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i v .

ABSTRACT

On a few occasions th ru s t  bearings composed of two opposing f l a t  

p a r a l le l  s u r fa c e s , have shown some in d ic a tio n s  o f f lu id  f ilm  lu b r ic a tio n , 

This behaviour i s  in  co n tra d ic tio n  to  the  c la s s ic a l  lu b r ic a t io n  th e o ry , 

which re q u ire s  some geom etrica l r e s t r i c t i o n  or 't a p e r  wedge* e f f e c t  in  

the bearing  c learance in  o rder to  produce a  lo ad -ca rry in g  o i l  f ilm .

A te n ta t iv e  exp lanation  by Fogg suggested a 'th e rm a l wedge' e f f e c t  in  

which th e  r e s t r i c t i o n  to  o i l  flow in  th e  bearing  i s  caused by therm al

expansion of the f lu id  as i t  passes through a space of constan t a re a .

T h e o re tic a l ana ly ses o f the problem have confirmed the  therm al wedge 

as a p o ss ib le  co n tr ib u tin g  fa c to r  in  developing a lo ad -b earin g  f lu id  

f i lm , bu t no d ir e c t  c o r re la tio n  o f theory  w ith p ra c t ic e  has p rev iously  

been made.

Towards th i s  end, th e  th e o re t ic a l  a n a ly s is  o f the  therm al wedge 

e f f e c t  in  a p a r a l l e l  su rface  bearing  has been extended in  th i s  th e s is  to

include th e  im portant e f f e c t  of s id e  leakage . G eneral equa tions fo r

tem perature d is t r ib u t io n ,  and fo r  bearing  p ressu re  and lo a d -c a rry in g  

Capacity fo r  a s e c to r  pad have been developed, and from th e se  were 

obtained c h a ra c te r i s t ic  equations which can be ap p lied  d i r e c t ly  to  an 

a c tu a l  b ea rin g , and which can be used to  produce th e o r e t ic a l  performance 

curves.

I

\



V .

A high-speed experim ental apparatus was designed and b u i l t  

and t e s t s  wore conducted on a  p a ra l le l- a u r fa c e  th r u s t  b e a rin g , over 

a wide range of o p era tin g  co n d itio n s . Readings o f bearing  f r i c t i o n ,  

lo ad , f ilm  th ic k n e s s , o i l  flow and tem peratu res around th e  bearing  

were taken  fo r  a la rg e  number o f t e s t s . .  The maximum b earin g  p ressu re  

which could be c a rr ie d  w ithout excessive f r i c t i o n  and tem perature 

r i s e  was about 60 to  70 p s i ,  which i s  in  accordance w ith v a lu es 

fo r  the o ld -fash io n ed  horseshoe marine b ea rin g s . The experim ental 

r e s u l t s  were p lo tte d  and compared w ith the  th e o r e t ic a l  performance 

cu rves. Although a c e r ta in  amount o f s c a t t e r  i s  ev id en t in  the  

experim ental p o in ts ,  s u f f i c ie n t  c o r re la tio n  i s  shown to  confirm  th e  

therm al wedge behav iour, w ith in  the  range o f t e s t  c o n d itio n s .

I t  i s  concluded th a t  the  therm al wedge e f f e c t  does e x is t  and i s  

o f im portance in  a  p a r a l l e l  su rface  bearing  a t  high speeds and low 

lo a d s . However, in  o rd er to  produce a  high lo a d -c a rry in g  c a p a c ity , a 

p a r a l le l  su rface  b ea rin g  of a  type s im ila r  to  the  t e s t  bearing  would 

be req u ired  to  op era te  w ith a f ilm  th ick n ess  of about 0,0002 inches and a 

tem perature r i s e  around the  b ea rin g  pad of some 300*F, These v a lu es  

a re  o u ts id e  th e  l im i ts  o f normal lu b r ic a t io n  p r a c t ic e ,  and thus i t  

would seem th a t ,  while the therm al wedge e f fe c t  may be of in te r e s t  

in  c e r ta in  high-speed low -load a p p lic a tio n s^  i t  i s  not im portant in  

normal th ru s t  b ea rin g  p ra c t ic e .



V i .

NOMENCLATURE

The fo llow ing  symbols are  used throughout the  t e x t .  Ao f a r  as 

p o s s ib le , s tandard  symbols a re  used . Any symbol no t l i s t e d  i s  defined  

where i t  f i r s t  appears.

X, y» a C a rte s ia n  coo rd ina tes

V,  w V e lo c itie s  in  the x , y and z d i r e c t io n s

u V eloc ity  of th e  moving su rface

p P ressu re

D ensity

V isco s ity

t Temperature r i s e  above in l e t

T Temperature or Torque

h Film  th ic k n ess

q Rate o f Flow

E In te rn a l  Energy

O' S p e c if10 Heat

J M echanical E quivalent o f Heat

A C o e ff ic ien t of Thermal Expansion

P C o e ff ic ie n t of V isco s ity  V a ria tio n

r , & P o la r C oordinates

r Shear S tre s s

w Angular V elo c ity

a Included Angle of S ector Pad

b Expansion C o e ff ic ie n t r e la te d  to  bearing
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A, B, 0 C onstants of In te g ra tio n

Q# K, G, Functions defined  in  te x t

L Length of Bearing Pad

P Non-dimensional P ressu re

D Non-dimensional D ensity

M Non-dimensional V isco sity

R,. 0  Non-dimensional V ariab les

à Grid siBO in  re la x a tio n  p ro cess , o r
In flu en ce  C o e ff ic ie n t♦

F R esidual C o e ff ic ie n t o r Force

W Load on B earing



GHAPTER I ,

I# 1 . In tro d u c tio n .

N ote; The oxporim ontal work f o r  t h i s  th o s ie  m e  done during  

th e  p eriod  f January  1954 to  August 1956, and th e  th e s is  

was compiled b efo re  March 1959#
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CHAPTER I

I .  1* In tro d u c tio n

Since the  problem of hydrodynamic lu b r ic a t io n  was f i r s t  

analysed by Osbome Reynolds in  1886, perhaps th e  most im portant po in t 

to  emerge from the development of h is  work i s  th e  p r in c ip le  of the  

" ta p e r  w e d g e . T h i s  p o s tu la te s  th a t  f lu id  f ilm  lu b r ic a t io n  i s  not 

p o ss ib le  u n le ss  th e re  le ' a  g eom etrica l r e s t r i c t io n  of th e  c learance 

space between bearing  su rfaces  in  the  d ire c tio n  o f r e la t iv e  motion*

The r e s t r i c t i o n  may be a rran g ed , by using  t i l t i n g  pads o r fix ed  ta p e r  

lands as in  th ru s t  b e a rin g s , o r may happen f o r tu i to u s ly  as in  the case 

of a jo u rn a l bearing  where th e  r e s t r i c t io n  occurs when an ap p lied  load 

causes th e  jo u rn a l to  run e c c e n tr ic a l ly  in  th e  bearing* Or indeed, 

s t r i c t l y  speak ing , th e  r e s t r i c t i o n  may no t be ta p e re d , as bearings with 

v ario u s n o n -lin e a r  fu n c tio n s of film  th ic k n e ss  v a r ia t io n ,  inc lud ing  a  

stepped su rface  b ea rin g , have been operated q u ite  su ccessfu lly *  

s p e c if ic a l ly  the  geom etrica l " tap e r wedge" requirem ent p rec ludes th e  

p o s s ib i l i ty  o f f ilm  lu b r ic a t io n  e x is t in g  between two p a r a l l e l  su rfaces  

in  r e la t iv e  motion*

Experim ental data and p r a c t ic a l  experience o f  p a r a l l e l -  

su rface  th ru s t  b e a rin g s , which were in  g en era l use befo re  th e  

in tro d u c tio n  of th e  M icholl and Kingsbury t i l t i n g  pad b ea rin g s , g en e ra lly  

agreed with t h i s  conc lusion . Any th r u s t  load which th e se  p a r a l l e l  

bearin g s did ca rry  was a t  low speeds w ith high f r i c t i o n  c o e f f ic ie n ts ,  and 

could be a t t r ib u te d  to  boundary lu b r ic a t io n  and th e  o i l in e s s  of th e  

lu b r ic a n t .  Although some discrepancy was noted (Newbigin ( l )  and lasche  (2] 

in  th a t  p a r a l l e l  su rface  bearings sometimes performed b e t te r  than  expected,
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th e  phenomenon had no d e f in i te  o h a ra c te r ia tio s  and was not examined 

in  d e t a i l .

I t  wae not u n t i l  1946 th a t  a  p o s it iv e  c o n tr ib u tio n  was 

made by Fogg ( 3 ) who repo rted  high load ca rry ing  capac ity  and low 

f r io t io n  in  p a r a l l e l  th ru s t  bearinge operating  a t  high r o ta t io n a l  

epeeda# Because th e  work was done under co n d itio n s of war-tim e 

secu rity *  ten y  d e ta i l s  o f the running conditions*  dimensions of th e  

b earings and r e s u l t s  obtained were not reported  in  f u l l .  However* 

from th e  magnitude of the loads c a rr ie d , th e  low c o e f f ic ie n ts  o f 

f r i c t i o n ,  th e  absence of m e ta llic  con tact and a  g en e ra l re la t io n s h ip  

between f r i c t i o n  and the v iso o s ity -sp eed -lo ad  param eter, enough 

evidence was produced to  suggest th a t  f ilm  lu b r ic a t io n  did occur ( F ig . l ) .  

I t  was s tre s se d  th a t  the bearings wore p la in  an n u lar r in g s  w ith w h ite - 

m etalled  faces  I in  which a  number of sharp«edged grooves were out 

r a d ia l ly  ac ro ss  th e  su rfa c e , Every e f f o r t  was made to  ensure th a t  

th e re  was no geom etric ta p e r  p re se n t. The only apparent d iffe ren ce

between the t e s t  bi&iring and th e  o ld -fash ioned  p a r a l l e l  su rface
■■ ■

b earing  was th a t  very high ro ta t io n a l  speeds were used , (fh e  a c tu a l  

speeds were n o t rep o rted , bu t i t  has since been''.learned th a t  th e  t e s t  

speeds were about 14,000 and 19,000 rpm). A te n ta t iv e  exp lana tion  

o f the  r e s u l t s  was g iven , which suggested th a t  a p ressu re  was developed 

because o f the  d i f f e r e n t ia l  expansion of th e  lu b r ic a n t as i t  passed 

through th e  bearing* in  e f f e c t ,  a  r e s t r ic t io n ' was. cau sed ,'W K b y  

p assing  a constan t volume o f o i l  through a  converging passage, bu t 

by passing  an expanding volume through a  p a r a l l e l  passage «- th e  so -ca lled  

'th e rm al wedge' e f f e c t .
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Thte novol auggestlon  cauaed an Immediate re**elamination 

o t Heynolds eq u a tio n , and se v e ra l ao lu tlo n a  were produced In  which 

the aaaumptlon of maae c o n tin u ity  through the  bearin g  rep laced  th e  

former assum ption o f volume c o n tin u ity , thus tak in g  account of the 

expansion of th e  lu b rica n t#  Some of these  so lu tio n s  a re  discussed 

in  d e ta i l  l a t e r ,  and according to  them, i t  seems p o ss ib le  to  produce 

a load ••carrying lu b r ic a t in g  f ilm  between p a r a l l e l  p la te s ,  dependent 

on the  * therm al wedge* e f f e c t .

In  s p i t e  of a convincing amount o f  th e o re t ic a l  work, th e re  

s t i^ ^  remains some dubiety  about th e  ex isten ce  and e f fe c t  o f a " th e n m l 

wedge* f ilm  in  an a c tu a l  b ea rin g , because so f a r  as  i s  îmown, no p o s itiv e  

c o r re la tio n  between th eo ry  and experiment has been made. fhe new 

so lu tio n s  to  Reynolds equation  which followed Fogg’s work could not 

be checked a g a in s t h is experim ents because no t enough d e ta i l  was given; 

and g en e ra lly  th e  so lu tio n s  them selves were obtained  by making 

s im p llf ic a tio n a  * in  p a r t ic u la r  th e  f a i r l y  common assumption of no 

s id e  leakage , which im plies an in f in te ly  wide bearin g  which had 

but l i t t l e  p h y sica l ju s t i f i c a t i o n ,  and which mad© comparisons d i f f i c u l t .

One fu r th e r  experim ental paper by K ettleborough (4 ) , did 

l i t t l e  to  c l a r i f y  th e  s itu a tio n *  fh ia  au tho r recorded a  p ressu re  

d is t r ib u t io n  fo r  a p a r a l l e l  su rface  bearing  (w ith  some d i f f i c u l ty  

and showing obvious d isc rep an c ies  because o f the  very em ail film  

th ick n esses  in v o lv ed ), bu t was unable to  record any tem perature 

g rad ien t around the  f ilm  in  the  c irc u m fe re n tia l d ir e c t io n . #he 

f r i c t i o n  c o e f f ic ie n ts  were much g re a te r  th an  comparable values from
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b u t th e  d iffe re n ce  in  running speeds prevented a  

d i r e c t  ocmpariaon (F ig . 2)# I t  i s  s ta te d  th a t  hydrodynamic lu b r ic a t io n  

did e x ie t in  t h i s  b ea rin g , although ag a in , no c o r re la tio n  w th  theo ry  

was attem pted .

I t  would appear, th e re fo re , th a t  the  'th e rm al wedge* can 

only operate  under c e r ta in  co n d itio n s , which have not y e t been c le a r ly  

d efin ed , although th e  e f f e c t  seems to  be more ev id en t a t  high speeds.

I t  was considered th a t, a u se fu l co n trib u tio n  could be made 

by record ing  the  operating  c h a ra c te r is t ic s  -  the  f r i c t i o n ,  f ilm  

th ic k n e ss , tem perature around th e  b ea rin g , and so on -  o f a  p a r a l l e l  

su rface  bearing  over a  wide range of speeds and lo ad s and ana lysing  

th e  r e s u l t s ;  by showing whether o r no t th e  tem perature g rad ien t e x is ts  

and 10 S u f f ic ie n t to  produce th e  necessary  expansion to  provide a  

p ressu re  f ilm ; and f in a l l y ,  by expanding th e  e x is t in g  th e o re t ic a l  

work to  include th e  e f f e c t  o f s id e  leakage, in  o rder to  dem onstrate 

whether th e  r e s u l t s  obtained a re  In  agreement w ith th eo ry .

I t  was w ith th e se  o b je c tiv e s  in  view th a t  t ,h is  research  

was undertaken.
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CHAPÏ?BH I I

IX. X. C r i t i c a l  Review of Published  T h eo re tica l Work#

I I .  2# The Governing Equations of lu b r ic a t io n  between

P a r a l le l  S u rfaces#



8,

S M S m M

XI# 1# C r i t i c a l  Review of Published Theory

The p u b lic a tio n  of Pogg's paper provoked a comprehensive 

d iebusaion  in  which opinions were divided* S evera l c o n trib u to rs  

expressed b e l ie f s  th a t  a ide  leakage from a bearing  would more than  

counter any expansion e f f e c t  of the  o i l ,  and th a t  therm al d is to r t io n  

might cause a geom etric ta p e r ,  which would be of more consequence in  

producing a  p ressu re  film  than  would be a therm al wedge#

Mo th e o re t ic a l  experim ental evidence was produced to  

s u b s ta n tia te  th i s  s id e  of th e  argument a t  th a t  time#

Supporting the therm al wedge id e a , Bower (g) produced an 

a n a ly s is  of th e  problem in  a  s im p lif ie d  form, in  which he assumed no 

s id e  leak ag e , and ab i n i t i o  l in e a r  v a r ia t io n s  o f d e n s ity , v is c o s i ty ,  

and f ilm  th ick n ess  along th e  b ea rin g , vi%;~

p "  a  ( / -*- O XI )

A =  A o ( i  +  b X ( )

/ r  =  yTo ( I -+• C X »)  ■

where d efin es  the  d is tan ce  of a  po in t along th e  bearing  as a  

f r a c t io n  of the  t o t a l  len g th  B# He then tab u la ted  the  load c a p ic i ty  

of the  bearing  fo r  various values o f *&*, *b*, and ' o ' ,  and concluded 

th a t  a  bearing  could ca rry  a  load by an expansion e f f e c t  on ly , i*e# 

fo r  *a* >  0 and *b* » 0, but th a t  fo r  s im ila r  co n d itio n s the  e f f e c t  of 

varying *b* was much g re a te r  than  varying *a*# This l a t t e r  conclusion , 

of course , assume© th e  same minimum film  th ick n ess  fo r  a  p a r a l l e l  and
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ta p e r  b e a rin g , ca rry ing  the  same load a t  th e  ©am© condition©,; an 

aseumptioB which need not be tfUe# Since th e  load carry in g  capac ity  

v a r ie s  as l /h ^   ̂ i f  co n d itio n s a re  favourable fo r  m ain tain ing  a  

very  th in ; f ilm , â  p a r a l le l  su rface  bearing  should be ab le  to  ca rry  a 

u se fu l lo a d . While theCë a r b i t r a r y  v a r ia tio n s  give a  reasonab le  

approxim ation to  th e  cond itions met w ith in  a  b ea rin g , n ev e rth e le ss  

they  tend to  mask the  tru e  s ta te  o f a f f a i r s ,  and th e  derived equations 

have l i t t l e  p h y s ica l s ig n if ic a n c e .

S im ila r ly , ^haw (6 ) gave a so lu tio n , in  which he allowed a  

l in e a r  v a r ia t io n  o f d en sity  but kept the  v is c o s ity  co n s tan t. Again, 

a  comparison o f th e  lo a d -c a rry in g  o ap a c itie s  o f tlltin g -^p ad  and 

p a r a l l e l  su rface  ty p es of bearing  was made on the  b a s is  o f equal 

f ilm  th ic k n e ss , which lëd  to  th e  conclusion th a t  a p a r a l l e l  su rface  

bearing  has a  load capac ity  of about l / lO  th a t  o f a  s im ila r  t i l t i n g -  

pad bearin g  (B ig. 3)* Shaw a lso  s ta te s  th a t  w hile th e  v a ria b le  

d e n s ity  th eo ry  ex p la in s  th e  o pera tion  of a  p a r a l l e l  su rface  bearing  

a t  lev; speeds and moderate lo a d s , i t  does not ex p la in  s a t i s f a c to r i ly  

th e  high load ca rry in g  capac ity  a t  high speeds, claim ed by Fogg. In  

th e  d iscu ss io n  o f t h i s  paper, P ro fesso r Shav was c r i t i c i s e d  fo r  th e  

assum ption of a  lu b r ic a n t which m ain ta ins a  constan t v is c o s i ty ,  b u t 

has a d e n s ity  varying w ith tem perature* Besides being p h y sica lly  

u n ten ab le , t h i s  assumption leads to  an erroneous p ressu re  d is t r ib u t io n ,  

when used to  derive  th e  p ressu re  equation* Blok (? )  s ta te s  th a t  the  

d en s ity  and v is c o s ity  cannot be chosen a r b i t r a r i l y  bu t the  problem 

should be sp e c if ie d  by fo u r b as ic  eq u a tio n ss-

(a )  a  p ressu re  equation

(b ) an energy o r heat balance equation*
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(p) § temperaiît^re^vlQCosltÿ re la tio n s h ip  and ;

(d ) a  tQRiperàture*»dënsity R e l a t i o n s h i p l u b r i c a n t *  =

Cûméron and Sfooà ( b ) bad ea rlieR  used such a  p rocedure  ̂ but 

t h e i r  vbW\w#';'-not/ppbl'is^^^ u n t i l  re c e n tly  (8 à ) , and in  conséquence 

v à ë ' Ënewn;'-^ Oo'rreaponding to  th e  fo u r b a s ic  equations above, th e se  . 

au th o rs  used -

(a )  th è  géneral^Beynolds equation; w ith d en s ity  a s  a  v a r ia b le

a i ( / ^  p )  È  ^

(b)  an energy equation  (derived  by assuming a d ia b a tic  :£low, 
s im ila r  to: th a t  of C hristopherson ( 9 )

( c) an ex ponen tia l v a r ia tio n  of a b so lu te  v is c o s i ty  w ith 
tem perature

^  .  k

where *k* and ’bf a re  ponstan t f o r  a  p a r t ic u la r  
o i l  ^ d  t^  m deg* C en trigm de , and

" ' ■ .J! '
(d ) a  l in e a r  v a r ia t io n  o f d en s ity  w ith tem pera tu re .

= /Oc (I  -  x t  )

Hence two sim ultaneous p a r t i a l  d i f f e r e n t i a l  equations in

p ressu re  and tem peratu re were developed, which being  r a th e r  com plicated, 

were in te g ra te d  fo r  th e  s im p lif ied  case of n e g l ig ib le  s ide  leakage 

on ly . Numerical values were obtained fo r  a v a r ie ty  o f co n d itio n s , 

and i t  was observed th a t  th e  in tro d u c tio n  of an ap p ro p ria te  co n stan t 

value of v is c o s i ty  did no t s e r io u s ly  a f f e c t  th e  r e s u l t s  obtained*
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I t  lû  to  ba n o te d , however, th a t  th i s  use o f a  constan t v is c o s i ty  

value i s  a t  th e  c a lc u la tio n  s ta g e , and not in  th e  d e r iv a tio n  of thp 

p ressu re  d is t r ib u t io n  eq u a tio n , as in  Shaw’s paper*

An e r ro r  of omission in  th e  energy equation  above was noted 

by Cope (10) who p resen ted  a complete m athem atical a n a ly s is  o f the  

hydrodynamic bearing* S ta r t in g  w ith th e  fundam ental equations of 

flow , -  a  m ass-co n tin u ity  equation ; a  momentum oR N avier-Stokos 

equation ; and a  very complete energy equation  -  Cope developed h ie 

th e s is  c a re fu l ly ,  any sim p lify in g  assum ptions being made only a f t e r  

consideration;, of th e  o rders o f magnitude o f th e  term s invo lved .

