them in a nonwdimensionalvfdrm and transforming conformally the

sector pad to a rectangle,

oW A Y . .

Chenge the variables by putting © . @ X y r =0 60“3 eee(32)
The equations then beoome
20 R
_(_)_(_!'.)_. Q..E)-y—.@..(gﬁ)_f.):e Q—E (3?)
0O\ M 0@ drR\ M R Qe Ter A2
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Fic. ©. SECTOR PAD OF CIRCULAR BEARING.
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ﬁe. CS‘éaf

and 2R ‘P)c)t -(, —20(R C)P)é_t_
em 62“2} vee (34)

Bquations (33) and (34) now refer %o & rectengular pad with

boundarics @ = 0 and 1,
| R mOand Ll Ni
A L" B

Pregsure Equation
Conaider now the identity used by Christopherson (9) adapted to

the present problem

P 0,0y 0P
(R)RE + 282088

2 2 b
D.P=pPV(D O P42
V(M) P(M)+Mv T elm e
&2 C)Z
where the operator V= g + Dr?
Bquation (33) ¢an be written
4 (D)OP . D YP  ADyIP . D PP _ 9D &*F
solmde + mo@: " okim 3R tM ok 0o © v2- (36)
From (35) and (36) 18 obtained
2aR 2hy b P
PY@) -5 VP ees (37)

If w 45 eny polynominal funciion, ihen the operator WV ocan be




expressed in a finite difference form by the equaiion

2 2 — - 4 - —
aV w = Zn-w 4 WC+ f'erms h Q7+ et . (38)

vhere the summation gign refers to four points equally spaced on a
cirele, radius 'a' with centye at pe&nt:?géy or to a grid covering

the beaxiﬁg thus se

AR

BT
Ia)
l
@

Fig. Te

Substitubing this expression in equaiion (37) gives

Nzt

5 T2 +2) TR ~ KZ?[(%)W(%)C] = za® 92 7 eee (39)

Equaﬁion (59) gives the préssura P, 8% any poin%a ¢ on the
grid in texms of the four eurrounding points l, 2, 3, and 4. One
equation of this type ig obtained fox cach intersection of the grid,
except at the bouwndaries wheve the pressure L& gpeecified as being zero,
g0 that by solving this set of simultansous equations, the complete
pressure digtridbution is found. The relexation method is suitable for
this type of problem ond has been fully desoribed elsewhere (9, 19).

Briefly,any values are assumed initially for P at the wvarious

intersections and the *residualg! ¥ are computed.



5L
4 * .
= 3]G + BB ~ RZ LRk +(R)] - 2a° 98 ** v (40

Next a diagram of the influence coeflficienis, defined by

. . ees (41)
Ace = z' [(%)n + (%;)C]

18 constructed (Pig. 8). The effoct of any change AP on the residuals

1s then

~Qcc B P at each point which is altered

+Qcn AP at each of the surrounding four points 'n'
Py il Pa
T Qe F| 4em 9

N N ¢

oy i g
Byl P P Fs Ps| Fe

o] Q Q BOUN PARY

PIG. 8o
The sssumed values of P are now 'relaxed,' i.e, the values are
altered in such a way that jf:he residuals are reduced to gero, or 1o a
value which is considered negligible.

Energy Fquation:

The energy equation {%4) can be rewritten in a finite~difference

form thus
t-ts _ (e te-t,
(|._‘_____ PS)"','%__} ( )24 —

Za\ a

¢
-Zo R 2u2) 60, wA N’
g-_ P’-PSZ P__,P 2 D:l__g_. —e see (42
{ [( 'Za_ ) +(22.a.‘f)]+ 3 (- .




I£f the pregsure distribution is known, thé above equation 4is
firet appliled to the inlet edge of the bearingy where M 18 unity..
On ibis bcgndaxy, the approximation can be used that

t, ; te = (%g)c

Using this approximation in equation (42) the temperatures at the
firet rov of points are éb%aineds Thereafter equation (42) can be
applied and‘tempera%ures on suéceeding rows are found, working along
the ieng%p of ‘the bearing. According to Chriatopheréon, no serious
cumulative errors oceur at the downsitream end because any slight erryr
in temperature, say on the high side, results in a decrease in viecosity,
ané a docrease in friction work, giving a consequeni smaller temperature

increments The process geems to be inherently aiable,

Equations Solved Siwuliancously,

These finite difference agualiong (30) and (42) can be used
individually to £ind ome variable provided the olher is known, i.e.
if the temperature distribuiion is known, equation {39) gives the
pressure, and if the pressure i1s kmown equation (42) gives the
temperature. In order to solve the problem completely, the two
gystems must be compaﬁible.

Ag a fivst approximafion, the pressure distribuiion is {aken ag
zero all over the bearing ahd th@uxeaulting temperature distribution
12 calculated, smay fl‘ Coxresponding to a temperature disiribution ﬁl’

a pressure distribuiion Py is obtained by applying equation (39).
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Using the nevw pms&’ure Pl a new temperaturc t2 is evolved and
from it, a pressure distribution P,. This process could be repeated
indefinitely, but generally it is found that ta and P2 are very close
to the required soluiions.

Load-Carrying Capacity.

The load cz—irrmﬁ‘ b}y the sector pad is oblained by integrating

the pressure over the area of the pade

r, )
Load W per pad = j p dA
Y=\ e=0
“[or ded
" L A }Or 6.dr Y (43)

Changing the variebles and limits of integration, using the

Yransforms at the beginning of the scotion, the equation becomes

!
s WK1 N 2AK
W = 0 e Pe do dr.

h? eee (44)
R-0 @=0
This may be integrated numerieally over the eguivalent rectangulayr
pad by an application of Simpson's % Rule, fivet in one direction
and thon the othax.
Por a wniform spacing 'a' in a square network, the load wzni"”
for the ares is
| 2 ZAR -
W - —@__ Z(kh Ph c ) eve (45)

9



where 'kn' i a multiplying factor given in the following disgrams

! 3 Z 4 !

4 iz 8 16 4
Z 8 4 8 Z
4 16 8 l6 4
! A V4 4 !

FI1G. 9. Multiplying Factor for Numerical
Integration

The value of W' may be found by dividing the equivalent rectangular

4bear1ng into suitable square areas, consiructing for coch area a
20t
table of valuea oF o€ for the grid inlersections,

multiplying by the appropriate %k Lactor and making the swumationge

Sbe



IIlT. 3. General Solulion taking account of Side Leskage,

The effect of the side leakage in & parallel surface thrust
bearing in which the £ilm thickness is normally very small, may be
quite vonsidexable (Swift, 16). Although the relaxation solution
(11I.2) takes maccount of side leakege, o separate full cailculation
iz required for every change in running conditions of eaph bearing,

80 that a great amount of computation would be required to obtain the
overall pattern<ofdbehaviour for o bearing operating undey therm&l'wé@ga
eonditiqn@. It i desirable, therefore, to derive a goneral solution
which takes account of flow in Ywo directiong even ot the expenge of
making certain simplifications in other ferms of the equations,

Consider then a sector pad of a circular bearing (Pig. 6) for
which the governing equations in pressure and temperature are reuwritten

in polar coordination, as in Section IIL. 2.

3 05 \3 09 — 2/'\ d
(ko2 o) + by rsp) = eorhif ver-(50)
| ot 3 ot . L. Jp ot
Jpo g gs - B (I + b gk 5] 2
— K31y 0bv2, Lopy? w ’ weo (31)
B %’[(N)*rz(b'g)]*'ﬂf# o

It is necessary o make two simpliﬂicétions:

l. - Acsume congtant kinematic viscosity, ;g.~§?ﬂmhis assumption

cannot be justified physically as the vartation of v;sooﬁiﬁy'with
temperature is an important factor in the performance of e thexmal wodge
bearing, but it 15 slightly more correct than the assumption of consiant
absolute viscooity, a common gimplification made in numerous analyses
(65 173 etc.,), since both N end /47 vary with temperature in the same

direction,,
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If {the value of viscosity used 1s ¢licgen correscetly at come average
figure for the bearing, the errors in pressure and load valucs predicted
may be smell, although the distribution patternswill be incorrect.
20 Assune no variation of dengity in the radial direciion. This
is fairly reasonable, einee the tempeyature variation across the bearing
ie smalley than the va#}@%ioﬁ around the bearing, a® may be observed from
the'experimental results in Chapter V, and in Appendix I,

Pressure Distribution:

The pressure equation (30) can now be writien

W, 0° c e d(rok) = 6orth )
';»'-Qa”gz + j};ﬁgp(rﬁe) 5’% eos (46)
Then. |

Bhoo ek - KTEY L

where K = ~éﬁ%;§f and g (9) 18 a function of

'9! only, since  is independent of r,
The boundary conditions axre
p=Oat F=lo and I

and p=0alt ¢ =0 and o

This equation may be solved by use of a Linite Tourier sine

transform (8neddon, 18)
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A
By definition, let P, = j p Sin (EDTD-G) do
o ees (48)
oD
— . E 6 '
Then P = 2 2 P ’5“"( % )
. Y ' o n=\ ' seas (49)

Multiply equation (47) by Sin(’m&) and integrate between

the limi'ta: 9 = 0 and a.

A _ ‘ X .
[, sinmay do + {77 2. (r48) i) do - [r'go S5 pode

Congider the first term of the equation and integrate by paris.

6 = [obg,.mne) — 2P Csmﬁ do
Té 3t (g )d” [J?S‘ 29) » J ° ees (50)
and Sin (E% ) and p are both zero at ¥ = 0 and &
£
Therefore lat Term = - hj 9 Cos ( T 9) do
Integrate by parts again:- —-[T%l P C"J[%ﬁ ) ] P 5“‘ )d@
lst Term = ....(_‘E_r_\.)z Fn
Therefore Equation becomes
..‘.Eﬂa-—n-‘-rd(rd‘" — 2 - sen (51)
where
7 " S (T02) 4 (52)
= 0 m( (4] sne
D L 40 o



and the particular integral is Pn = Cn. r2

—

where Cn is found to be K 9n .
— (TN
4 -
Hence the solulion is

— | n 50 K g'; 2
' PY\ = Ah r"[g(— -+ Bn r * + 4_(%)2 r ave (‘53)

provided that (T_ofzn)azg;% 4 .

Py =0 vhen p = o, 1.3,-&# r=7T and )

hence An and Bn can be evaluated,

Thus ‘ .
2+70 2+l ™ Th
Pa = K 9n (&wwllln)ﬁ?a-vsm“ﬂ “)r‘“ + FZ]
— Z 2mwh 21[.. — —aln
4 (T-g(n) n‘i’-«na ri-:l'z'a_‘rb?.‘ X (54)

Phis expression can be evaluated for any point on the hearing summing

from n = 1 to n = @ provided j; is lmown.

G = I:gée) Sm("RE) d o

and

The density(4>is in reality o function of temperature mainly;
but the temperature increase through the bearing is almost linear,

(Cameron and Wood, 8) go a reasonable approximation is:

P =2 (1 + bo) eee (55)



‘il-’tgfz_gefore 9'(9) = /"0 l’ = c¢onstant.

Then

v——

In

I

A
[ oo b S (T5F) do

) :Pab[—cosni:g_f—\-i]

A
3.« = 0 if n 18 even
~ b o
In = g—fn_ini-—- if n is odd.

Hence for any point on the bearing, the pressure 'p' can be found
2 % §InC)
iy n
by Eqe (46)e p = oTZ IPn Sin( A )

In practice the series is rapidly convergent, and 'p'! may be

evaluated by summing the first foux or five terme only.

eee. (56)
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Load-Carrying Capacity.

Bouation (46) establishes the value of the pressure at any
point on & scotor pad of a plane-surface bearing. The load carried by

the pad 1s obiained by integrating this expression over the sector area.

‘ 0
Load W per pad = f jd(ar do dr
Q

4 ol 00 ' ’
) »[o] M Z. Pr S () dodr ee (57,

f;

and Pn is independent of §

load W per p&d

niréo
- Z ’D,. V\T [CGS J d [ R (58]
" - ( ) d
-2 y'z bn (Cos nir—1) dy
hir Yo 1
. for 'n' even } (
Yy _ ‘.o 59:
:fr f‘n—r Z Pn dr for ‘n’ odd |
[
bubs‘tituﬂng for P from equation (54), and integrating
-, 2+ 0 2“1_9 - e ,
4 K gn A P2 "*)
W per pad = - ( A+ __ +
nir 4-(@)2{ ™ + 7 r Vbz_g;) ] Vo
2~ -T2 g 2-Tn
g (f_?_:g@ GO I ATy
SN 4
Lef r!' = ﬁ’ |
Vo

_.ginz g_
48 i bals (AN A ) K= ﬂ, .
Wber pud = e Z Eorer [ -2 g

This summation also converges rapidly and can eagily be evaluated by

taking the first four or five valuas of 'n'.
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Temperature Distribuiion

Simplifications may be made in the energy equation (31), uwsing
the method of Cope (10), by assuming a representative set of conditions
for a bhigh gpeed bearing and examining the orders of magnitude of the
ingividual texms. The values employed are taken from the experimental
vork of thiks thesis, and from Ketilsborough (4), Féx a light lubricating
oil the dengity is about 50 lb/ﬁtﬁ, gpecific heat 0.5 and vigcosity
0.0005 1b.a;c/ft3 at'ﬁ00°F. A bearing of mean radius 1 in. with 1 in,
| breadth of pad, angular veloelty 1000 rad/éeo‘anﬂ film Ybicknese 0,0005 is
reasonable, For such azbeafing, the pressure will be in the order of
100 ib/’in2 (Kettleborough, 4) and the pressure gradients gﬂ% and
g_g will not excecd 10° and 10° respectively in f£t. 1b. units. Thue,

evaluating approximately equation (31) to obiain an order of magnitude

aquatiom
Yoo (12 - e 1 [ ]3] = B[ bGpP]e 4
wa"[[n&z-- 2x(0* | %g - 0 g%‘ ~ 10 [T 0] 4 0¥ L. (e1)

It can be seen that the terms containing ‘(gf)z and (E%?)Z are of the

same orderrlol;comgared with 105

for the other texrm on the right hand
side of the equaiion, and thus they may be neglected with little loss
of accuracy, ILikewise, on the left bend side of the equation, the

BA_% term, itself smaller than g—g , has a coefficient of 107 compared

to a coefficient of order 10'2 for gg and it too can be negleoted,
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The effect of neglecting tYhese terms ls to reduce the theoretical
temperatures and this may offbet 4o some extent dhe injitial assumption
éﬁ.adiabgtic‘flaw,whiah“ﬁgnﬁs %0 give a high temperature estimate. .

