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D im ensionless form  fac to r -  equation VIII. 3.

Gap width between ro to rs  o r  ro to r and pole face.

D im ensionless fac to r.

G eneral symbol fo r  pad c learance  to shaft.

E quilibrium  c learance  (in d iscussion  of film  rigidity); 
c learance  fo r A  = 0.

Mean value of c lea ran ce .
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k C oncavity o ffse t fo r  a land su rface , F ig . 7 .8 .

L Land d im ension  in d ire c tio n  of X,  ( U )

m E ffective m om ent a rm  -  equation  7 .1 9 .

M Shaft c e n tre  to pivot po in t d is tan ce  Fig. 8. 15.

N C oncavity  fa c to r  -  d im e n s io n le ss . F ig. 7 .8 .

N
o Value of N fo r  /3> = 0.

n G en era l sym bol fo r  a n u m era l.

R e la tiv e  plenum  depth  -  equation  7. 27.

P A pplied p re s s u re .

P f
F ric tio n  pow er.

H ydrodynam ic p r e s s u re  -  equation 7. 17.

P G en era l sym bol fo r  p re s s u re .

Q G en era l sym bol fo r  o il flow.

Oil flow p e r  unit length  of land in ^  d irec tio n .

q Oil flow ra te  p e r  unit a re a  of pad su rface .

R G en era l sym bol fo r  ra d iu s .

R 12 Com ponent r ig id ity  betw een  ite m s  1 and 2.
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VALUES OF CONSTANTS FOR 

POLE BEARINGS

Constant Large Pad Small Pad

ho 3. 7 m il. 3 .4  m il.

L 1. 0 in. . 720 in.

D 4. 9 in. 3.1 in.

Tl 25 21

(J (noCLx) ^ 900 in /sec . 

75 f t/se c .

650 in /se c . 

54. 2 f t/se c .

s 0.6 in. 0. 43 in.

c 8.1 in. 5. 4 in.

N 0 0 0

S o 1.4 1.4

Ph 227 p. s. i. 138 p. s. i.

P 300 p. s. i. 250 p. s. i.

ß  max 1. 2 1.15

a l 50 in2
2*

39 in

a 4. 8 in 3. 2 in**

b 10 in. 12. 78 in.

Uo 275 in /sec 235 in /sec

u ' 3. 27 2.78

bearing rad ius 9 in. 6 .5  in.

G ̂  

(

10. 2 in2/ s e c . , 5. 
2 .2  g. p. m.

-4
5 x 10 lb fo rce.

85 x 10 2ft2/s e c . 

s e c /f t2 .

A  {
3 . 5 x 1 0  lb force, s e c /in  (Reyn); 
24.1 centipoises

in c lu d in g  stabilizing lands. 
**between cen tres  of lands.
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SECTION 1

INTRODUCTION

This paper d esc rib es  a type of pivoted "hydrostatic" bearing pad 
developed by the author for the Homopolar G enerator at C anberra.

Sections 2 to 5 d escribe  the p a rticu la r problem  to be solved, 
while Section 6 d escribes, in p rincip le, the solution. In Section 7 the 
solution is studied in detail revealing that hydrodynamic effects w ill cause 
unstable behaviour unless p recautions a re  taken, Section 8 d escribes a 
method of overcom ing this problem  and Section 9 d escribes the m echanical 
detail of the com pleted design.

Finally Section 10 d iscusses the success o r otherw ise of the 
bearing pad in p rac tice .

The author w ishes to make the following acknowledgements. The 
ra te  of torque generation on the ro to rs  produced by the magnetic field was 
f ir s t  worked out by M r, J . W. Blarney. These calculations w ere tested  with a 
model by Mr. Blarney and on the homopolar generato r by Dr. L. U. Hibbard. 
The ca lo rim etric  m easurem ents mentioned in Section 10 w ere c a rrie d  out 
by D r. Inall.

The servo m echanism , an essen tia l p a r t of the application of this 
p a rticu la r design, is  not dealt with in detail but is  briefly  described  in 
Sections 6 and 9 . The whole of the w ork was c a rrie d  out under the broad 
d irection  of Sir M ark Oliphant,
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SECTION 2

DESCRIPTION OF HOMOPOLAR GENERATOR 

The C anberra  Homopolar G enerator has been designed to sto re
g

energ ies of the o rd e r of 500 x 10 joules and re lease  it in the form  of a

pulse lasting approxim ately two seconds and reaching a peak cu rren t of 
6

1.6  x 10 am ps. The m achine is built between the poles of an e lec tro 

magnet, the po le-faces of which a re  horizontal and 5 feet 2 inches apart.

Two mild steel ro to rs  a re  located between the poles and a re  intended to 

ro tate  at speeds up to 900 R .P .M . in e ith e r d irection. Each ro to r consists 

of two 20 ton, l l ' ß f ” d iam eter d iscs  bonded together but insulated from  one 

another. There a re  therefo re  four d iscs  which when connected in se r ie s  

and when rotating in a m agnetic field streng th  of 16, 000 gauss should give 

a maximum voltage of 800. E lec trica l connections a re  made to the d iscs

by means of je ts  of liquid sodium -potassium  (NaK) which impinge on the ir
5 ”su rfaces at the outer edge and at a radius of 23-g. For reasons of sym m etry 

and force balance, the ro to rs  a re  intended to ro tate  in opposite d irec tions. 

Because of this and to fac ilita te  the design of the je ts  between the ro to rs , 

each ro to r has been supported on a separa te  shaft extending through a 

pole-piece and through the yoke of the magnet. Each shaft runs in bearings 

located within the pole and is term inated  at a th ru st bearing outside the yoke.

The ro to rs  being n ecessa rily  of stee l to enable the desired  flux 

densities to be reached, experience large magnetic fo rces on th e ir  su rfaces. 

Every effort has therefo re  been made to situate them so that these fo rces 

balance to as g rea t a degree as possib le. V ertical th ru s ts  have been reduced 

to the sam e o rd e r of magnitude as the ro to r weight, the residual th ru st 

varying about zero depending on the ro to r flux density, and being mainly due 

to the fringing fields. The residual th ru st does not a lte r  appreciably with
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sm all changes in the vertical positions of the ro to rs  (e .g . Vs"). However the 

th ru s t bearings have been designed to cope with m om entary th ru s ts  up to 400 

tons, which fo rces might occu r during a sh o rt c irc u it within the hom opolar 

gen era to r. The design of the th rust bearings is  that of a fa irly  conventional 

constant oil-flow p re ssu re  fed type, the oil being piped via flow equalizer 

valves and th ro ttle  tubes to 4 plenum s on each side of a th ru st co lla r.

The bearings w ithin the poles ideally c a r ry  no load since with a 

balanced geom etry there  should be no side fo rces nor torques about a h o ri

zontal axis. However th e re  is a unique requ irem en t here  fo r angular 

rig id ity  about a horizontal ax is. This is brought about by the fact that any 

sm all ro tation  about such an axis w ill cause a red istribu tion  of flux through 

the faces of a ro to r and a consequent offset of the lines of action of the 

re su ltan ts  of m agnetic fo rces on e ith e r ro to r face. The resu lting  torque is, 

fo r sm all angles, proportional to the angle of ro tation  from  the horizontal.

This m echanism  should be com pared with that of purely  vertical d isplacem ents. 

In this case  there is p rac tica lly  no change in flux density , since the sum of 

the a ir  gaps on both sides of a ro to r is unchanged, no r any flux red istribu tion  

for the ro to r faces rem ain  p ara lle l to the pole face. Except fo r second o rd er 

effects of the fringing field and ce rta in  o ther m inor effects there  a re  no 

accompanying la rge  fo rces.

Torques developed in the m anner outlined a re  of the o rd e r  of 

100 foot-tons p e r  m illirad ian , and a re  proportional to the square of the
3

ro to r flux density up to about 15 x 10 gauss. Above this figure the 

increm ental perm eability  to flux ac ro ss  a ro to r becom es appreciable
3

leading to an eventual peaking at about 17 x 10 gauss. The ra te  of torque 

generation  (r. t. g . ) is also a function of ro to r speed being a maximum at 

zero  and decreasing  to a sm all value above 100 R. P . M. This is caused by 

the developm ent of eddy cu rren ts  e ither in the ro to rs  or in the copper sheets 

attached to the pole faces.
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It will be seen therefore that consideration of rigidity was of prime 

importance in design. The shaft extending from each rotor into a pole piece 

is short and thick (typically 18M diameter). In each pole there are two 

bearings situated 24M apart. The separation of the bearings is as much as is 

allowed by the dimensions of the pole-pieces which were each machined as 

complete units. However although one might consider that maximizing the 

separation of the two bearings would be beneficial in so far as it reduces 

the rigidity required of them, this is offset to a certain extent by the reduced 

rigidity of the shaft itself unless its diameter be increased. Taking the above 

figure for bearing separation and r. t.g . and assuming infinite rigidity of 

shaft, shaft to rotor connection, pole and magnet yoke, a minimum figure of 

approximately 4 tons per thousandth of an inch is required of each pole bearing.