This au th o r a ls o  a r r iv e d  a t  two equations in  p ressu re  and tem peratu re , 

th e  p ressu re  equation  being s im ila r  to  th a t  o f Cameron and Wood, b u t . 

th e  tem perature equation  d if fe r in g  by an amount dependent on th e  work 

done on an elem ent of the  lu b r ic a n t by the p ressu re  fo rc e s  exerted  by 

the  surrounding f lu id  -  om itted by Cameron and Wood* The d iffe re n ce  

i s  only im portant a t  h igher values of p ressu re  g rad ien t#

In  th e  p re se n t n o ta tio n . Cope’s equations a re

f i - J d  à k ) à t  _  ( J d  . à k ) 4 t  =
\ é/'U <)x/^x à ) ÿ / dy

A s im p lif ie d  d e r iv a tio n  of th e se  equations fo llow s in  S ec tio n  2 of 

t h i s  Chapter* These equations a re  again  too com plicated fo r  d ire c t  

in te g ra t io n ,  and a re  solved by Cope fo r  th e  case of a  rec tan g u la r  pad w ith 

no s id e  leak ag e , w ith a s im p lif ie d  equation  o f s t a t e  and law of v is c o s i ty
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v a r ia t io n .  Cope concludes th a t  f o r  su ccessfu l lu b r ic a t io n ,  a
f*

wedging à c tlo n  la  neceaaary and th i s  may be achieved (1 ) g eo m etrica lly , 

by deoreaelng the  film ; th ic k n e ss , or (2) th e rm a lly , by decreasing  

th e  o i l  d e n s ity , in  th e  d ire c tio n  of m otion. The r e la t iv e  importance 

of th ese  two "wedges" would depend on th e  p a r t ic u la r  a p p l ic a t io n , . 

th e  therm al wedge assuming importance under co n d itio n s  o f m a l l  f ilm  

th ic k n e ss , and when the lu b r ic a n t had a sm all v isco a ity ^ tem p era tu re  

V aria tio n  and a  la rg e  c o e f f ic ie n t o f therm al expansion#

A s im ila r  s o lu t io n , but one derived in  a p r a c t ic a l  r a th e r  

than  p u re ly  m athem atical im nm r  i s  th a t  o f O e te r le , Ohames and 

S a ib e l ( l l ) #  The energy equation  used by th e se  au th o rs  was developed 

in  a  se p a ra te  paper ( i s ) ,  and i s  id e n t ic a l  to  th a t  o f Cope. Again, th e  

equations a re  eva luated  fo r  an in f in i t e  bearing  on ly , and although 

some num erical values a re  g iv en , c o r re la tio n  w ith  experim ental r e s u l t s  

would be d i f f i c u l t  because of th e  "no side  leakage" assumption#

From th e  fo regoing  an a ly se s , i t  can be seen th a t  w hile th e  

"therm al wedge" e f f e c t  i s  th e o re t ic a l ly  v a l id ,  i t  s t i l l  ren a in s  to  be 

dem onstrated th a t  theo ry  and experiment can be co rre la ted #  In o rder 

to  do t h i s ,  th e  e f f e c t  of s id e  leak ag e , p rev io u sly  neg lec ted  fo r  

convenience in  in te g ra tio ir , must be taken in to  account# Only by 

so doing can th e  lo a d -c a rry in g  cap ac ity , c o e f f ic ie n t of f r i c t i o n ,  

f ilm  th ick n ess  and o th er opera tin g  c h a ra c te r i s t ic s  of a  s e c to r  pad 

bearing  -  th e  u su a l p r a c t ic a l  type -  be ca lcu la ted #

I t  should perhaps be noted a t  t h i s  p o in t th a t  w hile th i s  th e s i s  

i s  ooncerned e s s e n t ia l ly  w ith  the  phenomenon of th e  therm al wedge and
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I t s  a n a ly s is ,  th e  au th o r I s  no t proposing th a t  a  p a r a l l e l  su rface  

bearing  o p era tin g  on a  therm al wedge p r in c ip le  i s  a p r a c t ic a l  

p ro p o s itio n  -  a t  l e a s t  no t in  th e  normal o p era tin g  range of p la in  

th ru s t  b ea rin g s . In  ad d itio n ,, th e  e f fe c t  of v isc o s ity - te m p e ra tu re  

v a r ia t io n  has been mlnimlBed, no t because o f la c k  o f  im portance, but 

in  o rder to  c l a r i f y  the  d en sity -tem p era tu re  re la tio n sh ip *  Recent 

an a ly ses  by Zienkiewioss ( l5 )  and Cameron (14) in d ic a te  th a t  the  

v a r ia t io n  of v is c o s ity  in  a high speed bearing  i s  p o ss ib ly  more 

im portan t than  th e  d en s ity  v a r ia tio n ..
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I I .  2 . Governing Equations of lu b r ic a t io n  between P a r a l le l  Surfaces

The fo llow ing a n a ly s is  ooncerns the steady flow of an incom pressible 

v iscous f lu id  between p a r a l le l  p la te s ,  which a re  moving r e la t iv e  to  

one an o th er a t  a  speed high enough th a t density  v a r ia tio n s  become 

im portan t. Under th ese  co n d itio n s , th e re  a re  two equations governing 

th e  flow ; the  f i r s t  i s  a  genera l expression  of th e  w ell-knom  Reynolds 

eq u a tio n , in  which the v a r ia t io n  of d en s ity  i s  inc luded ; and the 

second i s  an energy eq u a tio n , expressing  the constancy of energy in  

th e  f lu id ;  The equations a re  b r ie f ly  re-developed below fo r  the  sake 

of c o n tin u ity , in  a r a th e r  le s s  form al manner th an  i s  m athem atically  

p roper.

R eferring  to  F ig . 4a, s in ce  ’h ’ i s  sm all, i t  i s  reasonab le

to  assumes- . ’

1. That v a r ia tio n s  o f the v a r ia b le s , exOopt v e lo c ity

a re  not im portant in  th e  Z d ire c tio n .

i . e .  a re  fu n c tio n s of x and y only .

2. That v e lo c ity  g rad ie n ts  a re  im portant only in  th e  

Z d ir e c t io n .

àtL  »  ^  and ^  ^
èzi â z  à y

That the  f lu id  v e lo c ity  in  the  2 d ire c tio n  i s  n e g l ig ib le .

w  ■=? o

Consider a sm all re c ta n g u la r  element of f lu id  

as in  F ig . 4b.
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The ylsoQue ehear Æorcee on the lo v e r  faoe a re

If and "P'dz

The corresponding £orees on the upper £ace a re

^  4%.^y *"d / / ( | y  H- J^ )< Jx /y

The a lg e b ra ic  sum of th e se  fo rces  p lu s  a  d iffe re n ce  o f  f lu id  

p ressu re  fo rc es  » change in  momentum of th e  elem ent,

lk> Ê a  _  4 ^  ) Jx  J\i r=r m  Sx è y  é z  d u
d t

and, s im ila r  equations fo r  the  ’y* d ire c tio n ,

The momentum term s m ^  and m ~  a re  sm all and can be

n eg lec ted . (Cope^lO)

f , .  ( l )

/  c>z^

t

In te g ra tin g

y + 6 ,  z  +  ;

Since *p* and a re  independent of *%'.

f •• ( 2 )

... ( 5 )
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Boundary co n d itio n s a re

U = O

V c o

and u U

V zz .0 ^

a \ Z = O Ag and a re  zero .

a t  z

)î

ahd

II

Cly = j \  4Z

The volume of flow p er u n it  w idth from a * 0 to  s 5» h w il l  be
A  j  

4,x = tx &fz;
“'o

T ivu . q , .  = +

ty J a !  àJË
n ) f  d y ... ( 5 )

Since th e  d e n s ity  v a r ia t io n  ie  to  be co nsidered , th e  equation  

of mass c o n tin u ity  to  used in s te a d  of the  u su a l volume c o n tin u ity ,

th e re  being nq flow in  th e  2 d ire c t io n ,

S u b s ti tu f f f i i  Æôr *q* in  equation  (6) g ives a g en era l Reynolds 

equation

• * 0  ( 6 )

I
àx

f fÂ  à̂ ) + = i/<eILh) . . .  (7 )

which g ives th e  p ressu re  d is t r ib u t io n  through th e  b ea rin g , provided 

th a t  the  v a r ia t io n s  o f v is c o s ity  and d en s ity  are  knowno.
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In  o rder to  o b ta in  th e  c o rre c t tem perature v a r ia t io n  through 

th e  b e a rin g , i t  ±b necessary  to  consider the  exchange of energy in  

th e  f lu id .

Cope (10) g ives a complete energy equation  whereby fo r  a f lu id  

elem ent, th e  r a te  o f decrease o f in te rn a l  energy and the  work done by 

p re ssu re  in  compressing th e  f lu id  i s  equated to  th e  sum of th e  heat 

energy conducted ^v^ay end th e  r a te  a t  which work i s  done a g a in s t 

v is c o s i ty .  I t  may be considered as im p lic i t  in  assum ption ( l )  above 

th a t  th e  heat t r a n s f e r  from f lu id  to  bearing  su rfa ce  i s  n e g l ig ib le .

That i s ,  th e  p rocess i s  a d ia b a tic  and the  heat developed by f r i c t io n  

goes only to  r a is e  the  tem perature of the f lu id .  By comparing the  

r e la t iv e  magnitudes of the v ario u s terms in  the  energy eq m tlo n  fo r  

ty p ic a l  p h y s ic a l c o n d itio n s , Cope shows th a t  t h i s  a d ia b a tic  assum ption 

i s  ju s t i f i a b le  and reduces th e  equation  to

J ^ ( u  I I  + V g . )  = (8)

where the  in te rn a l  energy above in l e t  cond itions i s  E w t

S u b s titu t in g  values o f v e lo c i t ie s  and v e lo c ity  g ra d ie n ts  from 

equation  (4 ) and in te g ra tin g  ac ro ss  th e  f i lm , th e  energy equation becomes

"  '*■ (9)

The two equations o b ta in ed , equation  (? ) fo r  p ressu re  and 

equation  (9 ) f o r  tem perature cannot be solved independen tly , s ince  

v is c o s i ty  and den sity  appearing  in  (? )  a re  fu n c tio n s  of tem perature
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m ainly, and p ressu re  term s appear in  equation  (9 ) .  Eor a  complete 

so lu tio n  th e se  two equ a tio n s must be solved sim ultaneously  fo r  

p and t .  This p rocess would c e r ta in ly  prove la b o rio u s  and i t  i s  

doub tfu l i f  a  so lu tio n  of any p r a c t ic a l  value would be obtained 

by rig o ro u s  means,

However, an understanding  o f the  behaviour o f th e  therm al 

wedge can be ob ta ined  by making c e r ta in  s im p lify in g  assum ptions in  

th e  o r ig in a l  eq u a tio n s; o r by so lv in g  by means of a  num erical method, 

S o lu tio n s  th u s  obtained a re  p resen ted  In th e  fo llow ing  ch a p te r .
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CHAPTER I I I

Three so lu tio n s  of the governing equations (? )  and ( 9 ) are  

g iven here* Of th e s e , so lu tio n s  I I I .  1 and I I I .  2 , w hile o r ig in a l  in  

t h e i r  a p p lic a tio n  to  th i s  problem,, owe a c e r ta in  debt to  th e  work of 

O s te r le , Chamee and S a lb e l ( l l )  and C hristopherson ( 9 ) re s p e c tiv e ly . 

Solution, I I I*  3 i s  q u ite  new and so f a r  as  i s  Imovm, i s  the f i r s t  

g en e ra l s o lu t io n  of th e se  equations to  inc lude  th e  e f f e c t  of s id e  lealm ge.

' I I I*  1 . S o lu tio n s  of Governing Equations for.N o Side leakage.

The sim pleet so lu tio n  i s  obtained by &88Umingx ;̂ î i n f in i t e ly  

wide b ea rin g , in  which th e re  i s  no s id e  leak ag e , i . e .  a l l  v a r ia t io n s  

w ith re  ape ot to  *y* can be n eg lec ted . The equations then  becoiâêr .

Ub
2 12/ ^  dx>-

=  o i . .  ( 1 0 )

and

p c ^ J \ U  -  É  . d k l é ï
< 1 2  i z / ^ d x J S i  , y  W x J

In te g ra tin g  equation  (10)

.MJü — /^ i)  ^
^ / ? / /  a x

At th e  p o in t o f maximum p ressu re =• ^  and

... (11)

. . .  (12)

Hence m y jx

and
. . .  ( 13)
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S u b s titu tin g  th i s  value o f equation  ( l l )  g ives

d t
ctx

+ iA m
K

which becomes a f t e r  S im p lific a tio n

. . .  (14)

Now consider th e  v a r ia t io n s  of v is c o s ity  and d en s ity  w ith p ressu re  

and tem peratu re . The p ressu res  encountered in  a bearing  o f t h i s  type 

a re  com paratively low, and so i t  i s  p erm issib le  to  tak e  yt/ and yO as 

fu n c tio n s  o f t  on ly . The laws of v a r ia tio n  are  derived  from standard  

ta b le s  of p ro p e r tie s  (13) fo r  th e  o i l s  used . Curves o f  v is c o s i ty /  

tem perature and den sity /tem p era tu re  are  p lo tte d  (F ig . 3) and i t  i s  seen 

th a t  to  a  good approxim ation, the  v is c o s ity  v a r ia t io n  i s  exponen tia l and 

th e  d en s ity  v a r ia t io n  i s  l in e a r  over the range o f tem perature encountered 

in  the experim ental bearing* Thus the  v is c o s i ty  v a r ia t io n  i s  taken  as

- / 3 t

^  A  ® . . .  (15)

and th e  d en s ity  v a r ia t io n

/O =  / ) o  ( t -  A k )  ( 1 6 )

where p and A are  e s ta b lish e d  fo r  each o i l  used . In troduc ing  th ese  

re la t io n s h ip s  in to  equations (13) and (14) and expanding according to  

the binom ial theorem they  become

. . .  (17)
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^  ( i s )

having n eg lec ted  term s con ta in ing  and h igher powere, s in ce  A 

i s  sm all

Equation (18) can be in te g ra te d  th u s I

1  i  ^
(S £ixV • • •  (19)

Hence ,

A t
e  -  G i  X  ^

^  "2 U Mo /3
where G I =

and t  -  O a.t X  -  O
A 4  -  I

( 2 0 )

t  = ^  f-rv (cit X + I ) •*• (21)

S u b s titu t in g  th i s  value of t  In  th e  p ressu re  equation  (1?)

In te g ra te  by a u b s t t tu t ln g  X = X t-I , ■= ^  I

\eK Ckz = L j^o Jà -h
T v

j?  =  — C 2  J ^  y  ■*■ ^2 •) 1  e/ /

2

^  ^  I  C)X-«-|] _  tK(ûi?<«,+l) WGiX+l)j-4- A f  ( 2 2 )

 ̂- 1 = " - - “  w t ^ i r i r  • • • ' ' ’
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. . .  (25

Bnd co nd itions a re  b  — D ai* X = o / L
' V ,  . ’  ■■

Î . Ô t  — O  f t j

O -= ^  A ^  -J ^  {t, hy)

and O j^K, ^  A c ^  J  ( t i  ^  t i * ^ )

-  t t .  ^  2  t w .  . . .  (26)

. . .  (28)

ünd ^  X ^  J  C t*^) . . .  ( 2 9 )

where ^v*y -=r ( I ^ ttn )

S u b s titu t in g  th e se  values fo r  tm and pm In  equations (2 l)  and 

( 2 5 ) g ives th e  ev a lu a tio n  of t  and p. Rhese equations a re  evaluated  

fo r  a  p a r t ic u la r  s e t  of co n d itio n s  in  Section  4 of t h i s  ch a p te r .
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I I I .  2 . S o lu tio n  by a R elaxation  Method

A rig o ro u s  so lu tio n  o f the two sim ultanoous equations in  p ressu re  

and tem perature being im p rac tic ab le , the most aoourat© r e s u l t s  a re  

obtained by a  num erical method. One such method i s  a  re la x a tio n  process 

f i r s t  ap p lied  to  lu b r ic a tio n  by Christopherson ( 9 ) .

Consider th e  equations (? )  and (9) in  p o la r  coo rd in a tes which 

r e f e r  to  a se c to r  pad, Big. 6 , w ith boundaries 0 a 0 and a ,

r  a  and r-,.0 1

The Reynolds equation  becomes

U f  #) "• . . .  (50)

and th e  energy éq u a tio n

J /? c 7 -  Î

-  . . . w

I'hese two equations a re  rendered su ita b le  fo r  computation by 

w ritin g  them in  a non-dim ensional form and transform ing  conform ally th e  

s e c to r  pad to  a re c ta n g le .

l e t  |5 ^  P  feA» ;  y p  =  D ^ o  ;  ^  =  M y ;

Change th e  v a r ia b le s  by p u ttin g  0  & (X \ t '  -  Yh €  . . . ( 3 2 )

The equations then  become

1  /  _D ^ ( 5 ,  H )  ^  . .
c)@ '  M  c>(B>/ d R '  c > ® »»• U 5 ;



28<

,(r,e)

F i g . 6 .  SECTOR P A D  OF CIRCULPvR BEARINQ



29.

and
A l  i P \  ^  _  ( 1
V M ^  d & i d ®  \M  ^  a e /a e /  d ^

Equations (33) and (34) now r e f e r  to  a  rec ta n g u la r  pad w ith

boim dariea ®  # 0 and 1,

R m 0 and J- tn  —
^  %

ProBGure Equation

Consider now th e  id e n t i ty  used by C hristopherson ( 9 ) adapted to  

the  p re sen t problem

^ . . .  ( 3 . )

2 ^  
where th e  o p era to r V  -

Equation ( 3 3 ) can bo w ritte n

I f p ) ^  +  D ,d iP  A ( S )  à F  ^  Q ë £  =  i P  , , g \
d&\Mld& ati'M'dR M agz ^ ...(3 6 ;

From (3 5 ) and (36) i s  obtained

^ -  g  . . .  (57)

2I f  w i s  any polynominal function* then the o pera to r can be
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expressed In a finite difference form by the equation

 ̂vV %=. ^  ys/ A -+" ien»5 |h a   ̂ tix- 
n

where the summation sign refers to four points equally spaced on a 
circle, radius *a* with centre at point '̂ §1̂  or to a grid covering

. . .  (36)

the bearing thus :

e

f i g .  7 .

S u b s titu tin g  t h i s  expression  in equation  (3?) g ives

Z C)P
. . .  (39)

Bqualilon (59) gives the pressure P at any points 'O' on the
g rid  in  terma of th e  four surrounding poin te 1, 2 , 3* and 4, One 

equation  of t h i s  type i s  obtained fo r  ouch in te r s e c t io n  of th e  g r id , 

except a t  th e  boundaries where the  preaeure la  sp e c if ie d  as being gero , 

so th a t  by so lv ing  t h i s  s e t  o f sim ultaneous eq u a tio n s , th e  complete 

p ressu re  d is t r ib u t io n  l a  found, The re la x a tio n  method i s  su ita b le  fo r  

th i s  type of problem and has been f u l ly  described  elsew here (9? 19), 

B rie f ly ,a n y  values a re  assumed i n i t i a l l y  fo r  ?  a t  the  various 

in te rs e c t io n s  and th e  're s id u a ls*  E are  computed.
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I" =  Kl*' + ( m ) c]  -  2a" II  e

Next a diagram o f th e  in flu en ce  c o e f f ic ie n ts ,  defined  by

( 40 )

acn = 1 ^ )  -V / 2 )^\a 'c V/'q'h
/ •* . (4 1 )

^cc. = E [(pj)*) i f \ ) c ]  /

ie  constru c ted  (F ig , 8 ) .  The e f fe c t  of any change AP on th e  re s id u a ls  

i s  then

"  (^cc A P  a t  each p o in t which i s  a l te r e d

a e n  A P a t  each of th e  surrounding fo u r p o in ts  *n*

P?
7

a
A

O

a  
Pÿ

a

O

A .
9

CL G

O-S'é 6

Q

,6
a

eourt pARY

EIG. 8.

The assumed values of P a re  now 're lax e d ,*  i . e .  th e  values a re  

a l te r e d  in  such a way th a t  th e  re s id u a ls  a re  reduced to  se ro , o r to  a  

value which i s  considered  n e g l ig ib le .

Energy Equation;

The energy equation  (34) can be re w ritte n  in  a f i n i t e-.d ifference 

form th u s

J p o ^rW
... ( 42
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I f  the  p resau re  d is t r ib u t io n  i s  known, the  above equation  i s  

f i r s t  ap p lied  to  th e  in le t  edge o f the b ea rin g , where M i s  unity#.

On th is  boundary, the approxim ation oan be used th a t

t |  — t c  -  f à t

Using th i s  approxim ation in  equation  (42) the tem peratures a t  th e  

f i r s t  row o f p o in ts  a re  ob ta ined i T h e rea fte r  equation  (42) can be 

ap p lied  and tem peratures on succeeding rows a re  found, working along 

the len g th  of the  b ea rin g . According to  C hristopherson , no se rio u s  

cum ulative e r ro rs  occur a t  the  downstream end because any s l ig h t  e r rp r  

in  tem pera tu re , say on the high s id e , r e s u l t s  in  a decrease in  v is c o s i ty ,  

and a  decrease in  f r i c t io n  work, g iv in g  a consequent sm alle r tem perature 

increment# The process seems to  be in h e re n tly  s ta b le .

Equations Solved S im ultaneously.

These f i n i t e  d iffe re n ce  eq u a tio n s ( 3 0 ) and (42) can be used 

in d iv id u a lly  to  f in d  one v a r ia b le  provided th e  o th e r i s  known, i . e .  

i f  th e  tem perature d is t r ib u t io n  i s  Mown, equation  (39) g ives the  

p re s su re , and i f  the p ressu re  I s  known equation  (42) g ives th e  

tem pera tu re . In  o rder to  so lve the problem com pletely , th e  two 

systems must be compatible#

As a f i r s t  approxim ation, the p ressu re  d is t r ib u t io n  i s  taken  as 

aero a l l  over th e  bearing  and the  r e s u lt in g  tem perature d is t r ib u t io n  

i s  c a lc u la te d , say t^^# Corresponding to  a tem perature d is t r ib u t io n  t ^ ,  

a  p ressu re  d is t r ib u t io n  i s  obtained by apply ing  equation  (3 9 ).
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Using th e  new p res  cure a new tem perature tg  I s  evolved and

from i t ,  a  p ressu re  d is t r ib u t io n  Pg. This p rocess could be repeated  

in d e f in i te ly ,  but g e n e ra lly  i t  i s  found th a t  tg  and Pg a re  very c lose  

to  the req u ired  so lu tio n s*  

boad-Carrying Capacity#

The load  c a r r ie d  by the  se c to r  pad is  ob tained  by in te g ra tin g  

th e  p ressu re  over th e  a re a  o f  th e  pad*
f n f**

lioad U p er pad cs j \ }p dJK

t i y
(43)

Changing th e  v a r ia b le s  and l im i ts  o f in te g ra t io n ,  u sing  the 

transfo rm s a t  th e  beginning of th e  s e c tio n , the equation  becomes

w ,  f ' J  d e 4 ^
<0= O

This may be in te g ra te d  num erically  over th e  eq u iv a len t rec tan g u la r
1

pad by an a p p lic a tio n  of Simpson’s ^  Rule, f i r s t  in  one d ire c tio n  

and then  th e  o th e r.