Equation (31) now becomes

It . wiris { \ } eee (62)
% hipr |l P-prndh

and differentioting the value of 'p' from equation (49) with respect

to & gives

§§ < 23 b BT (os("T?) | vor (63)

This is similar to the series for 'p' and may be easgily evaluated
for each point on the bearing, whence the equation (63) may be

integrated numerically to glve the temperature digtriubiion.
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Iile 4.  Numerical Comparisong of the Three Soluliong

In order %o oblain a olear ocomparigon of the resulte of Yhe
foregoing three solutions, each in turn is applied to & bearing running
under a gel of arbitrarily chosen conetant conditionsge. The bhearing has
the gome dimensions ag the experimental bearing of Chapter IV, and the
o1l is éhell Turbe 27 aélusea in the experimeninl work, These vere
taken purely for vonvenience and for eage of comparing theorcetical and -
practical resulis in later ohapters. The running oonditions are
arbitrary, but chosen within the range of coxrenponding experimental
values,

Running conditicns and béaring dimengions are as followas

As Inlet temperature = 100°F

Rotational Speed = 10,000 rpm

B, Parallel-curface sector thrust bearing having
(a) four pads, and
(b) two pads,
Inner diameter: (o) = 1.44"
(p) = 2.40"

The slight difference in the inner diameters is necessary to
oblain invegral networke in the con%ormal transformations used later in
the relaxation method evaluation,

Outer diamoter: (a) = 3,0"

(b) = 3a0%"

Radial oil grooves: 1/8" wide
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Ingluded angle of a seclor, «:

(8) = 1.465 rads.
(b) w3 3004 rads.
Film thickness h = 0,001" in both cases,
Ce-  Shell 'Turbo 27' Lubrication Oil.
Trom Eié; S.

The Viscosity=Temperature relaiionship

1
48 /} ==})o c
where p= 00z
The Deneity-Tenperature relationship
vhere A = 0,00043,
Tnitial Viscosity: Mo = 0572 x 1072 Ibsseo/e°
Initial Density: /% = 5%,41 1b/':ftj

Specific Heals 0 0.45
The Spediﬁie Heal, Dengilyy Joules Equivalent and Viscosity are in
gonsistent viito,.

1. Solution IIX. 1 = No Side Leakage.

.The asolulicn which postulptes no side leakuage cannot be applied
direetly te a circular bearing éinee the derivation is in Cartesian
coordinates for an infinitely wide pad. However, a f£irst approximation
to the Yemperature and pressure along the central src (i.c. at the
mean radiua) of the bearing may be obtained by ignoring 2ll acceleration

end other radial effects, and, "Siraightening" this arc along the "X"
direction, taking the length of the bearing as: (included angle ¥ mean ra
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(a) Four Pad Bearing

The value taken for the "mean' radius is that oblained from
Solution I1I. 2, the relaxation method - again this value is chosen
to faeilifaﬁe comperison,

Mean Rediug Fon = 1,049

Included angle A& = le465 zad.

Lﬁﬁéﬁh of cgn%rél arc of pad .

L = TI'KX w 1,520
2UNe 2 20
hegJ Lo Pm

The correct value of /zh canmot be determined until the

The parameter G, = ie evaluated, (Eq. 20),

tenmperature tm ig founds An initial value of Gl is obtained by itaking
o t
E%; = 1, Erom thia,valua,_aay Gl, a value of 2w is cbtained, from
whioch the initial value ofvﬁz may be adjusteds By successive adjuste-
mente, ‘the correct value of Gl may be obtained. It iz found that only

two adjusiments are necessary in this case and Gl ie equal to 10.9

The max, temp, % = % I (6,5 + 1) = 56,19F from Eq. (27)
ond tm = %?é“” o = [8.,05°F

where #m i the femporature at the point of maximum pressure,

The general temperature + = 50‘6ﬂ(16.3 X + 1)
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&hé point at which maximum pressure ccours, xm, is obtained from

t = % {n (2605 % + 1)

Xm' = 0.,56" from the inlei edge.

The maximum pressure

o = 2 AT Tt

638 PSL

And the general equation of pressure
p = 2 ATpm J {t(tmt)}
= 0,082 $(56.1 - %)pei
(n) Zvo_Pad Bearing
Mean radius - . | Fm = 1,025"
. Included angle * a 5404 xad.

Tength df central arc of pad L = 3.12"

Parameter S ,ﬁig = 16.1
= 5 (62542) = 82,50 -
by = & = 41.25°F

And the general equa%ion for temperature is
t =50 {n(16.1 x + 1) ,OF

X = 0,95" from the inlet edges

m
Maximum pressure P, = 139 pai.
General equation of .
pressure., p = 0,0816 L (81,6 « %) pet

The geh@ral equations are evaluated and curves ghowing the
pressure and temperature for four-pad and two-pad bearings along the

central are are shown in Fig. 10.



- ‘aTiacniTBd
I j

FIC.IO PRESSURE AMD TEMPERATURE DISTRIBUTION
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de  Solution Iile. @ - Relaxation Method

Before the relaxatiion method of solution can be applied to a
cireular pad bearing, the Vari&blea 9 aq&‘ﬂ must be changed to non-
dimensional varisbley @ andg R, by using the f:ransformatiom

=0 @ and v = roem

whexeupon the gector pads, with boundariess

® = 0 and o, and r = r  and ¥,

begome rectangular, wikh boundaries:

r
@= 0 and 1, and R = 0 and = €nt
o ¥,
Por the four-pad bearing:
Angle o = B4® e 1,465 radians
Inner radiug Ty = 0,72 in,
Qutexr radius ry = 1,50 in,
Rectangular houndaries are at
@33 0 - md IJA.Q
1 An 1.5
and R= 0 and  —-ge (—5735—) = 0.5

which gives o rectangular aree which can be divided into an integral
number of squares of side & = 0,125 (Fig. 11b),

Por the %wo~pad bearing:

Angle o = 174° = 3,04 radians
z, = Q.70 in,
vy = 1,50 i1,
Rectangular boundaries are af
& =0 and 1.0
amd R = 0 O R —— A 2B = 0:25

2.04 0.7
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5C.
which gives a reotangular arca which oan be divided into an integral
number of squares of side & = 0.0625 (Pig. 11a). The evaluation is
explained fully for the four-pad bearing. Only the final resulte, -
obiained by the same method, are glven for ihe two-pad bearing.
. a) ‘Four~Pad Bearigg |

Tamgeratura
The temperature distribution for the bearing pnd is obiained

firet, from the finitc difference equation (42) :
28R —f —-2dR 248
et P.—Ps _..[ ez ]__. ..{ 7 M) apwn
[‘ ( Za.)] ™M ) A 7 [Q ) 6 ) € + 3 szoﬂ
referring to a poin¥ 'c', and the surrounding fowr intersections.
on a reetanguler grid (Fig 1ibv).
Tor the be&ring and running conditiona specified at the beginning

of Seotion I1l.4, the dimensional #erm is evaluateds

bpmward 145 Ib-H-Sec unifts
Jf’o”‘l’\z ‘

An initial pressure distribuiicn ig %aaumed for Vvhe bearing,
say P = .0 all over,

The ﬁemper&tgralthroughout the pad may now be obtained by a
step-by-gtep applicatidn of equation (42) as follows:

Starting at the inlet odgo, an approximaetion for the temperature .

gradient must be used for the f£irat halfl- grid-cpace, thus:
s -t - t
by —te - (%),

Since P = o, Eq. (42) reduces to
t“z "'to = 2 DO _’:/_LD K‘lfs
t% - 307 & o‘eg F.

wvhich gives the temperatures at the‘halfnspace pointe of the fLiret rov.
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Equgiiom (42) oan now be spplied in full To give each suoceeding row

of femperatures uniil the bearing is covered, and the compleie
temperature distribution for zero pressure is obtained. (¥Fig. 1l2a)

Pregsure.

From thie temperatuia.distribuxion 'tl', the va@u&s of ‘the
"Hesiduale" F, ond the "influence coefficients" & &nd 840
xeSpectively calculated fer each interaeation fa' in texms of the
four surrounding intersaotiana ‘n' of the grid.

From Equa'!;'.!.ons (40) end (41)

idi 4 )
Fo = Vé. [_(}%)h *‘(%)C]Pn - F Z. [(%)h -t-(—‘%)c] - 7at %(_362 R

anqamn (--)n +()o

8gc = [(;!,) * (lvi ]
These valuee are egt@reé on a gkeleton grid, (Fig. 12b) following the
convention: shown: in Fig. 8, Section IXI. 2. The effect of any change
in pregsure AP on the regiduals 18 then:
8. AP ol each ﬁntnt vhere the pressure ie altered,
-:-.a;mAP at each of the surrounding four points ‘n’',
The assumed values of P u.o are novw altered in such a way that the
residuals are reduced to negligible values, (Fig.1120);
Having obtained tuls pressure distribution, say P = Pyy o nev
tempexature dietribution t = %, corresponding to P,y can be

caloulated using Ba. (42) as above.  (Fig. 12d).
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Prom the temperature giggribuiion % = t,, a new pressure distribution
P'niﬁz_may bo foundy and so on, until t and P are compatible,

“ Hp&évgr, 1t can be seéﬁ that %ﬁ@éﬁg@ture distributions ﬁl and t2
(Pige 12a and 12d) are very little d4fferent, aince P, is quite emall
.and the affgct of the p;é;sure on thé temperature is negligible, go that

t = t, and P = P, may be token as finel values in this 02s6.

2
These pressures and temperatures on the egquivalent rectangular pad
may be txansferred to corregponding pointis on the original secoltor pad,

a8 shown in Fig. 12e. Pressures are obtained in pei units Lrom the

equation p = P, 646 WX e, ey psi
}‘2

Load-Carrying Capocity

The load per pad is given by Bge (43).

Vo ‘f J° brdrde
o V0

whence V = 54____-——07’“’“3"’4 J' IE‘ P ezo{RdR d@®
h o Jo
Integrate by dividing the rectanguler pad into two equal square areas,
1 and 2, and applying Simpson's %”' Rule in both the © and R directions
a8 in Section IIl.2 of this chapter.

3pa 2 2aR
L h Yo 2 S Pe K

3646 (0.176)

I

Wy = 3646 (0.083)

Wyt Wy, = 36,6 (0,176 + 0,083)

Therefore toial load per pad V = Wy +. Wy = 9.43 1b,
Total load-carrying capacity of the bearing = 4 x 9.43

= 5772 1bs
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b) fwo~-Pad Bearing

A gimilar procedure 4o that fof‘the four-pad bearing was
folloved for the twow-pad bearing, and only the final temperature and
pressure distributions are heve shown (Fgs. 15 a,b)e Again, it was
found unnqceeaary %o go beyond the first temperature and pressure
relaxatic#, ginec the eoffect of the low bearing pressures on the
temperature distribution can be considered negligible,

Load-Carrying Capaeity.

Tho two-pad sector iz divided into four equal parts 1, 2, 3 and 4.

. 5.4 2z
Wl - 2] &o L‘fl)zﬁ( Vo g_ E P@Zﬂ(ﬁk'

® 73,0 (050950)
p = 75,0 (040855)
Wy = T3.0 (0,0273)
Wy & 3.0 (0.0224)

WV per pad = 73,0 (0.1902) = 1%.,85 1b.

Total loadmgarrying capacity w 2770 1o,
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ﬁ,‘ %u‘kion 11,3 = Side Leokage taken inio acgount
The genefral expreszion :folr the p'reseure at any point on the surface
of & bearing sector is, from Eq. :(49)} '
o>
Z P, Sin/nTe

and from Bqy. (54)

2Ty 26N 2~ It - TP

_ - ~rn 2
h = .E.Ql (.r';__..::.._'.:i__-'.‘)r‘lgn"i' (-—C_‘_’?,,-.n—-——i—;,rn)r S L ]
by | 6T T TR

“Pulting r = KR r, and ri o :er and substituting the valueg

of K and gn from Bqs. (47) & (36), this gives

= je -'J{ A %,2 ..12_-; 2 ME.’."_.‘)
P QZ i(d\)__As i(%m‘ jéy)% + (%’W—Ea)ﬁ -ﬁjj o

P: Q ZP' ['OY n:-—-'|3|5,7"""ea{"c-.

‘where Q= 24 w WM b RS
e

a) Four~Pad Bearing
o determine the value of 'b', the expansion ceefficient related

to bearing angle, it is ‘i)eoeasary %0 know tae hemperature rise around
the sector pad, It wili be seen later in this chapier when values are
compaxed that the temperatures cobbvained by Soluiion “IIke) - (No Side
Ieckage) are quite accuratey Values of Vemperaiure caleulated by this

method at the mesn radius x = 1.04" axe used to give a mean value for

"'y Since the temperature rige arouwnd the bearing is almost linear,

b = - 0,00043 ¥
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For the fourusectcr bearing, from Soluhion I1T.l,- ﬁhe temperature rice

'18 ., = )6 1°F for an included angle X = 1,465 rads,

L
Them b = = 0,0165

Hence, for the operating eonditions already postulated, and using the
- 1n1€1am value of viscosity A = 0.572 % 1077 1h.sec/ft2.