The remainder of this paper is devoted to the design and testing 

of the pole bearings and associated factors.
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SECTION 3

TORQUES ON ROTOR DEVELOPED BY THE MAGNETIC FIELD

A simple formula for these torques may be developed as follows: -

Consider an a ir gap in a magnetic circuit where flux crosses 

between two circular faces of radius r  which are at a slight angle $  . If the 

faces are regarded as unipotential surfaces, and fringing field is neglected, 

one arrives at the following formula for the torque on either gap boundary: 

B2 r4 &T = ——------  in c .g .s .  units where:
16 g

B is the average flux density, 

g M " ” gap length.

This relation is derived in Appendix I.

Applying this formula to both sides of the upper rotor shown in fig. 3.1 and

substituting appropriate values for r  and g( g = 6 in s .) and a figure of
3 T 917 x 10 gauss for B, one arrives at a value for of 2 x 10 in. lb/radian

which is of the correct order of magnitude.

However this simple model neglects two effects of major

importance:

(a) Flux concentration near the outer edges of the rotors
Ttend to increase 9

(b) At higher values of B, the incremental permeability 

of the rotor material to flux crossing horizontally 

reduces to a value where the rotor surfaces are no 

longer equipotential surfaces. This results in values 

lower than those predicted by the simple model at high
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B values, and causes a departure from the dependence
3

it predicts, resulting in a peaking at about 17 x 10 gauss.

Both these effects require large corrections. It appears from 

experimental evidence that the simple model predicts values as much as 30% 

too high.

Tests carried out to determine the r.t. g.

Two experiments were performed to determine the r. t.g. on the 

rotors of the finished homopolar generator. The first of these was carried 

out on a small scale model magnet and rotors (by J.W. Blarney) and from the
9

results was derived a figure of 3 x 10 in. lb/rad. to be used in the design of 

bearings and associated structures. Later, when one set of bearings of a 

preliminary design was completed, an assembly consisting of a complete 

upper rotor, shaft and bearings; and a lower rotor locked parallel to the 

pole faces were tested to determine both the r. t. g. and the rigidity of the 

various supporting components. Hydraulic jacks were used on the upper 

rotor both to control its angular position and to measure the net restraining 

forces necessary. By taking measurements at various values of field strength 

and angles of inclination a thorough study was made (by L. U. Hibbard) of this 

particular arrangement.
9

The maximum r. t. g. was found to be 1. 5 x 10 in. lb/rad. at
3

about 17 x 10 gauss and was substantially proportional to the square of the
3

field strength up to 15 x 10 gauss.

The worst displacement of rotors envisaged is that illustrated 

in fig. 3. 2 where both rotors are inclined at the same angle in opposite 

directions. Here the contribution to the torque on each rotor by the gap 

between the rotors is twice what it was in the second experimental arrangement
9

described. The corresponding r. t. g. would therefore be 2. 25 x 10 in. lb/rad.



Figure 3.2
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A full theoretical treatment of the subject is beyond the scope 

of this paper. However enough has been said to show that the magnitude 

and general characteristics of the experimental results are to be theoretically 

expected.
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SECTION 4

GENERAL SPECIFICATION OF POLE BEARINGS

The following specifications of the pole b ea rin g s  follow from  

what has a lready been said regard ing  the intended duty of the genera to r, 

and consideration  of the m agnetic field environm ent.

(a) Speed: from  zero  to 900 r . p . m .  (close to 100 rad ians

p e r  second) in e ith e r d irec tion  with maximum angular 

acce lera tions of the o rd e r of 100 rad ians p e r  second.

(b) Magnetic environm ent: The shaft runs in a strong

field. Induced voltage g radients on the surface  of 

the shaft would be of the o rd e r  of . 1 volt/inch. The 

bearing  design m ust not allow these voltages to c re a te  

c ircu lating  c u rren ts  la rg e  enough to cause dam age o r  

appreciable energy loss. (Fig. 4 .1 ) .

(c) Voltage: The bearings m ust provide insulation between

each pole piece and adjacent disc to w ithstand at le a s t 

200 volts and p referab ly  800 volts to allow flexibility

in selecting the earth ing point of the system .

(d) A ccuracy in alignm ent: The bearing  m ust locate the

ro to r accura te ly  w ithin the surrounding ou ter je ts , 

p referab ly  to within 5 mils.*, i. e. 10% of the je t gap.

It m ust a lso  locate the ro to r so that its  plane su rfaces 

a re  p a ra lle l to the pole faces.

( e) R igidity : The bearing  m ust provide an o v e ra ll/r ig id ity
9

appreciably  in excess of 3 x 10 inch pounds/rad ian  at 

th o u san d th  of an inch.
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^  F i b u d  X?

Vö|_7AC-| G|AADteN>T
ftöTATlA/C, P « a  T*

P o l e

Figure 4.1 The magnetic field crosses a gap between 
shaft and pole piece where the bearings 
are situated.
A voltage gradient on the shaft of the order 
of . 1 volt/inch may result.
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zero  and low speeds (up to about 50 r . p. m . ). By overall 

rig id ity  is meant the rig id ity  re la ted  to angular d isp lace

m ents of the ro to r re la tive to the poles. This rigidity 

includes the effects of ro to r flexibility, ro to r-to -sh a ft 

flexibility, shaft bending and bearing housing flexibility, 

a s  w ell as the e lastic  c h a rac te ris tic s  of the oil film  and 

pads.

The overall rig id ity  is  re la ted  to the component 

rig id itie s  thus:

w here the component rig id ities  e. g. shaft bending rigidity,

are R , R9Q, etc. and R is the overall rigidity.
1Z Zo  O

(Fig. 4.2).

B ecause of this re lation , the rig id ity  component 

associated  with the bearing  elem ent, e. g. oil film ,
9

m ust be considerably g re a te r  than 3 x 1 0  inch pounds/ 

radian. In fact a figure of twice this is called fo r as a 

minimum . A fter application of a fu rth er fac to r of 2
9

fo r safety, a requ irem en t of 12 x 10 in. pounds/rad . 

is a rriv ed  at. If bearings a re  separated  by a vertica l 

d istance of 2 feet, each m ust have a lin ea r rigidity of 

16 to n s/m il.

F u rth e r the oil film  m ust have the feature of providing 

a load whose line of action coincides with the d irection  of 

displacem ent of the shaft i . e .  if the shaft moves out of 

cen tre  in a ce rta in  d irection , a res to rin g  force should
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Figure 4 .2a Elements whose flexibility must be taken into account when 
determining overall rigidity of the rotor with respect to the 
pole.

S’wAPT

Figure 4 .2b

Resultant magnetic 
torque 2Fr .

2FrRotor Rigidity = -g—

Figure 4 .2c

Rotor-shaft connection. 

Rigidity *
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Figure 4 .2e

Rigidity of Bearing housings & 
oil film T

= « ;
Figure 4.2 Four components of the overall rigidity of the rotor 

with respect to the pole piece. (The poles are 
considered infinitely rigid. However even their 
rigidity and that of the magnet should be included 
in a complete inventory of components.)
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re su lt whose d irection  is against the d irection  of the 

in itia l movement.

Any angle d between these two d irec tions not only 

re su lts  in a reduction of the effective resto ring  force 

by the fac to r cos 6 but the sin 0 component may cause 

w hirling.

(f) Strength: In norm al operation the requ ired  bearing

streng th  could only be a rriv ed  at by considering the 

maxim um  likely displacem ents of the ro to r axis with 

m agnetic field on and the ro to r spinning at low speed.

F o r example, a p a ir  of plain journal bearings would 

operate at zero  c learance  at zero  speed, because the 

m agnetic field would t i l t  the ro to r until solid to solid 

contact within the bearings lim ited  fu rth er movement.

The magnetic field would therefo re  be exerting  a torque 

on the ro to r  which would have to be re s is te d  by the bearings. 

This condition would therefo re  set the requ ired  strength  

under norm al c ircum stances.

H ydrostatically  lubricated  bearings on the o ther hand 

would narrow  the possib le ro to r tilt angle and hence the ir 

streng th  might not need to be so g rea t.

However, the possib ility  of unexpected displacem ents 

o r o ther sou rces of fo rces on the bearings make it im perative 

to build into th e ir  design the maximum possib le strength.

As an exam ple, it m ight happen that the NaK escaping 

from  a je t might cause short circu iting  of a d isc. A lm ost 

certa in ly  the sho rt c ircu it would be unsym m etrical i. e.
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m ostly on one side of the ro to r. The resu lting  ro to r 

cu rren t would therefo re  cause a horizontal force which 

would be transm itted  to the pole bearings. A short c ircu it 

c u rren t of 200, 000 am ps, would, in this case, cause a 

sideways fo rce  of 50 tons.