For a  uniform  spacing ’a* in  a  square netw ork, the load  yf-i' 

f o r  th e  a re a  i s

W  =  ^ ( L  Ph • • •  (45)



34.

where io  a m u ltip ly in g  facto :: given in  the fo llow ing  diagrams

4 &

% a 4 8

4 ;6 a te>

\ 4 2 4

HGr. 9» M ultip ly ing  le c to r  fo r  Numerical
In te g ra tio n

The value o f W* may be found by d iv id in g  th e  eq u iv a len t rec tan g u la r  

bearing  in to  s u i ta b le  square a re a s , c o n s tru c tin g  fo r  each a rea  a
2p<f?

ta b le  o f va lues o f rh C fp r  the g r id  in te r s e c t io n s ,

m u ltip ly in g  by th e  ap p ro p ria te  k fa c to r  and making th e  suDimattons..
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I II . 3. General Solution taking account of Bide Leakage.

The e f f e c t  o f th e  side  leakage in  a p a r a l le l  su rface  th ru s t

b ea rin g  in  which the film  th ick n ess  i s  normally very sm a ll, may be 

q u ite  consid erab le  (S w ift, 16). Although the  re la x a tio n  s o lu tio n  

( i l l . 2 ) tak es account o f s ide  leakage , a  sep a ra te  f u l l  c a lc u la tio n  

i s  req u ired  fo r  every change in  running cond itions o f qqqb bearj.ng, 

so th a t  a  g re a t amount of computation would be req u ired  to  o b ta in  th e  

o v e ra ll  p a t te rn  o f behaviour f o r  a bearing  o p era tin g  under therm al wedge 

co n d itio n s . I t  I s  d e s ira b le , th e re fo re , to  d eriv e  a  general so lu tio n  

which tak es account of flow in  two d ire c tio n s  even a t  the expense o f 

making c e r ta in  s im p lif ic a tio n s  in  o th e r terras o f th e  eq u a tio n s.

Consider then  a  s e c to r  pad of a  c i r c u la r  bearing  (# ig . 6 ) fo r

which the  governing equations in  p ressure and tem perature a re  re w ritte n

in  p o la r co o rd in a tio n , as in  S ection  XIX* 2.

i ( 9 H )  + . . . . ( 5 0 )

I r f i  ^

I t  i s  necessary  to  make two s im p lif ic a tio n s ;

1 . ' Assume con stan t kinem atic v is c o s i ty ,  ^  This assumption

cannot be ju s t i f i e d  p h y s ic a lly  as th e  v a r ia t io n  o f v is c o s ity  w ith 

tem perature i s  an im portant f a c to r  in  the performance o f a  therm al wedge 

b ea rin g , bu t i t  i s  s l ig h t ly  more co rrec t th an  th e  assum ption of co n stan t 

ab so lu te  v is c o s i ty ,  a common s im p lif ic a tio n  made in  numerous analyses 

(65 17; e t c . , ) ,  s in ce  both ^  and ^  vary w ith tem perature in  th e  same 

d irec tio n * .

(51)
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I f  th e  value of v is c o s ity  used I s  q(io§en C orrec tly  a t  some average 

f ig u re  f o r  th e  h ea rin g , th e  e f ro r s  in  p ressu re  and load  values p red ic ted  

may he sm a ll, although  th e  d is t r ib u t io n  patte^cnaw ill be in c o r re c t ,

2* Assume no v a r ia t io n  of d en s ity  in  the  r a d ia l  d ir e c t io n . This 

i s  f a i r l y  reasonab le ,, s in ce  th e  tem perature v a r ia t io n  ac ro ss  the bearing  

i s  sm a lle r th an  the  v a r ia t io n  around th e  b ea rin g , a s  m y  be observed from 

th e  experim ental r e s u l t s  in  Chapter V, and in  Appendix I .

Beessure D is tr ib u tio n .

The p ressu re  equation  (30) can now be w ritte n

If ... ( « ,

Then,

^  ^  . . .  (47)

where K » g (&) i s  a fun ctio n  of

only , s in ce  ^  i s  independent o f r .

The boundary cond itions are  

p a  0 a t  r  «  fo and H 

and p a 0  a t  ^  w 0  and oC

This equation  may be solved by use of a  f i n i t e  F o u rie r s in e  

transform  (Sneddon, 18)
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p<

oO

Then " ^

0 . . .  (48)

f.
. . .  (49)

'%n®\4 f /  oy oiny

the l im i ts  « 0 and a .

M ultip ly  equation  (47) by Sin(-^“ ) and in te g ra te  between

f ü ‘ ] R r > Æ ; , Ç - V «

Consider th e  f i r s t  term o f  the equation and in te g ra te  by p a r ts .

I ' #  ... (50)'» d

and Sin (^^~) and p a re  both  zero a t  S = 0 and vL
oC

Therefore 1 s t Term » ““ ^

In te g ra te  by p a r ts  a g a in :-  " [ ^  P

1 s t Term « ’̂ ( ^ f  F "

T herefore Equation becomes

r  =; ^ r ^ f n  . . . ( 5 1 )
^ r \  * r  /

where

§h -  I  d ô  ( 5 2 )

Solving fo r  ^  the complementary fu n c tio n  i©

^  7= wAere -  ̂ =  t  ( ^ )
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and the p a r t ic u la r  in te g ra l  i s  pn =: C h . r

where On i s  found to  be k ___

4 “ (T F )

Hence the so lu tio n  io

F "  = A h - t r

provided th a t  ( ^ )  4 ^ ^  4  «

p^ a o when p = o, i . e .  a t  Xv  r^  and r^

hence An and Bn can be eva luated .

Thus

^  4 - C ^ ) ' -  r . ’̂ "  I
TTh

-f +  r "13

ir; -  r3

. . .  (55)

. . .  (54)

This expression  can be evaluated  fo r  any point on th e  bearing  summing 

from n  =» 1 to  n  « cO provided gn i s  Mown,

and

f
(Q) = 

d̂ e

The d en s ity  ^  i s  in  r e a l i ty  a fu n ctio n  o f tem perature m ainly; 

but th e  tem perature in c re ase  through th e  bearing  i s  alm ost l in e a r ,  

(Cameron and Wood, 8) so a  reasonable approxim ation i s :

. . .  (55)
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T herefore ^  « constant*

Then

^  ) d è
<fo

, I r -  CeS hTT ■+ \ 1 b  J
*- of.

§n  =* 0 I f  n i s  even

gn =» ^ -  i f  n i s  odd.
^ 7T n

Hence fo r  any p o in t on th e  b ea rin g , the p ressu re  *p’ can be found

00

by Eq. (4 6 ). p « f '  8in

In  p ra c t ic e  the s e r ie s  i s  rap id ly  convergent, and *p* may be 

evaluated  by summing the f i r s t  fo u r or f iv e  term s only .

. . .  (56)
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Equation (46) e s ta b lis h e s  th e  value  of th e  p ressu re  a t  any

po in t on a seoto% pad of a  p lan e-su rface  b ea rin g . The load c a rr ie d  by

the  pad i s  ob tained  by in te g ra tin g  th i s  expression  over th e  se c to r  a re a .
.rr ^

load W per pad r d o  d r

and i s  independent b f  &

load W per pad ^  ,

... (57:

. . .  (58]

^ -  Z  r  y  K  hii  —l) d r
h f f  I

0 fo r ’n* even

= J for 'n' o d d .  ^

S u b s titu tin g  fo r  from equation  (5 4 ), and in te g ra tin g

... (59:

W p er pad «* -4̂ .h i r
n?

r o ^

) r - -  -  3

L&t  n  ^ ^
ro

</9
4 8 ù M _ M û  X j l _ L _

This summation a lso  converges ra p id ly  and can e a s i ly  be evaluated by

. .  (60]

tak in g  th e  f i r s t  fou r o r f iv e  values of *n*.
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Temperature D is tr ib u tio n

S im p lif ic a tio n s  may be m de in  th e  energy equation  ( 5 l ) ,  u sing  

the  method o f Cope ( lo ) ,  by aesuming a re p re se n ta tiv e  s e t  of co nd itions 

fo r  a  high speed bearing  and em mlning the  orders o f magnitude of the  

in d iv id u a l te rm s. The values employed a re  taken  from the experimental, 

work of t h i s  th e s i s ,  and from K ettieborough (4 ) .  For a l ig h t  lu b r ic a t in g  

o i l  th e  d en s ity  i s  about 50 l b / f t s p e c i f i c  heat 0 .5  and v is c o s ity  

0*0005 lb .s e c / f t ^  a t  100<^F. A bearing  of mean rad iu s  X in .  w ith  1 in ,  

b read th  of pad, an g u lar v e lo c ity  1000 rad /se c  and film  th ick n ess  0,0005 i s  

reasonable* For such a  b ea rin g , th e  p ressu re  w i l l  be in  th e  order of 

100 lb / in ^  (K ettleborough, 4) and the  p ressu re  g rad ie n ts  and

^  w i l l  no t exceed 10^ and 10^ re sp e c tiv e ly  in  f t .  lb ,  u n i t s .  Thus, 

ev a lu a tin g  approxim ately equation  (3 l )  to  o b ta in  an o rd er o f magnitude 

eq u a tio n

10^ -  zxio'^j -  (0^ ( p j  T (o'^] + (0^ . . .  (61)

I t  Qan be seen th a t  th e  term s con tain ing  and a re  o f the
1 5same order, 10 , compared w ith 10 fo r  th e  o th e r term  on the  r ig h t  hand

s id e  of th e  eq u a tio n , and thus they may be neg lec ted  w ith l i t t l e  lo s s  

of accuracy# lik e w ise , on the l e f t  hand aide  o f  th e  equation , th e  

^  term , i t s e l f  sm a lle r than  ^  , has a  c o e f f ic ie n t  of lO"^ compared
or -2

to  a  c o e f f ic ie n t  o f o rder lo ” fo r  ^  and i t  too  can be n eg lec ted .
ài^
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The e f f e c t  o f n eg lec tin g  th ese  terms i s  to  reduce the  th e o re t ic a l  

tem peratures and t h i s  may o ffh e t to  some ex ten t th e  i n i t i a l  assumption 

of a d ia b a tic  flow which te n d s  to  give a high tem perature e s tim a te . 

Equation (5 l)  now becomes

i t  = f A i L y :  f  — ,— ^
ô e  '  f

and d i f f e r e n t ia t in g  th e  value of *p* from equation  (49) w ith re sp ec t 

to  0 g ives

È  '  f  I  F" f  c - C - F )  -  <® )
I

This i s  s im ila r  to  the  s e r ie s  fo r  *p* and may be e a s i ly  evaluated  

fo r  each p o in t on the  b ea rin g , whence the  equation  (63) may b© 

in te g ra te d  num erically  to  g ive th e  tem perature d is tr iu b tio n *
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I I I .  4 . Numerical Comparisons of th e  Three Solu tions

In  order to  o b ta in  a  c le a r  comparison o f the  r e s u l t s  o f th e  

foregoing  th re e  so lu t io n s , each in  tu rn  i s  ap p lied  to  a bearing  running 

under a s e t  of a r b i t r a r i l y  chosen constan t c o n d itio n s . The bearing  has 

the  came dimensions a s  the  experim ental bearing  of Chapter XV, and the  

o i l  i s  S h e ll Turbo 27 ae used in  th e  experim ental work. These were 

taken  p u re ly  fo r  convenience and fo r  ease of comparing th e o re t ic a l  and 

p r a c t ic a l  r e s u l t s  in  l a t e r  ch a p te rs . The running  co n d itio n s a re  

a r b i t r a r y ,  but chosen w ith in  th e  range of corresponding experim ental 

v a lu es .

Running con d itio n s and bearing  dimensions a re  as  fo llow s:

A. I n l e t  tem perature « 100*?

R o ta tio n a l Speed » 10,000 rpm

B, P a ra l le l- s u r fa c e  s e c to r  th ru s t  bearin g  having

(a )  fou r pads, and

(b) two pads.

In n er diam eters (a ) a 1.44"

(b) « 1.40"

The s l ig h t  d if fe re n c e  in  the  in n e r d iam eters i s  necessary  to  

o b ta in  in te g ra l  networks in  the conformai tran sfo rm a tio n s  used l a t e r  in  

th e  re la x a tio n  method ev a lu a tio n .

Outer d iam eter: (a) « 3 .0"

(b) « 3 1 0 "

R adial o i l  grooves: l /S "  wide
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Included angle o f  a  s e c to r ,  at

(a) « 1.465 rad s .

(b) « 3 .04 rad s .

Film th ick n ess  h ta 0.001" in  both oases.

Gm S h e ll 'Turbo 27* lu b r ic a t io n .O i l .

From Fig* 5 .

The V lscosity^Tem perature re la tio n s h ip
_ / 6 t

l a  ^  ^ J>o C

where yg = O ' 0 2

The Bensity«Terapera tu re  re la tio n s h ip

i s  -  yOo ( I — X t  )

whore A « 0.00043*

I n i t i a l  V isco sity ! y /o  « 0.572 x lo "^  I b /s e o / f t^

i n i t i a l  Danaltys /Oo o 53 .41  I b / t t ^

S p ec if io  Heat ; CT' a  0,45

The S p ec ific  H eat, B enslty , Jo u le s  E quivalent and V isco sity  a re  in  

co n s is te n t u U lts .

1 . S o lu tio n  I I I .  1 -  No Side leakage.

, The so lu tio n  which p o s tu la te s  no sid e  leakage cannot be app lied  

d ir e c t ly  to  a c i r c u la r  b ea rin g  since the d e r iv a tio n  i s  in  C artesian  

coord inates fo r  an in f in i t e ly  wide pad. However, a  f i r s t  approxim ation 

to  th e  tem perature and p ressu re  along th e  c e n tr a l  a rc  ( i . e .  a t  the  

mean ra d iu s )  of the  bearing  may be obtained by Ignoring  a l l  a c c e le ra tio n  

and o th e r r a d ia l  e f f e c t s ,  and, "S tra ig h ten in g "  th i s  a rc  along the  

d ire c t io n , ta k in g  the  len g th  of the  bearing  aet (included angle x mean rad iu
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(a )  Four Pad Bearing

The value taken  fo r  th e  "moan" rad iu s  i s  th a t  ob tained  from 

S o lu tion  I I I .  2 , th e  re la x a tio n  method again  t h i s  value i s  chosen 

to  f a c i l i t a t e  com parison.

Moan Radius *• 1.04"

Included ang le Ck « 1.465 rad .

len g th  of c e n tr a l  a rc  of pad

1  « ro(< # 1.52"

The param eter 0 , # - ^  ^  i s  ev a lu a ted , (Eq. 20).

The c o rre c t value o f cannot be determined u n t i l  the  

tem perature t^  i s  found. An I n i t i a l  value o f 0^ i s  obtained by tak in g  

* 1 . From t h i s  v a lu e , say 0^, a  value of i s  ob ta ined , from

which th e  i n i t i a l  Value of 0* may be a d ju s te d . By successive  a d ju s t-  

m ents, th e  co rrec t value of may be ob ta ined . I t  i s  found th a t  only 

two ad justm ents a re  n ecessary  in  th i s  case and i s  equal to  16.3

The max. temp, tj^ *» j  + 1) » 56.1*? from Bq. (2?)

t r
and t^  « « 28.05*?

where t ^  i s  th e  tem perature a t  the po in t of maximum p re ssu re .

The g en e ra l tem perature t  «  50 /n ( l6 .3  x  * &)
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The po in t a t  which maximum p ressu re  occurs, X , i s  obtained fromm’

-  I  L ( 1 6 .3  + 1)

tt 0.56" from the i n l e t  edge.m

The maximum p ressu re

* 2 ^  ( t w )

_  6 5 - S  ^ s i

And th e  genq fa l equation  of p ressure

V 21  A cr^M  J  | t ( t i . - t ) j  

•  0.082 4(56,1 -  t)pel
(b ) 9km Fad :-Bearin^

Mean radiUSi Hn = 1.025"

Included ang le ^  # 3/04 ra d .

lan g th  of c e n tra l  a rc  of pad h  « 3.12"

Param eter * 16*1

\  “  f  ^  & + 1) “  32.5«I'

± -  ' % ■  »  41 .2 5 « Fm d
And the  g en e ra l equation  f o r  tem perature i s

t  a  50 ^* (1 6 .1  X + 1)

« 0.95" from th e  in le t  edge.

Maximum p ressu re  p^ « 139 pel*lu
General equation  o f

p re s su re , p « 0.0816 X (81 .6  -  t )  p s i

The g en e ra l equations a re  evaluated  and curves showing the

p ressu re  and tem perature fo r  four-pad  and two-pad b ea rin g s along the

c e n tra l  a rc  a re  shown in  F ig . 10.
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FIC.IO PRESSURE AMO TEMPERATURE DISTRIBUTION 
FOR CASE OF NO SIDE LEAKAGE.
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2. S o lu tio n  I I I .  2 ^  KelaxatlQi^ Meiihod

Bofoye th e  re la x a tio n  method o f ao lu tlo n  can be ap p lied  to  a

c iro n la r  pad b ea rin g , th e  v a r ia b le e  ^  and r  must be changed to  non-

dlmenoional v a r ia b le s  O  and B, by using the tran sfo rm atio n s

•0̂ « a ®  and r  « r^

whereupon the  s e c to r  pads, w ith boundaries;

« 0 and oc, and r  # r^  and
'  0 1

become re c ta n g u la r , w ith  boundaries:

0  a 0 and 1 , and B ?? 0  and %
0

For th e  four-pad  b ea rin g :

Angle a m 84^ » 1.46*5 rad ian s

Inner ra d iu s  r^  ** 0.72 in ,

Outer ra d iu s  r^  » 1.50 in ,

R ectangular boundaries a re  a t  

0  ta 0 and 1 .0

and R » 0  and 4 6 5 ''' ^"oT tI )

which g iv es a  re c ta n g u la r  a re a  which can be d iv ided in to  an in te g ra l  

number of squares o f s ide  a  # 0.125 (F ig . l i b ) .

For th e  two-pad bearin g :

Angle a « 174* a 5.04 rad ia n s

r_  « 0 .7 0  in .Ü

r^  K 1.50 in .

R ectangular boundaries a re  a t  

^  * 0  and 1 .0

and E » 0  and - 5^
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a )  T W O  P AD S E A R I N G

*» 0*5

1-0

b) F O U R  PAD B E A R I N G

FIC. II SECTOR PADS AND TRANSFORMATIONS.
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which ^ ivea a  re c ta n g u la r  a re a  which can foe d iv ided  In to  an in te g ra l  

numfoer o f eq m res  o f s ide  a  » 0.0629 (Hg* H a ) ,  fhe ev a lu a tio n  le  

explained  f u l ly  fo r  the  four-pad h ea rin g . Only th e  f in a l  r e s u l t s ,  

obtained foy th e  same method, a re  given fo r  th e  two-pad b ea rin g ,

a ) ?our-Pad Bearing 

tem perature

The tem perature d is t r ib u t io n  fo r  th e  bearing  pad I s  obtained  

f i r s t ,  from th e  f i n i t e  d if fe re n c e  equation  (42)

[‘ - w W  - [ t e f
r e f e r r in g  to  a  po in t " o ',  and th e  surrounding fo u r In te r s e c tio n s  

on a  rec tan g u la r  g r id  (Fig 11b).

For th e  bearing  and running cond itions sp e c if ie d  a t  the  beginning 

o f S ection  I I I . 4 , th e  dim ensional term  i s  evaluated*

(û Mo T<̂  ^  lh ~ ft-s e c  u n ih

An I n i t i a l  p re ssu re  d is t r ib u t io n  i s  assumed fo r  th e  b ea rin g , 

say P » 0 a H  over,

The tem perature throughout the pad may now foe ob tained  by a 

step-rby-step  a p p lic a tio n  of equation  (42) a s  follows*

S ta r t in g  a t  th e  i n l e t  edge, an approxim ation fo r  th e  tem perature 

g rad ie n t must foe used fo r  th e  f i r s t  h a lf-  g r id -sp a c e , thus*

-  (  % ) .
Since P « o, Bq. (42) reduces to

- t o  ^ z hp ^  ' 4 )
•2oĈ , _

t i  ^ 3 02 e  F.

which g ives tho tem peratu res a t  the  h a lf-sp ace  p o in ts  of the f i r s t  row.
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(42) can now be ap p lied  in  f u l l  iio give each succeeding row 

o f  tem peratures u n t i l  th e  bearing  i s  covered, and the  complete 

tem perature d is t r ib u t io n  fo r  aero  p ressu re  i s  o b ta in ed . (F ig . 12a) 

P re ssu re .

From th i s  tem perature d is t r ib u t io n  *t^^, th e  v a lu es o f th e  

"H esiduals" F_ and th e^ In flu en ce  c o e ff ic ie n ts "  â  and a re
u  uXl U W

re sp e c tiv e ly  ca lcu la te d  fo r  each in te r s e c t io n  *o* in  term s o f th e  

fo u r surrounding in te r s e c t io n s  *n* of tho g r id .

From E quations (40) and (41)

0̂ " •*-(m)c]P« -  i c  Z  2 5©

*on  ( f )  «  + ( | )  0

% o “  ^  + (#)(,]
These values a re  en tered  on a sk e le to n  g r id , (F ig . 12b) fo llow ing th e  

convention) shown in  F ig . 8 , S ec tio n  I I I .  2. The e f f e c t  of any change 

in  p ressu re  A P on th e  ro s td u a ls  i s  then*

- tà ^ A P  a t  each p o in t where the p ressure  i s  a l te r e d ,  

a t  each of th e  surrounding fo u r p o in ts  *n*.

The assumed values o f P * 0 a re  now a l te re d  in  such a  way th a t  the

re s id u a ls  acre reduced to  n e g lig ib le  v a lu e s . (F ig . 12o).

Having obtained t h i s  p ressu re  d is t r ib u t io n ,  say F =3 a new

tem perature d is t r ib u t io n  t  « tg  corresponding to  can be

ca lc u la te d  using  Fq. (42) as above. (F ig . 12d).
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From the tem perature % ^ ^ rlb u tio n  t  « tg ,  a  new p ressu re  d is t r ib u t io n  

P « $»2 may be f o u n d a n d  eo on, u n t i l  t  and P a re  com patible.