Q = -271 fh-Ibuses untte,

Howevery if ankgverage value Tor viscosity is used, such as

‘ t ~3¢
pues g J e €7 AE

= 0:343 x 107 lb.sec/et”

then - ‘
Q' = wl02.5 ‘i}?ﬁlbvﬂeGAM’lt&n

Equation (64) is nov evaluated over the sector pad for each point on & grid
in polar caordinates, similar to that ueed in the relaxalion solution,
Fig. 12e.
The calculation is carried oul in o tabular form as shown in full
for point No. 1, Fig. l4a, Values at other pointe are oblained in the
ﬂamé;way, the work being simplified o some extent by the fact that
points having the same radius differ only in the Sin.ﬂﬁﬁ term, and aleo,
becauge of the consiant viscosity assumption, the preaauré dimtribution
ie symmetrical about the eentre linz of & pad.
The pressure at & poini 1s p = Q' EP' It may be noted %hat the
2 P! term depends only on the dimensions of the bearing, and o change
in operating conditions affscts Q' only. 8o that in effect; this
solution for pressure 1s‘a general solution.
The complete pressure solution for a four-pad bearing seclior, showing
the general ZP' ftexms and the pressure p ZTor the specified operaiing

conditions i3 ghown in Pig. 14b.




Tour-Pad Boaring o m 1,465 K = 2,083

Point No. 1 (R = .21, @ = 10,5°)

a 1 3 5 T 9
T A | 2145 644 | 20075 [ 15,05 | 39,35
n[IaR-4] B | 0,62 |112)5 560 1540 | %340
= o | 483 |12 2.7x10° | 6.6x20% | 1.5x20°
% p|  .207| 0089 | .7x1077| .25x2074| .66x207C
- K& B | 4.133| 4.33 434 | 434 | 4474
LF A Pl as6esfae 2.7x10° | 6.6x20% | 1.5x20°
x = G| 1.505| 3.4 | 7.5 | 17.6 | 40,0
2% - F H| 0.49 [107.7 2.7%10° | 6.6x20° | 1.5x20°
%= J| 0,663 0,295 | 0129 | 0.057 | 0,025
x? K| 1.464| 1.464 1,464 1.464 1,464
Ex 5L| 1365 0232 0125 | L0023 | L0001
"7 M| .07 | .282 T 057 | .025
ML ~K N| ~4049| =1.05 | ~1.322 | =1.408 | ~1.439
Sin TR o $384[ 924 .924 . 384 - 304
(S R 20391 =,0087|  =.0022 | =,0003 | +.0002

ZP' = -00041
Fig. 14a Specimen Yabulated Calculation of X P'.
" Point No. 1, Four-Pad Bearing.
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FIG 14D THEORETICAL PRE55URE DISTRIBUTION - SoluFion HI. 3
4-CROOVE BELAR.INC SECTOR.
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Pour-Pad Bearing o = i.45§
h 1 3 5 7 9
n? Al 2 9 25 49 g1
(%) 4,595 | 41,3 1145 205,0 | 372
4=y B|~04505 | 3743 ~110.5  [221.0  |=368,0
(T2 4 2) 0| 4,143 8443 12,715 | 17.0 21.3
r,'= 4,842 | 112,0 2630
T 0.2065 |  0.0080 | 0,38x10"°
r, & 2344 1.25x20% | 6,9x10°
1 0.0427 | 0.8x20™* | 0,145%107°
#*-27%) D| 4.134 | 4.3%1 4,34 434 4,34
(- %'%) E| 0.9573 | 1.0 1.0 1.0 1.0
L Pl 451 | 2.23 1.48 1.11 0.89
(T2 —2) G| 0,243 | 4443 8.715 13.0 1743
¢w %~ %% H| 06502 [L0T.66 2626
(K% 1) 7| 22a l.osxio* | 6.9x10°
e K| 0.0788 0.209 | 0.115 0.077 | 0,058
R L| 4446 | 446 1446 4,46 | 4.46
L-K~F M| 0,0713 2,021 2,865 30275 | 3e51
wW'= 25 50,120 | =0.006 | =0.001 ~040003]  =0,0001 |

Z W' = «0,1274

Pig. l4c @Gpecimen Tabulated Oalculation for Z W!

Four~Pad Beaxing
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Load-Carrying Capacity
The loadecarrying capacity of a beaxing pad i obtained from

Equation (60)

0 =TT 2 2
4300’ » bol Yblt Z | fll'_‘ - _@_62'"56 —ar_)ﬂh + Mm
; FIU & Ea-£78) 7 (-2~ 1)

forn = 1, 35, 5, 7, ctc.
Then W per pad wm a Sw
Toxr the Tour-pad hearing operaling at the assumed conditions and

~5 1b.seo/ft2 the £iret term will be

viscosity /l/(; = 0,572 x 10
d = =131 lb-fP-gec units, MHowever, here again it is better to use the
average value of visoosity

3

Moy ™ 02343 x 207 1b.sec/et"

whence Q' = -78.8 lb=ft-sec units.
The term 2W' 1s also computed in a tabular fashion, shown in
Pige. ldc, and is equal to ~-0,12T74.

Henoce the loadscarrying capacity of a four-pad bearing sector
is

W om 78,8 (=0.1274) = 10,05 1b, °
PTotal load-carrying capacity of the bearing = 4 x 10,05

= 4‘0-2 1lb,
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b) _ Two-Pad Dearing

From Solution III, 1 the temperature rise at the mean radius

r,® 1.025Y ia tL a 82,5°F for an included angle a = 3.04 rad.

b *.-0.0_{)043 (%g-é%) e «0.0117
* - . P _pt
Average viscoosity. Ao = E— Jo Mo € ot

e ) 0.0
= 0,280 x 2077 lb.seo/tt"

Hénece . Q B «89,2 inelb-geg.uniiio.

Equation (64) 18 evalunted for the two~pad bearing in a iabular
form similexr to the method used Lor the four-pad bearinge. The pressure

distribution: thue obtained ie ahown in Fig. 15b,

Ioad=Carrying Gapacity

Load per pad W a QY Sy
For the two-pad bearing
Q 2 =845 Llbeftwsec. unite.
Q.nd 2 W' = ""00173
Hence load per pad = 14.6 1b,

Total load per bearing w 29,2 lb.
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Analysie of Previous Experimental Work

The methods of Solution Iil,3 mey be applied to the published
data of Ketileborough (4) as far as avaflable information will allow.
Taking data from K@fﬁlebcrough's paper, dimensions and physical

congtants for the fourepad bearing are as followss

Bearing inside dlametcr da w2 %-"
Bearing ouiside diameter d, » 4»% "
Included angle of seqﬁor pad o = 839

Area of bearing suréﬁoe . B.68 1n?

From Pig. 6 of Kettleborough's paper

Applied bearing load @ B3 pei

Speed of reotation : = 695.rpm

Parametor %ﬁ-(z in contipoiee) = 750

Operating temperature (outlet) = 1%9°F
Heneeb&&grége viscosity 2 # 57,2 eentipoise

- Myg. = 0.00119 1b.see/tt”

It io nacésgary, in the absence of published details, to nscume an
odl inlet _“hgamper&it&ure a'f ’\70915‘ and a nowmel coefficient of expansion
of oily A, ,éx_ 0.00043,
Heneg‘iemperatureriﬁeifi & 130~T0 = G6QOF
. N .

factor b = - - ~0,0205
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Film thickness h = 0400014 in.

Urom the bearing dimensions, the lvad ternm ZW' = -0.,058

4

48 p b @ x eIV

Hence, theoretical ioad W = 5

Pheoretical Bearing Toed V = 412 1b

2

Actual Bearing Load = 53 psl x 8.68 in, = 460 lb.

Thie shows very good agreement betveen theorefical and actual values,
and serves as further confirmation of the suitabiliity of using the

methods of Solution ILI.3 for lead capacity predictions.
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Demperature by Qonstant Viscosity Solubion

The temperature digtribution obtained by this method ig not
eatisfactory because the assumpbiion of constant viscosity appears to
have g mugh greater effect on temperature values than on pressure
values. However, it 1§ included hexe to complete the comparison.

From Equations (62) and (63) is obtained

Q..t. ~ 2w K’zgo { 5 ' j
Wt ~ 4bn” M+ L —K o
Q6 LT L e iieno) Zov(,;%g___)Cbsi&

when M, Ly, K and B have been defined in the evaluation of pressure,
Pig. l4a, The temperature distribution may be obtained in a similar
fashion to that for pressure; upon evaluation, it was Lound that'iorltge
conditions specified, the quantity within the brace brackets is very
close to unity. | |

The sguation has been evaluated for 7z = 1.04" and curves are
shown on IPig. 152 and 15b.

Tt is seen that the temperatures thus obtained are much higher
4han those indicated by Solutions IIX.l and IIl.2. &Since this
golution IIl.3 is primarily intended to give & general solution for
the preasure distribuiion, and since Solution IIl.l appears to give a

short and accurate estimation of temperaiure, the temperature equations

obtained by the congtant viseosity solution may be discarded.

~



1.

iTl. 5. Frietion in a Parallel-Surfnce Bearing

In general, for any plane thrust bearing, the resultant shesar
gtress at any point in e fluid film, from Newion's Iaw of Viscous Flow,

is

't = /U-“ ;;Or g——g ‘; sse (65)

The first term on the right hand side ip fthe shear stress due o
velocity, and the second, that due to pressure. The total shear force

on a sector pad will be

& £h
L jr:[/-‘%"’—'" N —g—b —g]rdrda ... (66)

Integrate the second term of the expression by partsy obsexving that
p = 0 at the boundaries

Theh

v
Jf’[/"“""—*%%‘]rolrde. ees (67)
Por a normal 1ilting or fixed inclined pad %% has a finite and

negative value, Tor a parallel surface bearing, however,
dh is zero, and hence

S e

Thus 1t is seen that for the same conditione of viscosity, speed and

mean f£ilm thickness a parallel surface bearing will require a slightly
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lover tractive effort then & corresponding tilting pad bearing.
If Whe assumption 1s again made thai temperature varies only in

the 'O direction, and that the variation ie Jinear, then

/}' - /-0 e = /UE, € eue (69)

i —K g0l
Mo W L () - €7)r®dr
= Mwo | Rﬂ(m
: - o
= MW (1-e~) R - rg?’
h KA >
3
F = 22 ;v;,(l—-e"/st) .rf’«-rg ves (70)
h /gt i)

_ -ty L
and the average viscosity iy = Ao (‘ —- € )ﬁt

| 3
Hence F = W Vay 0(('”\5““"'2_) ees (71)
p\ 3

The ratio of tractive effort to bearing load capacity, % y Somewhat

nisleadingly termed 'L'hé coefficient of fricﬂon, is

f = .a)/‘fcw DL.(.____—) ,ML(N )

where p = bearing @:tneasure, force pexy unit area.




T3

Hence

f= w w1y (ﬁ,s""‘) % where ’k‘": fr_t‘ eeo (72)
_de;"_l 9

P h
(Co¥. Petrofi's Bquation for a lightly leaded journal
bearing, radiue r, clearance ¢

e £

Again comparing with an inclined pad bemring, for the same
speeﬁ,'visdosiﬁy and meon ¥ilm thickness the bearing load capacity
for 4he inclined pad bearing is much higher then that Lfor a parallel
surfece thermal wedge bearing. Hence, since.the tractive force is about
the same fox both, the coefficient oi friction for the parallel surface
bearing will be very much greater, Or, conversely, for the same
gpeed, viscosity and loady the £1lm thickness of the parallel surface
bearing is much smaller than the inclined pad bearing, and since

f varies as %3 Yhen for the same ﬁﬁ'valuea, the parallel

surface ' f! value will be greater than that for an inclined pad.
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IlL. 6« Summary of Theoretical Work

The valuea oblained in the numerical evaluations are plotted
in gxaphipqi form 4n Fige 1%a and 15% and tabulated in Pig. 15¢.

Of‘the %hree solutiions, the relaxation solution IIL,.2 ig the
most agcurate, ﬁhe final accuracy being dependent only on the size
of the grid used in cpmputation. This type of solution ie awlward %o
ugae,; hovwevery involving separate caloulations fLor each change in
dimensiong ox ruhning condifiionss To obtain sufficient values to
plpt,performance curves would require a probibitive amount of work.
It 48 necesaary therefore, to use solutions which apply in a more
general fasbion, 80 that changes in perfoxmance of any single bearing
can be caleulated without oo much frouble,

From-tha,curVe& of Tigs. lba and 155! 1% can be seen that the
temperatures obiained by Solution IIl.l - the infinitely-wide bearing
golution ~ correspond within about 5% to those obiained by the
relaxation method, for both the four~prd and the two-pad bearing.
This agrees with observations of Cameron and Vood (8) who state that
the temperature rise appears to be approximately the sume in a finite
as in en infinite bearing., On the other hand, the pressure values
found by this method are much‘fon high, indicating that side leskage
does indeed have n greatl effect on pressure values, as wag suggested
by Swift (16) and others.

Again from Pig. 152, it 1s seen that the temperaiure values
obtained by Solution III.3, whigh involves a constant viscosity

assumption, are not in agreement with the othexr solutiona,
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THREE METHODS |, 4 PAD BEARING.
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Fie 15 b THEO. CURVES5S OF PRES5S5URE AND TEMPERATURE
three METHODS, 2 PAD BEARINO



T

Solution I1l.1

Seolution Iil.2

Solution I11.3

Bearing Type

2 pad 4 pad

2 pad 4 pad-

2 pad 4 ped

Temperature Rise 4 ®F - B245 5644 81.9 5547 T -
Meximum Pressure p psi | 139 6548 18.4 18,0 11.7 17.1
W ib 29,2 40,2

Bearing Load

21,7 31T

Fig. 15¢ Sumnmary of Calculated Values

obtained by Three Methods.
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wha pressuraa)obtained by this solution which takes agcount of

gide 1eakdge; aren reagonable agreoment as to maximum vglges? althoygh
the curvgé'pﬁ disﬁribution are dissimilar. There 1ig a ver§:éoeﬂ agroee=
ment tniﬁﬁé lond-carrying capacity values, within about 5%, between
tbis‘ﬁoiuiian I1L1.3 and the relaxation Selution IIl.2 as may be aegél

in Plge 150. . . . | L
It would appear that the assumpliion of no side leakage, but with

viscosity as a vaviable, has little effect on temperature valuen, bud
causes wide differences in estimated pressures; aend the assumplion of
conetantfviscesity, but including the influence of eide leakage, has a
ﬂﬁfriménﬁa; effect on temperaiure calculations, but produces only a slight
error in préssure and load-carrying cepacity.

x# i&«praposeé,'theréfore, %o use ihe following equaiiong in the

énalysia of the experimental work of thie thesis, Gb@pﬁar V.