However, if such cu rren ts  w ere to occur, every 

effo rt would be made to rem ove the cause. These 

accidental fo rces therefo re  need not be regarded  as p a rt 

of norm al running conditions but should be regarded  as 

occu rren ces  with a very sm all re cu rren ce  ra te . A separate  

bearing  elem ent could therefore  be considered to re s is t  them 

specifically . Such an elem ent might have quite poor bearing 

qualities but m ust have adequate strength . An example 

would be a num ber of skids around the p e rife ry  of each 

ro to r which would come into operation should the ro to r 

tilt  m ore than a ce rta in  amount.

The m axim um  ro to r tilt would therefo re  be set by such 

skids, and so in turn  would the requ ired  pole bearing  strength .

On the basis  of skids 1/16 inch from  the ro to r  perife ry ,
9

and a r .  t. g. of 3 x 10 in. pds. / r a d . , it is calculated  that 

the m aximum reaction  torque requ ired  of the bearings is 

100 ft. tons. For a separation  of 2 feet therefo re , the 

requ ired  m inim um  streng th  of each bearing  is 50 tons.

(Fig. 4 .3 ).

(g) T herm al Stability: In the light of the high rig id ities

requ ired , it m ight be in fe rred  that, in the case  of oil 

film  bearings, c lea ran ces  w ill be unusually sm all; and
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PLAN VIEW SECTION A-A 

Figure 4.3 Diagram showing:
(a) Example of short circuit resulting in force on pole bearing.

(b) Position of one of several skids to counter accidental 
large forces.
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in the case  of ro lle rs , preloading would have to be re so rted  

to. In both cases  therefo re , therm al expansion m ight prove 

to be a serious problem , leading to a narrow ing of c lea ran ces  

and generally  increasing  friction, eventually ending possibly 

in se izu re . This situation m ight be expected to be aggravated 

by the seasonal change in am bient tem peratu re  as w ell as 

by the various heat sources within the generato r. These 

a re  windage and e lec trica l heating of the ro to rs  and je ts .

The m ost im portant of these is windage which has been 

estim ated  a t 50 to 100 K.W . at full speed.

It is  essen tia l that each potential design be examined 

fully in reg ard  to therm al effects.

(h) Economy: The bearing  design chosen m ust be reasonably

econom ical both in constructional co sts  and running expenses. 

In this regard  the assem bly  of the bearing in the pole and 

its  alignm ent with the r e s t  of the m achine m ust not be 

forgotten.

(j) Size; The design chosen m ust fit in the holes already 

provided in the pole p ieces. These w ere previously 

m achined in sections before being welded together and 

to the m agnet.

(k) Reliability: The design chosen m ust be as re liab le  as

possib le because of the inaccessib ility  of the bearings 

w ithin the pole p ieces. To re p a ir  them entails d is 

assem bling the whole m achine, a lengthy and expensive 

undertaking.
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SECTION 5

UNSUITABILITY OF CONVENTIONAL BEARINGS

The following types of conventional bearings w ere considered:

(i) Ball and ro lle r  type.

(ii) P lain  journal bearing .

(iii) Hydrodynamic ally  lubricated  pad bearings such as Michell 

tilting pads and step pads.

(iv) Fixed pad hydrodynamic ty p es-step s  etc.

(v) H ydrostatically  lubricated  types with fixed pads o r  su rfaces. 

These operated  on the princip le of supplying a m ore o r le ss  

constant oil flow to a num ber of points on the bearing  

surface, the p re s su re  a t these points varying with the 

film  th ickness.

We shall now review  these types in the light of the requ ired  

specification.

(a) Speed: All types apparently  can be designed to operate

at the full requ ired  speed. However, the requ irem en t for 

low and zero speed operation elim inate all except (i) and 

(v). Also the requ irem en t fo r ro tation  in both d irections 

lim its  the application of types (iii) and (iv).

(b) Magnetic environm ent: (i) would requ ire  e ith e r the balls

o r  faces to be made of p lastic  o r be p lastic  lined. O ther 

types might req u ire  p lastic  lining unless it is shown that 
the oil film  is  a sufficiently good insu la to r against the 
voltage g rad ien ts.
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(c) Voltage: All types could incorporate  an insulating b a r r ie r

some combining the requ irem ent (b). However, th is m ust 

be considered also in the light of requ irem ent (e).

(d) A ccuracy in alignm ent: All types in principle a re

satisfac to ry  in th is resp ec t a t high speed, but only 

(i) and (v) at low speed.

(e) R igidity: All types except (v) a re  unsatisfactory  in th is

respect.

Type (i) being dependent on a few point o r line contacts 

fails to m eet these requ irem ents. Especially is th is so 

when one has to consider the effect of p lastic  ba lls  o r  

ro lle rs  because of specification (b).

Type (ii) fa ils  at low speeds unless the oil film  com pletely 

ruptured leaving solid to solid contact.

Type (iii) also  fa ils  because of the requ irem ent of 

coincidence between the lines of action of d isp lacem ent 

and reaction  force. There is  usually an appreciable angle 

between these two d irec tions, especially  for long bearings 

w here the angle may tend towards 90°.

(f) Strength: In the case  of type (i) bearings, "streng th" is

synonymous with "design load". In the case of the o ther 

types it need not be, since it is perm issib le  fo r the oil 

film  to b reak  down m om entarily , provided no perm anent 

damage re su lts . Since the m aximum load w ill only be 

reached on isolated  occasions this appears to be a s a t is 

factory basis  of design. Hence, streng th  re fe rs  mainly
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to the housings and allied m echanical supports. In principle 

therefo re  all types can be rendered  adequately strong.

(g) Therm al Stability: This is a serious problem  in all types.

F o r example, w here a shaft d iam eter of 18 inches is chosen 

with a c learance  of 3 m i l s . , a tem peratu re  d ifferentia l of 

20°C will halve the c learance. It should be rem em bered  

that the expansion of the bearing  is lim ited  by the slow 

therm al tim e constant of the m assive pole p ieces, w hereas 

the shaft may expand re la tive ly  rapidly.

(h) Economy: All five types offer reasonable operating

efficiency and economy in construction. However, 

they all req u ire  p re c ise  m anufacturing and assem bling 

techniques to ensure  that the ro to rs  w ill be cen tred  with 

respec t to the je t system  and m aintained p ara lle l to the 

pole faces.

(j) Size; All types suffer from  the inadequacy of the space 

allowed. However, balls and ro lle rs  suffer m ost because

of the re la tive ly  large size  of the bearing  elem ents com pared 

to those types which re ly  on an oil film .

(k) R eliability: No one type is outstanding in the m a tte r of

re liab ility . However one might tend to d is tru s t those 

designs of a m ore unorthodox nature. P las tic  ro lle rs  

would fall into th is  category.
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SECTION 6

GENERAL DESCRIPTION OF ADOPTED DESIGN

Of the five bearing  types considered, it appeared that type (v) 

was the m ost prom ising. However it s till suffered from  problem s of therm al 

s tab ility  and m anufacturing p rec isio n  (economy).

P re lim in ary  designs showed that c learances in a type (v) 

bearing  would have to be as low as 3 m ils. , and this with an 18 inch 

d iam eter shaft, in o rd e r to achieve the requ ired  16 to n s/m il. in the oil 

film  alone. If the rig id ity  of the bearing  housings and supports w ere not 

an o rd e r of magnitude above th is, even low er c lea ran ces  would have to be 

considered.

C learly  the therm al stab ility  would be a severe  problem , not 

to m ention the m anufacturing and assem bly  difficulties.

A way w as sought to overcom e these rem aining problem s and 

if possib le to a llev iate  o thers.

C onsideration of th erm al stab ility  gave r is e  to thoughts of 

bearing  pads w here load ra th e r  than c learance  was the controlled factor. 

W hereas one might have doubtful control over bearing  c learance  in a type 

(v) bearing, perhaps quite definite control could be estab lished  over the 

pad loading. Under such a system  pads would have to be allowed to move 

in a rad ia l d irection, but th e ir  position and the amount of c learance  would 

now be dependent variab les . The significance of th is can be dem onstrated  

as follows. As is shown in Appendix II, the basic  re la tion  fo r hydrostatically  

lubricated  pads fed w ith a constant flow of lubricant is

W ^
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W and h being the pad load and c learance  respectively . If h is the independent 

o r  controlled  variable, as it is  in conventional type (v) bearings, then c learly  

la rg e  variations in W will follow sm all variations in h. Added to th is is the 

g rea t uncertainty in h because of the d ifficulties described  above.

If on the o ther hand W is  the controlled  variab le, sm all changes 

in W will cause even sm alle r changes in h. In addition one might hope for 

c lose  control of W in which case varia tions in h w ill be very sm all indeed.