However, I t  can be seen th a t  tem peratu re d is t r ib u t io n s  t^  and tg

(F igs 12a and 12d) a re  very  l i t t l e  d i f f e r e n t ,  s in c e  P. i s  q u ite  sm all
,0:1 \  *

and th e  e f fe c t  of th e  p ressu re  on the  tem perature i s  n e g l ig ib le ,  so th a t  

t  » tg  and P a  P^, may be taken as f in a l  values in  th i s  oase,

These p re ssu re s  and tem peratures on the eq u iv a len t re c ta n g u la r  pad 

may be tr a n s fe r re d  to  corresponding p o in ts  on th e  o r ig in a l  s e c to r  pad, 

as shown In  F ig , 12e, P ressu res are obtained in  p a l u n its  from th e  

equation  p = P , fb^.
A '

Itoad^Oarrying Capacity

The load  per pad i s  g iven  by Eq* (4 5 ).
»0(

w « f  f  b  r  dr c l e
Ji? c/To p

whence W » f ) P  R d S
J o  Jo

In te g ra te  by d iv id in g  th e  re c ta n g u la r  pad in to  two equal square a re a s ,

1 and 2, and apply ing  Simpson’s ^  Rule in  both th e  O and B d ire c tio n s  

as in  S ection  1X1,2 o f th i s  chapter*

W = fe / /g A "  s P
J. Cl ^

-  56.6 (0 .176)

Wg = 36.6 (0 .083)

Ŵ + Wg = 36,6 (0 ,176 + 0,083)

T herefore t o t a l  load per pad W » + Wg *» 9 ,45 l b .

T o ta l lo ad -o a rry in g  cap ac ity  of the  bearing  » 4 % 9.45

« 57.72 lb .
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b) Bearing

A s im ila r  procedure to  th a t  fo r  th e  four^^pad bearing  was 

follow ed fo r  th e  two**pad b ea rin g , and only th e  f in a l  tem perature and 

p ressu re  d is t r ib u t io n s  a re  here shown (Figs* 15 a ,b )*  A gain, i t  wae 

found urmeceeoary to  go beyond the  f i r s t  tem perature and p ressu re  

r e la x a t io n , s in ce  th e  e f f e c t  of the  low bearing  p ressu res  on th e  

tem perature d is t r ib u t io n  can be considered n e g l ig ib le ,

3Qoad*Oarrying C apacity ,

The two-pad se c to r  ia  d iv ided  in to  four equal p a r ts  1 , 2 , 5 and 4.

h  “ (p M iw  a.̂
9

* 73 .0  ( 0 . 0 9 5 0 )

Wg « 73.0  (0.0555)

W3 • 73.0  (0.0273)

«4 = 73.0  (0.0124)

: pad t= 73.0 (0.1902) « 15*85 lb .

T o ta l load«*oarrying capac ity  #  27*70 l b .
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S o lu tio n  I I I .  5 ■*» Bide leakage taken  In to  account .

The g en e ra l expression  fo r  th e  p ressu re  a t  any p o in t on th e  su rface  

of a bearin g  s e c to r  i s ,  from Eq. (49)*

P =  5 m ( n ^ 0 )

and from Bq* (54)

p u ttin g  r  a  :K r^  and r^  # s u b s t i tu t in g  th e  values

of K and gn from Eqe. (4?) à (5 6 ), th is  g ives 

P -  d f c<

where Q s» ZA oo Mh i>
IT

a )  Four^Pad Bearing

To determ ine the  value of *b' ,  the expansion c o e f f ic ie n t  re la te d  

to  bearing  an g le , i t  i s  necessary  to  know th e  tem perature r i s e  around 

th e  s e c to r  pad, I t  w i l l  be seen l a t e r  in  t h i s  ch ap ter when values are 

compared th a t  the  tem peratures obtained by S o lu tio n  I I I . 1 ~ (#o Side 

leakage) a re  q u ite  a c c u ra te , Values o f  tem perature ca lcu la te d  by t h i s  

method a t  th e  mean rad iu s *» 1.04** are  used to  g ive  a mean value fo r  

*b*. Since th e  tem perature r i s e  a ro tn d  th e  bearing  i s  alm ost l in e a r ,

b « -  0.00045 ^



62.

For th e  fo u r - s e c to r  b ea rin g , from S o lu tio n  I I I . I ,  th e  tem perature r i s e  

I s  t ^  » 56.1®P fo r  an included angle CK « 1*465 ra d s .

Then b #- ~ 0*0165 

Hence, fo r  th e  operating  cond itions a lread y  p o s tu la te d , and using th e  

i n i t i a l  value of v i s c o s i t y ^  m 0*572 x lO' '̂"' lb * se c /f t^ *

. Q » --271\||n-lb'*sec un its*

However, i f  an average value fo r  v is c o s ity  la  used , such as

= 0.543 X 10“ ^ ib .B Q c/ft^

then
Q* sa **162.5 ih^lbw sec*units*

Equation (64) i s  now evaluated  over the se c to r  pad fo r  each po in t on a g r id  

in  p o la r  co o rd in a te s , s im ila r  to  th a t  used In  the  re la x a tio n  s o lu t io n ,

F ig . 12e.

The c a lc u la tio n  i s  c a rr ie d  out in  a ta b u la r  form as shown in  f u l l  

fo r  p o in t Ho. 1 , Fig* 14a, Values a t  o th e r p o in ts  a re  obtained in  the  

îâàme; way, the work being s im p lif ied  to  some ex ten t by the f a c t  th a t  

p o in ts  having th e  same rad iu s  d i f f e r  only in  the 3 ln  terra, and a ls o ,  

because of the constan t v is c o s ity  assum ption, th e  p ressu re  d is t r ib u t io n  

i s  sym m etrical about the cen tre  l in e  of a  pad*

The p ressu re  a t  a po in t i s  p S'?** I t  may be noted th a t  th e  

2  P’ terra depends only on th e  dimensions of the b ea rin g , and a  change 

in  opera tin g  co n d itio n s a f f e c ts  Q’ only* Bo th a t  in  e f f e c t ,  th i s  

so lu tio n  fo r  p ressu re  i s  a  g en e ra l so lu tio n .

The complete p ressu re  so lu tio n  fo r  a four«-pad bearing  s e c to r ,  showing 

th e  g en e ra l %?’ term s and the p ressu re  p fo r  the  sp e c if ie d  operating  

co n d itio n s i s  shown in  F ig . 14b*
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J’our-Ead Baaïing a ■ 1,465 S. » 2.083
1'

Point m.  ̂ (« » 1.21, * = 10.5»)

% %" ■ , , 1  a
n y\
oC A ’ 8.145 6,44 10.75 15,05 19.35
n[cŒ i3)'-4] B 0*68 118& 560 1540 3340

%  %" _ C ..
118 2.7x10^ 6.6xlo4 1.5x10®

% ,807 ,0089 .t7xlO"̂ .ISxlcT* .66x10“®
B 4.153 4.33 4 « 34 4.34 4.34
F

:;\o.
4.683 118 2.7x10^ d.üxlO* 1.5x10®

a 1*505 3,41 7.75 17.6 40.0
H 0.49 107.7 2.7x10̂ 6.6x10̂ 1.5x10®
j 9 # 0.893 0.129 0.057 0.025
K 1,464 1.464 1.464 1.464 1,464

£ x  6
F B 1.345 0.132 ■;■ .0125 .0013 .0001

J H *07 .288 .129 .057 .025
M^L ~K H *#049 *1.05 -1.322 -1.408 -1.439
5in Q .384 .924 .924 .384 -.304

0 P’ *.0391 -.0087 -.0022 -.0003 +.0002

2P' * -0.041

Plg. 14a Specimen ïabulated Oaloulation of ZP'. 
Point No. 1, Poux-Bad Bearing.
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ü 72

FIG 14 b T H E O R E T I C A L  PRE55URE D I S T R I B U T I O N  -  SoluFion HI. 3

4 - C R O O V E  BELAR.INC SECTOR.
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Pour-î>ad B earing a  # 1.455 2.083

n - :o i . 1 3 5 7 9

n" A 1 9 25 49 81
4.595 41.3 114.5 225.0 312

4-cF)' B -0.595 -37.5 -110.5 -221.0 -568.0

Cp-^2) 0 4.143 8.43 12.715 17.0 21.3

4.842 112.0 2630
0.2065 0.0089 0.38x10'^

23.4 1.25x10* 6.9x10®

tr " ^ ' 0.0427 0.8x10“* 0.145x10“®
B 4.134 4.331 4.34 4.34 4.54

(/ - B 0.9573 1.0 1.0 1.0 1.0

c  e 4.31 2.23 1.48 1.11 0.89
0 0.143 4.43 8.715 13.0 17.5
H 0.502 107.66 2626

J 22.4 1.25x10* 6.9x10®
j± ?
Gr J K 0.0785 0.209 0.115 0i077 0.058

M !> 4*46 4.46 4.46 4.46 4.46

L - K ~ f M 0.0713 2.021 2.865 3.273 5.51

W  = 4  " e *0.120 -0.006 *0.001 -0.0003
— ....

-0.0001 
1.̂ ..*—.—.M,

I  W  *• -O il2 7 4

Fig. 14o gpôcinien Tabulated Calculation for 2 W*
Four-Pad Bearing



66,

Load-Carrylnf; O aw olty

The Xoad-Oarrying cap ac ity  of a  bearing  pad la  obtained from 

Equation (60)

W per pad «

v _ J _ _

t o t  n  * 1 , 3, 5t 7, e tc .

«# '
Then W p er pad m Q 2  W’

Eor the  foxir-pad bearing  o p era tin g  a t  th e  assumed con d itio n s and 

v is c o s i ty  ^  a  0.572 x lO"^ I b .s e o / f t^  the f i r s t  term  w il l  be 

Q w **131 lb « f t- s e e  u n i ts .  However, here again  i t  i s  b e t te r  to  use th e  

average v alue  of v is c o s ity

^ a v  ■ X lO”  ̂ Ib .a eo /ft^

W h e n c e  Q* » -7 8 .8  I b - f t - s e c  u n i ts .

The term Zw* is  a ls o  computed in  a ta b u la r  fashion^ shown in  

P ig . 14c, and i s  equal to  -0 .1274.

Hence th e  load#oarxying ca p ac ity  of a four-pad  bearing  se c to r

i s

W « -7 8 .8  (-0 .1274) « 10.05 lb .

T o ta l lo ad -c a rry in g  ca p ac ity  o f th e  bearing  « 4 x 10.05

*. 40.2 lb .
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b) Two^Pad B earing

Prom S o lu tio n  I I I ,  1 the  tem peratu re  r i s e  a t  the mean rad iu s  

# 1.025" i s  t ^  « 82.5*P fo r  an included angle a  « 3.04 ra d . 

b «-0.00045 ( ^ 1 ^ )  ■ -0 .0117

Average vioooG lty “  1  j ^  glx
t  rp

= 0,280 % 10“ ^ Ib .e e o / f t^

Hënoe Q* «* -89 .2  In - lb -e e o .u n i te .

Equation (64) le  evaluated  fo r  th e  two-pad bearing  in  a  ta b u la r  

form s im ila r  to  the  method usod fo r  th e  four-pad b e a rin g . The p ressu re  

d is t r ib u t io n : th u s obtained i s  shox\fn In Fig* 15b.

Iioad-Carrying O apacity

Load p er pad ¥ a Q* 2W*

For the  two-pad bearing
Q* « -8 4 .5  X b -ft-seo . un its*

and Z ¥• » -0.175

Hence load  p er pad ■» 14.6 lb .

T o ta l load  p e r bearing  # ' 29.2 lb .
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A aalyela of P revloue Experim ental Work

The methods o f S o lu tion  XXI.3 may bo appJ.lod to  the published

data  of KcttXeborough (4) as f a r  as a v a ila b le  in form ation  w i l l  allow .

TtUcing d a ta  from KottXeborough’s paper, dimensions and p h y sica l

co n s tan ts  fo r  th e  four#pad beaming a re  as fo llow s;
1B earing In side  diam eter d^ * 2 y  **
1Bearing o u ts id e  diam eter d^ «» 4 g  "

Included angle of s e c to r  pad a » 83*
2

Area o f bearing  su rface  w 8.68 in

From Fig* 6 of KottXeborough’s paper

Applied bearing  load  # 55 p e l

Speed o f ro ta t io n  w 695 rpra

Param eter &  (Z in  o en tip o lse )  « 750
P

O perating tem perature (o u t le t )  » 139*F

Hence average v is c o s i ty  Z # 57.2 een tip o iso

-  0.00119 l b , s e o / f t'  a  V . ,

I t  i s  n ecessa ry , in  th e  absence o f published d e t a i l s ,  to  assume an

o i l  i n l e t  tem perature Of 70*F and a  n o m a l c o e f f ic ie n t o f expansion

o f o i l ,  A , o f  0.00045.

Hence tempe ra tu re  rifeev t  » 139-70 « 69*F
A'

f a c to r  b « -  ~  » -0.0205
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Film th ickneea b m 0.00014 in*

From the  bearing  dim ensions, th e  load terra « -0 .0 5 8
i

Hence, th e o re t ic a l  load V =:   ÿ-ÿ -

T h e o re tic a l Bearing Load W » 412 lb

A ctual Bearing Load » 53 pOi x 8.68 in .^  *« 460 lb .

This shows very good agreement between th e o re t ic a l  and a c tu a l  v a lu es , 

and serves as fu r th e r  confirm ation  o f th e  s u i t a b i l i ty  o f  u sing  th e  

methods o f  S o lu tio n  I I I . 5 fo r  load  cap ac ity  p re d ic tlo n e .
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by Constant V isc o s lty  S o lu tion  

The tem perature d is t r ib u t io n  obtained by th is  method I s  no t 

s a t is f a c to ry  because the  assum ption o f constan t v is c o s i ty  appears to  

have a  much g re a te r  e f f e c t  on tem perature values th an  on p ressu re  

values.. However, i t  i s  Included here to  complete th e  comparison* 

From Equations (62) and (63) I s  obtained

^  r  Mo
ae tr I I -  4 y  r / y „  , M+L -K » Cos M C ?

 ̂ 5   ̂ o(

when M, X»| K and B have been defined in  th e  ev a lu a tio n  of p re ssu re ,

F ig . 14a. The tem perature d is t r ib u t io n  may be obtained in  a s im ila r  

fash ion  to  th a t  fo r  p re ssu re ; upon ev a lu a tio n , i t  was found th a t  fo r  the  

co n d itio n s s p e c if ie d , th e  q u a n tity  w ith in  th e  brace b rack e ts  i s  very 

close to  u n ity .

The equation  has been evaluated  fo r  r  « 1 .0 4 ” and curves a re  

shown on F ig , 15a and 15b.

I t  i s  seen th a t  the tem peratures thus obtained are  much h igher 

th an  those in d ic a ted  by S o lu tions I I I . l  and I I I . 2# Since th i s  

so lu tio n  111,5 i s  p r im arily  in tended to  g ive a  g en e ra l so lu tio n  fo r  

th e  p ressu re  d i s t r ib u t io n ,  and s in c e  S o lu tion  I I I . l  appears to  g ive a 

sh o rt and ac cu ra te  es tim a tio n  of tem peratu re , th e  tem perature equations 

obtained by the co n s tan t v is c o s i ty  so lu tio n  may be d isca rd ed ;
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XXX » 5. F r lo t ion  in  a  P a ra lle l-S u rfa o e  Bearing

In  g e n e ra l, f o r  any p lane th r u s t  b ea rin g , th e  r e s u l ta n t  sh ear 

s t r e s s  a t  any p o in t in  a f lu id  f ilm , from Newton*s law of Viscous Flow, 

i s

The f i r s t  term  on th e  r ig h t  hand s id e  i s  th e  shear s t r e s s  due to  

v e lo c ity , and th e  second, th a t  due to  p re ssu re . The t o t a l  shear fo rce  

on a s e c to r  pad w i l l  be

F  '  . . . ( 6 6 )

In te g ra te  th e  second term  o f  th e  expression  by p arts^  observing th a t  

p * 0 a t  the boundaries 

Then

For a normal t i l t i n g  o r fix ed  in c lin e d  pad ^  has a  f i n i t e  and

n eg a tiv e  v a lu e . For a p a r a l le l  su rface  b ea rin g , however, 
dh i s  ae ro , and hence

F j "  j " ' d ,

Thus i t  i s  seen th a t  fo r  th e  same conditions o f v is c o s i ty ,  speed and 

mean f ilm  th ic k n ess  a p a r a l l e l  su rfa ce  bearing  w i l l  re q u ire  a s l ig h t ly
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low er t r a c t iv e  e f f o r t  than  a corresponding t i l t i n g  pad b earin g .

I f  the assum ption Is  aga in  made th a t  tem perature v a r ie s  only in  

the  d ir e c t io n , and th a t  th e  v a r ia t io n  i s  l i n e a r ,  th en

^ s t  - k ^ a  ,  ^

:r: ^  *=■ ^  (69)

=  i:j:
M M  f*"' -^  ( )  -  r * c / r

h  Jr„ ^

T= M M  ( I -  £  ) r. -  To
k  k yS 2»

F ^ f  1 -  ( 7 0 )

^  ^  t  a

and the average v is c o s i ty  //i^y  -=: U / / g t

Hence P » U}M,u/ o( (

W
The r a t io  o f t r a c t iv e  e f f o r t  to  bearin g  load  c a p a c ity , g  , somewhat 

m islead ing ly  termed the c o e ff ic ie n t  of f r i c t i o n ,  i s

K ~ 3  '  /
W h e r e  p » b e a r i n g  p r e s s u r e ,  f o r c e  per u n i t  a r e a
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Hence

f -  ^  \ — vyKere " J j (72)
' ^ M h ' 3 r.

(O.y. P e tro ff’a Equation fo r a l ig h tly  loaded journal

bearing,radius r ,  clearance 0

n  ^  f  ( ^ )

Again Comparing with an inclined pad bearing, fo r the same

speed, V iscosity and mean film  thickness the bearing load capacity

fo r the inclined pad bearing is  much higher than th a t fo r a p a ra lle l

surface thermal wedge bearing* Hence, since the tra c tiv e  force is  about

the same fo r  both, the co e ffic ien t of f r ic tio n  fo r the p a ra lle l  surface

bearing w ill be very much g rea te r. Or, conversely, fo r the same

speed, v isco sity  and load, the film  thickness of the p a ra lle l surface

bearing is  much sm aller than the inclined pad bearing, and since 
C. 1 ZNI varies as then fo r the same ~  values, the p a ra lle l 

surface * f  * value w ill bo g rea te r than th a t fo r an inclined pad.
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I l l . 6* of T h e o re tic a l Work

The v alues obtained In  th e  num erical © valuations a re  p lo tte d  

In g rap h ic a l form in  Fige 15a and l5 b  and tab u la ted  in  Fig* 15c*

Of th e  th re e  s o lu t io n s , the re la x a tio n  so lu tio n  1X1*2 i s  th e  

most a c c u ra te , th e  f in a l  accuracy being dependent only on the  siese 

of the  g r id  used in  cpmputation* T his typo of s o lu tio n  le  awlcward to  

u se , however, invo lv ing  sep a ra te  c a lc u la tio n s  fo r  each change in  

dimensions or m m in g  oom llH pns. To o b ta in  s u f f ic ie n t, values to  

p lo t  performsmce curve© woiAld re q u ire  a p ro h ib itiv e  amount o f work*

I t .  i s  necessary  th e re fo re , to  use so lu tio n s  which apply  in  a more 

g en era l fa sh io n , so th a t  ehariges in  performance of any s in g le  bearing  

can be c a lc u la te d  w ithout too  much trouble#

From the  curves of Figs* 15a and ISb, i t  can b© seen th a t  th e  

tem peratures obtained by S o lu tio n  1X1*1 -  the  in f in ite ly -w id e  bearing  

so lu tion! -  correspond w ith in  about 5$̂  to  those obtained by th e  

re la x a tio n  method, f o r  both th e  four-pad  and the two-pad bearing#

This ag rees w ith  observa tions of Cameron and Wood (8 ) who s ta te  th a t  

the  tem perature r i s e  appears to  be approxim ately th e  same in  a f i n i t e  

a© in  an in f in i t e  b ea rin g . On th e  o th er hand, the p ressu re  values 

found by t h i s  method a re  much too  h igh , in d ic a tin g  th a t  s id e  leakage 

does indeed have a g re a t e f f e c t  on p ressu re  v a lu es , as  was suggested 

by Sw ift (16) and o th e rs .

Again from F ig . 15a, i t  i s  seen th a t  th e  tem perature values 

obtained by S o lu tio n  XXX.3, which involved a co n s tan t v is c o s i ty  

assum ption, are  no t in  agreement w ith the o th e r s o lu t io n s .
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: Solution I I I . l S o lu tio n  I I I . 2 S o lu tion  I Ï I . 3

Bearing I'ype â j2 â â 2 pad j p a d ^ m d i j s â

l’èBipera tu re  Hlee t  Op . 82.5 56.1 81.9 55.7 whpi

Maximum Pressure P pel 139 65.8 18.4 18.0 11.7 17 .1

Bearing Itoad W lb 27.7 37.7 29.2 40,2

Fig* 15c Summary o f  C alcu lated  Values 

obtained by 9?hree Methods*
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üîhe p re ssu re s  obtained by tbi© so lu tio n  which tak es  account of 

aide leakage» a re  in reasonab le  agreement as to  maxlmim values^ although 

the curves o f d is t r ib u t io n  a re  d is s im ila r ,  fh e re  i s  a t©ry good agree

ment in  the  lo ad -ca rry in g  capac ity  v a lu e s , w ith in  about 5^» between 

th i s  S o lu tio n  i l l . 5 and the  re la x a tio n  S o lu tion  XIX*2 a s  may be eeo# 

in  F ig . 15c< . -
I t  would appear th a t  the  assumption of no s id e  leak ag e , but w ith 

v is c o s i ty  as a v a r ia b le , has l i t t l e  e f f e c t  on tem perature v a lu es , but 

causes wide d if fe re n c e s  in  estim ated  p re ssu re s ; and th e  assum ption of 

constan t v is c o s i ty ,  but inc lud ing  th e  in flu en ce  of s id e  leakage, has a  

d e trim en ta l e f f e c t  on tem perature c a lc u la tio n s , but produces only a s l ig h t  

e r ro r  in  p ressu re  and lo ad -ca rry in g  cap ac ity .