Temperatures from Solution III.l

Pressuxes. from Solution IIL.%
p = £ P sin(R) | ves (49)
‘ X ‘

Load~Carrying ocapacity: from Solution III.3

. 'l; o0 ,.:
. | 4r s odr
W pex pad = e Z, Pn | ese (59)
for n & 1y, %, 5, 7, efc.
Coafficient of Trictions R ,
‘ w Vaw , 2 7@l
f = P h 3 (ng'—l) ses (72)
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CHAPTER IV

IV, l. [Description of Apparatue
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CHAPIER IV

IV. 1. Dosoriphion of Aﬁpaxatug

Reealling thé iniroductory chapter of this thesis, the objectives
of the experimenﬁallwork wereg
a) To rgégrd the operating charac¢terigtics of a parallel surface thrugt
bearing ovér a wide range éf speed and load, supplementary to previously
published resulis which are incomplete;
b) to obiain accurate measurements of friction, as an indication of
whether or not fluid lubrication wag occurring, and
¢) To measure the actual temperatures around the bearing and to
establish if the temperature vrise thus indicated would be sufficient to
account fo% the measured load-garrying capacity.

ﬁith'%heae requirements in mind the apparatus was degigned to include
the follovwing featuress j |
a) A very wide yange of rotational speeds, from about 4000 %o 18,000 rpm
with overdrive up %o 27,000 rpm; and a flexible loading system of high
capacity,
b) The wh&le test bearing agsembly to be torque mounted, to give a direct
method of irietian measurement, independent of speed or load on ﬁhe'test g
bearing, |
¢) HEasy accesg to the bearing surfaces for a large number of thermocouple

leads,

A general arvangement of the high speed apparatus is shown
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in ¥ige, 16 and 17, Referring to the line.diagram, Mg. 17, it may
be seen that the drive is delivered from a variable apeed D. C, motor
through & multiple V-belt drive to an intermediate shaft and gear hox.
The'ouﬁput ghaft of the gearzboz @ghconneeteg by & flexible coupling
to the;ﬁgaﬁ shafd, whioh is eupporﬁéd in two self-aligning ball hearings,
A-gteel dise is shrunk on this shaft and runs botween tuo' white-metalled
collars;vhich are preszed againat the disc by three lydraulic Jacks
working in parallel.

There are three distinet oil systems, The firet cireuit is for the
lubricgﬁion of the gear bex and the high speed ball bearings; the second
18 a.érﬁvity feed Go the test bééring; and the third a pressure supply
o tue loading jacks, from a "dead weight" pressure gaﬁge tester,

A detailed description of the component parke Lollowss

E&Q.‘Motor and: V-Belt Drive

The.ﬁbﬁor is o 37 horaépower D.C. motor with o @pesd range oﬁ
450 rpm to 1000 rpm, The motor shaft mey be fitted with o 6" or
a 12% P.C.D, pulley and the intermediate shafl with a 6" or a 44
pulley, 1o give speed ratios lsl, 1:2, or L3 between {the motor and
the intermediate shafle. Four link type V-belts are used, the tension
in the belte being adjusted by the addition oxr removal of links when
altexring the drive.
Genr Hox

This unit ig an ex-Rollg=-Royce Merlin supercharger gear box
giving & 9.5:1 gliep-up ratio from the interxmediate ¥o the bigh speed

shaft. Coupled with the V-belt drive, ihe overall ratios are 9.5:l,



Pig.

16.

General View of Experimental Apparatus

82.
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19:1 and 28,511, corresponding Vo threewspeed ranges of roughly
4300 to 9000, 9000 to 18,000 and an overdrive range of 18,000 %o
27,000 e

High Speed Shaft

The bigh speed shaft is 3/4" dimmeter silver steely just over
12" dlongy on to the centre of whieh 1g shrunk a disc of medium carbon
steel, 3" diameter x 3/4" thick. Afier shrinking, the two faces of the
dise are finely machined in position on the shafiy, fial and parallel
o one another to within 0,0001", The asgenbly was balanced in an
Avery-Schenck dynamig balanging machine. The shaft runs in two
gtandard doubis-row selfnaiigﬁiﬁéa ball bearings. The inner roces
are seugred 1o the shaft by split tapered sleeves which can be
caglly slackened and retightened. wﬁil@ this bdype of mounting
18 not usually rocommended for high speed operxation, it was used here
for gonvenience in view of vhe frequent dismantling and reassembly
required, and because continuous running at very high speeds was
not envisaged. .

Gear Box Imbrication

041 18 supplied %o ‘the geay box and high speed ball bearings
at & pressure of T lb/'ﬂ.n2 by a gear type pumpe In the gear box, the
geay leeth are lubricated by fine jets, and the bearings by splash,.
A wecond gear pump acte aa acavenge pump from the gear box sump, both
pumps being mounted on a common shaft and driven by a small D.C. motor,
The high speed ball bearings are lubricated by means of a very

fine 5at directed on b the race, which atomizes the oil. At high



Pig.

18.

Test Bearing Assembly
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Pig.

19.

Test Bearing Dismantled
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gpesdas, 11 1a‘iﬁpﬁr%ant that Yoo much o0il is not supplied, otherwise
oil ehuxniﬁg and overhealing are likely to ooccur, Dzain tubes carry
avay thekoil by gravity from the boltom of the bearing housings.

The oil ﬁsed in thie systiem is Shell Turbo 27, a very light, highm
apeed oil.

Ihrust Bearingd,.

The test bearing conaisto esgentially of two éimilar whitom
netalled flat collare which bear on each side of a central rotating
disc, Pigs. 19,20, The collars éxert equal and opposite forces on
The disc and thus no resultant thruet force is transmitted to the
high speed shaft or to the shait bearings.

The “hrust collars are 3" Q.D. X 1 %ﬂ'xuﬁ. brasg plaies faced
with tin<based white meial., A number of grooves may be cut in the
white metal and a large number of thermocouples are set in one plate
of & pair. Only a fow check thermocouples are set in the other, to
determine whether or not eimilar conditions exist al hoth bearing
surfaces, Pajire of plates, with Ywo, three and four oil grooves, are
ghown in Pige. 21, 22, 23, and 24,

The collars.are recessed into the faces of a pair of pistons
which oppose each other inside a ateel cylinder. Two synthetic
rubber O-rings on each pision act ag piston ringe, Paraileliam of
the thrust faces is ensured by the close fit of the pistons in the

nylinder;tby the piéﬁon ringe, and by accuraie f£inal machining of the

white~métal faces with the platea attached to the pistong. A steel

tube extends backwards from each piston, the outer end of each tube



Fig. 21.

Thrust Faces - 2 Groove Bearing

89.
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being supported in o roller bemring which is mounted concenirically
with the high apeed shaft in a stationary housing (see Pigs. 19 and 20),
In previous designs of the iype, the thrusi bearingshave been centred
anﬁ suppm:tad by journal bearings on the high speed shaft, Such an
axrangemant hag ‘the obvioua di&advantage that the frio¥ion. torque
from these [journal bearings 4s included imn the measurement of the
friction torque of the test thrust bearings, This added torque is not
~only an uninown quantity, but also wries with speeds. In the present
degign the only exiraneous torque is a congiant static friciion due
tb the rollex bheayings and the oll seals on the enda of the piston
tubes which do not run at speed,

Loading Jacka

The thrust load on the bearings ig supplied by three small
hydxaulig jacks fixed parallel to the axis of the steel cylinder
and apaced at 120° intervals around the outer periphery. The jacks
act in parallel and are connegted to Triangular loading plaies which
bear againat the ouler ends of the pigtong, (FPigs. 19 and 20).

By mounting the loading mechanism in this way, no restraint is
placed upon lhe teét~bearing ag ﬁappena whan the load 1e applied from
an extexnal source through some kind of thrust bearing, introducing a
friction errox varyiné with the loads The pregent design enables the
iest bearing frietion to be measured with an accuracy which does no#
vary with the load.

04) pressure to the hydraulic jJackes is applied from a 'dead

weight' pressure gauge tester. Part of the pressure pipe to the
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jacks is flexible to reduce any restriction on the movement of the
bearing assembly, A complete calibration of the loading device wasg
carried out. (Appendix II), and graphs of load/pressure are given

N
3.0

(P18435)s

Femperature Measuremente
iﬁéﬁtamperaﬁﬁreh§é>ﬁhe odl £41lm at various points%around’thé‘
bearing ie recorded by copper-congtantan thgxmoaouples f1tted flush
with the white-metal surface, as shown in Pig. 21. Tufnmi plugs ave
screved into the bearing plate and the bearing surface machined fLlat,
(Fig. zﬁa). The thermdcoupls wires are inserted through two 0.015"
diameter holes 4n the tufnol plug from the back, and the Junction is
soldered, filedlflat and fitted into a small recess jin the plug, level
with the hearing surface. The surface is then dry lapped and peolished
on i cast iron surface plate. The accuragy of this method of
measuring the temperature of a thin film is discussed in Chapier VI, p.i28.
The thermocouples are comnected %o a poﬁentiomefer box by means
of a rotary wafer switch, the wiring diagram being shown in Fig.'25b.l
The main temperature measurements are made on one beaxring plate
enly,‘a few thermocouples being inserted in the other plate to check that

both sides of the bearing are operxating under the same condiiions, and
to give some indicuiion me to whether or not the interruption of the

surface by a large number of thermocouples, although fitted flush,
affeets the operation of the beaxing.

The calibration §ﬁrve foxr %he copper congtantan thermocouples is
given in Fig. 36,
Pilm Thickness Measurement

Film thickness is measure by 1/10,000" dial gauges set ag
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VV
~4g81DU- THERMOCOUPLE JUNCTION

w hite- m etal
FACE k?2S?00CK X X X ><3

BRASS BACKING
PLATE A A g

TUFNOL PLUG
THERMOCOUPLE LEADS

F16. 25a DESIGN OF THERMOCOUPLE JUNCTION

COMSTAMTAN
POTENTIOVETEH
SS2L
MOT JUNCTIONS 94- POLE ROTARY COMMON COLD
SWITCH JUNCTION

FIG.25b THERMOCOUPLE WIRING DIAGRAM
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ghown in ¥Fig., 26, Gauge 1 and Gaugé'a givé dircetly the‘displﬁcéments
of ihe housing assembly end the moving pision respectively from which
the two £ilm thicknesses gre obtained since the central disec io fixed
in theviongitudinal direction. Readings on Gawge 35 and Gauge 4 should
aleo be equal to the sum of Gauges 1 and 2, Thus a ecross check méy
be made, A |

Great accuracy is necessgary in the measurement of f£ilm thicknesses
in parallel thrust bearings, since films of the order of 0.0005" thick
may be expected (Kettleborough 4), It was decided that such accuracy
could noi be obilained in this a@paratuﬂ, lacking as it does the necegeary
rigidity and being subject to oompieseive and themal expansion effects
of the same order of magnitude as the film thickness, Whiie the prezent
arr&ngement was not designed to give absolute accuracy, thercfore, it
1s.simpie and etraightforward and gives & reasonable indication of the
£ilm thickness.

Friciion Torque Meagurcment

Friction toxque is measured by a pure couple imposed by two
diametrically opposed arme fitted on a steel ring encireling the thrust
bearing assembly, as shown in Pig., 27. A single dead weight applies
an equai force to each tofque arm through & system of cord and pulleys
and the assembly is balanced by bringing e pointer opposite o Iixed

nark.
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Pegt Bearing Lubrication

011 is fed by gravity from a tweniy gallon tank, set about

%en féet“aboée the feaﬁ beafing, through %'" dlameter copper pipe to
an annui@x,sﬁggakinq$§g@end rollexr bearing housings. This space ;g‘r
sealed off by synihetic rubber seals, one on the outeide of the piston
tube, énd the other on the high speed ghaft, leaving ae an oullet
for the oil, an annular space between the bhigh speed shaft and the
giston‘tube (Fig. 20). ‘The ofl is thus gupplied to the inner diameter
of the thrust collars, the clearance between piston tube and shaft
being large enough to prevent churning and extra friction on the
agsembly, From the test bearing, the oil flows to a sump and ie
pumped up o a settling tenk, in which is placed a cooling Qoilg se?
above the supply tenks.

 The oil used vas Shell Turbo 27, and graphs of density/temperature

and’ vigcosity/tenperature are given (Fig. 5)e
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V. 1. Experinmental Procedure

Prior to conducting any tests, initial calibrailions of the
loading system, thermocouples, and the friction measuring device werxe
made and are reporied in Appendix Ii.

Testa were ¢arried oul on bearings having two, three and four
radilal grooves, Of the.olher arrangements, plain collars with no
grooves do not function satisfactorily as thrust bearings (%,4) and
bearinge with moxe than four grooves, although quite satigfactory in
aperation, were not uged because of their smaller length of pad, which
would ﬁét allow épace for the requisite number of thermocouples, nor
demonstrate a sufficient thermal gradients The object of the
experimental work was to corrvelate bearing performence with lhermal wedge
theory, rather than to conduct a comprehensive gurvey of all possible
types and varistione of parallel thrust bearings.