The only effect tem pera tu re  would have under these conditions 

would be to a lte r  the lubricant v iscosity . As is also shown in Appendix II

h cc

so that resu lting  changes in h w ill be considerably sm a lle r than the change 

in v iscosity  causing it.

The requirem ents of rigid ity  and alignm ent imply that control 

of pad loading would have to be m ade some-how dependent on m easurem ents 

of tilt  angle and alignment, o r a lte rnatively , dependent on the net fo rces on 

the bearings. In the la tte r  case  the tilt angle would be m easured  indirectly  

by m easuring  the reaction  to the m agnetically produced torque on the ro to r.

P ersuance  of this approach revealed that there  w ere o ther 

advantages also . These are;

(i) The use of rad ia lly  moveable pads (which could also rock 

slightly) m eant that the bearing  assem bly  could be 

re la tive ly  crudely  aligned with the r e s t  of the machine, 

the final attained alignm ent now falling back on the 

m easuring system .
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(ii) Instead of having to thread a heavy shaft through bearings 
only a few mils larger in diameter, there was the chance 
of being able to move the pads back a fraction of an inch 
to facilitate the shaft installation.

(iii) The overall rigidity could be made independent of the 
component rigidities. For example it was conceivable 
to control the pad loading so that bearing reaction torque 
was proportional to the rotor tilt angle. In this case the 
overall rigidity would depend only on the proportionality 
factor. The mechanical elements between the pole and 
rotor would merely transmit forces and their rigidities 
would be irrelevant.

(iv) Having direct control over such important parameters as 
bearing loading and rotor position was attractive in an 
experimental machine where many features would need 
further development. The fact that a large part of a 
bearing's performance could be made dependent on an 
easily accessible and quickly changeable piece of apparatus 
external to the homopolar generator was also attractive.
It meant that many parameters could be altered without 
having to disassemble and modify the cumbersome 
mechanical parts.

The realization of such a scheme depended mainly on whether 
or not a suitable pad could be designed. A summary of the required features 
is as follows.

It must be in principle a hydrostatic type of pad. It must be 
radially moveable and capable of being loaded in a controllable way.
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P re fe ra b ly  it should be capable of rocking about a point so that it may m atch 

the shaft w herever the shaft’s operating position might be. This fea tu re  would 

enable the full rea liza tion  of advantage (i) above and save considerable 

m anufacturing and assem bly tim e. On the o ther hand it would call fo r a pad 

design which took into account the p a rtic u la r  nature of the point support.

It was decided to study the design of such pads and develop 

them if found feasib le .

B rief H istory of Development: F rom  the outset the pole bearings w ere

conceived as  a se t of p re ssu re  fed, rad ially  moveable pads, servo  controlled  

in o rd e r  to m aintain the ro to rs  in the d e sired  position. The f ir s t  concept of 

such a servo  system  involved returning a ro to r to a position of zero torque. 

The d irec tion  of the ro to r axes would then be defined by the magnetic 

c h a ra c te r is tic s  of the machine and would be undefined at zero field. It was 

la te r  rea lized  that it would also  be undefined at high ro to r  speeds so that a 

secondary system  would be necessary .

In any case  the proposal fo r a servo was vetoed by the D irec to r 

on the grounds of com plication, it being proposed to substitu te  manual 

operation instead. On this basis  pole bearings w ere designed and constructed .

It was not until a fte r the two fa ilu res  described  below, during 

which the lack  of continuous pad load control contributed to if not caused the 

m ajor p a r t of the dam age, that a servo system  was built. In th is  system  

actual ro to r d isplacem ents from  a p redeterm ined  datum  position w ere used 

to control the ro to r  re s to rin g  fo rces.

For the elim ination of any m etal to m etal contacts between pads 

and shaft, a technique fo r gluing 1/ 16" sheets of asbesto s based bakelite 

with an epoxy re s in  to the pad faces was developed and tried  out on a set 

of six pads in the m agnetic field. At the sam e tim e a set of six conventional
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bronze pads w ere tr ied  to te s t the possib ility  that the oil film itse lf  might 

prove an adequate insu lator.

The bronze pads seized at 430 R .P .M . w hereas the insulated 

pads appeared to behave reasonably w ell up to this speed. Although this 

seem ed to be evidence that the fa ilu re  was the re su lt of an e lec trica l 

phenomenon, the se ts  of pads differed considerably in resp ec ts  o ther 

than e lec trica l insulation, e .g . size , shape, accuracy, so that the 

possib ility  of o ther m echanism s of fa ilu re  could not be ruled out. For 

instance it was shown (Appendix III) that pads whose faces w ere m achined 

so inaccurately  as to cause incipient contact with the shaft over a re a s  having 

long v ertica l dim ensions becam e therm o-m echanic ally unstable above a ce rta in  

speed. The m echanism  of fa ilu re  involved the tra n s fe r  of load from  the 

supporting oil film s to the incipient contact regions brought about by the 

lowering of v iscosity  as the oil absorbed heat from  the contact regions 

m ainly via the shaft su rface.

W hether the fa ilu re  was initiated by an e lec trica l o r m echanical 

mechanism, it was c lea r  that the subsequent p ro g ress  of the fa ilu re  was 

governed m ainly by m echanical friction  p ro cesses . Calculations of effective 

coefficient of friction , re co rd s  of p re ssu re , and deceleration  all pointed to 

this being true . Consequently an extensive theore tical investigation of the 

m echanical stab ility  of the pads was undertaken and this led to the modified 

design which w as adopted and has so fa r  proved successful.

SELECTION OF PARAMETERS

Before proceeding to a theo re tical d iscussion  of design, it would 

be well to c larify  som e of the te rm s to be used. A se t of six  pads form ing 

a ring around the shaft is re fe rre d  to as a bearin g . Each pad spans a little

le ss  than 60° around the shaft and is  of such a length as to make the developed
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concave face of a pad approxim ately square. Each pad has a depression  o r  

plenum in the middle of the face which is surrounded by the lan d s . The plenum 

of each pad is fed from  a sep ara te  fixed displacem ent pump giving a p rac tica lly  

constant oil flow independent of p re s su re . The back  of each pad fo rm s a piston 

which fits into a shallow cylinder fixed to a pole. The p istons a re  fitted with 

o -ring  gaskets and a re  re lieved  to allow a sm all amount of rocking in the 

cylinders. Each pad can th e re fo re  be regarded  as being pivotted at a point in 

the cen tre  of its  back, th is point being henceforth known as the pivot po in t.

The piston and cylinder form  a hydraulic ram  which provides the m eans of 

radially  adjusting and loading each pad. These ram s a re  connected hydraulically  

to a se t of manual valves and the servo control system .

If the developed face of a pad w ere a c irc le  of rad ius R, with a 

concentric plenum of radius r , it can be shown (Appendix IV) on sim ple 

theore tical grounds that the pow er requ ired  from  the plenum supply pump 

to support a given pad load at constant c learance  m inim izes at r  = 0. 538 R. 

However m ost of the bearing fric tion  is developed at the lands w here the 

c learance  between pad and shaft is leas t. An in c rease  in r  over the above 

figure w ill therefo re  lower the fric tion  power a t the expense of an in c rease  

in pump power. To make a final choice of land width one m ust consider o ther 

facto rs such as the d esired  m aximum fric tion  of the machine, power supplies 

to pumps, the size  of pumps, the availability  and size of the oil cooling system . 

The sam e applies to a square pad and one w ill find an optimum proportioning 

s im ila r to the c irc u la r  pad. Fig. 6. 3 shows the dim ensions adopted.

As is shown in Appendix n, the fo rce  exerted  by a pad on a shaft 

is  re la ted  to the clearance by Woe — when the oil feed is constant, and

. The zero  su b scrip ts  re fe r  to the state  of balanced pad 

fo rces on the shaft.



S t C T i o A J  O P  Ö̂ Er P/M>

Figure 6.1 Diagram illustrating terms used.
(1) Plenum
(2) Lands
(3) Connection between plenum and constant flow source
(4) Piston
(5) Cylinder
(6) Connection between cylinder & external loading system
(7) O-ring gasket
(8) Pivot point
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Figure 6. 2 Proportions of circular pad face for maximum 
ratio of

pad load 
lubricant power

Graph of pressure distribution 
across a diameter.
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Figure 6.3
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9 WoThe rigidity of a six pad bearing is —r—  for all radial directions
“o

of loading relative to pad configuration. This can be shown as follows:

D»spla.tew»«v\T oi sUcv-ff ckf)

Consider a pad and a radial shaft displacement d rg. Choose

cylindrical co-ordinates so that 0  = 0 corresponds to the direction of the

displacem ent d r , and let the pad be located at 0  = 0  , as shown in the s x
diagram . The component of radial displacem ent affecting the pad is then

d r , = cos 0 , dr 1 1 s

The change in radial pad load is therefore

dW, = -  0 x cos 0  d r
1 hQ 1 8

and the component of this force in the direction of d rg is

W 2
dW, = -  3 -tt^  co s  0 drIs  h Q I s

For each of the five other pads, the same relation holds except 

that the angle 0 1 must be replaced by 0 + , n taking on valuesX 1 u
1 to 5.