I t  ie  proposed, th e re fo re , to  use th e  fo llow ing equations in  the 

a n a ly s is  o f  th e  experim ental work o f th i s  t h e s i s ,  é h à p te r  V.

temperature» from Solu tion  I I I . l

t  ■ 1  X  (<Î, X + | )  . . .  (21)

Pressure». from S o lu tion  IX I.3
0Ô _

P •  ^  Z  F "  (49)

load-C arry ing  cap ac ity  : from S o lu tio n  I I I . 3

W p er pad ■ ^  2  )>h . . .  (59)

fo r  n  a  1 , 3 , 5 , 7 , etc,.

C o e ff ic ie n t of F ric tion*
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CHAPIEE IV

IV. 1 . D escrip tio n  o f Apparatus
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ÔÜÀPTBR IV

IV. 1 . De© or lo t  Ion of Apparatus

R ecalling  th e  in tro d u c to ry  chap ter o f th i s  th e s is  » the  o b je c tiv es  

o f th e  experim ental work were#

a )  fo  record  the  operating  c h a ra c te r is t ic s  of a p a r a l le l  su rface  th ru s t  

bearing  over a wide range o f speed and lo ad , supplem entary to  p rev iously  

published r e s u l t s  which a re  incom plete;

b) to  o b ta in  accu ra te  measurements of f r i c t i o n ,  a s  an in d ic a tio n  of 

whether o r not f lu id  lu b r ic a tio n  was o ccu rring , and

c) fo  measure th e  a c tu a l  tem peratures around th e  bearing  and to  

e s ta b l is h  i f  th e  tem perature r i s e  th u s  in d ica ted  would be s u f f ic ie n t  to  

account fo r  th e  measured lo ad -ca rry in g  cap ac ity .

With th e se  requirem ents in  mind the  appara tus was designed to  inc lude 

the  fo llow ing fe a tu re s  »

a )  A very wide range of ro ta t io n a l  speeds, from about 4000 to  18,000 rpm 

with overdrive up to  27,000 rpm; and a  f le x ib le  load ing  system o f high 

capacity*

b) The whole t e s t  bearing  assembly to  be torque mounted, to  give a d ir e c t  

method of f r i c t io n  measurement, independent of speed o r load on th e  t e s t  

b ea rin g .

c) Easy access to  th e  bearing  su rfaces  fo r  a  la rg e  number of thermocouple 

leads*

A g en era l arrangem ent of th e  high speed appara tus i s  shown
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tn  f ig s#  16 and 17# R eferring  to  the  l in e  diagram, Fig# 17, i t  may 

be seen th a t  th e  d riv e  i s  d e liv e red  from a v a r ia b le  speed D. C# motor 

through a m u ltip le  V -be lt d rive  to  an in te rm ed ia te  sh a f t and gear box.

The output s h a f t  of the gear box i#  connect©# by a  f le x ib le  coupling 

to  the  t e s t  s h a f t ,  which i s  supported in  two s e lf - a l ig n in g  b a l l  b ea rin g s . 

A S te e l d isc  i s  shrunk on th i s  s h a f t and runs between two' w hite-m etalled  

c o l la r s  which a re  pressed a g a in s t th e  d isc  by th re e  hyd rau lic  jack s 

working in  p a r a l l e l .

ÿher© a re  th ree  d i s t in c t  o i l  systems# The f i r s t  c i r c u i t  i s  fo r  the 

lu b r ic a t io n  of the  gear box and the high speed b a l l  b ea rin g s ; the  second 

i s  a  g ra v ity  feed  to  the  t e s t  bearin g ; and the  th i rd  a  p ressu re  supply 

to  th e  load ing  jaclcs, from a "dead weight" p ressu re  gauge t e s t e r .

A d e ta ile d  d e s c r ip tio n  of th e  component p a r ts  fo llow s;

D*C# Motor and V -Belt D riv e

The motor i s  a 37 horsepower B.C. motor w ith a  speed range of;

450 rpm to  1000 rpm. The motor s h a f t may be f i t t e d  w ith  a  6" o r 

a 12" P#C.B, p u lley  and the in te rm ed ia te  sh a f t w ith a  6" or a 4" 

p u lle y , to  g ive speed r a t io s  1*1, 1 ;2 , or 1*3 between th e  motor and 

the  in te rm ed ia te  shaft#  four- l in k  type V -belte  a rc  used , th e  ten s io n  

in  th e  b e l t s  being  ad ju sted  by the  a d d itio n  or removal o f l in k s  when 

a l te r in g  th e  drive*

Gear Box

This u n i t  i s  an ex-Rolls-Eoyoe M erlin supercharger gear box 

g iv ing  a 9 .5 :1  stop -up  r a t i o  from th e  in te rm ed ia te  to  th e  high speed 

s h a f t .  Ooupled w ith the V -b e lt d r iv e , the o v e ra l l  r a t io s  a re  9 .5*1,
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I

P ig . 1 6 . General View o f  Experim ental Apparatus
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anâ ooxreaponâing to  tlixeo^epeed ranges of roughly

4500 to  90001 9000 to  18,000 and an overdrive range o f 18,000 to  

27,000 rgm.

High 8peed 8h a f t

fhe high speed s h a f t I s  5/4" diam eter s i l v e r  s t e e l ,  ju s t  over 

12" lo n g , on to  th e  oen tre  of which la  shrunk a d is c  of médium carbon 

s t e e l ,  3" diam eter % 5/4" th ic k . A fte r sh rin k in g , the  two faces of th e  

d isc  a re  f in e ly  machined in  p o s it io n  on the  s lm ft, f l a t  and p a r a l le l  

to  one ano ther to  w ith in  0*0001". The assenihly was balanced In  an 

Avery-*Sohenck dynamic balancing  machine* The s h a f t  runs in  two 

standard  double-rcw s e l f  ̂ a ligning/ : b a l l  bearings,* The in n er races  

a re  secured to  th e  sh a ft by s p l i t  tapered  sleeves which can be 

e a s i ly  slackened and re tig h te n e d . While th i s  type o f mounting 

i s  no t u su a lly  recommended fo r  high speed o p e ra tio n , i t  was used here 

fo r  convenience In view of the  fréquen t d ism antling  and reassem bly 

re q u ire d , and because continuous running a t  very high speeds was 

no t envisaged*

Gear Box D ubrication

O il i s  supp lied  to  the gear box and high speed b a l l  bearings 

a t  a p ressu re  of 7 Ib /in ^  by a gear type pump# In  th e  gear box, the 

gear te e th  a re  lu b r ic a te d  by f in e  j e t s ,  and th e  bearings by sp la sh .

A second gear pump a c ts  as scavenge pump from the  g ea r box aurap, both 

pumps being mounted on a  common s h a f t  and d riven  by a  sm all D.C* motor.

The high speed b a l l  bearings a re  lu b r ic a te d  by means o f a  very 

f in e  j e t  d ire c te d  on *k> the  ra c e , which atom izes the  o i l .  At high
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P ig . 18 . T est Bearing Assembly
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s

P ig . 19. T est Bearing Dism antled
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speeds, i t  i s  imporfeaint th a t  too  much o i l  i s  not su p p lied , o therw ise

o i l  churning and overheating  are  l ik e ly  to  occur, D rain tubes ca rry

away th e  o i l  by g ra v ity  from the bottom of th e  bearing  housings,

Î0h© o i l  used in  th i s  system i s  S h e ll  fu rbo  27, a  very l i g h t ,  high*

speed 611,

th r u s t  B earings,

^he t e s t  bearing  o o n aia ts  e s à e n t ia l ly  o f two s im ila r  white*

m etalled  f l a t  c o l la r s  which bear on each s id e  of a  c e n tra l  ro ta t in g

d is c , I 'ig s , 19 ,20 , The c o l la r s  ex e rt equal and opposite  fo rces  on

th e  d isc  and thus no r e s u lta n t th ru s t  fo rce  i s  tran sm itte d  to  the

high speed sh a ft o r to  th e  sh a ft b ea rin g s ,
1She th ru s t  c o l la r s  a re  3 ’̂ 0,D , x 1 I.D . b ra ss  p la te s  faced 

w ith tin*based  white m etal, A number of grooves may be out in  the  

white m etal and a la rg e  number of thermocouples are  s e t in  one p la te  

of a  p a i r .  Only a  few check thermocouples a re  s e t  in  th e  o th e r , to  

determ ine whether or n o t s im ila r  co n d itio n s e x is t  a t  both bearing  

surfaces*  P a irs  of p la te s ’, w ith two, th re e  and fo u r o i l  grooves, a re  

show# in  F ig s . 21, 22, 23, and 24,

fhe c o l la r s  a re  recessed  in to  th e  faces  o f  a p a i r  of p is to n s  

which oppose each o th e r in s id e  a s te e l  c y lin d e r , Two sy n th e tic  

rubber 0*rings on each p is to n  a c t  a s  p is to n  r in g s ,  P a ra lle lism  o f 

the  th ru s t  faces  i s  ensured by th e  c lose  f i t  o f th e  p is to n s  in  the  

c y lin d e r , by the  p if to n  r in g s ,  and by accu ra te  f i n a l  machining o f  the 

w hite*m etal faces  w ith  the p la te s  a ttach ed  to  th e  p is to n s , A s te e l  

tube extends backv/ards from each p is to n , the  o u te r  end of each tube
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F ig . 21. Thrust Faces -  2 Groove Bearing
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■being supported in  a r o l l e r  bearing  which is  mounted c o n c e n tr ic a lly  

w ith th e  high speed s h a f t In  a a ta tio n a ry  housing (aee Piga* 19 and 20)* 

In  p rev ious designs o f th e  ty p e , th e  th ru s t  bearingshave been cen tred  

and supported by jouamal bearin g s on the  high speed shaft#  Such an  

arrangem ent has the  obvious disadvantage th a t  the f r ic t io n .to rq u e  

from th e se  goum al b earin g s i s  included in  the measurement o f the 

f r i c t i o n  to rque  of th e  t e s t  th ru s t  bearings# # h is  added to rque i s  no t 

only an unknown quan tity#  but a lso  m ries  w ith speed# Xn the  p resen t 

design  th e  only extraneous to rque i s  a constan t s t a t i c  f r i c t i o n  due 

to  the  r o l l e r  b earin g s and the o i l  s e a ls  on the  ends o f th e  p is to n  

tubes which do not run a t  speed# 

load ing  Jacks

îShe th r u s t  load on the  bearings i s  su pp lied  by th ree  sm all 

h y d rau lic  jacks fix ed  p a r a l l e l  to  th e  ax is  o f th e  s t e e l  c y lin d e r 

and spaced a t  120* in te rv a ls  around th e  o u te r periphery* ïh e  jacks 

a c t  in  p a r a l l e l  and are  connected to  t r ia n g u la r  load ing  p la te s  which 

bear ag a in s t the ou te r ends o f the p istons#  (P ig s . 19 and 20).

By mounting the load ing  mechanism in  t h i s  way# no r e s t r a in t  i s  

p laced upon the  t e s t  bearing  ae happens when the load  i s  app lied  from 

an e x te rn a l source through eomo kind o f th ru s t  bearing# in tro d u cin g  a  

f r i c t io n  e r ro r  varying w ith th e  load# %he p resen t design enables th e  

t e s t  bearin g  f r i c t i o n  to  be measured w ith an accuracy which does no t 

vary &ith the  load#

O il p ressu re  to  th e  hydrau lic  jacks i s  app lied  from a  ’dead 

weight* p ressu re  gauge t e s t e r .  B art o f the p ressu re  pipe to  th e
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jacks i s  f le x ib le  to  reduce any r e s t r i c t io n  on th e  movement of th e  

bearing  assembly* A complete c a l ib ra t io n  of the  load ing  deVico was 

c a rr ie d  out (Appendix I I ) ,  and graphs of lo a d /p re ssu re  a re  g iven 

(P lg»35). '

(gemnerature Measurement #■

The tem perature of the  o i l  f ilm  a t  v ario u s pointsaaround th e  

bearing  le  recorded by copper-.constantan therm ocouples f i t t e d  f lu sh  

w ith th e  w hite^m etal su r fa c e , as shown in  B ig. 21# Tufnol p lugs a re  

screwed in to  th e  b ea rin g  p la te  and th e  bearing  su rfa ce  machined f la t#

(Big# 85a)# The thermocouple w ires are  in se r te d  through two 0*015" 

d iam eter holes in  th e  tu fb o l plug from the back, and th e  ju n c tio n  i s  

so ld e re d , f i l e d  f l a t  and f i t t e d  in to  a sm all re c e ss  in  th e  p lu g , le v e l  

w ith  the bearing  surface# The su rface  i s  th en  dry lapped and po lished  

on a ea s t iro n  su rface  p la te .  The accuracy o f t h i s  method of 

measuring th e  tem perature of a th in  f ilm  i s  d iscussed  in  Chapter V I, p .128.

The therm ocouples are connected to  a po ten tio m eter box by means 

of a ro ta ry  wafer sw itch , the w iring  diagram being shown in  Big# 25b.

^he main tem perature measurements are made on one bearing  p la te  

on ly , a few thermocouples being in se rte d  in  the  o th e r  p la te  to  check th a t

both  s id e s  o f  th e  bearing  a re  o pera ting  under th e  same co n d itio n s , and 

to  g ive some in d ic a t io n  as to  whether or not th e  in te r ru p tio n  of th e  

su rface  by a  la rg e  number o f therm ocouples, a lthough  f i t t e d  f lu s h , 

a f f e c t s  the  o p era tio n  of th e  bearing*

The c a l ib ra t io n  curve fo r  th e  copper qonstan tan  therm ocouples i s  

g iven in  Fig* 56#

Film Thiokness Measurement

, Film  th ic k n ess  i s  measure by l/ l0 ,0 0 0 "  d ia l  gauges se t as
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ahown in  ï ’ig .  26. (Jauge 1 and (Jauge 2 give d i r e c t ly  the displacem ent a 

of the housing assembly and th e  moving p is to n  r e e p e c t i te ly  from which 

th e  two f ilm  th ick n esses  fvre obtained since the  c e n tra l  d isc  i s  f ix ed  

in  the  lo n g itu d in a l d ir e c t io n . Headings on Gauge 5 and Gauge 4 should 

a lso  be equal to  the sum o f Gauges 1 and 2 . Thus a  c ro ss  check may 

be made.

G reat accuracy  i s  necessary  in  th e  measurement o f  f ilm  th ick n esses  

in  p a r a l l e l  th ru s t  b e a rin g s , s in ce  film s  o f th e  o rder of 0.0005” th ic k  

may be expected (K ettleborough 4 ) .  I t  was decided th a t  such accuracy 

could no t be obtained in  th i s  ap p a ra tu s , lack in g  as i t  does the necessary  

r ig id i t y  and being su b jec t to  compressive and therm al expansion e f f e c ts  

o f the same o rd er of magnitude as th e  film  th ic k n e s s . While the p resen t 

arrangem ent was no t designed to  g ive ab so lu te  accuracy , th e re fo re ,  i t  

i s  simple and s tra ig h tfo rw ard  and g ives a reasonab le  in d ic a tio n  of the 

f ilm  th ickness*

F r ic t io n  Torque Measurement

F r ic t io n  to rq u e  i s  measured by a  pure couple imposed by two 

d ia m e tr ic a lly  opposed arms f i t t e d  on a s te e l  r in g  e n c irc lin g  th e  th r u s t  

bearing  assem bly, as shown in  F ig . 27, A s in g le  dead weight a p p lie s  

an equal fo rce  to  each torque arm through a system of cord and p u lley s  

and th e  assembly i s  balanced by b ring ing  a  p o in te r  opposite  a  fixed  

mark.
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Bearing-? L u b rica tio n

O il i s  fed by g ra v ity  from a twenty g a llo n  tan k , se t about
3ten  fe e t  above the t e s t  b ea rin g , through y  ’* diam eter copper pipe to  

an annular space In  end r o l l e r  bearing  housings* f h l s  space i s  

sea led  o ff  by sy n th e tic  rubber s e a ls ,  one on th e  o u ts id e  of the p is to n  

tu b e , and th e  o th e r on the high speed s h a f t ,  leav in g  as  an o u t le t  

fo r  th e  o i l ,  an an n u lar space between the high speed sh a ft and the  

p is to n  tube (Fig* 20)# The o i l  i s  thus supp lied  to  th e  in n e r diam eter 

o f th e  th ru s t  c o l la r s ,  the c learance  between p is to n  tube and s h a f t  

being la rg e  enough to  prevent churning and e x tra  f r i c t i o n  on th e  

assembly* From the t e s t  b ea rin g , the  o i l  flows to  a sump and i s  

pumped up to  a  s e t t l i n g  tan k , in  which Is  placed a coo ling  c o i l ,  se t 

above the  supply tankÿiv

The O il used v?as S h e ll Turbo 27, and graphs o f density /tem pera tu re  

and v isc o s ity /te m p e ra tu re  a re  given (Fig* 5 ) .
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CHAPTER V

V. 1. E xperim ental Procedure

V* 2, P re se n ta tio n  of Experim ental R ésulté

V* 3 . d isc u ss io n  of R esults
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y. 1. Experimental Procedure
P r io r  to  conducting any to o ts ,  i n i t i a l  c a l ib ra t io n s  of th e  

load ing  system , therm ocouples, and th e  f r i c t io n  measuring device were 

made and a re  rep o rted  in  Appendix IX.

T ests were c a rr ie d  out on bearings having two, th re e  and fou r 

r a d ia l  grooves. Of the o th e r  arrangem ents, p la in  c o l la r s  w ith no 

grooves do not fu n c tio n  s a t i s f a c to r i l y  as th ru s t  b earings (3 ,4 )  and 

bearings w ith  more than  fo u r grooves, although q u ite  s a t i s f a c to ry  in  

o p e ra tio n , were no t used because of th e i r  sm alle r len g th  of pad, which 

would not allow  space fo r  the  r e q u is i te  number of therm ocouples, nor 

dem onstrate a  s u f f ic ie n t  therm al g ra d ie n t. The o b je c t o f the  

experim ental work W s to  c o r re la te  bearing  performance w ith  therm al wedge 

th eo ry , r a th e r  th an  to  conduct a comprehensive survey of a l l  possib le  

type© and v a r ia tio n s  of p a r a l le l  th ru s t  b ea rin g s .

Teat Procedure

T ests were norm ally rim w ith the  in le t  o i l  coming from the constan t 

head tank a t  constan t tem pera tu re , i . e . ,  w ith no o i l  r e c i r c u la t io n ,  to  

ensure e a rly  tem perature © ta b il ia a tio n  of th e  th r u s t  b ea rin g . The 

cap ac ity  of th e  tank  was gO g a llo n s which lim ite d  th e  tim e of a t e s t  to  

about 45 m inutes, depending on th e  r a te  of flow through th e  b ea rin g .

The o i l  was re c irc u la te d  fo r  t e s t s  of longer d u ra tio n ,, but f in a l  temp

e ra tu re s  were much h igher in  those oases, and fo r high power t e s t s  an 

adequate o i l  co o le r  would be req u ired .
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Before beginning a  t e a t ,  the ap p ro p ria te  load was app lied  to  

the b ea rin g , and th e  fo u r d ia l  gauges fo r  film  th ic k n ess  measurement 

were s e t  to  %ero w ith th e  machine s ta t io n a ry . The load was removed and 

the two Im brica tion  system s, vies., th e  g ear box and the  t e s t  bearing  

c i r c u i t s ,  were brought in to  o p era tio n . The machine was brought up to  

speed w ith no load on the  th ru s t  b earin g . This was necessary  to  prevent 

overloading the  e l e c t r i c a l  motor on s ta r t in g ,  and to  avoid  damaging the 

bearing  faces* The load was then ap p lied , and a s to p  clock  s ta r te d ,  

from which a s t r i c t  time check was kept throughout the te s t*

Headings of thermocouple e .m .f . ,  film  th ic k n e s s , f r i c t io n  to rq u e , 

speed and o i l  flow wore made a t  reg u la r in te rv a ls ,  u su a lly  a t  f iv e  or 

te n  minute p e rio d s , during the course of the te s t#  When s e t t le d  conditions

were a t ta in e d ,  f i n a l  read ings were mdo and the  machine stopped a t  no no
f -

lo ad , Immediately on stopping, the load was re -a p p lie d  and a  second 

s e t  o f ♦no speed♦ read ings o f the d ia l  gauges taken while the  bearing  

was s t i l l  h o t. A fte r allow ing s u f f ic ie n t  time fo r  th e  bearing  to  r e tu rn  

to  room tem peratu re , a  th ird  s e t  o f readings was tak en . I t  was found 

th a t  th e  gauges did not r e tu rn  to  Eero immediately a f t e r  the  machine 

was stopped (second s e t  of ♦no speed* read in g s), but when the appara tus 

had cooled to  i t s  o r ig in a l  tem perature, th e  gauges u su a lly  went back to  

w ith in  one o r two ten -th o u san d th -in ch  d iv is io n s  o f i n i t i a l  e o x o .  To 

allow  fo r  th is  e f f e c t ,  which scemCd due to  th e  therm al expansion of the 

load ing  p is to n s  and o th e r m etal p a r ts ,  f ilm  th ic k n ess  read ings were re fe rre d  

to  the  second s e t o f *no speed* read ings as the  o pera ting  aero ; w h ils t



103.

the f a c t  th a t  th e  gauge© re tu rn ed  to  th e  i n i t i a l  aero  when coo l, 

in d ica ted  th a t  no bod ily  displacem ent had occurred during th e  t e s t .

A period  of about fo u r m inutes was necessary  to  read  a l l  tw enty- 

fo u r thermocouples* The time of s ta r t in g  and f in is h in g  each s e t  of 

thermocouple read ings was tak en  and, assuming an equal tim e requirem ent 

fo r  each read in g , th e  tem peratures may be p lo tte d  to  a base o f time*

By drawing a v e r t i c a l  o rd in a te , th e  tem peratures o b ta in in g  a t  any 

In s ta n t can be found.

The ra te  of o i l  flow was obtained by d e f le c tin g  th e  outflow  in to  

graduated co n ta in e rs  fo r  sh o rt periods during the course o f the  

experim ent to  be measured l a t e r  when th e  o i l  oooXed* I t  was found th a t  

the flow remained q u ite  s teady , as did  the running speed, throughout 

a t e s t .