Test Progedure

Tests were normally run with the inlet oil coming from the constant
head tank at constant temperature, i.e., with no o0il recirculation, to
engure carly temperature stabilization of the thruei bearing. The
capacity of the tank was;ﬁQ gallons which limited the {time of a test %o
about 45 minutes, depending on the rate of £low through the bearing,

The oil was recirculated Tor tests of longer duration, but Lipal temp-
eraiuree vere much higher in those ceses, and for high power teste an

adequate o0ll cooler would be required.



were attained, final readings wers mad
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Eéfore beginning a tgst,'tha appropriate load was applied %o
%he bearing, and the four dial gaugqs for £ilm thicknessn measurement
were set to zero wiﬁp the machine stationary. Thevlcaé wag removed and
%@e twaviﬁﬁrieaﬁiﬁﬁvsystems, viz.y the gear box and the test bearing
circuits, were brought 1&%9 opsration. The machine vas brought up to
qued wifﬁina iaad en‘%ﬁé thruet ﬁeéring. IThis wes necessary Lo prevént
overloading the elsetrical motor on starting, and %o avoid damaging the

beaxing faces. The load was then applied, and a stop clock staxteQ,

from which a strict time check was kept throughout ihe testa

Readinge of thermocouple e.m.f,, £ilm thickness, friction torque,
speed and oil élow ware made at regulay intervals, usually at five or
ten minute periods, during the course of the test. When setiled conditions

q@anﬁ the machine stopped at no no

¥
load, Tmmediaitely on wlopping the load was re-applied end a sedond

set 6f 'ng apead! readings of the dial gaugeas Yaken while the bearing

was giill hot, Afier allowing sufficient time for the bearing to refurn
to‘room temperaturey a thlrd set of readings was taken. It was found

that the gauges did not return Yo zero immediately after the machine
was‘stmpped (second get of 'no epeed! remdings), bub when the apparatus

had cooled fo its origivel temperature, the gauges usually weni baek 1o
within one or two tenfﬁhouaandﬁh-inah divieiong of initial zero. %o

alleow foxr this efﬁea%; which seeméd dues o the thermal expansion of the
loading pistons and other metal parts, £ilm thicknéss readings vere referred

to the second sed of 'no speed! readings as the operaiing zero; whilst
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the fact that the gauges returned to the initial zero when cool,
indicated that ne.bodily dteplacenent had occurred during the test,

A pariod of aboul four minutes was necessary %o read all twantye
four thermpceuPlea. The time of gtarting and fLinishing each set of
thermooo@ple readings wag taken and, assuming an eqﬁal time reguirement
for*eaqh reading, the“¥§hperatures may be plotted to a base of timeQ
By drawing a veriical of&im‘ce, the ‘temperatures obtaining at any
ingtant can be Founde

The rate of oil flov was obtained by deflecting the outflow into
gradwated containers Lor ghort periodsg during the course of the
expexriment to be measured later when the oll ocooled. It was found that
the flow remmined qulie steady, as did the running speed, throughout
a test,

Several deviailong from normal procedure were made to cheok the
effeat of guch things as vrolongad ruaning (for several hauls), change of
apeed or load during a &eﬁt, change in: oil supply quantity or %emperature!
and go on.n Nona of these deviationas produned any unexpected results,

1'\‘\

and 11 was decided that the normal type of test was sufficient to give

“uirue and consietent condiiions.

Range of Tegting

The range of Yes ts waq linited by savernl factors.

The loading system was able tm plaee a load of over 500 lbs on
the test bearing, & pressure.of some lﬁ@ psi. In practice, the plane
thruet bearing undex Vet was not able to carry & load of more thén

300 1lb withoul showing gigns of metal-~to-metal contact and overheating.
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Under normal running conditions, temperatures stabilized after
abﬁut half an hour., On séveral oceagiong, howevery either from known
caugen, such as heavy loaﬂing or restricted oil flow, or because of
gome unkrown condiﬁion; temparatures continued {o rise. Tosts were
normally stopped 1f the thermocouple e.m.f, tended %o rise above 5 M.V,
corregponding to a bemperature of 240°F,

It metel-lo-netial coniact was suepected, the bearing vas gtripped
and resuriaced by machining and lapping before further tests vere
carried oul,.

The test machine was deﬁignég for normal operaiion betwean 4,000
and 16,000 rpm with an overapeed range from 204000 to 27,000 rpm, These
gpeed rangee vere governed by V-belt pullaey sizes, and by the fact that
the critilcal epeed of the high speed ahaﬁ%;and dige wvas aboul 18,000 rpm.
In initigl ealibration testsy the nmachine was run successiully in the
overspeed range on quite a number of occasions, running extremely smoothly
and gquietly as might be expecteds There was some difficuity in
accelerating through the critical range, due to a lack of power at the
drive motor and some alippage at the Vwbells,.

 For this rensony pnd becaqgﬁgﬁﬁe'end ball beavings were not
suitable for prolonged high speed running, it was decided to conduet the
bulk of the tests below the oritical apeed,-and run very high gpeed tsats
vhen the rest of the program had been completed.

This was doney but when the overspeed series was begun, it was
found impossible to run the machine through the critical'apeed range

without excessive vibration. The machine was siripped, overhauled, the
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test shaft rebalenced, and generally reconditioneds A final attempt
was made fo gain the overspeed range aund the drive motor wéa acoelerated
as rapldly as poszsible, bul at abput_lg,ooo rpm obvious failure occurred
and thé-taﬁ% wag stoppede On invéétigation it was found that the
3/@“'diéﬁétér teat shaft had m permanent set of about 1/2", due %o
whipping, and the eupporiing ball aﬁd roller bearings hed also failed.

When this fajilure occurredythe machine had been in operation for
aboul 18 months, andkfhé difficulfy.in getting through the criﬁical gpeed
range was undoubtedly due io imbalance gaused by wear and fear dﬁring
this time,

It was apparent that further testing would require extensive
rebuilding and posgible vedesign of the test apparatus, and since a
gubginmatial amount of.information had already been gained, 1t was

decided Yo discontinue the experimental work at this point,
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V. 2. Presentation of Resulis

In the course of the experimental invegltigationas about one hundred
and sixty tests were carried oul, and during each testy, of thirty minutes
average dufation,4over a hundred readings of the various regquired
quantitiéa were obtained until steady stalte conditions were reached,
Rather than report the bulk of these readinges, it is proposed to illusirate
theAﬁgésuremenﬁs reco?ded éuring a complete test by three typical
examples, and 4o preaeﬁ#iéverag@ and final steady state values for the
raﬁainder in graphical and tabular form. In gemeral, no attempt has
been made Yo draw hest curves thrcughlthe-experimeﬂtal points, but where
applicable on each graph aheet, the corresponding theoretical curve
obtained from the equations of Chapter IIL, is shown. Thus & direct
comparison of theory and experiment can be made.

Analysis of Hesulis

Experimental readiﬁga ag obaserved and recorded are shown for
three typical teats in Tables 1, 2 end 3, Appendix T. From these recorded
values, the required quaniities are obltained as follows:

Loads The bearing load 41e obtained from the loading cirouit
pressure value by referring to the load calibratjion cuxrve in
Appendix II.

Speeds Rotational speed vas recorded directly at frequent intervals
throughbut a tost by a hand tachometer checked regularly for
aécuracy by a atrébu—tachometer.

Temperature: |

Thermocouple E.M.F. values for all stations around the
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bearings were read at vegular five or ten minube intervals until
gheady condltione ware obtained, usually after thirty or forty
minutes running time, The thermocouple locatlong are in accordance
with Fige. 22, 23 and 24, The oil inlel temperature, T,y waa recorded
by a thermooouple in the inner annular gpace of the bearing assembly
near the thrust surfaces. Thermocouple e.m.fs values are converted to
Yemperatures by means of the thermocouple calibration curve, ¥g, Séz‘in
Appendix Il,

The temperature rise, t, is the difference between maximum

- Toe

temperature and inlet température, mmax

The average ftemperature, mav, 18 taken as Tb + %-t. It was fel%¥
that the aversge temperature in the bearing is higher than the simple
arithmetic mean of inlet and maximum valutsy as may be observed in Pig. 28,
While ne attempt ie made to justify the %-value, it seems teo be a
reagonable figure, and has been used oﬁ & previous ocecasion by Cameron

and Wood (8).

Tilim Thicknesss:

Film thickness values are recorded on foux 1/56;000 in, dial gauges,
Gauges 1 and 2 are mounted on the £i¥%6d end bearing.houainga and measure
the movement of the loading pistons thus giving £ilm thicknsss directly.
Gauges % and 4 are mounted on the ouler steel coylindery and thus measure
the relative movement of the two loading pistons, i.e., they measurc
the sum of the twe £4lm ihiclmesses.

FMlm thickness valueg are obfained from the gauge reading minus
{the operating zero reading. |

Average filn thickness h = %(Gauge 1 + Gauge 2 + gﬁggg_éﬁgmﬁgzag_& )
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Bearing Prictions

The. congliant etatic friction due to the end aeals and support
roller bearings vwes meagsured at the beginning of each tes’ by applying
ﬁhe-sehaduled<baarxng load and recording the Fforece reguired for exact
balance of the static friciion, This force was added to the balancing
force recoxded during the test, and multiplied by the radius arvm of
the balancing eystem, Mg. 27, gave the friction borque, T lb~it.

The mean bearing radiug is calculaied from the uniform pressure

theory, and gives the coefficient of friction

2
Vv 2 .2 g 9
1 0
or £ = & x10.45 T = Friction Torques £.-1bs.
| W = Bearing load, lba,
01l Flow:

041 flow wae measured valumetrically over short periods by diverting
the outflow from the test bearing into a container, and measuring,
when cool, in a graduated Jjar, Knowing the bearing torque and speed, ond
the oil flow, speeific heatl and temperature risge, a simple energy balance
giveé a good and independent oheck on the measured quantities. Tt wag -
considered satisfactory if this check was no more than about 10% in
grrory because of the conduction heat losses, oil lenkage and other

logees which were unaccounted fore
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Theoretical Bouationg
The theoretical eguations arve applied %o the test bearing and

employed in the following wayss

Teﬁpera&t’\%f:fg .
? S B ( ) ees (21)
where Gr = 20 fw M3 /g_g)
h2o J° P Fom
.x ::‘ rav E) ; )(L_‘x Y&y 0(
Yow = mean vadius
hence
t
el 2 2w Mo Yw O (%)
hZO" J-/oa Pm
and
T T _,&_2(2/-” o 2 20
T he UFT o /pm) oo (22a)

where /V = outlet viscosityat X = X_

Tor the experimental bearing and the oil used, the following are the

gimensions and average values of physical properties:
Ty @ 0eTs Tou™ 1,03%y Ty = L.5M"s Rl = 2,143 Euntry Temp. TO°F;

B =0.02; O =0.48 Bw/AbOF; 0 = 54,0 1b/ee’; A2 o 1,02
Am
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Por the Two=pad Dearing

& = 3,04 rad,

1oLl o ow(e50xi6”)
MM h*

Three-pad Bearing
@ - 1.99 rads |
A E Bad (4-26xl0"6
/U" /-()0 -(L'n)z )
Pour-pad Bearing

« = 1,465 rad.

...'._.._l. = 342 xX 10
/U' /U.O (1’\" ( )

Load-carrying Capacity

: L
av ol )
W per pad = 48 w b b b (-— Zw')

= h? s (59)

wheve b = - -)—;-(:—t = - 0-00043 O(E

) 3 N L = )"
s 2% _ @Eepd)" ]
and %W Z n [4__(&,);] [ "7 _ :)0 l)k' zwnJ (7;}\_,2) (Kﬁ}{?’, )]

& W' is evaluated in Chapler LIN, Sectlon 4.
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i

and /V]w — l /u ()H'
/’/‘U;L 0 [ ﬁ“‘] . 5iot) 2020t 00206 " - (59a)
"\10 [ }{ J o

Sw o= 0173 (ChIT Sec.v)

Hence V¥ per pad

For the 2-Pad Bearing

Wober pad = WA | [c’“'"ﬂ"l] 0-603x 107" b
(W) pl et

= e A v 00603 10" b

2=Pad Bearing |
Z.\/V' = 0']162.

W per bad = an)l (/‘/' ,A") 0565 x{(0 b,

é@l’ad Boaring

Sw = 01274

| W per bad = W (/U,-‘{/) 0‘4—45 x(D—“ lb
L"\")z P .

Although not strictly oorreoiy, since the squations were derived by

two entirely different methods, equations (21la) and (59a) may be combined
w
to eliminate (W)Z giving the Ffollowing:

Tor the 2-Pad Bearing W per pad = 4.64 ( % v €= 2)

. - ’_'

%ePad Bearing W per pad = 6,63 (e/” “+ e_ﬁ - 2)
' At ~8¢

4-Pad Bearing W pexr pad = 97,13 (é’. + &/J Z )

Thus 1% 18 geen that ‘the-load-carrying capacity of a parallel surface

pady for given hearing dimensions and lubricent properties, is
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dependént only on the temperature rise through the péd, according to
{this rather loooe reagoning at least.
As may be seen from Fige. 3%a,b and o, this statement appears o have
some 8light corroboration in practice.

Coefficient of ¥riction

The coaefficient of friction ie

f = @ n 3<M:) cee (72)
P h 3 L+

Yor the experimental bearing Rl » 2.14

Hence f | 6 4

or f =

e 2-44x lo™ %

il

N <
v‘z "’ﬁ
g

ol

Z in ceniyipoise
N in rpm
p in psi

r b in inches.
Oy

i

Ineragy Bolance

Friction Torque = P lb«Ift per bearing surface.

Work = 2 Tw fi-1b/sec Lor two bearings.
Flow = Q 1b/min.
Heat %o oil = &% Oégs % Btu/seo

Therefore 2 Tww Q 4 9—&%’-3- % 778

W.T m 35,11 Q%
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FIG 28 A rtMPEKATG6>K.£6 Ak*ouND C&NTR-AL AR.C
TEST M ? 2-56
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BRI

Ve 3,  Discuggion of Results

The e;periment%%ﬁreaults are presented graphically in Pig. 28 ‘o
3%, and thé tabulategikalues from which the graphs are drawn are shown
in Tablee 1 to 10, in Appendix I.