Hence the total ra te  of change in force in the direction d rg is

dW{ 3 W, ,
/ _ . _4 cos
n=0,  5 <ei . +
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9 W 0
—- —  in the opposite d irection  to d rg . (6 . 1)

The sum of the components of force a t right angles to d r  iss
zero . This follows d irec tly  from  the component fo r one pad which is

3 WdW
1 J .S

o cos sin 0, dr
— 1 I s

The corresponding ra te  of change of total force is therefo re

d W 3 W,

d r

T
COS

, ^ nTTv . / nTT. ( ©1 + — ) • s * n ( 9 i  + — )
n = 0, 5

Typical values fo r the C anberra  H .P .G . a re  W = 5  tons;
J  T I T  ^

h = 3 m ils; making ----- § = 15 to n s/m il.
°  d r s

I t  is useful to study the re la tion  between the various m ajo r 

p a ra m e te rs  o f a bearing  so that one may be able to a rriv e  at the b est com prom ise 

between conflicting requ irem ents. Quite often such knowledge may be used in 

conjunction with a p a rtic u la r  design to produce a b e tte r design. Without such 

knowledge the co rrection  of one fault in a design may produce a se r ie s  of new 

fau lts.

The following in te r-re la tio n s  may be derived from  the bearings 

under consideration.

We find for a bearing  having a total land a re a  A ^, oil viscosityyoc, 

and a m axim um  shaft lin ea r velocity U, that the maximum fric tion  power 

P = (fric tio n  force) x (velocity ).r

i .e .  P ^  = A U A l
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F o r bea rings  o f s im i la r  geom e try  c h a ra c te ris e d  by the sha ft 

ra d iu s  I V  and the same m ax im um  v e lo c ity ,

U De R

AL°C R2

p  oc A R 4
F " V

( 6 . 2 )

A lso  fo r  a p a r t ic u la r  pad face geom e try , the p re ssu re  is  

independent o f the sca le  fa c to r  as is shown in  A ppend ix I I  ( equation  16) . 

Hence f o r  the pad load:

W oc
o

_  2
/ J L Q  R

ho

( 6 .3 )

C om bin ing  ( 6 . 1 ) ,  ( 6 . 2 )  and (6 .3 )  we have,

/  d W \  Q o 

Q • P F ^  [ T f ]  h0 R

T h is  re la t io n  d e sc rib e s  the p a r t ic u la r  co nd itions  o f the H . P . G .

One o bv iou s ly  m ust seek the low es t p o ss ib le  p ro du c t Q . P and th e re fo rer
the m in im u m  values o f a l l  v a r ia b le s  on the R . H . S .  of  ( 6 . 4 ) .  The re d u c tio n  

o f R how ever is l im ite d  by co n s id e ra tio n s  o f s tre ng th , h^ was p ro b a b ly  taken 

too low  since the v a r ia tio n s  in  sha ft and pad c ir c u la r i ty  tu rned  out to be a 

co ns ide ra b le  f ra c t io n  o f 3 m ils .

Q . P ^  has th e re fo re  an u na lte ra b le  m in im u m  value and one m ust 
F

decide on the balance between Q and P T h is  d e c is io n  depends on such fa c to rs
F

as o i l  heating (and consequent v is c o s ity  changes), o i l  coo ling , a llow ab le

f r ic t io n  pow er (c o n s id e rin g  its  e ffe c t on the d e s ire d  p e rfo rm a n ce  o f the

m ach ine) and cos t  o f co o le rs  and pum ps. In  gene ra l i t  is  le ss  expensive  to

a llow  a reasonab ly  la rg e  P and a s m a ll Q. Such a choice  enables o i l
F
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tem p e ra tu re  r is e s  to be high and consequently the coo lers to be sm all.

It also  reduces the size and co st of pumps. Such fac to rs  determ ined the 

choice on the H .P .G .

Once P „  and Q a re  chosen, the ra tio  of —  
F Q

ybU as can be seen by combining (6.1), (6 .2 ) , and (6.3).

fixes the value of

Q

When considering  the general design of th is type of bearing, 

a lim itation  o ther than R may a r is e . For instance, coupled to the above 

re la tion  (6. 4) is that fo r plenum p re ssu re .

Since p oc

we have for this p re ssu re  poc

x ^  
h R 2

d W
d r £

_s 1 x (6.5)
sy/ R ‘

The requ irem en t in (6.4) for a sm all R may therefo re  lead to 

high p re s su re .

One may have to lim it p re s su re  fo r p rac tica l reasons, so in such 

a case  the following expression  would be m ore relevant. This expression  is 

obtained by combining 6. 4 and 6. 5.

( 6 . 6 )

Again it is seen  that a minimum value of Q . P is se t by the 

lim itations on the basic  p a ram e te rs , in this case  minim um  clearance, minimum 

p erm issib le  rig id ity  o f oil film  and m axim um  allowable p re s su re .
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SECTION 7

STABILITY THEORY OF CENTRALLY 

PIVOTED PRESSURIZED PADS

Hydraulic Forces Acting on a Pad Face

The facility of radial motion of the pads implies that they m ust 

be supported in such a manner as to be freely rotatable about any axis, and 

it has been shown that the method of support adopted essentially allows this.

It is necessary  to ensure therefore that with this method of 

support a pad will take up a stable position relative to the shaft such that 

the land clearance is as near as possible constant over the surface of a pad, 

since this is the condition of minimum friction force.

We must therefore study the torques acting on a pad as a function 

of the inclination of the pad to the shaft. Component torques about the 

following three mutually perpendicular axes will be considered:

(a) an axis parallel to the shaft axis. (parallel axis)

(b) an axis in the direction of a shaft radius. (radial axis)

(c) an axis parallel to a tangent to the shaft. (tangential axis)

I k p A M u t e L -  (<x\

A»li (if)

{ { a ö i a  *» (k)
Figure 7.1
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All th ree  axes may be considered as  in tersecting  at the pivot 

point of the pad.

Component (a) will be studied in detail, (b) and (c) being m ostly 

in fe rred  from  the re su lts  of (a) .

TORQUES ABOUT THE PARALLEL AXIS

It is convenient to consider the shaft su rface  as being transfo rm ed  

into a plane surface, and the pad surface into a slightly  undulating one, 

c lea ran ce  between the two being p rese rv ed  during the transform ation . The 

tangential dim ensions of the lands a re  considered  sm all enough to enable the 

lands to be regarded  as plane in th is transform ation .

R ectangular co -o rd inates w ill be used as defined in the Fig. 7.2.  

The x  d irection  is  in the d irection  of the velocity U.

A pad face consists  of a plenum surrounded by four re la tively  

narrow  lands. Those lands whose longer dim ension is in the X  d irection  

w ill be called  X  lands (or £  lands in cy lindrical co-o rd inates) and the 

o thers  ^  lands ( ^ ) .

The lands a re  fa r  m ore effective in producing torques about 

the p a ra lle l  axis fo r th ree  reasons: -

(a) Their m om ent a rm  is the maximum possible throughout 

th e ir length w hereas this is not true  for the X  lands;

(b) In the H . P . G .  bearings the lands w ere longer than 

the X. lands;

(c) As is shown (V. 5), torques essen tially  re su lt from  

differences in h and grad h. Since h w ill be fo r the 

lands a sm oothly varying function of x  and ij, , the 

d ifferences in h and grad h w ill be ex trem e between
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the y, lands, but progressively less between opposite 

elements of the x lands having the same distance 

from the parallel axis, as this axis is approached.

In the following treatment therefore, the 3C lands will be 

neglected and the  ̂ lands will be treated two dimensionally, i. e. end 

leakage effects will be neglected.

It is shown in Appendix II that, provided h is small compared 

with the other dimensions of the oil film and dimensions of anomalies, the 

following equations apply to the oil film,

U_

i  = —

div (V h)

grad p (HI. 11)

(HI. 12)

Here V_ is the average velocity of all points in the oil having 

the sam ex, ^ co-ordinates (or^, 0 co-ordinates in cylindrical geometry),

Figure 7.3

Figure 7.2
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h and / j* are in general functions of X , ^ , and q is the oil feed per unit area 

of pad surface (e. g. cubic feet per second per square foot).

These two equations may be combined,

q div ( grad p ) (7.1)

Let us now consider three separate sets of particular conditions, 

each one giving a certain pressure distribution. We require to select these 

three particular cases for ease in visualization and computation and so that the 

sum of the pressure distributions equals the actual pressure distribution. The 

pressure distributions of these three particular cases may be termed component 

pressure distributions.