S everal d ev ia tio n s  from normal procedure were made to  check th e  

e f f e c t  o f such th in g s  m  prolonged running ( fo r  s e v e ra l  h o u rs), change o f 

speed or load  during a  t e s t ,  change in  o i l  supply q u a n tity  or tem peratu re , 

and so on*;. Hone o f th ese  d ev ia tio n s produced any unexpected r e s u l t s ,
■'f ri"

and i t  was decided th a t the normal type of t e s t  was s u f f ic ie n t  to  g ive 

■ t̂ruo and c o n s is te n t co n d itio n s .

Range of T estin g

The range o f t e s t s  was lim ite d  by se v e ra l f a c to r s .

The lo ad in g  system was ab le  to  p lace a load  of over 500 lb s  on 

the  t e s t  b ea rin g , a p re ssu re -o f  some l i 0 ’'̂ %bi* In  p r a c t ic e ,  the  plane 

th r u s t  b ea rin g  under t e s t  was no t able to  ca rry  a load of more than  

300 lb  w ithout showing sig n s of m e ta l-to -rae ta l con tact and overheating*
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Under normal running co n d itio n s , tem peratures s ta b i l i s e d  a f t e r  

about h a lf  an hour* On se v e ra l occasions, however, e i th e r  from known 

causes, such as  heavy load ing  or r e s t r ic te d  o i l  flow , o r because of 

some unknown condition^ tem peratures continued to  r ise *  T ests  were 

norm ally stopped i f  the thermocouple e*m,f* tended to  r i s e  above 5 m*v* 

corresponding to  a tem perature of 240*F*

I f  m e ta l-to -m e ta l co n tac t was suspected , the  bearing  was s trip p ed  

and resu rfaced  by machining and lapp ing  befo re  f u r th e r  t e s t s  were 

c a rr ie d  out*

The t e s t  machine was designed fo r  normal o p era tio n  between 4,000 

and 16,000 rpm w ith an overspeed range from 20,000 to  27,000 rpm. These 

speed m nges were governed by V -belt pu lloy  siisos, and by th e  f a c t  th a t  

the c r i t i c a l  speed of th e  high speed shaf% and d isc  was about 18,000 rpm* 

In  i n i t i a l  c a l ib ra t io n  t e s t s ,  th e  machine was run su c c e ss fu lly  In  the  

overspeed range on q u ite  a  number of occasions, running extrem ely smoothly 

and q u ie t ly  as might fee expected . There was some d i f f i c u l ty  in  

a c c e le ra tin g  through th e  c r i t i c a l  ran g e , due to  a la ck  of power a t  th e  

d rive motor and some slipim ge a t  the V-belta*

For t h i s  reason , pnd becaua,e|j|pe end b a l l  bearings were not 

s u ita b le  f o r  prolonged high speed running, i t  was decided to  conduct the  

bu lk  of th e  t e s t s  below the  c r i t i c a l  speed, and run very  high speed t e s t s  

when the r e s t  o f th e  program had been com pleted.

This was done, but when the  overepeed s e r ie s  was begun, i t  was 

found im possible to  run th e  machine through the c r i t i c a l  speed range 

w ithout excessive v ib ra tio n *  The machine was s tr ip p e d , overhauled, the



t e s t  s h a f t  reb a lan ced , and g en e ra lly  reconditioned# A f in a l  a ttem pt 

was made to  gain  the overspeed range and the d rive  motor was a c c e le ra te d  

as ra p id ly  a s  p o s s ib le , but a t  about 19,000 rpm obvious f a i lu r e  occurred 

and the t e s t  was stopped# On in v e s tig a tio n  i t  was found th a t  the  

3/ 4 ” diaïïieter t e s t  s h a f t  , had a  permanent s e t  of about I / 2**, due to  

whipping, and the supporting  b a l l  and r o l l e r  b ea rin g s had a lso  fa ile d #

When th i s  f a i lu r e  occurred,^ the machine had been in  o p era tio n  fo r 

about 18 months, and the d i f f i c u l ty  in  g e t t in g  through the  c r i t i c a l  speed 

range was undoubtedly due to  Imbalance caused by wear and t e a r  during  

th i s  time#

I t  was apparen t th a t fu r th e r  te s t in g  would re q u ire  ex tensive 

reb u ild in g  and p o ss ib le  redesign  of th e  t e s t  a p p a ra tu s , and s in ce  a  

s u b s ta n t ia l  amount of in form ation  had a lread y  been gained , i t  was 

decided to  d isco n tin u e  the experim ental work a t  t h i s  p o in t.
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y* 2. P re e e n ta tlo n  o f R esu lts

In  the  course o f the  experim ental in v e s tig a tio n a  about one hundred 

and s ix ty  t e s t s  were c a rr ie d  o u t, and during each t e s t ,  o f t h i r t y  minute© 

average d u ra tio n , oyer a  hundred readings o f the v a rio u s  req u ired  

q u a n t i t ie s  were obtained u n t i l  s tead y  s ta te  co n d itio n s  were reached ,

Rather than  re p o r t th e  bulk  of these  read in g s, i t  I s  proposed to  i l l u s t r a t e  

the measurements recorded during  a complete t e s t  by th re e  ty p ic a l  

examples,: and to  p re se n t average and f in a l  s teady  s ta te  values f o r  th e  

rem ainder in  g ra p h ic a l and ta b u la r  form. In  g e n e ra l, no attem pt has 

been made to  draw b e s t  curves through the  experim ental p o in ts , but where 

ap p licab le  on each graph s h e e t, th e  corresponding th e o r e t ic a l  curve 

obtained from th e  equations o f Chapter I I I ,  i s  shown. Thus a d i r e c t  

comparison o f theory  and experim ent can be made.

A nalysis of R esu lts

Experim ental read ings as observed and recorded a re  shown fo r  

th re e  ty p ic a l  t e s t s  in  Tables 1 , 2 and 3 , Appendix I .  From th ese  recorded 

v a lu e s , th e  req u ired  q u a n ti t ie s  a re  obtained as fo llo w st

load# The bearing  load i s  obtained from the  lo ad in g  c i r c u i t

p ressu re  value by r e fe r r in g  to  th e  load  c a l ib ra t io n  curve in  

Appendix I I .

Bpeed* R o ta tio n a l speed was recorded d ir e c t ly  a t freq u en t in te rv a ls  

throughout a  t e s t  by a  hand tachom eter checked re g u la r ly  fo r  

accuracy by a s tro b o -tach o m ete r.

Temperature s

Thermocouple E.M.F. values fo r  a l l  s ta t io n s  around the
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bearings were read  a t  re g u la r  f iv e  or te n  minute in te rv a ls  u n t i l  

steady  odnditlone were o b ta ined , u su a lly  a f t e r  t h i r t y  or fo r ty  

minutes running tim e. The thermocouple lo c a tio n s  a re  in  accordance 

w ith Figs* 22, 23 and 24* The o i l  i n le t  tem perature^ was recorded 

by a thermocouple in  the  in n e r annu lar space o f the bearing assembly 

near the th ru s t  surfaces*  Thermocouple ©•m.f* v a lu es  a re  converted to  

tem peratures by means o f the thermocouple c a l ib ra t io n  curve, Fg* 3 6 , in  

Appendix XX*

The tem perature r i s e ,  t ,  is  th e  d iffe ren ce  between maximum

tem perature and in le t  tem peratu re , -  T^*max 0
o

The average tem p era tu re , i s  taken as + g* t*  I t  was f e l t

th a t  the  average tem perature in  th e  bearing  I s  higher than  the  simple

a r ith m e tic  mean of i n l e t  and maximum v alues, as may be observed in  F ig . 28,
2

While no a ttem pt i s  made to  ju s t i f y  th e  ^  v a lu e , i t  seems to  be a  

reasonable f ig u re ,  and has been used on a p rev ious occasion by Cameron 

and Wood ( s ) .

Film Thicknesss

f ilm  th ic k n ess  values a re  recorded on four l / l 0 ,0 0 0  in ,  d ia l  gauges, 

Crauges 1 and 2 a re  mounted on th e  fixed!' end bearing  housings and measure 

the movement o f the  load ing  p is to n s  thus g iv ing  f ilm  th ick n ess  d i r e c t ly .  

Gauges 3 and 4 a re  mounted on the  o u te r s te e l  c y lin d e r , and thus measure 

the  r e la t iv e  movement of the two loading  p is to n s , i . e . ,  they  measure 

the  sum of the two f ilm  th ic k n e sse s .

f ilm  th ic k n ess  values a re  obtained from the  gauge reading minus 

th e  opera ting  gero read in g .

Average film  th ick n ess  h » Gauge 1 + Gauge 2 + A  )
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Bearing F ric tion*

The constan t s t a t i c  f r i c t io n  d m  to  the  end s e a l s  and support 

r o l le r ,  bearin g s w a s  measured a t  th e  beginning of e a c h  t e s t  by applying 

th e  scheduled bearing  load and record ing  the  fo rce  req u ired  f o r  exact 

balance of the  s t a t i c  f r ic t io n *  This fo rce  was added to  th e  balancing  

fo rce  recorded during the  t e s t ,  and m u ltip lied  by the  rad iu s  a m  of 

the balancing system , F ig . 27, gave the f r i c t io n  to rq u e , T I b - f t .

The mean bearin g  rad iu s  i s  ca lcu la ted  from the uniform p ressu re  

th eo ry , and g iv es th e  c o e ff ic ie n t of f r i c t io n

t  -

m
o r f  B» y  X 10.45 T F r ic t io n  Torque, f t . - l b s #

W # Bearing lo ad , lb s ,

O il Flows

O il flow was measured v o lu m etrio a lly  over abo rt periods by d iv e rtin g  

th e  outflow from th e  t e s t  bearing  in to  a c o n ta in e r , and m easuring, 

when co o l, In a  graduated j a r .  Knowing the  bearin g  to rque and speed, and 

the o i l  flow , s p e c if ic  heat and tem perature r i s e ,  a  sim ple energy balance 

g ives a  good and independent check on the measured q u a n t i t ie s .  I t  was 

considered s a t is f a c to ry  i f  th i s  check was no more than  about 100  in  

e r r o r ,  because o f th e  conduction heat lo s s e s , o i l  leakage and o th e r 

lo sse s  which were unaccounted for#
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T h e o re tic a l Equatlone

Thé th e o r e t ic a l  equations a re  ap p lied  to  th e  t e s t  h ea rin g  and 

employed in  the  fo llow ing ways*

Temperature

t  .  ^  irv ( c ,  X +  ; ) (21)

where 1 — 2  W Ttw J/b /2> / / ^C o  f c u j  J / o  / / ^  \

17 J

X -=T 0  ! Xu -= oC

Kcu/ =" hnôftn V'o.dict^

hence

and

-L ^  A. _  A2 Y ^  \ \
A" I  V  J  . . .  (21a)

where y <7 «, o u tle t  v is c o s i ty  a t  X a# X l

For th e  experim enta l hearing  and th e  o i l  used , th e  fo llow ing  a re  th e  

dimensions and average values of p h y sica l p ro p e r tie s :

w 0 .7 " ; ^av“* 5 ^3  ̂ » 1 .5 " ; * 2 .1 4 ; E ntry  Temp. 70*F;

0 « 0.02; (Z = 0.48 Btu/lb«P; /0„ a 54.0 Ib/ft^; = 1.02
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For the  Two-pad Bearing

<x m 3 .04 m d .

J .  _  1  =  JJO (  l , ' ^ 0  K t o ' ’ )
/To k

Thrèè-pad Bearing

a » 1#99 rad .

OO

z '  y »  "

Four-pad Bearing

a m 1,465 ra d ,

__ ^

I I -  ^  I  1^-2 Gy. [ ü ‘' \

i _ I  s  i ! ^ / 3 1 2 X1 0  n
A  /^ o  ( k " n

Boad-oarrying C apacity

7T= ll?  '  /  . . .  (59)

where b -  ^  ~ 0 * 0 o o 4 5  ^

S w* i s  evaluated  in  Chapter III, Beet Ion 4̂



and e"̂  c it

Hone© W per pad 

For tbo 2-]

Æ  I e'®''- 11
(3 t  !■ '  e*'"tsF
to /f-0

; ;

£  W' -

0  O OZOG Ye 
1T^

£  W' ^  0 - 1 1 3  ( C/  ̂ EE S e c ,  IV )

W  bfl d =  ^  M"p JL f  E
/U 'V  /3 L e/**"

c - i > 0 3  y  l O '

5-gad Bearing

I K T  /)

* O ' - ' 0

Ik

l b .

5.W ' = 0 1 6 2 .

W |)er o - S G S x ( o ~ ‘‘ /k.

111.

• , .  •  (59a)

4-Bad Boartng
Z W '  ^  O' 1 2 7 4

W  ber jpc\d -  ^  /AÎ£_-y^) (? ' 4  4  ^   ̂ ^
I k 'f  ( Z3 V

‘ lb.

Although no t s t r i c t l y  c o r re c t ,  alnoo th e  equation© wore derived by 

two e n t i r e ly  d if fe re n t  methods, equations (21a) and (59a) may ho combined 

to  e lit t in a to  g iv ing  th e  fo llow ing:

For the  2 -iad  Bearing W per pad » 4,64 (  z )

3-Bad Bearing W per pad » 6,63 ( 4- "  2 j

, \
4-Bad Bearing W per pad » 7 .13 ( & ^  2 /

Thus i t  i s  seen th a t  th e  lo ad -ca rry in g  cap ac ity  of a p a r a l le l  su rface  

pad, fo r  g iven bearin g  dimensions and lu b r ic a n t p ro p e r t ie s ,  i s
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dependent only on the  tem perature r i s e  through the  pad, according  to  

th i s  r a th e r  loose reason ing  a t  le a s t#

As may he seen from F ig s . 33a,h and c ,  t h i s  sta tem en t appears to  have 

acme s l ig h t  co rro b o ra tio n  in  p rac tice*

Co e f f ic ie n t  of F r lo t ion

The c o e f f ic ie n t  of f r i c t io n  i s

' P  h 3 (  /

For th e  experim ental bearing  # 2.14

Hence f  - CO /F'ciA/ t l
r

k
or f  ' z : N Zsf >

• 4 ^ X l O
-  ?*

. . .  (72)

Z in  oen tipo iae  

N in  rpm 

p in  p s l  

h in  in ch es.
V .

Energy Balance

F r ic t io n  Torque « T I b - f t  p e r bearing  su rfa ce . 

Work «t 2 T c o f t- lb /s e c  fo r  two b ea rin g s .

Flow « Q Ib /m in .

Heat tb  o i l Q % 0.48 X t  
60 Btu/iseo

T herefore 2 T h ). Q t  x  778

u).T » 3.11 Q t
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V. 3 , D iscussion  of R esu lts

The experimen1?^l r e s u l t s  a re  presen ted  g ra p h ic a lly  in  ? lg . 28 to

33» and th e  ta b u la te d  v a lu es from which the  graphs a re  drawn are shown

in  T ables 1 to  10, in  Appendix I .

For th e  th re e  specimen t e s t s ,  2-36, 3^5 and 4|t3.0, th e  tem peratu res 

which were recorded around the  c e n tra l  arc  a t  the  metm ra d iu s  1 .16  i n . ,  

a re  p lo tte d  in  F ig . 28é The tem perature d is t r ib u t io n s  fo r  most o th e r 

t e s t s  were s im ila r  to  these#

I t  may be seen th a t  a  simple tem perature g ra d ie n t i s  not o b ta in ed .

The o i l  in  the grooves i s  assumed to  be a t  the  o i l  in l e t  tem peratu re .

There i s  a very rap id  r i s e  from th e  o i l  in le t  tem perature to  the 

tem perature shown by th e  f i r s t  therm ocouple; th en  th e re  i s  a steady  

tem perature r i s e ,  a t  a  r a th e r  f l a t  g ra d ie n t, around th e  bearing  pad.

I t  would appear th a t  two f a c to r s ,  which were no t c o r re c t ly  accounted, 

f o r ,  in flu en ce  the tem perature read in g s . The a c tu a l  o i l  tem perature in  

the grooves i s  almost c e r ta in ly  h igher than  th e  recorded in le t  tem pera tu re , 

which was measured by a  s in g le  thermocouple in  th e  an n u lar supply space, 

and not in  the  grooves. S ince a c e r ta in  amount of o i l  i s  c a rr ie d  around 

the  b ea rin g , th e re  w il l  be a mixing in  the  grooves of fre sh L o il and 

r e c irc u la t in g  o i l ,  making the i n l e t  tem perature to  the pad higher than  

the recorded v a lu e .
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I t  was in tended to  t e s t  a bearin g  with se p a ra te  i n l e t  and o u tle t  

grooves as shown in  3?ig* M ,

OUTLET GROOVE

ROTATION OF 
MovfNq Surface,

F ig . 34# Proposed Bearing w ith  S eparate I n le t
and O u tle t Grooves.

In  th i s  way a  t r u e r  measure of the  tem perature r i s e  tak in g  p lace around

th e  bearing  su rface  i t s e l f  would have been o b ta in ed . U n fo rtu n a te ly , the

te a t s  were h a lted  by th e  breakdown o f the  machine b efo re  t h i s  oould be done*

I t  i s  a ls o  thought th a t  th e  standard  method used in  t h i s  work to

measure o i l  f ilm  tem peratu res i s  no t q u ite  accurate*  Thermocouples

embedddd in  the  b ea rin g  su rfa ce ,a lth o u g h  in  non-conducting m a te r ia l ,

a re  g r e a t ly  in flu en ced  by the surrounding and opposing bearin g  fa c e s ,

and i t  i s  d i f f i c u l t  to  see how e r ro r s  due to  conduction and ra d ia tio n  can

be avoided . These e f f e c ts  would cause a  "tem perature i n e r t i a , "  causing

therm ocouples to  r e g i s t e r  a h igher tem perature a t  i n l e t  and a lower

value a t  o u tle t  th an  the  a c tu a l  o i l  f ilm  tem pera tu res.

With th e se  arguments in  mind, th e  tem perature r i s e  around th e

bearing  pad, t* P , was taken  as T (a t  o u t le t )  minus T ( a t  i n l e t ) .max*. 0
I t  i s  probable th a t  both  o f th e se  values a s  recorded a re  to o  low, so
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t h a t  t h e i f  d iffe ran c© , t ,  may' n o t b© too  much in  e r r o r .  The avorago 

tem p era tu re , wîiicli givoo th e  average v is c o s i ty  2 , was taîcon as 

To + 2 /3 té  I t  should be no ted  th a t  th e  param eter p  i s  g re a t ly  a ffe c te d  

by th e  Value taken  f o r  2* P rev ious experim enters have talcen th e  average 

v is c o s i ty  as  ob ta ined  from one thermocouple p e r  pad (Fogg, 3 ) ,  o r  as  th e  

mean o f i n l e t  and o u t le t  v a lu es (K ottleborough, 4 ) ,

As a  g en era l c o r re la t io n  w ith  o th e r  w orkers, th e  c o e f f ic ie n t  o f 

f r i c t i o n  i s  p lo t te d  a g a in s t f o r  a l l  t e s t s .  F ig ,29* Although ^  i s  n o t

in  c o n s is te n t u n i ts  and i s  n o t d i r e c t ly  r e la te d  to  f , th e  r e s u l t s  fo llo w  

f a i r l y  w ell a  l i n e a r  p a t te rn  on a  lo g - lo g  s c a le ,  which has the  same slope as 

th e  curves o f  Fogg and K et'tleborough, and in  f a c t  come q u ite  c lo se  to  Fogg*s 

r e s u l t s ,  a lthough  th e  magnitude o f lo ad s was much sm a lle r  than  Fogg*s, The 

d if fe re n c e  in  th e  th re e  s e ts  o f  r e s u l t s  i s  probably  in  good p a r t  duo to  th e  

d i f f e r e n t  v a lu es  employed f o r  th e  average v is c o s i ty  2 ,

The c o r re c t  non-dim ensional param eter f o r  a  p a r a l l e l  th r u s t  b ea rin g  i s

2  ^  as d eriv ed  in  S ec tio n  111,5# W en th e  c o e f f ic ie n t  o f f r i c t i o n  f  i s  
P h

p lo t te d  a g a in s t —  g  # th e  experim ental r e s u l t s  can be compared w ith  th e  

th e o r e t ic a l  equa tion
f  =* 2.49 X 10"  ̂ H  £

P h

f o r  t h i s  p a r t i c u la r  b e a rin g , as shown in  F ig , 30, There i s  a  marked s c a t t e r  

in  th e  oxperim ontal p o in ts ,  b u t ,  in  g e n e ra l, th e  t e s t  r e s u l t s  l i e  on a  f l a t  

curve, Expérim ental r e s u l t s  talcen from K ottleborough * s  paper (4) and 

p lo t te d  in  th e  above manner a re  in  c lo se  agreement w ith  th e  au thor*s r e s u l t s .  

Although c o r r e la t io n  w ith  th e  th e o re t ic a l  curve i s  v ery  poo r, th e  experimental 

p o in ts  can bo brought in to  s u b s ta n t ia l  agreement i f  th e  v is c o s i ty  a t  maximum 

b ea rin g  tem peratu re  i s  used in s te a d  o f th e  average v a lu e .
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The d if fe re n c e  might be duo to  th ro e  f a c to r s  î

(a) A low value  o f measured f r ic t io n *

The f r i c t i o n  to rque as measured m ight have been in  e rro r#  beoauso 

o f undor-com ponsation f o r  s t a t i c  f r i c t io n  ©ffeots* The s t a t i c  f r ic t io n #  

due to  s ta t io n a ry  end s e a ls  and support r o l l e r  b e a rin g s , was measured 

a t  no load  and no speed, and added to  th e  f r i c t i o n  to rque measured 

d u ring  a t e s t .  Although th e  s t a t i c  f r i c t i o n  was independent o f load  and 

speed, i t  may have in c reased  during  running because o f th e  e f f e c t  o f 

tem peratu re  on th e  o i l  s e a ls  and b e a rin g s , b u t t h i s  i s  un like ly*

M r
(b) A h igh  Value o f  -  ^  ,

F o r a  g iven f r i c t i o n  V alue, th e  corresponding ~  g  may have 

been too  high* The measured q u a n t i t ie s  ïî and r  can be accepted as 

s u b s ta n t ia l ly  correct*

The ap p lied  lo a d , which g ives th e  b ea rin g  p re ssu re  p , i s  a lso  

probab ly  correct*  In  some e a r ly  t e s t s ,  h o m v er, when aluminium load ing  

p is to n s  were used in  th e  s te e l  c y lin d e r , d i f f e r e n t i a l  expansion caused 

th e  p is to n s  to  s t i c k  and very  high loads were ap p lied  w ithout being 

recorded* T his f a u l t  was co rrec ted  by u s in g  c a s t  i ro n  p is to n s  w ith  a 

l i t t l e  more c lea ran c e , and rubber o -rin g s  as p is to n  rings*

The p o s s ib i l i t y  o f  e r r o r  in  measuring Z and h  i s  much g reater*  

The average film  tem p era tu re , which has a lre ad y  been d isc u sse d , could be 

in  e r r o r  by , say , 10^ -  between 100*^* and 9 0 ^ ,  th e  v is c o s i ty  changes f ro
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27.4 to  about 36 oontipoise#  a  d iffe ren ce  of 50> .̂ This d iffe ren ce  in  

v is c o s ity  becomes sm alle r a t  h igher tem pera tu res , however.