For the three specimen tests, 2-36, 3-5 and 4310, the temperatures
which were recorded around the central are at the mean rahius 1.16 in.,
are plotted in Fig. 28: The temperature distribuiicns for most other
teote were similar o these,
| It may be seen ihat a simple temperature gradient is not obtained.
The oil in the grooves is assumed to be at the oil inlet temperature.
There is o very rapid rice from the oil inlel temperature to the
temperature shown by the first thermocouple; ‘then there 1s a sgleady
‘emperature rige, at a rather flat gradient, around the hearing pad.

It would appear that two factors, which were not correctly accounted.
for, influence the temperature readings. The actual oil ltemperature in
the grooves 18 almost certainly kigher than the recorded'inlet temperature,
which was measured by a @ingle thermocouple in the annular supply space,
and not in the grooves. Since a certain amount of o0il is carried around
the bearing, there will be a mixing in %he grooves of fresht.oll and
recirculating oil, making the inlet temperature to ‘the pad higner than

the recorded value,
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It wag intended to test a bearing with separate inlet and outletl

grooves as shown in Fig. 34,

OUTLET GROOVE INLET GQROOVE

ROTATION OF
\ MovING SURFACE,

Pig. 34, DProposed Bearing with Separate Inlet
and Qutlet Grooves.

In this way a,truer‘measure of the temperature rise taking place around
the bearing Burface‘itself wvould have been obtained, Unfortunately, the
tests were halted by the breekdown of the machine before this could be done.
It 4o also thought that the standard method used in this work %o
measure oil film temperatures lg'not quite accurates, Thermocouples
embeddéd in the bearing surface,although in non-conducting material,
are greafly~in£lﬁenced by the surrounding and oppising bearing facee,
and it 4e difficult 1o see how errors due to conduotion and radiation can
be é§oided. These effecte would couse & "temperature inertia," causing
thermocouples'to register a highexr temperature at inlet and a lower
valuevat outlet than the actual oil £ilm temperatures.
With these arguments in mind, the temperature rise around the
bearing pad, 1°F, was taken as Tmax.(at outlet) minus To(at inlet).

It 18 probable that both of these values as recorded are too low, 80
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that their differonce, t, may not be too much in error, The average
témperaﬁux'e, vhich gives the average viscoslty 2, was taken as

2N
To + 2/3ts It should be noted that the parameter p is greatly affected

by the value taoken for Z., Previous oxperimenters have taken tho average
visecosity as obtained from one thermocouple per pad (Fogg, 3), or as the

nean of inlet and outlet values (Kettleborough, L),

As a goneral correlation with other workers, the coefficient of
friction is plotied against %\l’ for all tests, Fige29. Although Z%\I is not
in congistent units and ig not directly related to £, the results follow
falrly weoll o linear patbern on a log-log scale, which hag the same slope as
the ourves of Fogg and Kobttleborough, end in fact come quite close to Fogg's
resultyg, nlthough the magnitude of loads was much emaller than Fogg's., The
difference in the three sobts of results is probably in good part due to the

different waluos employed for theo average vigeosity Z.

The correct non-dimensional parameter for & porallel thrust bearing is

AN .125.; ag dorived in Section III.5. When the coofficient of friction £ is
p

plotted against %—\I- % s the experimental results can be compared with the

theoretical equation

£ = 249 %1078 W ¥

P h
for this particular bearing, as shown in Fig.30. There is a marked geatier

in the experimental points, bub, in general, the test resulis lie on a flat
ourve, RBxperimental rosults taken from Kettleborough's paper (4) and
plotted in the above manner are in close agreement with the author's resulis.
Although correlation with the theoretical curve is very poor, the experimental
points can be brought into substantial agieement if the viscosity at maximum

boaring temperaeture is used instead of the average value.
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The difference might be due to three factors:

() A low velue of messured friction,

The friction torque ss messured might have been in orror, beeause
of undor-compengation for gtatic friction effects. Thae static friction,
due to stationary end seals and support roller bearings, was measured
ot no load and no speed, and added to the friction torgque measursd

- during a tests Although the static fxdetlon was independent of load and
gpead, il may haove increased during running baeausé of the effect of

temperature on the oil seals and bearings, but this is unlikely.

N p

(b) A high value of - h°
F'or a given friction value, the ecorrvesgponding %? i nay have

been oo high., The meesured quantities N and P can be accepted as

gubgtantlially correct,

The applied load, vhich gives the bearing pressure p, is also
probably correct. In some early tesls, however, when aluminium loading
pistons were usged in the steel eylinder, differential oxpension caused
the pigtong to stick and very high loads were spplied without being
recordeds. This faoult was corrvected by using cast iron pistons with o

1ittle more clearance, and rubber o~-rings as piston rings.

The poaplibility of ervor in measurving 2% and h Iig much groater.
The average £ilm temperature, which has alreandy been discussged, could be

in error by, say, 10% - between 100°F and 90°F, the viscosity changes fro
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27,4 to about 36 ceniipoise, a difference of 30%. This difference 4n
viscosity becomes smaller at higher temperatures, hovever. |

In o similar way, it is doubtful if the £1ilm thickness measurements
are accurate to within 0,0002%, which my mean'&ﬁtérror in the order
of 20% on normel readings. .

These large percentage exrors which are inescapable when measuring
very amall or 4ll-defined guanmities, moke ~individual readings almosd
worthless., However, vhen a large number of tésﬁs is considered and the
results plotted, the general {irend of the resulis can be observed and
compared to theoreliical curvesy the extent of the scatter being an
inherent indication of experimental accuracy.
¢) Boundary lubrication.

There is congiderable éouﬁt in the authdr'a mind that true film
lubricaiion occﬁrred in all tests, especially at high loads (usually
low -?l valuc«za.) |

Quite fraquenxly during the course of testing, several instances
Bi non-ﬁ}uidnfilm lubrication and even metalwto-metal contact were not ed,
ﬁainly gymptomised by unsiable temperatures and vibration. These obvious
malnfunctibning teste were discardéd as has been previously noted,
HoWeverg‘iiiwaa chaerved tﬁat some of these tests did not show mugh bigher
values of the coefficient of frictign, the difference between tests

purporting to be run under canuitions of fluid-film 1ubr1cation and those
which obviously were not, being fairly small e Unlike the case of the
journal beariyg, there does not appear to be a well-defined change

. betveen hydrodynamic and boundary lubrication for the parallel surface




132.
thruet bearing. Following this reasoning further, it would seem that a
linear plot of £ againat_ %E-ia not in iteelf a complete indication of
fluld-film lubricetion for a parallel surface thrust bearing.

Thie can be explained when one conasiders that in a journal bearing,
when the £1ilm thickness diminshes, metal-io-meial contact takes place
along a vory narrvow linear ares, with high pressure and positive contaci;
whereas with the parallel surface bearing, when the film thicknesgs 18
of the same order of magniiude as the purface roughness, it will be |
posgible to have film lubr}cation with intexmittent contaét of asperities
over the whole surface at low metalelo-metal. pressures,.

The experimenial values of film thickness are in good agreement with
the predicted values, Pig. 3la, b end ¢, although again there is a wide
scatter, and the range of values along the abscissa is rather small. The
seatter of the points would seem to be in accordance with the estimated
aocuracy of measurcment, o the nearest 0,0002in. Recorded f£ilm thickness
values appear o he about 20 or 30% greater thén the predicted values;
in fhe th&ee~groove and'four—groove.bearings,

Vhen the load per bearing pad ig plotted against the parameter

(‘U /NB "4£ ) in Mg. %2a4 b end o, the correlation of theoretical
2 .

end actual values in{again apparent, although io a lesser extent, and the///g/

scatter of points;{; even more pronounced than on the previous grapha.



133,

The eide soatter is undoubtedly due %o the 'h2'-term in the denominator
of the parameters. It should be noted again that in this series of
experiments, 1% wée_foqnd‘that_the maximum bearing load that could be
carricd gafely was about 350 ;b., giving a bearing pregsure of some

T0 pei. This load is yery much lcwer than those reported hy Fogg

(24200 1b, probable pressuxe 440 psi), but it 4@ in agreement with
Keﬁtlehoroﬁgh (4) and with long-ecetiablished marine practice for parallel

surface. thrust bearings.

When the load per pad is plotied dgainst fhe funotion (e[3 T e"’Bt - 2)
in Tige 3%y b and ¢y experimental geatter is extremely pronounced and |
corrvelation of theory and practice ia not good. It will‘bg recalled,
however, that W = fn(ﬁﬁﬂt) is not & true mathematical relationehip
(section V.2), so that exact correlation should not be expected. ¥or the
two=groove and the three-groove bearings, the trend of the experimenial
poinis appeérs to be fairly olose %o ﬁhé theoretical line, and some
correjation might be olaimed. ¥or the four-groove bearing, the actual
load curve is at a much emaller gradient than the predicted line, giving
a lower loasd~carrying capacity then indicated for a given %amperaﬁurg
risc, Dne‘poasible explenation for this ie that the four-groove bearings
ran at higher maximum températures (see Table 9 in Appendix I) so that
the method of calculating the Yempexature rise, t, may have been

more in error for the four-groove then for the cther bearings.

Trom the trend of the results in Fig. 33, there is some Jjustification

for stating that the load-carrying capacity is a function of the
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temperature rise around the pad for a given bearing and a given oil.

,!:.

On this assumptiion an empirical fLormula could probably be obiained to’ g:ve

batter ageuracy than ‘the develcped equations used in Fig. 35.

The difficulty. in obtaining accurate measurements of f£ilm thickness

and oil film temperature, ae evidenced by the scatier of experimental

points’ allovs no definitie oconclusions to be drawn, Sufficienty

correlation is shown, however, so that the theoratical equations

]

oan be used with

h

const. “2 % '[ ~)

£a( e P

confidence to predioct the performance of a parallel

surface thrust bearing,
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CHAPTER VI

VI, 1. Conclusions
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Vi. 1s Conclusiong

The objectives of this research wérk, which were in brief, to
expand the theoretical analysié to include the effeot of side leakage,
to demonsirate and meésure the c¢ircumfereniial temperature gradient
in a seclor bearingy and to compare theoretical performance ocurves with
actual experimental valuesy have been accomplished. The detailed
conclugions which may be drawn from the results oblained are as

followa:

(1) fTheoretical Analysis

| Two equations, a general expression of Reynolde equation and an
energy equation, govern the ﬁ&drodynamic~bahaviour of a parallel surface
thruet bearing. These equatiéns have been solved by three different
methods and the three solutions, I{l.1l, III.2 and 11i,3, have been
compared by eovaluating cach for the same arbitrary sets of operating
conditions,

Salutioﬁ IiL.2 which vas obliained by a relexation process, is ithe
only soluiion which does not require simplifying assumptions, and thus
18 considered to be the most accurate. Using this solution as a basis
of comparison, it is deduced that the assumption of an infinitely wide
bearing, but including the effect of viscosity variation, has litile
effect on the temperature distribuiiony, (also noted by Cameron and

Wood, 8)y but leads to large errors in pressure values,
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Solution II1.3 apsumes congfant viscosity, but includes the
effect of side leakage and leads to a ¢lose approximation fér pressure
distribution and the coxrect load=carrying eapacity, but temperature
values are in error. This method of caiculaxing the load-carrying
capacity is given confirmetion by close agreement with the published
experimental values of Keltleborough (4):

Since the relaxation method of Solution IIl.2 requires a complete
series of calculations for each change in running conditionsg, it is not
suitable for design purposes nor does it produce theoretical performance
curves, uAcaordingly, the general equalions for temperature from

Solution Iil.l and for pressure and load oarrying capacity Lrom

Solution ILI.3 are used.

Tenperature:s Solution Iil.l
t = 4 du(Gx+i)
A
Pressures Solution IIL.3
o0

P4 . S, e
" m(*’!__.
X ") A )

P

b

Load Carrying
Capacity: Solution III.3

r o
Ve per pad = j Ar 2 Pn dr
h T \

L

The summations are for odd values of ne
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(2). Apparatue

‘The experimental apparatue wag designed primarily as a torque-mcuntéd
thrust bearing 4o run aﬁﬁhigh rotational aﬁeeda, with no nnbalanéed
end ﬁhmuatt andihaving'% large number of thermocouples in the bearing
faces. These primary considerations and the fact that the apparatus
was built on a xathér limited ﬁudget, which necessitated uging and
adapting equipment'whiéh porhaps was not entirely satisfactory, but
which was avallablé; resulted in some inmccuracies of measurement.

When measuring film thicknesses by a asystem of dial dauges, meital
expansion effects of the same order or greater than the required
guantities were encountered, Al%hovgh by making suitable zero adjuste
ments, these expanasion effecta'ware taken into account, the accuracy *
of such meagurcmente must be greatly reduced. To oblain the accuracy
' necessary ‘o measure oil filme lese than 0.0005 in; thick, a very rigid
housing and mounting would be required; with bearing faces flat and
parallel to extremely close limiis. An eleelirical capacitance method
would measure the dietance between the beaving surfapea direetly, thus
eliminoting the effect of thermal expaneion of the housing, elc, In
addition, an elecﬁricai gystem would give & positive indication of

metal-to~metal contact in the bearing.
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The temperature of the oil #ilm around the bearing pad was
meagured by thermocouples embedddd in plugs and flush with the white-
metal surface, 'Although thig Yype of temperature measurement ig
accepted as noxﬁél anéﬂhaa been uged by several exparimenferé, it is
doubtful if such a method can give, with any accuracy, tihe #émperature
gradient in a very thin oil film betwean two extensive metal surfaces,
Howevery, since no better arrangement was available, this method was
employed, with ressrvations. (noted on p.128, Ch. V).

The gselfw«contained design of the {est unit, in which the loading
Jacke were mounted around a central barrel making the frictionemeasuring
bearings and end seals independent of load, was very satisfactory and
gave accuratbe and easily qeproduoible readings for bearing friction,

The high epeed aspects of the test equipment offered no serious
problems. It le felt that in an arrvengement similar to this, ruming
at speeds above the oritical would give improved tesiing conditions,
with a lower noise level and e minimum amount ol v1bration; Operating
in this speed range would entail very careful initial balancing and a

close control of wear and imbalance over the period of testing.
(3) Temperature Gradient.