Let us consider an actual case where q, p, h and jj* distribut

ions are q , p , h and /Jj respectively and U = U . In general a a a a a
q , p , h and may be functions of X , \J, , 9 ), but in our case q = Oa a a a 0 0 a
except at the oil feed inlet hole. Then from 7.1 the following is true

U h h 3

qa = dlV “V  - div < I pa > <7' 2>

Consider now the following three sets of particular conditions and the 

corresponding equations derived from 7.1 .

When dealing with (ii) and (iii) we may consider two loss-less narrow 

slots along the border of the plenum adjacent to the parallel lands.

(i) U = O, q = q , h = h , = /U,
ä  cl cl

The pressure distribution p̂  is given by,

h 3

qa = - d iv< i i i r  ^  pi > <7-3>
' a
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(ii) U = U . The q distribution q.. is such that q = 0 

everywhere except at the imaginary slots at the edges 

of the parallel lands adjacent to the plenum. Here q 

is defined by the p ressu re  distribution p... p .̂ is  such

that p = 0 at the slots.

Figure 7 .4

UQ h.
grad p )-  div (

(Ui) U = 0

q  -  - I j j

Then p... is  given by,
111 Q

ha-q  = -d iv  (--------  grad p...)4ii '12/1/ & in

Figure 7.5

K the three equations 7.3 , 7 .4 , 7.5 a re  added we find: -

Ua K
div —-—  - div 12Aa L[grad (Pi + Pu + Pm )]

(7.6)
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&*ACHO#J T oi\öc> tf o w  Pad
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Figure 7.6
SHAFT

Shaded region is 
perturbation from 
case where lands 
are parallel to 
shaft (zero torque 
case).

O»o p a d

FHöM CoMf«w»wr (i )

Component (i) U = O 
P ± O

-Component (ii) Ü /  O
T o A O O tf  <?aj p A T> P«.«**"»
Cö m P oms ai t1 ( i t  )

I

ToiUJUi* 0*0 PAP PAoM 

Kti (OT ( » u  )

p --------

jComponent (iii) U ^ 0  
P = o

■Composite pressure 
distribution = sum of 
all components.
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From 7.2 and 7.6 it is evident that,

pi +

i. e. the actual pressure distribution is the sum of the components. 

Each of these components will now be considered.

(i) Perturbation of the pressure gradient across the 
lands, the plenum being pressurized and U = 0.

Consider the inclined surface Fig. 7. 7 whose average clearance

is h^, length L, and which has an inclination, defined in the figure of o< . X 
x.is defined by X = — , the origin of X being through the centre of the surface L

as shown in Fig. 7. 7, andQ is the oil flow (-X direction) per unit length 

(into the paper in Fig. 7.7).

The average velocity in thejc direction is given in Appendix II as,

V  -  J  .  JL -2 ax II. 9

Y°,
then

For component (i), U 

and p = 0 at X = - J,

Q
h3 dp

12/4/ d x

0, and V h
X

and

But

Therefore

p = 12yUS Q L
( X  d X
1 ,
“ 2

h h x (1 + o c h)

P = 1 2 / ^ Q  L / xf  d X
* s

hi 3 /
/  ( i + y x )

- Q . Also we take

(7.7)



Direch'oncrf oil flow Q

Figure 7.7



If at X. = + i, p = P; the solution of 7.7 integrated over the 
length to give a force leads to the following expression for force per unit
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length of land,

(1  + -7T) (7.8)

We now consider two lands acting together whose centre lines
are separated by D. This is illustrated in Fig. 7.8. The dimension k
measures the concavity of the pad face. We introduce a factor N defined 

k Dby N = which is a measure of the relative concavity of a pad, and 
assign subscript 1 to symbols referring to the leading edge land, 2 to the 
trailing edge ones. The inclination of the pad as a whole is represented 
by jS also defined in Fig. 7.8.

The following relations are derived from the geometry making 
the usual approximations for small angles;

L
D

N + ß  
i - £

L
D

N -
1 +

(7.9)

After substitution of these values in 7. 8 and regarding the centre 
of action of force as being through the centre of the land (a small error 
introduced here), the torque is derived as,

— (F 2 ' 1

PLD
8 (<*1 -  o<2)

P L 2  1 + S PL 2 J

¥4 1
(7.10)
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The positive d irection  of torque is  here estab lished  as being clockw ise as 

shown in Fig. 7 .8 . J g is plotted in Fig. 7. 9 as a function of for various 

values of N.

(ii) Torques a ris in g  from  considering the "lands as 

hydrodynamic tilting pads. U non zero; P -  0 .

The general two dim ensional equation for hydrodynamic flow 

(equation 9, Appendix V) is:

hi
dx

U (h -  h ’)

Substituting the nom enclature of Fig. 7.7 (i. e. fo rX  and h) and 

considering the positive d irection  of U being that of p o s itiv ex , th is  equation 

becom es,

31 a +0<x>
6 u , L

U (1 + c< X -  g )

in which h ’ = £ h

The in tegral of th is equation is :

6/U/UL
h 2

1

o 0 XdX
(1 + <*X)3

* dX  
(1 +<*X)3

w here ')('= 1 -  £

Evaluating the in teg ra ls  we have:

(7.11)

(7.12)

6 / ^ UL

h l 2

1 -  Y-  2 (1 +o< X) 
2 o<(i +o<X )2



KJ =  O

Figure 7 .9
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1 X/ °<The boundary conditions p = 0 fo r X = + 2 give X  ~ “  

and the constant of integration

The solution is therefore ,

3/K / UL ^  (X - j )
1 (l+ o < ^X )‘

(7.13)

w here the subscrip t " l ” re fe rs  now to values fo r the leading land.

The expression  7. 13 in tegrated  over the land width gives the

force F . Thus:

6 /y  UL
- 1  «VI

1 2 tanh (~~2~)

° < i

(7.14)

The substitu tion for (7 . 9) is made and also  h = h (1 -  j~r) 7 .14  then
1 J. z

becom es:

3 ,a U L 2 . D 1 D tanh 1

I&  n \
L 2 + 2

<T5\1 _ /S/2 / J
• h2 L (1 -  | . ) C ^  + -£) “ L ( ß / 2 + N /2)2 (7.15)

It is convenient to w rite  the dim ensionless quantity,

L,
D

( I  - 4 )
(! -  4 )

g

and the quantity,

P h

(7.16)

(7.17)

has the dim ensions of p re s su re .
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w here

The torque per unit length of land about the p a ra lle l axis is:

f d i  d

Hence making substitutions of g and P ,h

3 2 _- D P , .
2 ß + N

12______ 2 1
.2 '

a  -

t H - i  1g - tanh g

g*-

P h L J D1

+ N 
2

2 a  -
2

g - tanh 1 g

(7.18)

(7.19)

(7.20)

The conditions at the tra iling  edge may be reproduced at the 

leading edge by changing the sign of ß and U. These substitutions in 7 .15 

w ill give F g but in 7.19 will give - T ^ 0 fo r the torque about the p a ra lle l 

axis.

Hence ( £ )
P h L  j d i <- / 3>

(7.21)

The total torque is therefo re ,

<j8 > = TD1 + TD2

h L" [ J D1 <P > + J D1 ^  \
P h L J D

(7.22)

J D =  J D l (|3 ) + J D 1 (- ^ )  is  plotted in Fig. 7 .10  fo r

D = 1 /5 -



—  W --2

Figure 7.10
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L im its  of Validity of Equation 7.22

The validity of 7.22 depends on the magnitude of the net p re ssu re  

everyw here under the lands. We w ill take the c r ite rio n  that the net p re ssu re  

m ust be positive and consider only the components (i) and (ii).

F o r the leading edge (Fig. 7.11) this w ill evidently be so for 

negative through zero to a positive value of such that,

dps dpD
d 2C i d x  ^

“ 2 “ 2

w hich leads to the rela tion ,

P (7.23)

S im ilarly  fo r the tra iling  edge (Fig. 7.12) validity occurs for positive o< 

values through zero to a negative value such that,

This leads to:

ifh
P

<X2 cx-2 2
0- "  T ~ )  i1 +  ~ 2 " )

c *  2
(7.24)

The re la tions 7.23 and 7 .24 a re  plotted together in Fig. 7. 13.

The two lim iting values ofoc and <=< respectively , determ ined fo r a
P h 1 Z

p a rtic u la r  value of -p -  can be substitu ted  in 7 .9  to give two new equations 

re la ting  N in te rm s  of ß  . These equations can then be plotted on the 

cu rv es  of Fig. 7 .10  to form  the boundaries of the region of validity.



Q

o< + v e
l ---------

p» p

U

Figure 7.11

-o

cx^ - v e

Figure 7.12
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By way of example boundary curves are shown fo r
, L 1 

and D = 5

F o r high values of —  , the l im its  of va lid ity  in  F ig . 7 .10  close 

in  to such an extent as to se rious ly  l im i t  its  usefulness unless one can 

estim ate  the function in the " in v a lid "  region.