In  a s im ila r  way, i t  i s  doubtfu l i f  the f ilm  th ick n ess  measurements 

a re  accu ra te  to  w ith in  0.0002", which nay mean ah «error in  the  o rder 

of 205? oil normal read in g s .

These la rg e  percentage e r ro rs  which a re  inescapab le  when measuring 

very sm all or i l l - d e f in e d  q im n tit ie s , make rin d iv id u a l read ings alm ost 

w o rth le ss . However, when a la rg e  number of t e s t s  i s  considered and th e  

r e s u l t s  p lo t te d ,  the  g en e ra l tren d  o f the r e s u l t s  can be observed and 

compared to  th e o re t ic a l  cu rv es , the  ex ten t o f the s c a t t e r  being an 

in h eren t in d ic a tio n  o f experim ental accuracy* 

c) Boundary lu b ric a tio n *

There i s  considerab le  doubt in  th e  a u th o r’s mind th a t  tru e  film  

lu b r ic a t io n  occurred in  a l l  t e s t s ,  e s p e c ia lly  a t  high loads (u su a lly  

low ~  v a lu es . )

Q uite fre q u en tly  during the course of t e s t in g ,  s e v e ra l in s tan ces  

of n o n -f lu id -f ilm  lu b r ic a t io n  and even m e ta l-to -m eta l co n tac t were no ted , 

mainly syraptomised by u n stab le  tem peratures and v ib ra t io n . These obvious 

m al-function ing  t e s t s  were d iscarded  as has been p rev io u sly  noted*

However, i t  was observed th a t  some of th ese  t e s t s  did not show much higher 

values of the c o e f f ic ie n t of f r i c t i o n ,  the  d iffe re n ce  between t e s t s  

pu rporting  to  be run under cond itions of f lu id - f i lm  lu b r ic a t io n  and those 

which obviously were n o t, being f a i t l y  sm all. U nlike th e  case o f the  

jo u rn a l b ea rin g , th e re  does no t appear to  be a w ell-d efin ed  change 

between hydrodynamic and boundary lu b r ic a tio n  fo r  th e  p a r a l l e l  su rface
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th ru s t  bearing# Following t h i s  reasoning fu r th e r ,  i t  would seem th a t  a
ZNl in e a r  p lo t of f  a g a in s t —  i s  not in  i t s e l f  a com plete in d ic a tio n  of 

f lu id - f i lm  lu b r ic a t io n  fo r  a  p a r a l l e l  su rface  th ru s t  bearing#

This can be explained when one considers  th a t  in  a jo u rn a l b ea rin g , 

when the  f ilm  th ic k n ess  dlm inshes, m e ta l-to -m eta l co n tac t tak es  p lace 

along a  very  narrow l in e a r  a re a , w ith high p ressu re  and p o s it iv e  co n tac t; 

whereas w ith th e  p a r a l le l  su rface  b ea rin g , when th e  f ilm  th ick n ess  i s  

of the same o rder of magnitude a s  the su rface  roughness, i t  w i l l  be 

p o ss ib le  to  have f ilm  lu b r ic a t io n  w ith  in te rm it te n t  co n tac t of a s p e r i t i e s  

over th e  whole su rface  a t  low m e ta l-to -m e ta l p re ssu re s* .

The experim ental values o f film  th ick n ess  a re  in  good agreement w ith  

th e  p red ic ted  v a lu e s , Fig# 51a, b end o, a lthough again  th e re  i s  a  wide 

s c a t t e r ,  and the range of values along the ab sc is sa  i s  r a th e r  small* The 

s c a t t e r  o f th e  p o in ts  would seem to  be in  accordance w ith  the estim ated  

accuracy o f measurement, to  the  n e a re s t 0*0002in# Recorded f ilm  th ick n ess  

values appear to  about 20 or 30% g re a te r  th a n  the p red ic ted  v a lu es , 

in  the  th ree-g roove and four-groove bearings#

When the load  per bearing  pad i s  p lo tte d  a g a in s t the param eter

^  ] in  Fig* 52a, b and c , the c o r re la t io n  of th e o re t ic a l
h^ P / rv/ /
and a c tu a l  va lues in  ag a in  a p p a ren t, although to  a  l e s s e r  e x te n t ,  and the

s c a t te r  ô f p o in ts  /is  even more pronounced th an  on the p rev ious graphs#
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2The eide s c a t te r  le  undoubtedly due to  the *h * term  in  th e  denominator 

o f the  param eter. XI» should be noted again  th a t  in  th i s  s e r ie s  o f 

experim ents, i t  was found th a t  th e  maximum bearin g  load th a t  oould be 

c a rr ie d  s a fe ly  was about 550 l^b., g iv ing  a bearin g  p ressu re  of some 

70 p e l .  This load i s  yery much lower than  those repo rted  by Fogg 

(2,200 l b ,  probable p ressu re  440 p s l ) ,  but i t  i s  in  agreement w ith  

K ottleborough (4) and w ith lo n g -e s ta b lish ed  marine p ra c t ic e  fo r  p a r a l le l  

surface, th r u s t  b ea rin g s .

when the load par pad i s  p lo tte d  ag a in s t the  fu n c tio n  ( G - 2 )

in  Fig# 55u, b and c , experim ental s c a t te r  i s  extrem ely pronounced and 

c o r re la tio n  o f  theo ry  and p ra c t ic e  i s  not good. I t  w il l  be r e c a l le d , 

however, th a t  W # f n ( e ^ ^ )  i s  no t a tru e  m athem atical r e la tio n s h ip  

(S ec tio n  V .2 ), so th a t  e m c t c o r re la t io n  should not be expected* For th e  

two^groove and the  th ree-groove b ea rin g s , th e  tren d  of the experim ental 

p o in ts  appears to  be f a i r l y  c lo se  to  the th e o re t ic a l  l i n e ,  and some 

c o r re la t io n  might be claimed* For the four^groove b ea rin g , th e  a c tu a l  

load curve i s  a t  a  much sm a lle r g rad ien t than  the  p red ic ted  lin e ,, g iv ing  

a  lower lo ad -c a rry in g  capac ity  than  in d ica ted  fo r  a g iven tem perature 

r ise *  One p o ss ib le  exp lanation  fo r  th i s  i s  th a t  th e  four-groove bearings 

ran  a t  h igher maximum tem peratures (see Table 9 in  Appendix l )  so th a t  

the  method of c a lc u la tin g  th e  tem perature r i s e ,  t ,  may have been 

more in  e r ro r  fo r  th e  four-groove than  fo r  the o th e r b ea rin g s .

From the trend  o f the  r e s u l t s  in  F ig . 53, th e re  i s  some ju s t i f i c a t io n  

fo r  s ta t in g  th a t  th e  lo a d -ca rry in g  cap ac ity  i s  a  fu n c tio n  of th e



134.

tem perature r i s e  around the pad fo r  a given bearing  and a g iven o i l .

On t h i s  assum ption an em p irica l formula oould probably be obtained to  ‘give 

b e t te r  accuracy than  the developed equations used in  F ig . 3 3 *

The d i f f ic u l ty ,  in  ob ta in ing  accu ra te  measurements o f f ilm  th ick n ess  

and o i l  f ilm  tem perature# ae evidenced by th e  s c a t t e r  of experim ental 

poin ts#  allow s no d e f in i te  conclusions to  be drawn* S u ff ic ie n t  

c o r re la tio n  i s  shown# however# 00 th a t  th e  th e o re t ic a l  equations

t  -  A ( f | ) . B

h » const*

W % const* ( ^  ®
P

W m fn ( e

can be used w ith  confidence to  p re d ic t the performance o f a  p a r a l l e l  

su rface  th r u s t  bearing#
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VI. 1* ConclueIons

The o b je c tiv e s  of t h i s  research  work, which were in  b r i e f ,  to  

expand th e  th e o r e t ic a l  a n a ly s is  to  inc lude the e f f e c t  of s id e  leak ag e , 

to  dem onstrate and measure th e  c irc u m fe re n tia l tem peratu re g rad ien t 

in  a s e c to r  b ea rin g , and to  compare th e o r e t ic a l  performance curves w ith  

a c tu a l experim ental v a lu es , have been accom plished. The d e ta ile d  

conclusions which may be drawn from the r e s u l t s  ob tained  a re  as 

fo llow s;

( l )  T h e o re tic a l A nalysis

Two eq u a tio n s , a  g en e ra l expression  of Reynolds equation  and an 

energy eq u a tio n , govern the  Hydrodynamic behaviour o f a  p a r a l le l  su rface  

th r u s t  b ea rin g . These equations have been solved by th re e  d if f e r e n t  

methods and th e  th ree  s o lu t io n s , I I I . l ,  I I I . 2 and I I I . 3 , have been 

compared by eva lu a tin g  each fo r  th e  same a r b i t r a r y  s e ts  of o p era tin g  

co n d itio n s .

S o lu tion  H I . 2 which was obtained by a re la x a tio n  p ro cess , i s  th e  

only so lu tio n  which does no t re q u ire  s im p lify in g  assum ptions, and thus 

i s  considered  to  be the most a c cu ra te . Using t h i s  so lu tio n  as a b a s is  

Of com parison, i t  i s  deduced th a t  the  assum ption o f an i n f in i t e ly  wide 

b ea rin g , but in c lu d in g  th e  e f f e c t  of v is c o s i ty  v a r ia t io n ,  has l i t t l e  

e f f e c t  on th e  tem perature d is t r ib u t io n ,  (a lso  noted by pameron and 

Wood, 8 ) ,  bu t lead s to  la rg e  e r ro rs  in  p ressu re  v a lu e s .
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S o lu tio n  I I I . 3 assumes g o u s # #  v is c o s i ty ,  but inc ludes th e  

e f f e c t  o f s id e  leakage and loads to  a  close approxim ation fo r  p ressu re  

d is t r ib u t io n  and the c o rre c t lo ad -carry in g  c a p a c ity , but tem perature 

Values a re  in  e r r o r .  This method of c a lc u la tin g  th e  lo ad -carry in g  

cap ac ity  ia  given confirm ation  by close agreement w ith  the  published 

experim ental values of K ettleborough ( 4 ) .

Since th e  re la x a tio n  method of S o lu tio n  I I I .2  re q u ire s  a  complete 

s e r ie s  of c a lc u la tio n s  fo r each change in  running co n d itio n s , i t  i s  no t 

s u i ta b le  fo r  design purposes nor does i t  produce th e o re t ic a l  performance 

curves. A ccordingly, the g en e ra l equations fo r  tem perature from 

S o lu tion  I I I . l  and fo r  p ressu re  and load ca rry in g  cap ac ity  from 

S o lu tio n  111*3 a re  used.

Tempe ra tu re  s S o lu tIo n  I I I «1

t  T= "  +  l )

P ressu re ; S o lu tio n  I I I . 3

F "
h= »

Load C arrying
Capacity* S o lu tio n  I I I . 3

f y
W. per pad *» J

I» '

The summations a re  fo r  odd values of n .
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(2). Apparatus

The experim ental appara tu s was designed p rim a rily  as a  torque-mounted

th ru s t  hearin g  to  run a t, high ro ta t io n a l  speeds, w ith no unbalanced
j

end th r u s t ,  and having a la rg e  number o f therm ocouples in  the bearing  

faces* These prim ary co n s id era tio n s  and the f a c t  th a t  th e  appara tus 

was b u i j t  on a  r a th e r  lim ite d  budget, which n e c e s s ita te d  using and 

adap ting  equipment which perhaps was not e n t i r e ly  s a t i s f a c to r y ,  bu t 

which was a v a ila b le ,  re s u lte d  in  some in accu rac ie s  of measurement.

When measuring film  th ick n esses  by a system of d ia l  gauges, m etal 

expansion e f f e c ts  of th e  same o rd er o r g re a te r  tWin th e  req u ired  

q u a n t i t ie s  were encountered. Although by making s u ita b le  %ero a d ju s t

m ents, th ese  expansion e f f e c ts  were taken  in to  accoun t, th e  accuracy 

of such measurements must be g re a t ly  reduced. To o b ta in  th e  accuracy 

necessary  to  measure o i l  f ilm s le s s  th an  0.0003 in .  th ic k , a  very r ig id  

housing and mounting would be re q u ire d , w ith bearin g  faces f l a t  and 

p a r a l l e l  t o  extrem ely c lose  l im i t s .  An e l e c t r i c a l  capac itance  method 

would measure th e  d is tan ce  between the bearing  su rface s  d i r e c t ly ,  thus 

e lim in a tin g  th e  e f f e c t  of th e m a l  expansion of th e  housing, e t c ,  In  

a d d it io n , an e l e c t r i c a l  system would g ive a p o s it iv e  in d ic a t io n  of 

m e ta l-to -m eta l con tact in  th e  b ea rin g .
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The tem perature o f the o i l  f ilm  around the 'bearing pad was 

measured by therm ocouples ombedddd in  p lugs and f lu sh  w ith  th e  w h ite - 

m etal surface*  Although th i s  type o f tem perature measurement i s  

accepted  as normal and has been used by se v e ra l experim en ters, i t  i s  

doub tfu l i f  such a method can g iv e , with any accuracy , the  tem perature 

g rad ien t in  a  very th in  o i l  f ilm  between two ex ten siv e  m etal surfaces*  

However, s in ce  no b e t te r  arrangem ent was a v a i la b le ,  t h i s  method was 

employed, w ith  r e s e rv a tio n s , (noted on p .128, Ch. V).

The s e lf-c o n ta in e d  design of th e  t e s t  u n i t ,  in  which th e  l<æding 

jacks wero mounted around a c e n t r a l  b a r re l  making the  fric tio n -m easu rin g  

bearings and end se a ls  independent o f lo ad , was very s a t i s f a c to ry  and 

gave ac cu ra te  and e a s i ly  rep roducib le  read ings f o r  bearing  f r ic t io n *

The high speed asp ec ts  of the t e s t  equipment o ffe red  no se rio u s  

problems* I t  i s  f e l t  th a t  in  an arrangement s im ila r  to  t h i s ,  running 

a t  speeds above the c r i t i c a l  would g ive  Improved te s t in g  co n d itio n s , 

w ith a lower no ise  le v e l  and a  minimum amount o f v ib ra t io n . O perating 

in  th i s  speed range would e n ta i l  very c a re fu l i n i t i a l  balancing  and a 

c lose  c o n tro l of wear and imbalance over the  period  o f te s t in g .

( 3 ) Temperature G rad ien t.

The tem peratu res recorded in d ic a te  th a t  a therm al g rad ien t does 

e x is t  in  th e  c irc u m fe re n tia l d ire c tio n  in  a  p a r a l l e l  su rface  th ru s t
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bearing* However, as a lready  exp la ined , an aoourate  meaaur^meirt of 

the  tem perature g rad ien t was n o t ob ta ined . An average tem perature 

g rad ie n t was estim ated  from i n l e t  and o u t l e t .o i l  tem p era tu res , the  

tem perature r i s e  being checked by considering  a sim ple energy b alance , 

The tem perature g ra d ie n ts  thus obtained a re  shown to  be s u f f ic ie n t  

to  produce the  loads c a rr ie d  by th e  bearin g ; in  t h i s  ease a maximum 

bearing  p ressu re  o f 60-70 p s i  req u ired  a tem perature r i s e  of about 

130*F. For a bearing  p ressure  of 446 P 8 i ,  which i s  th e  estim ated  

maximum p ressu re  rep o rted  by Fogg (3 ) ,  a  tem perature r i s e  of about 290®F 

would be req u ired  in  th is  bearing* The corresponding film  th ick n ess  

would be o f the order o f 0*0002 in ,  a t  a  speed o f 10,000 rpm*

( 4 ) C o rre la tio n  o f  R esu lts ,

From the equations fo r  tem perature and p ressu re  shown above, th e  

fo llow ing  o pera ting  c h a ra c te r i s t ic  equations have been developed; 

C o e ffic ien t o f f r i c t i o n  f  *# const, (  ^  ^  ^

Film  th ick n ess  h m c o n s t , X  ^

Load per pad W » const * (

W » const, ( 0 ^  ^  c  ^  — 2 ^
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The experim ental pointa, w#re p lo tted *  and where ap p lic a b le  the  

corresponding th e o re t ic a l  curve i s  shown on the smae sheet*  Although 

in  a l l  cases s c a t t e r  of the experim ental p o in ts  i s  pronounced, 

s u f f ic ie n t  c o r re la t io n  i s  obtained to  ju s t i f y  the  use of the  above 

equations in  p re d ic tin g  p a r a l l e l  th ru s t  bearing  perform ance,

( 5 ) The Thermal Wedge B earing.

While the  immediate o b je c tiv e s  of th is  th e s is  have been ach ieved , 

i t  must be recognized th a t  t h i s  accomplishment s t i l l  does not 

c o n s t i tu te  a  complete and f i n a l  study of the  therm al wedge bearing^ î)üé 

to  c e r ta in  in e v ita b le  in accu rac ie s  in  experim ental tech n iq u e , and to  th e  

in d e f in i te  c h a ra c te r  of th e  therm al wedge phenomenon, e s p e c ia lly  th e  

i l l - d e f in e d  t r a n s i t io n  from film  to  boundary lu b r ic a t io n  in  th i s  type 

of b ea rin g , th e  experim enta l r e s u l t s  may be open to  o th e r  in te rp re ta t io n s ,

I t  i s  be liev ed  th a t  the  tre n d  of th e  r e s u l t s  i s  in  agreement w ith  

th e  th eo ry  which has been developed, which would in d ic a te  th a t  therm al 

wedge lu b r ic a t io n  occurs w ith in  the range of th e  t e s t  c o n d itio n s . The 

t e s t  bearing  had a maximum lo ad -ca rry in g  cap^icity o f about 60 to  70 p a l ,  

which i s  in  th e  same range as th e  o ld -fash ioned  p a r a l le l  su rface  marine 

b ea rin g s . This load  corresponds to  the  req u ired  tem peratu re r i s e  of 

150**? and a f ilm  th ick n ess  o f 0.0005 in* Since th e  t e s t  bearing  was f l a t  

and p a r a l l e l  only w ith in  normal engineering  l im i t s ,  i t  i s  l ik e ly  th a t  

a  f ilm  th ick n ess  le s s  than th i s  would r e s u l t  in  boundary lu b r ic a t io n  

and m etal co n ta c t.
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By e x tra p o la tin g  from th e  load  graphs, P ig . 52 and 53, I t  would 

seem th a t a  therm al wedge bearin g  la  capable of ca rry in g  high lo a d s , 

say 500 p s i ,  but in  th e  t e a t  b ea rin g , th is  would re q u ire  a  tem perature 

r i s e  of aome 300°P and a f ilm  th ick n ess  of le a s  th an  0.0002 in .  These 

opera ting  values would be extrem ely d i f f i c u l t  to  m ain tain  in  a 

conventional th ru s t  bearing  w ithout o i l  breakdown o r m echanical f a i l u r e .
I

I t  would appear, th e re fo re , th a t  while the the#%al wedge e f f e c t  does 

e x is t  and i s  ap p rec iab le  in  p a r a l l e l  su rface  th r u s t  b e a rin g s , high load 

ca rry in g  cap ac ity  i s  prevented because high tem peratu re g ra d ie n ts  and 

very th in  o i l  film s cannot be achieved in  normal eng ineering  p r a c t ic e .  

There appears to  be no reason  why the therm al wedge method of o b ta in ing  

a  lo a d -c a rry in g  f lu id  f ilm  should not be employed in  some o th e r type of 

unconventional bearing  o r  in  some f ie ld  o th e r  th an  bearing  lu b r ic a t io n .
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D ate; 27tb A p ril, 1956  ̂ 2 -« Pad B earing f e e t  Hog 2-36
Loading C irc u it  p e l Speed* 8000 rpm

PIEM THICKNESS (l/lO.QOO i n . )
Time  Gauge Humber

THKMOCOUPI® B.M.P.
fbermO"
epyple

m Time Mins.
5 . .  25 30

1 2.49 2.52 .2.52 2.54
2 2.82 2.86 2.90 2.90
3 2.93 2.'99 3.04 3,04
4 3.46 3.56 3.59 3.60
5 3.00 3.07 3,11 3,12
6 3.66 3.74 3.78 3.79
7 3.60 3.69 3.80 3,84
8 3,48 3.57 3,57 3.58
9 2.63 2.71 2.73 2.73
10 3.46 3.50 3.61 3.60
11 3,23 3.28 3.35 3.34
12 3.84 3.85 3.98 3.97
13 2.43 2.40 2.50 2.49
14 3.21 3.13 3.31 3.31
13 3,35 3.33 3.44 3.43
16 3.54 3.46 5.65 3.65
17 3.06 3.20 3.30 3,32
18 3.74 3,87 3.96 3.98
19 3,40 3.58 3.67 3.68
20 3.85 3,96 4.06 4.06

OlË lH IEf TEMP,. deg,P 68

cc/min 370

 ̂ M ine., , ......X ... 2 ?, , 4
S ta r t 0 0 0 0

1 18 2 22 21
4 21 2 27 22
9 22 7 27 23

12 25 9 30 23
19 25.5 12.5 34 25
26 24 14 34 26
33 24 14 34 26

Stop 13 7 14 13
When
cool ■■ —1 0 +6.5 +1

OIL PLOW f l j  cc/mtn 382

BEARING PRICÏÏON
S ta t ic  f r i c t i o n  » 0.42 lb .
Time Mins Load lb .
' ~ l j z 0.92

10 0.77
20 0.77
30 ^ 0.77

fa b le  1# f e e t  on High Speed P a fa lle l-S u rfa o e  
fb ru e t B earing-D irect f e e t  Readings,
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Bateg 18th  J u ly ,  1956 
Loading C irc u it  P ressu re i

THERMOCOUPLE B.M.F.