The temperatuyes recorded indicate that a thermal grasdient does

exist in the circumferential direction in a parallel surface “hrust
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bearings Hovever, as already explained,'an accurate measurement of
the temperature gradient was not obtained. An average temperature
gradient was estimated from inlet and outlet. oil temperaturss, the
tenperature rise being checkecd by considering a aimple energy”balance.

The temperature gradients thus obtained are shown to be sufficient
to produce the loads carvied by the bearing; in this case a maximum-
bearing pressure of 60-~70 psil required a temperature rise of about
150°F, For a bearing pressure of 4ﬁg pely, which ig the estimated
maximum pressure reperted by Poge (3), a temperature rise of about 290°F
would be required in thisg bearing. The corresponding £ilm thickness

would be of the order of Q,0002 in. at a speed of 10,000 rpm.

(4) Correlation of Results.
From the equations for temperature and pressure é’nowxa above, the
following operating characterisiic equatione have been developed:

Coefficient of friction £ = const, (.2-3'—3'1‘l —E)

«/
Film thickness h= conss‘ﬁ.V(I‘f’j‘_ )
v
Load per pad ‘ W ecnra‘%.(-‘;‘-% . /}Ze/,;:ﬁ)

¥ = conat, (Gfaf"" é‘ﬂf"' 2)
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The experimental points were plottedy, and where applicable the
corresponding theoretical curve is shown on the same sheet, Al%hough
in all cages scatter of the experimental peints 1s pronounced,
sufficient correlation is oblained to justify the usze of the above

equations in predicling parallel thrust bearing performance.

(5) The Thermel Wedge Bearing,
While the immediate ‘objectives of this thesis have been achieved,
it @uat be recognized that fhis accomplishmeni gtill does not
constitute a complete and Lfinal gtudy of the thermal wedge bearing? iue
to certain inevitable inaccuracies in experimental technique, and to the
indefintite character of the thermal wedge phenomenon, espseially thé
illedefined transition from L£ilm %o ﬁoundary lubrication in this $ype
of ﬁearing, the expetimental reaults'may be open io other interpretations.
It is believed that the trend of the results is in agreement with
the theory whieh has been developed, which would indicate that thermal
wedge lubrication occurs within ﬁhe range of the test conditions. The
tegt bearing had a maximum load=-carrying capacity of about 60 to 70 psi,
which'is in the eame range as the old-fashioned parallel surface marine
bearings. This load corresponds to the required temperature yriese of
150°F and & £ilm thickness of 0.6005 ine. Since the test hearing was flat
and parallel only within noymal engineering limits, it is dlikely that
a film thickness lese than this would~result in houndaxy lubrication

and metal contact,.
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By extrapolating Lrom the load graphs, Fig. %2 and 33, it would
peem that a thermal wedge bearing ie capable of carrying high loads,
say 500 psi, but in the test bearing, this would require a temperaiure
rise of some 300°F and a £1lm thicknesg of less than 0,0002 in, These
operating values would be extremely difficult o maintain in a
conventional thrust bearing without oil hreakdown or mechanical failure.

1% would appear, therafore, that while the ﬁherﬁ&l wedge effect does
exisd and is appreciable in parallel surface thrust bearings, high load
carxying capacity is prevented because high temperature gradients and
very thin oil films cannot be achieved in normal engineering practice.
There appeara to be no reason why the thermal wedge method of dbtaininé
8 loade-carrying fluid £ilm should not be employed in some other type of

unconventional bearing or in some field othexr than bearing lubrication,

YRR .
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TABULATED EXPERLMENTAL RESUIAS



Dataes

THEFMOCOUPLE E.M.Fe

27th April, 1956... 2 = Pad Bearing
Loading Circul? Prespuyes i 70 pei

Speeds

Tegt Nos

8000 rpm

147.

2=36

FILM THICKNESS (1/10,000 in,)

Table 1.

Thermom= Time Ming, Time Gauge Number
. ecouple B 15 25 30 _Ming. 1 2 3 4
2 2.82 2480 2.90 2,90 1 18 2 22 21
3 2493 d99  3.04 5,04 4 21 2 27 22
4 746 3456 3.59 3460 9 22 7 27 23
5 %00 3,07 311 3,12 12 23 9 30 23
6 5066  Z4T4 3,78 3479 19 2%.5 12.5 34 25
T 3460 3469 3.80 3,84 26 24 14 34 26
8 3048  3.57 3457 3.58 33 24 14 34 26
10 3,46 3450 5.6 3.60 3iop 15 i 14 13
11 3423 3,28 3435 P54 Vhen
12 3-84 %485 398 %.97 cool -], 0 +5.5 !
13 2.4% 2,40 2,50 2.49 ' '
14 3.20 3.13% 3.31 3.31
15 3.55 3433 B.44 3.43
16 3.54 3,46 3,65 3,65
17 34060 35420 3,30 3,52
18 3474 3487 5,96 3,98
19 3,40 3,58 3.67 3.68
20 5.85 3.96 4.06 _4.06
OIL INLET TEMP., deg.F _ 68 BEARING FRICTION
Static Friction = 0,42 1lb,
| QIL PLOV 21) co/min 362 iine Hing _Q%%gélh;_
2) ce/min 370 10 ouTT
20 0.77
30 0.77.
Test on High Speed Pafallel~Surface

Thruat Bearing~Direct Teet Readings.
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Date: 18th July, 1956 3 = Pad Bearing Test Nos %5
Loading Circuit Pressure: 100/ pei Speed: 9000 rpm
THERMOCOUPLE BoM. ¥, FILM THICKNESS (1/10,000 in.)
Thermow~ . Time Mins, Time : Gauge Number
gouple 5 15 25 20 Mins 3. 2 3 4
1 1.81  1.97 2,02 2,03 Start 0 0 0 0
2 Le97 2415 2,20 2,22 1 9 15 40 41
3 2,01 2,22 2,29 2,31 10 12,5 28 39 43
4 2.07 2,27 2434 2,35 20 15.5 32 39 A2
B 2,89 3,15 3.25 3.24 When
*9 .24 237 2441 2,46 cool =4 +25 =2 -2
10 2,537 2,75 2.85 2.87 a
11 . 3.24  3.42 3,50 3.52
13 2,00 2.12 2,19 2.20
14 2.04 2,20 2,27 2.27
15 2,12 2,27 230 2.32
16 2,61 2.82 2.90 2.91
1T  2.69  2.85 2,90 2,90
18 3.19 339 3.47  3.50
19 2,72 2.92 304  3.06
20  3.18  B.42 351 3.54
2l 282 3,05 3,16 3.18
22 3420 3439 35.48 3,50
23 2,53 2.80 2,91 2,94
24 2,51 2,69 2,89 2,92
OIL INIET TEMP, deg.F _ 70 BEARING FRICTION

OIL PIOW gl)
2

3

Table 2.

eo/min 735
ce/min 720
ee/min 730

Static Friction = 0.42 1b

Time Mine." Load 1lb.

- 1/2 LeT5
10 1.52
20 1.47

Teat on Parallel-Surface Thruglt Bearing
Direct Test Readings.



Dates

21 May, 1956

4 - Pad Bearing

Loading Circuit Pressures 70 pal

THERMOCOUPLE oM, o

Thermo~ Time Ming,.
couplé 5 15 26 35 40
1 1,77 1.98 2,12 2,16 2,19
2 1.8% 2.08 2.2% 2.29 2,%0
3 .00 215 2430 2,35 2.35
4  1.98 2,284 237 2,43 2.44
5 2,07 254 2,46 253 2,53
6 2,26 2,48 2,60 2,65 2,66
T 2,40 2.61 2,72 2,77 2,79
8 . 2,56 2.T3 2.83 2,89 2.90
O  2.47 2,71 2.81 2.88 2.89
10 2,03 2.30 2,40 2.48 2,49
1L 2,17 2,26 2.,46 2,53 2.56
12 2,17 2445 2,59 2.68 2,70
13 1.85 2,06 2,20 2,27 2.3%1
14 2,24 2,47 2.58 2.64 2.64
15 2,07 2.35 2.41 2,51 2,52
16 2,58 2,75 2,83 2,88 2.89
17T 1,97 2,15 2.21 2.28 2,29
18 2,19 2,39 2442 2,53 2.55
19 2ell 2432 235 2,48 2,52
20 2!55 2954 2055 2.65 2069
21 1,87 2.05 2,08 2.18 2,20
22 2,32 2,48 2.63 2,62 2,064
23 2,00 2417 2.24 2.34 2.37
24 2,44 2,58 2,65 2,73 2,75

OIL INLET TEMP, Heg.? 70
OIL #LOW (1) eo/min 345
23 ce/min 320

%) oc/min 335

Table Y.

Speeds

44400 rpm

149.

Test No. 4?&0

PIIM THICKNESS (1/10,000 in.)

Tinme Gauge Number

Minse X 2 5 4
Start 0 0 0 0
i} 175 10,0 37,0 54,0
9 24,0 Tub FleH 31,0
19 26,0 12.5 26,5 28,0
29 27e0 155 22,5 2545
39 275 1T.0 22,5 25,5
44 28,0 17.0 216 25,5
Stﬂp. ;9.0 1300 Q&O 11.0

When

cool 5.0 2.5 0O 1.5

BEARING FRICLION

Static Friction = 0,42 lb.

Pime Ming Load 1b.
1/2 0497
10 0.82
20 0.82
30 0.77
40 Q71

Test on Parallel-Surface Thruat Bearing
Direot Test Readings.




Bearing Type

Test No.

Bearing Toad Velb.
Aﬁguia? vﬁioeiﬂgfuirad/bec.
011 Tnlot Temp. ‘dogil
Bearing;éamp. GogeF

Point

Film Thickness (1/10,000 in)
Gauge

VIO

IMln Thickness (aver) 'h!
Friction Torque  1b.ft
01l Flow ~ 1b/min

145
160
166
188
169
195
198
387
153
18

178
202
143
177
182
190
177
202
190
205

1§ 1

9

7
20
13
8.0

04296
0.665

Bepard

207
94%
To

124
152
136
157
131
140
154
173
142
159
185
197
131
135%
136
160
160
184
166
185
171
184
162

Teb

9.5
14
16

840

04471 -
1e33

Toble 4. BEvaluation of Test Readings.

150,

fwPad
4-10
2
461
70

130
135
137
141
145
150
155
160
159
143
146
152
136
150
144
159
154
146
145
151
130
150
158
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2 Groove Bearing

Test '
No. { Twmax| To Tav| Zav N P Z_N e":é'ﬁiz w b
°F °F °F |eealipsel rp.m.| poli. P per pad
26G-0 | J11 137 | 70 | 114 | 19.2 | 9000 BeT | 464500 2.08 10,0
1| .0602| 136 | 67 | 113 | 19,6 9000 Tsl | 24,800 2,12 19,0
2 | J05%5 | 146 | 70 | 121 | 16.0 9000 | 11.2 | 12,900 279 50,0
B | <0306 161 | 74 | 132 | 12.4 9200 | 18.8 6,050 5488 50.5
4 | 0242 188 | 78 | 151 9.1 9200 | 2646 34150 T.11 T2.0
5 | 0174 207 | 69 | 161 TeT 9000 | 38.4 1,790 | 13.86 | 103%.5
6 | J067 | 154 | 69 | 126 | 14.4 | 10300 7.1 | 21,000 5464 19,0
7 | 4033 | 186 | 69 | 147 9.6 110400 | 18.8 5,270 8.4 5065
8 | ,0206 203 | 71 |162 Te2 | 11300 | 38.4 29120 | 12,07 | 103%.5
9 | L0020 {215 |75 |1l68 6.7 | 12250 | 38.4 29140 | 14,46 | 103.5
10 | .03 200 | 70 | 157 8e2 | 13300 | 2646 4,070 | 11.48 T1e5
12 | 0232 | 192 | 70 | 152 B.6 9000 | 26.6 2,910 9¢59 TLeB
13 | L0352 | 160 | 68 | 130 | 13,2 9100 | 18;8 6,380 44,46 50.5
l4a | 05238 180 | 68 |14% | 10.1 9000 | 18.8 4,830 TedG 5045
1Ba | ,0268 | 212 66 | 146 9,6 9000 | 26.6 59240 | 16,55 T1.5
léa | L0159 | 236 | 66 |180 5¢5 9000 | 4644 1,070 | 28,0% | 125
15 <0465 | 160 | 68 | 130 | 13,2 9000 | 1l.2 | 10,700 4,46 3040
16 | ,0295| 186 | 74 | 149 Qe3 9000 | 18.8 44470 TS5 | 50.5
17 | 0295 | 180 | 69 |143 | 10.% 9000 | 18.8 4,920 Te3 5065
18 | 0346 | 175 | 66 |138 |11.2 |10400 | 18.8 65200 6493 50¢5
19 | .0227| 188 | 62 |149 9% .| 9000 | 2646 549160 8,89 715
20 | L0355 | 202 | 64 |156 8.2 [11800 | 18.8 54100 | 13,76 5045
21 ) J506 | 206 | 69 {160 ToT | 13000 | 18.8 | 54300 | 13,56 5065
22 | L0333 | 200 | 64 |155 8.2 | 13200 | 18.8 54710 | 13,27 5065
23 | .,0178| 237 |70 |18l Be5 9000 | 38.4 19290 | 26424 | 103,5
24 <0402 | 148 63 120 16,5 4400 | 1l.2 6,500 B¢ 00 20,0
25 | .028 | 156 |68 126 |1l4.4 4400 | 18.8 59360 597 50.5
26 | .0218 | 164 | 64 |130 |12,9 4400 | 26,6 2,120 5e54 Tle5
27 .0162 | 174 64 (137 | 1ll.5 4400 | %8.4 L,3510 Tell | 103.5
28 | ,0124 | 192 | 68 |150 9.1 4400 | 4644 860 | 12,67 | 125
29 | JOM05 | 200 | 70 |157 Be2 4400 | 5443 658 | 11.48 | 146
50 | .010 | 216 | 66 |166 68 4400 | 64,3 465 | 18.05 | 173
21 0265 | 174 68 |139 |11.0 5500 | 18.8 %9220 6442 5045
32 | L0278 | 178 | TO (142 | 10.5 7000 | 18.8 59720 0TT 5045
%3 | 40201 | 184 72 147 9.6 8000 | 18.8 4,070 7:51 50,5
34 «0307 | 185 68 1146 9.8 9000 | 18.8 4,680 “§;4 5065
35 | L0217 | 170 |68 |143 (10.1 5500 | 2646 24090 | 5,83 TleH
27T 1.0143 | 200 |70 |l63 Tel T000 | 38,4 1,300 | 14.46 | 10%.5
38 | L0162 | 212 |70 1165 6.9 9200 | 38.4 1,660 | 15,21 | 103%.5
Table 5. Caloulaiied Test Resultse
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Y

w

No. !bﬁé; 163 Lbffi’j%°xl5 | ra d/sec wm.s inx1g ff‘{{/%ﬁ] p‘rr/}ola‘.pol Zj%‘: ;E