The lim it in g  values of in  th is  reg ion can be ca lcu la ted as

fo llow s:

We assume that as oo , component ( ii)  grows la rge

com pared w ith  o the r components. The lim it in g  cond ition may the re fo re  

be taken as p ^  >  O everywhere. J and may be m od ified  then

to new values and J ^ 2 rem em bering that F^<jl O. Thus

J D1 >  °  ’ J D1 "  JD1

D1 4  °  ’ JW

i.e .  J > O

J D2 y °  ’ J D2 °

<  O , J

L im itin g  values o f J

D2 <s ~  ’ ~D2

/

)

i ie- 4^°
)

+ J ^ 0 have been calcula ted and 
D l

are shown in  F ig . 7.14.

( i i i )  Torques a ris in g  fro m  the stepped geom etry of the pad face

We proceed by the method of superposition as outlined p rev ious ly . 

Consider f i r s t  the geom etry w ith  the two hypothetical ape rtu res e ith e r side 

o f the plenum  as a lready described, and U non zero. Since in  component 

( i i ) , the ape rtu res , along w ith  the ou ter edges of each pad are at the same 

pressure  (the ou tle t p ressure) we have in  e ffec t th ree  independent t ilt in g  

pads.



Figure 7.13

Figure 7.14
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According to Appendix V equation 10 the oil flow per unit length 
Uh’under a tilting pad is where h' is a mean value of clearance 

approaching the average clearance for small angles of inclination and 

approaching the minimum value of clearance for large angles of 

inclination. Let h’ , h' , and h' be these mean clearances for the
L  Li O

leading and trailing lands and plenum respectively. The q„ distribution 

is therefore such that q = 0 everywhere except at the apertures where, 

using the established subscript terminology, the oil flows (inwards)per 

unit length are:

Q1 = i  *'s - hV
(7.25)

^ 2  2 ^ 2  "  hV
Component (iii)

Qp

Fig. 7.15.

The q distribution then has respective aperture flows of 

2 *

It is convenient to define two new flows Q, and Q thus:t p

Ql _ Q t ' Qp ^  i -e ~ Qt ~ Q1 ~ Q2 ~ U (2h'3 - h’2 -  h^)
2 4

Q2= - Qt ' Qp l  and Q p - - Q1 -  Q2 -  U (h- .  h 'j) (7.26)

and to regard the q_. distribution as the sum of two sub-components made
up respectively of the Q and Q flows. The following table will clarify thist p
idea.
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Aperture 1 Aperture 2

(leading) (trailing)

Subcomponent flow (iiia) -  Q n + Q ^ t

Subcomponent flow (iiib) + Q 
> + Q

P

Component flow (iii) - Q + Q = -Q t p 1
+ Q + Q = -Q  n  ^ p  ^2

(iiia + iiib)

It is convenient to define n here as n
2 h ' 3 

+ h’2

o r since , . , ,h' + h' h'h &  _1____ 2_ ; n __3 (7.27)
2 h

System (iiia) is therefore one having a predominant flow across 

the plenum in the opposite direction to U of alm ost in value provided n 

is g rea ter than about 5, since that part of which will flow under the lands 

will be of the order . The p ressu re  gradient across the plenum will 

therefore be close to,

d£
dx

12 Qj.

and provided the variations in plenum clearance are  not too great when the 

pad is inclined, (as will be the case for large n) the p ressu re  difference 

across the plenum will be:

P ------
I

Fig. 7.16.
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Component (iiia)

p ^  p
1 2 / u ,

- T  ( 2 h ' 3 - h ’2 - h - l ) ( D - L )

i.e . pp
6 yvHJ 
h2

x (D - L) (7.28)

and a torque will result of,

T
P 2h^

n - 1  ̂ | 2 2 1 
a i r  ~ Ll  n3 j !  J

(7.29)

Provided ß  ^  0 there will be no other effect attributable to Q̂ . 

However, for large positive ß  values, causes a negative average pressure 

component over most of the plenum, this negative pad loading resulting in an 

overall decrease in h to enable compensation. For negative values of ß  , 
the effect is reversed. The extent of this can be gauged by comparing PD 
with P.

Effect of Wqg |^1 on

Fig. 7.17.

Subcomponent (iiib) is in essence a case of pressurizing the 
plenum by means of forced flow inwards of 2Q (= ^  (h'^ - h '2)).
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Fig. 7.18.

Component (iiib)

Since

=  A X-L-2nh - 2 h 2 (n-1)

r' -  uitsii c r1 max N n - 1

Q
h’l - h’2 

2h's '  h' 2 " h'l

%

when \ ß \  = 2.
Also the maximum flow across the plenum caused by occurs

The effect of on the pressure gradient across the plenum will 
therefore be neglected for large n values and also any resulting torque 
component. The major effect of will be in modifying h since it will 
add to or subtract from the oil supply Q giving a modified net effective 

oil feed into the plenum.

Therefore when is positive (h  ̂ y h2), h must increase to 
accommodate the increase in flow since the pad loading is constant.

Similarly when h2  ̂ h , h must decrease.

The extent of this modification can be gauged from the comparison 
of 2 Q and Q .

The main purpose of 7.28 and 7.29 is of course to estimate the 
effect of any chosen n value with the aim of increasing n to the extent that



Pp and Tp become unim portan t. T h e ir approxim ate de riva tio n  is  

the re fo re  adequate.
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I t  is useful to express 7. 29 also in  te rm s  of the p ressure  

and ra tio  r  = ^  . Thus fo r  la rge  n values,
XJ

T _  -  Ph L2 r  (r2  '  X> P. L 2 J 
P ‘ --------------5------------  = h p

2 n

(7.30)

Jr ̂
— 2" tending to rem a in  constant and equal to the value at ß  = 0 .

One fu r th e r sm a ll component o f torque m ust be mentioned; 

that due to the v iscous f r ic t io n  on the pad face acting about the p ivo t po in t.

I f  the e ffec tive  m om ent a rm  is  m, and n is  la rge , th is  torque can be 

expressed as,

2
(7.31)Tf  = -  2 P m h K  = P, L 

i  h h
2 m h K T 2 T

ph L Jf

w here K  is  a constant of the o rd e r of 2 o r so w hich takes into account the
h.

e ffec t o f end lands. O bviously is  quite sm a ll being of the o rd e r of — .

Fig. 7 .19 .

S T A B IL IT Y

F our components o f torque T have been ca lculated. They are

T = P L  J 
s s

(7 .10 )
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t d

Q>"3
<NJ

X
!

PsII (7.22)

T
P - p h L 2 Jp (7. 30)

Tf = p h L 2 Jf (7.31)

Thus

T may be put in a form sim ilar to the other components, s

P, L J h su

where J X (  ̂ - 
s \ ph

is therefore the only J function which varies with speed.

P /)The ratio — is not constant with respect to variations in p

Its magnitude can however be estimated by considering the 

particular value of P^ (P^q) at ß =0. As shown in Appendix VI eqn. 4

+
■)

where U’ is the "normalized speed".

Siand — is the pad aspect ratio.

The T components are  expressed in a form in which their 

relative magnitudes may be easily compared by comparison of the J 

function only.



44

For the pole bearings the maximum value of U' was 3 so that,
a P hotaking — 1, the maximum value of ^ ■ &  1.

Hence Jg  ̂ ^  Jg in this case and it will be seen by comparing 

the graphs of Jg and that in this case Jgu is insignificant compared 

to J It gains significance however as speed is reduced.

Of the three components other than T , it will be seen that 

may easily be made the predominant component as it is with the pole 

bearing design.

For example at 3̂ = +1 and N = 0

J D «  ~ 2 - 4

-  . 1 

- . 036

In discussing stability further, therefore, and will

be neglected. Of the two remaining components T predominates ats
zero and low speeds up to say U' = . 4 (roughly the condition for

P 1 and N = 0) and predominates at

higher speeds, in our case up to U' = 3

The sum of all significant torque components is a torque 

T which is a function of f t  the angle of tilt of the pad. Considering 

the convention adopted for the directions of torques and angles, it will 

be evident that the conditions for equilibrium of a pad is T = 0, and 

that this equilibrium is stable if -A X  is positive; unstable if negative.
d© u

However, the torque components are expressed in terms of 

a relative inclination and contain a factor P  ̂ which is itself a function

ß
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It w ill now be shown that these fea tu res are  not com plicating 

ones and that ultim ately stability  may be expressed  in te rm s of J  functions 

and ß  .

Thus the condition w ill be shown to be,

^  J  = 0 fo r equilibrium .

6
6 ß

SL J  > 0 fo r stable equilibrium .

The calculation of stability  fo r any configuration may therefo re  

be g reatly  sim plified by having only to deal with J  functions.