3 -  Bad B earing T est No* 3-5
loo) pel Speed: 9000 rpm

Thermo- Time Mina.
gllM THICKNESS (lAo.OOO i n . )  

Time  Gauge Number
ooûple 5 _ m  _ 25 ____ Mins 1 2 ,,5 4

1 1.81 1.97 2.02 2.03 S ta r t 0 0 0 0
2 1.97 2.15 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 2.34 2.35 20 15.5 32 39 42
5 1.92 2.09 2.18 2.20 32 18.0 36 39 42
6 2.12 2.32 2.40 2.43
7 2.44 2.67 2.75 2.75 Stop 10.5 , 26,5 25 26
8 2.89 3.15 3.23 3.24 When

' 9 2.24 2.37 2.41 2.46 cool -4 +2.5 -2 —2
10 2.53 2.75 2.85 2.87 ' '
11 3.24 3.42 3.50 3.52
12 3.60 3.76 3.83 3.83
13 2.00 2.12 2.19 2.20
14 2.04 2.20 2.27 2*27
15 2.12 2.27 2.30 2.32
16 2.61 2.82 2.90 2.91
17 2.69 2.85 2.90 2.90
18 3.19 3.39 3.47 3.50
19 2.72 2.92 3.04 3.06
20 3.18 3.42 3.51 3.54
21 2.82 3.05 3.16 3.18
22 3.20 3.39 3.48 3.50
23 2.53 2.80 2.91 2.94
24 2.51 2.69 2.89 2 .J2  ^

OIL INLET TEMP. deg.E 70 BEARING FRICTION

OIL FLOW 1) oc/min 735
?.) co/min 720

,3) oc/min 730

S ta t i c  F r ic t io n w 0.42 lb
Time Mins. Load lb .

i /2 1.75
10 1.52
20 1.47

_ .,^2.. .............. 1.47

Table 2# T est on Parallel*«Surfaoe T hrust Bearing
D irect T est Readings.
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DateI 21 May, 1956 4 -  Pad Bearing
Loading O ircu it P ressureg  70 p e l

Test Ho. 4 # 0  
Speed; 4,400 rpm

TIÎBMOCOUDLE B.M.F,
Thermo- Time Mins.

n m  THICKNESS (1 /10 ,000  i n . )
Time

couplé 5 15 , 25 , ' 99 ,
40 Mins. X 2 ? 4

1 1.77 1.98 2.12 2.16 2,19 S ta r t 0 0 0 0
2 1.03 2.08 2.23 2.29 2.30 1 17.5 10.0 37.0 34.0
5 1 .90 2.15 2.30 2.35 2.35 9 24.0 7.5 31.5 31.0
4 1.98 2.24 2.37 2.43 2.44 19 26.0 12.5 26.5 28.0
5 2.07 2.34 2.46 2.53 2.53 29 27.0 15.5 22.5 2 5 .5
6 2.26 2.48 2.60 2.65 2.66 39 27.5 17.0 22.5 25.5
7 2.40 2.61 2.72 2.77 2.79 44 28.0 17.0 21.5 25.5
8 2.56 2.73 2.83 2.89 2.90
9 2.47 2.71 2 .81 2.88 2.89 .s to p ; , ja&SL 1 3 .0 9 .0 11.0

10 2.03 2.30 2.40 2.48 2.49 When
11 2.17 2.26 2.46 2.53 2.56 cool

______________^ -
0 1.5

12 2.17 2.45 2.59 2.68 2.70
13 1.85 2.06 2.20 2.27 2.31
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
17 1.97 2.15 2.21 2.28 2.29
18 2.19 2.39 2.42 2.53 2.55
19 2.11 2.32 2.35 2.48 2.52
20 2.35 2.54 2.55 2.65 2.69
21 1 ,8 7 2.05 2.08 2.18 2.20
22 2.32 8.48 2.53 2.62 2.64
23 2.00 2.17 2.24 2.34 2.37
24 2.44 2.58 2.65 2.73

OIL XHLBT TEMP. f.P 70_

OIL Flow ( l )  oo/min 545
2 ) co/mm 520
5) oo/min 555

BEARING FRICTION
S ta t i c  f r i c t i o n  w 0.42 lb*

Time Mins Load lb .
1 /2 0 .97
10 0.82
20 0.82
30 0.77
40 0.77

Table 3#. Test on P a ra lle l-S u rfa o e  Thrust B earing
D irec t Test Readings#
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Bearing Type 2-fad 3-fad 4-Pad

Teat Ho* 2-36 3-5 4-10

Bearing Load W .lb. 144 207 144

Angular V eloc ity  W rad/eec* 838 943 461

O il I n le t  Temp# d eg .f  

Bearing Temp. d eg .f

68 70 70

P o in t 1 145 124 130
z 160 132 135
3 166 136 137
4 188 137 141
5 169 131 145
6 195 140 150
7 198 154 155
8 187 173 160
9 153 142 159

10 188 159 143
11 178 185 146
12 202 197 152
13 143 131 136
14 177 133 150
15 182 136 144
16 190 160 159
17 177 160 134
18 202 184 146
19 190 166 145
20 205 185 151
21 — 171 130
22 184 150
23
24

film  Thiükneae (l/lO.OOO in )

-
162 138

Gauge 1 9 7*5 9
2 7 9 .5  . 5

- 3 20 14 12.5

Film Thickness (av e r)  *h'
4 13 16 14*5

8 .0 8 .0 7 .0

F r ic t io n  Torque l b . f t 0*296 0,471 0.296

o il Flow lb/ram 0.665 1.33 0.61

Table 4 . E valua tion  of Teat Readings.
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T est 
Ho. ‘ i T rmax

o p
To
“F

T av Z  M N
r f  m

p
f>. ».i

Z N
p

-fite +e -2 WIV
jp&y ]pa4

2G-0 .11 137 70 114 19.2 9000 3 .7 46,500 2.08 10.0
1 .0602 136 67 113 19.6 9000 7 .1 24,800 2.12 19.0
2 .0335 146 70 121 16.0 9000 11.2 12,900 2.79 30.0
3 .0306 161 74 132 12.4 9200 18.8 6,050 3.88 50.5
4 .0242 188 78 151 9 .1 9200 26.6 3,150 7.11 72.0
5 .0174 207 69 161 7 .7 9000 38.4 1,790 13.86 103.5
6 .067 154 69 126 14.4 10300 7 .1 21,000 3.64 19.0
7 .033 186 69 147 9 .6 10400 18.8 5,270 6 .4 50.5
8 .0206 203 71 162 7.2 11300 38.4 2,120 12.07 103.5
9 .020 215 75 168 6.7 12250 38.4 2,140 14.46 103.5

10 .03 200 70 157 8.2 13300 26.6 4,070 11.48 71.5
12 .0232 192 70 152 8*6 9000 26.6 2,910 9.59 71.5
13 .0352 160 68 130 13.2 9100 18,8 6,380 4.46 50.5
14a .0338 100 60 143 10.1 9000 18.8 4,830 7.46 50.5
13a .0268 212 66 146 9 .6 900Q 26.6 3,240 16.55 71.5
16a .0159 236 66 180 5.5 9000 46.4 1,070 28.03 125
13 .0465 160 68 130 13,2 9000 11.2 10,700 4.46 30.0
16 .0295 186 74 149 9 .3 9000 18.8 4,470 7.51 50.5
17 .0295 180 69 143 10.3 9000 18.8 4,920 7.31 50.5
18 .0346 175 66 138 11.2 10400 18.8 6*200 6.93 50.5
19 .0227 188 69 149 9.3 9000 26.6 3,160 8.89 71.5
20 .0355 202 64 156 8.2 11800 18.0 5,100 13.76 50.5
21 .306 206 69 160 7 .7 13000 18.8 13.56 50.5
22 .033 200 64 155 8 .2 13200 18.8 5,710 13.27 50.5
23 .0178 237 70 181 5 .5 9000 38.4 1,290 26.24 103.5
24 .0402 148 63 120 16.5 4400 11.2 6,500 3.66 30.0
25 .028 156 68 126 14.4 4400 18.8 3,360 3.97 50.5
26 .0218 164 64 130 12.9 4400 26.6 2,120 5.54 71.5
27 .0162 174 64 137 11.5 4400 38.4 1,310 7.11 103.5
28 .0124 192 68 150 9.1 4400 46*4 660 12.67 125
29 .0105 200 70 157 8 .2 4400 54.3 658 11.48 146
30 .010 216 66 166 6.8 4400 64.3 465 18.05 173
31 .0265 174 68 139 11.0 5500 18.8 3,220 6.42 50.5
32 .0278 178 70 142 10.5 7000 18.8 3,720 6*77 50.5
33 .0291 184 72 147 9 .6 8000 18.8 4,070 7*51 50.5
34 .0307 185 68 146 9.8 9000 18.8 4,680 # .4 50.5
33 .0217 170 68 143 10.1 5500 26.6 2,090 4.83 71.5
36 .0214 188 68 149 9 .1 8000 26.6 2,740 9.10 71.5
37 .0143 210 70 163 7 .1 7000 38.4 1,300 14.46 103*5
38 .0162 212 70 165 6.9 9200 38.4 1,660 15.21 103.5

Table 5# C alcu lated  Test R esu lts  

2 Groove Bearing
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Teot
No.

, , v ^ y(/Z w  
ra d/s&c

K I
" llf J W ll.

|>er l̂ aot
2 ^ , 6
* I 0&

20-24 .203 1 .7 460 0.526 11 28.4 50.0 4.13

25 ,169 1 .46 460 0.297 10 29,7 50.5 ,?.35

26 ,146 1 .6 460 0.272 7 68,2 71.5 2.12

27 ,119 460 0.245 7 69.5 105.5 1.31

28 ,096 1.46 460 0.217 6 87,3 125.0 1 .0

29 ,090 1.38 460 0121 5 130.5 146.0 0.92

50 *077 1 ,5 460 0,192 5 144.0 175.0 0,65

51 .119 1.46 575 0.274 9 .5 42.9 50.5 2.38

52 .113 1.58 752 0.502 10 46.3 50.5 2.61

55 ,105 1 .28 858 0.51 10 49.2 50.5 2.84

54 .104 1,46 942 0.526 11 53.0 50.5 3 ,0

55 ,127 1.46 575 0.285 6 106.5 71.5 2.45

56 .105 1.46 858 0.525 8 88.8 71.5 2 .4

57 .082 1.58 752 0.255 8 74.0 105.5 1,14

58 .080 1.58 960 0.286 9 76.6 105.5 1 .3

Table 6# C alcu lated  Test R ésulté 

2 Groove Bearing
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t e s t
No. f T ««x

o p
T»
"F

Tav
*F

Z M N P
pai

-|3̂
e +e -2 Wlh

\ f6t  jp(w(

3G-1 .068 127 64 106 25.4 9000 11.5 18600 1.80 20

2 .043 134 64 111 20.6 9000 19*1 9700 2.31 54

5 .032 142 66 117 11*1 9000 27.0 5900 2.79 48

4 .0322 156 69 127 15.8 9200 27.0 4700 3.876 48

5 .0236 170 70 137 11.6 9000 59*0 2650 5.535 69

6 ,0190 188 69 1 # 9.35 9000 55.2 1525 8.89 97

7 .0168 196 65 152 8 ,8 9000 65.0 1260 11.87 111

8 . .0430 164 69 133 12.45 10500 19.1 6850 4.85 34

9 .0223 190 68 149 9.15 10800 39.0 2540 9.587 69

10 .0435 164 68 132 12.5 12000 19.1 7850 4.947 34

11 .050 164 68 132 12.5 15500 19.1 8850 4.947 34

12 ,0482 172 70 138 11.2 12500 19.1 7550 5.83 34

15 .0395 167 67 134 12.0 12500 27.0 5550 5.835 48

14 ,0266 180 72 144 10.1 12700 39.0 5290 6.815 69

15 .0203 198 69 155 . 8.25 15500 55.2 1990 11.276 97

16 .025 196 66 153 8 .6 13000 39.0 2870 11.57 69

17 .019 215 76 169 6.5 15000 59.0 1590 14,26 104

fa b le  7. C alcu lated  f e e t  R esu lts  

5 Groove Bearing
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T est
No. J/'o <w

ih xio"^
^ . r
Ip h

3G-1 .295 1 .6 942 .585 6 21,7x10^ 164x10^

2 .25 1 .6 942 .528 7 9 .7 130

3 .22 1.5 942 .492 12 3.44 42

4 .17 1.42 963 .432 10.5 3.14 54.7
5 .135 1.38 942 .376 9 2 .1 72
6 .105 1.42 942 .327 7.5 1.42 110

7 .095 1.55 942 .311 7 >1.26 140
8 .15 1.42 1100 .430 11 4.27 55.2

9 .10 1*46 1130 .348 11 1.62 64,0
10 .15 1.46 12P5 .458 13 4.23 45.2
11 .15 1.46 1415 .486 13 4.78 48.7
12 .133 1.38 1310 .44 13 4.04 48.7
13 .14 1 .49 1310 .45 12 3.24 61.5
14 .115 1.28 1330 .41 12.5 1 .81 47.9
15 .092 1.42 1415 .573 8 1.64 130
16 .095 1 .5 1360 .373 11 1.83 78.7

17 .084 1.12 1360 .333 12 0.81 47.2

Table 8 . C alcu lated  Test r e s u l t s  

3 Groove Bearing
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Test
Ho. f T  mw 

*F
To
"F

Tccv
0 p c& nti

N
r|»in

P .
M l

Z  N
P

4G-1 ♦ 064 102 73 93 33.5 4400 7.5 20200
2 .064 112 70 98 29.2 4400 7.5 17600
4 ,032 118 68 101 26.8 4400 19.4 5080
5 .033 116 69 101 26,8 5700 19.4 7900
6 ♦038 121 67 103 25.4 7500 19.4 9800
7 .047 135 75 115 18.7 9100 19.4 8800
8 .034 120 69 103 25.4 4400 27.6 4080
9 .039 125 68 106 25.5 7000 27.6 6000

10 .021 150 70 123 15.5 4400 27.6 2470
11 .024 171 68 137 11.5 7200 27.6 5020
12 .015 187 66 146 9 .6 4400 40.0 1050
14 .013 225 66 172 6.2 4400 48.0 570
15 .012 240 66 ' 182 5.5 4400 56.0 452
16 .015 229 66 175 6.0 8000 40.0 1200
17 .015 210 68 163 7.2 5600 40.0 1010
18 .014 232 68 177 5.8 7000 48.0 850
19 .015 235 68 179 5.75 9000 48.0 1080
20 .021 189 68 148 9 .5 8000 27.6 2710
21 .023 180 68 142 10.5 7200 27.6 2760
22 .021 168 70 136 11.5 4400 27.6 1850
23 .017 220 70 170 6.5 5600 40.0 910
24 .046 128 70 110 21.1 9000 19.4 9800
25 .031 153 68 125 14.8 9000 27.6 4860
26 .026 193 61 147 9.6 9000 27.6 5140
27 .019 228 68 175 6.0 9000 40.0 1550

. 36 .05 134 70 106 25.4 9000 19.4 10900
37 .035 173 78 141 11.0 9000 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 3.15 15100 19.4 5500

Table 9 . C alcu lated  T est R ésulté  

4 Groove Bearing
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f e a t
No. i / "  - ,

CV
fadjiec. # ) . ^  -4ihx 10

W  ih
\>er e  i*e “ 2

X )0 ^

Z N  r
r  K
X 10*='

4G-1 .545 1.24 462 .67 12 9 .5 0.35 11.15 11.8
2 .42 1 .38 462 .528 11.5 9 .5 0.75 16.8 10.7
4 ;36 1.46 462 .47 10 25.3 1.10 25.4 4.25
5 .38 1.42 597 .557 10 25.3 0.95 31.0 5.53
6 .335 1.49 785 .582 15 25.3 1 .28 20.2 4.58
7 .25 1.16 953 .552 9 25.3 1.63 53.5 6.85
8 .345 1.42 462 .458 9.5 36.0 1.13 27.6 3.05
P .31 1.46 733 .537 9.5 36.0 1.45 46.9 4.42

10 .19 1.38 462 .32 7 36.0 3.15 56.2 2.47
11 .135 1.46 755 .336 8 36.0 5.98 78.5 2.65
12 .105 1.50 462 .228 7 51.8 9.29 66.0 1.05
14 . .08 1 .50 462 .198 5.5 62.5 22.04 108.0 0.72
15 .07 1.50 462 .184 6.5 73.0 30.5 86.5 0.47
16 .075 1.50 838 .258 8 51.8 24.04 122.5 1.05
17 .085 1.46 587 .23 6.5 51.8 15.16 95.6 1.09
18 .07 1.46 733 .232 8 62.5 24.64 80.0 0.74
19 .07 1.46 942 .264 9 62.5 26.24 80.6 0.84
20 .10 1.46 838 .3 8 36.0 9.29 89.0 2.37
21 .115 1.46 755 .307 8 36.0 7.51 79.5 3.15
22 .14 1 .38 462 .268 6.5 36.0 8.69 67.5 1.99
23 .OS 1.38 587 .224 7.5 51.8 18.05 68.2 0.85
24 #285 1.38 942 .578 13.5 25.3 1.50 28.6 7.2
25 .18 1.46 942 .440 1 0 36.0 3.64 60.2 3.4
27 .075 1.46 942 .273 8 51.8 22.54 102.0 1.18
36 .25 1.38 942 .537 14 25.3 1.88 27.1 5.45
37 .13 1.05 942 .373 10 • 25.3 4.85 43.3 3.57
38 .24 1.46 890 .505 8 25.3 2.23 85.0 7.32
39 .125 1.38 910 .353 9 25.3 6.13 70.3 3.85
40 .095 1.38 1370 .374 9 25.3 10,78 108.5 4.27

fa b le  10# C alcu lated  f e a t  R ésulta 

4 Groove Bearing
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AmNDIX I I  

CAHBRAfiON Of APPARATUS

1# Bearing Loading C a lib ra tio n

The t e s t  bearing  was su b jec ted  to  load by th re e  hyd rau lic  jack s

ac tin g  in  p a r a l l e l  ( f ig .  18, 20, Ch. IV ), supp lied  wllfh p ressu re  o i l

from a  dead w ig h t p ressu re  gauge te s te r#
»

I n i t i a l  t e s t s  were made on th e  jack s  in d iv id u a lly  to  ensure th a t  

th e  lo a d /p re ssu re  c h a r a c te r i s t ic  o f  each was th e  same. This proved to  

be th e  case and the  c a l ib r a t io n  of the load ing  device in  i t s  O perational 

con d itio n  was begun.

This was done by assem bling the loading ja ck s , cy lin d e r  and the  

two load ing  p is to n s  complete w ith p is to n  r in g s ,  but om itting  th e  c e n tra l  

high speed s h a f t  and d isc  ( f i g .  20, p .87)# This p a r t i a l  assembly 

was suspended v e r t i c a l ly  by a  hanger a ttach ed  to  the  cy lin d e r  and fix ed  

p is to n . A l / 4 ” diam eter rod was hung from the  moving p is to n  and loaded 

w ith  dead w eights which were supported so th a t  th e  load ing  jacks and 

p is to n s  were extended to  o p e ra tio n a l p o sitio n s#  The p ressu re  to  the  

jacks was in c reased  u n t i l  th e  load  was ju s t  ra is e d  from th e  support#

In  th i s  way, a  curve of t o t a l  load ag a in s t p ressu re  to  th e  jacks was 

ob tained  covering th e  range of operating  lo ad s , (B ig . 3 5 ) . I t  may be 

seen  th a t  movement of th e  p is to n s  was minimised and th e  assembly was 

c a lib ra te d  a t  i t s  o p e ra tio n a l ex ten sio n . E rro rs  might p o ss ib ly  a r i s e  

when the bearing  i s  running because o f the presence o f o i l  and the
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ohtmgo in  tem perature of th e  assem bly. However, a f t e r  th e  load ing  

p is to n s  were m odified to  e a s t iro n  w ith neoprene 0 -rin g s  o p era tin g  in  

a  s t e e l  c y lin d e r , no therm al e f f e c ts  on the load ing  arrangem ent were 

ev id e n t. In  a d d itio n  to  th e  above standard  c a l ib r a t io n ,  the  procedure 

was a lso  c a rr ie d  out w ith th e  p is to n  r in g s  d ry , lu b r ic a te d  w ith heavy 

and l ig h t  o il#  No ap p rec iab le  d iffe re n ce  in  th e  lo ad -p reseu ra  curve 

could be detected#

2 . Thermocouple C a lib ra tio n

Tho therm ocouples were c a lib ra te d  in  p o s itio n  on th e  bearing  

th r u s t  p la te  by immersing th e  th ru s t  p la te  ( R ig . 21, p .89) in  a  beaker 

of lu b r ic a t in g  o i l  and hea tin g  th e  o i l  through th e  expected tem perature 

range, w ith the cold ju n c tio n  in  m elting ice*  The curve o f tem perature 

in  degrees F ah ren e it a g a in s t thermocouple m i l l iv o l t s  i s  g iven (F ig . 36) 

and i t  i s  seen  to  be in  agreement w ith the  standard  copper constan tan  

tem perature -  EMF curve#

3# S ta t ic  F r ic t io n  C a lib ra tio n .

The s t a t i c  f r i c t i o n ,  due to  the end se a ls  and support r o l l e r  

bearings (F ig . 20, p .8 7 ), was measured before and a f t e r  every te s t#

With th e  machine stopped and unloaded, w eights were added to  th e  f r i c t io n  

pan (Fig# 27, p .98) u n t i l  a  s l ig h t  r o ta t io n  o f th e  assembly took p la c e . 

This s t a t i c  f r i c t io n  torque was added to  the  f r i c t io n  torque read ing  

ob tained  during te s t#  The t o t a l  f r i c t io n  torque a p p lie s  to  two th ru s t  

faces  so th a t  fo r  one b e a rin g , th e  f r i c t io n  to rque  read ing  was d iv ided 

by two#
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The s t a t i c  f r i c t io n  was ap p rec iab ly  co n stan t and amounted to  

about 0 .1  I b - f t  per  b ea rin g , or about 20 '/ o f th e  t e s t  bearing  f r i c t i o n  

a t normal running c o n d itio n s . Although th i s  f ig u re  seems r a th e r  h igh , 

i t  was no t thought to  be a  cause fo r  concern, because th e  s t a t i c  

f r i c t i o n  was independent o f  load  and speed on the t e s t  b o arln g , was 

w ell defined  and Could be measured a c cu ra te ly  and o f te n .
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FIC. 55 C A L I B R A T I O N  CURVE OF L O A D I N G  S Y S T E M
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