2G=24 | .20% | 1.7 | 460 | 04326 | 11 28.4 30,0 | 4413
25 | ,169 | 1.46 | 460 | 0.297 | 10 20,7 | 50.5 | 2.%5
26 | o146 | 1.6 | 460 | 0.272 7 6842 7145 2{12
27 | ,119 | 2,6, | 460 | 0.243 | 7 69.5 | 105.5 | 1.31
28 | ,096 1.4éh 160 | 0.227 | 6 87.3 | 125.0 | 1.0
29 | .000 | 1.38 | 460 | 0i21 5 | 1305 | 146.0 | 0,92
30 | 077 | 1.5 | 460 | 0,192 5 144,0 | 173.0 | 0,65
31 | 119 | 1.46 | 575 | 0.274 9.5 | 4249 5045 | 2438
%2 | W13 | 1.%8 | 7327 | 0.302 | 10 4643 | 5045 | 2461
3% |- #2105 | 1428 | 838 | 0,31 10 4942 50s5 | 2484
34 | 104 | 1,46 [ 942 | 0326 | 1 | 53.0 | 0.5 | 3.0
35 | #1271 | 1.46 | 575 | 0,283 6 106.5 TL5 | 2445
56 | 4105 | 1.46 | 838 | 04325 8 88,8 L5 | 244
37 ;gsa 1.38 | 732 | 0.253 8 74s0 | 2055 | 1.1%
58 | JOBO | 1.38 | 960 | 0,286 | 9 76,6 | 103.5 | 1.3

‘Table 6. Caleulated Test Resulis -

2 Groove Bearing
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Pagt
Noo | f |Twa| Te | Tav | Za | N | p | 2N Mgl Wi
°F o *F  |cenhpoise| ¥ pm Psi i per fpod

3@Q1 J068 | 127 | 64 | 106 | 23.4 | 9000 | 11.3 | 18600 | 1,80 20

2 | 4043 | 134 | 64 | 111 | 20,6 | 9000 | 19,1 | 9700 | 2,31 34
032 | 142 | 66 | 117 | 17.7 | 9000 | 27.0 | 5900| 2.79 | 48
,0522 | 156 | 69 | 127 | 13.8 | 9200 | 27,0 | 4700 | 5.876| 48
«0236 | 170 | 70 | 137 | 11.6 | 9000 | 39:0 | 2650 | 5.535| 69
L0190 | 188 | 69 | 148 | 9.35| 9000 | 55.2 1525 | 8.89 97
.oiss 196 | 65 | 152 | 8.8 | 9000 | 63,0 | 1260 | 11.87 1
.0450 164 | 69 | 133 | 12.45)| 10500 | 19.1 | 6850 | 4.85 34

w0 o =2 L NS N

| .0223 | 190 | 68 | 149 | 9.15| 10800 | 39.0 | 2540 | 9.587| 69
10 L0435 | 164 | 68 | 132 | 12.5 | 12000 | 19.1 | 7850 | 4.947| 34
11 .osb 164 | 68 | 132 | 12,5 | 13500 | 19.1 | 8850 | 4.947 | 34
12 | .0482 | 172 | 70 | 138 | 11.2 | 12500 | 19.1 | 7350 | 5.83 | 34
13 | .0395 | 167 | 67 | 134 | 12,0 | 12500 | 27.0 | 5550 | 5.8%5| 48
14 | .0266 | 180 7é 144 | 10.1 | 12700 | 39.0 | 3290 | 6.815 | 69
15 |.0203 | 198 | 69 | 155 | 8.25| 13500 | 55.2 | 1990 | 11,276 | 97
16 |.025 | 196 | 66 | 153 8.6 | 13000 | 59.0 | 2870 | 11.57 69
17T | 019 | 215 | 76 | 169 | 6.5 | 13000 | 52.0 | 1390 | 14.26 | 104

Table T, Celeoulated Teat Results

% Groove Beanring
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Teat
No. “%‘f—fcxjo"" '%’::C: 163 m;c;ﬁ“ ;%l,,d) i bl o4 EFN ' % {-:-i (/{%:-//)
56=1 | 1295 | 1.6 942 | 585 6 21,7x10° | 164x10°
2 | .25 1.6 942 | 528 7 947 150
5 | .22 1.5 942 492 | 12 3444 42
4| a7 1.42 | 963 | J4%2 | 10.5 3,14 5447
5 | L1835 | 1.38 | 942 | 376 9 2,1 72
6 | 105 | 1.42 | 942 | 327 o5 1.42 110
T | 095 1.55 942 311 7 11426 140
8 | .15 1,42 | 1100 | .430 | 11 4,27 5542
9 | 10 1,46 | 1130 | .38 | 1 1,62 64,0
10 | .15 1,46 | 1285 458 | 13 4,23 45,2
11| .15 1.46 | 1415 | .486 | 13 4,78 4847
12 | J133 | 1,38 | 1310 | .44 13 4404 48,7
13 014 1.49 | 1310 45 12 %04 6145
14 | 15 | 1.28 | 1330 | .41 12,5 1.81 47.9
15 | .092 | 1.42 | 1415 o373 8 1,64 130
16 | L095 | 1.5 | 1360 | 313 | 1 1,85 7847
17 | .084 | 1.12 | 1360 | .333 | 12 0,81 47.2

Table 8. Coloulated Test results

% Groove Bearing




Tegt
No. f. Tmax | To Tay 2 av N P Z N
9 °F ° centiprise | rpm P3| P
4G-l 064 102 (F] 93 3%45 4400 Te? 20200
2 064 112 T0 98 29.2 4400 TeD 17600
4 .032 118 68 101 26,8 4400 19.4 6080
5 « 033 116 69 101 26,8 5700 19.4 7900
6 038 121 67 103 25.4 7500 19.4 9800
(f 047 135 5 115 18.7 9100 19.4 8800
8 « 034 120 69 103 25.4 4400 276 4080
9 | .039 125 68 106 235 7000 27.6 6000
10 021 150 70 123 15.5 4400 27«6 2470
11 o024 171 68 137 11..5 7200 2746 2020
12 « 015 i87 66 | 146 0,6 4400 40,0 1050
14 o015 225 66 172 - 6.2 4400 48,0 570
15 <012 240 66 | 182 SeH 4400 5640 432
16 -« 015 229 66 175 6.0 8000 40.0 1200
17 015 210 €8 163 T.2 5600 40,0 1010
18 014 232 68 117 58 7000 4840 850
19 «015 235 68 179 575 | 9000 48,0 1080
20 021 189 68 148 9.3 8000 2746 2710
21 « 02% 180 68 142 10,5 7200 27.6 2760
22 021 168 T0 136 11.5 4400 276 1850
2% <017 220 70 170 6.5 ‘5600 40,0 910
24 046 128 70 110 21.1 9000 19.4 9800
25 <0351 153 68 126 14.8 9000 27.6 4860
26 026 193 61 147 0,6 9000 27.6 3140
27 »019 228 68 175 5.0 9000 40.0 1350
36 «05 - 1%4 T0 106 2544 9000 19.4 30900
37 035 17% 78 141 11.0 2000 19.4 5100
38 05 137 68 114 19.15 | 8500 19.4 8400
39 + 032 174 70 139 11.0 8700 19.4 4940
40 038 197 70 155 8,15 |15100 19.4 5500
Table 9., Caloulated Test Resulis

4 Groove Bearing
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M| Mo w WAL h | Wb et A w4 ZN P
lesee 7| Neats16? | radsee ’—y’},) inxt0* | per pad |© +€ T2 h:e"rgc,) iy
545 | 1.24 | 462 | .67 12 . 0,35 | 11,15 | 11.8
42 | 1,38 | 462 | 528 | 11.5 | 9. 1047

-0.T75 16.8
236 | 1,46 | 462 | .47 | 10 |25.3 | 1,10 | 25.4 | 4.25
« 28 1.42 597 | «557 10 |2 0.95 51,0 553
«535 1.49 | 785 | 582 15 2 P l.28 20.2 4.58
«25 1l.16 953 | .552 9 253 | .63 555 6.85
«345 l.42 462 .| <458 9¢5 | 5640 1.1% 27.6 3405
031 1.46 733 | «537 9e5 | 3640 1.45 46,9 4442
e 135 Le 46 55 | «336 3640 5.98 785 2465
105 1,50 462 | 228 51.8 9.29 66.0 1.05
«07 1.50 462 | .84 o5 | T340 3065 1 B6.5 0.47

5

7
8
7
5
6
075 | 1.50 | 838 | .258 | 8 |51.8 | 24,04 |122,5 1.05
(085 | 1,46 | 587 | .23 6e5 |51e8 | 15.16 | 95.6 | 1,09
07 1.46 | 733 | 232 8 |62.5 | 24.64 | 80,0 0. T4
9  |62,5 | 26.24 | 80,6 0.84
8 |[3640 9.29 | 89,0 2437
8 |36.0 To51 | 7945 3415
645 | 3640 8,69 | 6745 1.99
.08 1.38 | 587 | .224 7 18,05 | 68,2 0.85
0285 | 1,38 | 942 | 578 | 13.5 | 25,3 1.50 | 28.6 7.2
A8 | 1.46 | 942 | M0 | 10 |36.0 3464 | 6042 34
075 | 1,46 | 942 | .273 8 |51.8 | 22,54 |102,0 | 1.18
.25 1,38 | 942 | 537 | 14 |25.3 1.88 | 27.1 5445
.13 1,05 | 942 | 373 | 10 - |25,3 4.85 | 43.3 3,57
.24 1.46 | 890 | .505 8 25,3 | 2.25 | 85.0 7o %2
2125 | 1.38 | 910 | .353 9 | 25,3 6,13 | 70.3 5485
095 | 1.38 | 1370 | J374 | 9 [25.3 | 10,78 |108.5 4427

07 | 1.46 | 942 | 264
10 | 1.46 | 838 | .3

W15 | 146 | 755 | J307
14 | 1.38 | 462 | .268

.
33\ A\
U
P
-
<«

Table 1Ce Calculated Test Resulis

4 Groove Bearing
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CALIBRATION OF APPABATUS
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APFENDIX II

CALIBRATION OF APPARATUS

i; Bearing Loaﬂing Calibration (

The tegt beardng was subjeoted o load by threa hydraulio Jacke
ucting in parallel (Pig. 18, 20, Ch. xv), supplied with presaure oil
from a dead welght preaﬂure gauge taater
° Tnitial tests were made on the jacks 1nﬁividually 4o ensure that
the 1oad/ﬁreaaure characteristio of each vas the same. Thig provad to
be thé caée and the calibration §£ the loading devioce in its Yperaiional
coﬁdition wag bhegun,

This was done by assenbling the loading 1acks, oylznuer and the
two lqadmng pistone complete with pision rings, but omliting the centryal
high speed shaft and disc (Fig. 20, p.87)¢ This pariial assembly
wae suspended vertioally by a hanger attached to the cylinder and fixed
pieton. A 1/4" dlaneter rod was hung from the moving piston and loaded
with dead weighlis which were supported so0 that the loading jacks and
pistons were extended to operational positionss The pressure {o the
jacks was increased until the lomd was just raised‘from the supporte.

In this way, a curve of total load againet pressure to the jacks was
obtained covering the range of operating londs, (Fig. 35)e Il umay be
seen that movement of the piatoné wag minimized and the assembly wae
calibraied at ite operalional exiension. Errores might possibly arise

when the bearing is running beosuge of the presence of oil and the
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change in temperature of the assembly. However, after the loading
pletona wexe modified Yo oasgt iron wilh neoprene O-rings operating in
a steel cylinder, no thermal effects on the loading arrangement were
evident, In addition to the above standard ocalibration, the procedure
was algo oarried out with'%he piston rings dry, lubricated with heavy
and light olle No appreciable difference in the load-pressure ourve

could be detected,

2, Thexmocouple Calibration

The thermocouples were calibrated in position on the bearing
thrust plate by immereing the ¥hrust plate ( P1g. 21y pe89) in a beaker
of lubriecating 0il and heating the oil through the expeoted temperature
range, with the cold junction in melting ice, The curve of temperature
in degrees Fahreneit mgainst thexmocouple millivolis is given (Fig. 3%6)
and it i9 scen to be in agreement with the standard copper constantan

temperature - EMF ocurve,

3¢ Static Friction Calibration.

The siatic friction, due to the end seals and support roller
bearings (Fig. 20, p.87); was measured before and after every tests
Vith the machine stopped and unloaded, weights were added o the friction
pen (Fige 27, p.98) until a slight rotaiion of the assembly took place.
This etatic friotion torque was added to the friction torque reading
obtained during test. The total friction torque applies to two thrust
faces go that for one bearing, the Iriction torque reading was divided

by two ™
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The astatic friciion vas appreciably constent and amounied to
about 0,1 lb~f4 pex bearing, or about 207 of the test bearing friotion
at normal running éonditions. Although 1this figure seems rather high,
1t was not thought 4o be a oause for concern, because the statio
friotion ﬁaa independent of load and speed on the teat bearing, vas

well defined and could be measured acouraiely and oftene
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