At any p a rticu la r speed we have,

T = P, L (J + J_  + J  + J_) h su D p r

Also

now

P, L J h

Since and I? do not change sign as ^3 varies

when T = 0 

J  = 0

The condition for equilibrium  is therefo re  J  = 0.

' d /the p a rtia l derivative denote
*© ^  ^  u  constant)

e = Hr - P it) h'(S
Hence Q can easily  be calculated from  graphs such as 

V I.4 (h’ vs. ß  ). F u rth er cannot change sign unless it goes through

e ither zero  o r infinity as j£ varies. Considering the curves of VI. 4 they



c lea rly  contain no p a rts  w here d/8 -> 0,
i O h ’

0 hence is never
O C7

zero .

Also if A ß ---- ) 0, did 0 and hence h'^6 = constant.

Several curves of h'^g = constant have been dotted in on V I. 4 to show

that in our case at le a s t this condition does not occur. Hence 

no t change sign (and is positive) . T herefore when,

* £ does

d T  > 0 . ^  > 0d e  ' "

A s im ila r argum ent may be applied with reg ard  to P

b f3 d jSA  h L 2 j ]

L2 [P A ±  +J 
h d/S zß

The p a rtic u la r  condition we a re  in te rested  in is J  = 0.

Hence ÖT _ l 2 d J
h S/3

Hence when

&
L does not change sign with varia tions in p

d J

and

d  T
b  ß

& T

a a

> o

> o

> °

The conditions fo r stable equilibrium  a re  therefore ,
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Two d if f ic u lt ie s  should be mentioned at th is  point.

( i) The va ria tion s  in  h w ith  ß as discussed in  V I im p ly  that

the re la tiv e  concavity  N is  also a function  o f ß (N = ^ ° /h L ) . S tr ic t ly  

then, a curve  rep resen ting  a component o f J fo r  a pad should be drawn 

across the N = constant curves of graphs such as F igs. 7. 9 and 7.10. 

However, fo r  many d iscussions of s tab ility  the p rec ise  nature of the 

va ria tion s  in  N are  not requ ired , espec ia lly  a t low speeds where the 

va ria tio n s  in troduce sym m e trica l m od ifica tions w ith  respect to the 

v e r t ic a l axis through , 3 = 0 .

I t  should be noted however that there is  an abrupt change in  

the nature o f depending on w hether N is  g re a te r o r  less than -2 . A t 

h igh speeds the re fo re  the assym m etry  in  the h' vs ß curve  (F ig. VI. 4) 

may cause d iffe rences between the values o f N at the extrem e values o f ß . 

I f  fo r  exam ple N = -2  a t j% = 0, then fo r  fi > 0, JNj > 2 and fo r  

s u ffic ie n tly  high U ’ , |N| < 2 fo r  ß 4 0. The re su ltin g  curve 

rep resen ting  a pad would then have the fo rm :

Th is  happens to be qu ite  stable espec ia lly  when combined

w ith  J . 
s



However at lower speeds J 

unstable form:
D would revert to the inherently

Fig. 7.21.

( ii) The second difficulty is the nature of J

We have by definition,

Jsu Js

Js

By using VI. 4, and 7.17, this becomes,

Jsu Js

^  'S

6 I

, u ’ < t +v j

Hence is a function of ^  because hf is a function of ß •

It has been pointed out above that is only significant for 

U' ^  . 4. It will be seen from the curves of VI. 4 that for this condition, 

hT is practically a symmetrical function of ß and not significantly 

different from the curve for Uf = 0. It is possible therefore to derive
SiJ from J for any particular aspect ratio. For example if r- = 1, su. s ^
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By way of example J  is plotted fo r U' = . 3, N = 0 andsu
^  = 1 in Fig. 7 .22.

It is now possible to d iscuss the design of a pad face which is 

requ ired  to be stable over a range of speed.

The en tire  speed range may be divided into 3 regions defined 

by the re la tive m agnitudes of Tg and Tß  (we assum e o ther T components 

negligible).

These regions are:

!• Tg \ \  Td  (e .g . .1  > U’ > 0)

2. T ransitional region (e .g . 1 .6  y Uf ^  . 1)

3 ' TD » T s <e -g- «*» > u ' > 1.6)

The m ajo r design p a ram ete r to be selected  is of cou rse  N o r 

specifically  the value fo r ß = 0.

We w ill deal only with speed regions 1 and 3 and show that 

th e re  is  no value of that is sa tisfac to ry  over these two regions. Since 

the range of U' for the pole bearings fa lls in all th ree  regions we conclude 

that it is not possible to choose a satisfac to ry  Nq fo r these bearings without 

introducing o ther s tab ilising  fea tu res.

Speed Region 1 . The torque reduces t o ,

T T = P L2 J  7 s s



- - - I O

T * —  ^

U •3
M - O

Figure 7.22



It will be seen from Fig. 7. 9 and equation 7.10 that stability 

at ß  = 0 occurs provided N + 2 > -2. The subscript + 2 indicates that 

the N value at ß  = + 2 is the important value. From previous considera

tions of N vs. $ , it is seen that the approximate corresponding condition
for N is N \ -1 .4 . o o y

Speed Region 3. Here we consider only the predominant J 

function J Characteristic curves of J_ vs. ^ for various ranges of 

N, (Nq) may be determined from consideration of Fig. 7.10 and the 
limiting case U' o o  illustrated in Fig. 7.14.

The entire range has been divided below into four cases.

In each case a characteristic curve is drawn, with shading indicating 
where the curve may lie between the two extremes of Fig. 7.10 and 7.14. 
Arrows show the direction of response of a pad to a displacement.

(a) N = 0 o

Stability - unstable 7 7 7 7 7
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(c) 0 > N > -2

Fig. 7.25.

Stability - A is stable, 
B unstable.

(d) -2 > N

In addition there are possibly some special cases where N 
crosses from one of the above cases to another as ß varies. These 

special cases cannot involve a change in sign of N. For large IF, they 
involve JN/ for positive ß being greater than |N| for negative ß . 
The one significant special case already considered elsewhere, is where

there is cross over between (c) and (d).
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Special case (e) o ^  - 2

Fig. 7.27.

Of all these cases, only two, viz. (c) and (e) have a stable 

operating point and of these only (e) is unambiguously stable.

However the condition for stability viz. Nq ^  -2 is incompatible 

with the requirement for IP -> 0 viz. Nq y - 1 . 4 .

Hence it is  not possible to select Nq such that a pad is stable 

over the entire range of U’ .
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SECTION 8

THEORY OF CYLINDRICAL STABILIZING LANDS

It seem ed reasonable  to the author to try  to introduce into the 

pad design a stab ilising  fea tu re  that was hydrodynamic in natu re  to m eet 

the essen tia lly  hydrodynam ically produced unstabilizing torques. In th is 

re sp ec t the action of a p a ir  of su rfaces cylindrically  convex re la tiv e  to 

the shaft was investigated.

Each of these su rfaces should provide a p re s su re  under the 

leading portion followed by cavitation tow ards the tra ilin g  edge. Since 

the fo rces  would be a function of c learance, a stabilizing effect should r e s u l t .

No m echanism  capable of working in e ither direction of speed 

could be envisaged unless cavitation w ere allowed. Since m ost damage 

a ttribu ted  to cavitation appeared to re su lt from  severe  p re s su re  

fluctuations caused by insufficient damping of an inherently  unstable 

situation, it was hoped that the sm all c learance  and the la rg e  ra tio  of 

length to width (reducing the possib le de leterious effects of end leakage) 

would provide sufficient damping to elim inate trouble of th is nature . So 

far inspection has borne out this hope.

P re s su re  and F o rces on a C ylindrical Surface of Infinite Extent.

The stabilizing lands a re  long com pared with th e ir  width. End 

effects a re  th e re fo re  neglected and each is  considered p a rt of an infinitely 

long surface.

We consider the case  of a moving plane su rface , velocity U 

in the x  d irection. The x  and axes a re  fixed but a re  contained in the 

moving surface. The stationary  cylindrical su rface has its  cylindrical
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axis in  the ^  d ire c tio n  and the ^  axis passes through the c y lin d r ic a l axis. 

The o rig in  of co -o rd ina tes is  in  the m oving plane. O is  the clearancesi
between the two surfaces. The s ta tionary  curved surface is  bounded by

o  0 i * i s

i ^  u
U  <Xm i S, &

c
u

\X  --1— ^

V

F ig . 8 .1

Le t 'J- be the m in im um  clearance. Then using the parabo lic  

approxim ation  fo r  a rcs  of sm a ll angle we may w r ite

g i-
-2 -  =  i +  Ifto ■>

where

J  *  r  ? c
and y* is  the rad ius  of cu rva tu re  of the s ta tiona ry  surface.

8.1

8.2

The general equation fo r  p ressure  is  shown in  the Appendix V III

to be

where

V H I.4

vm.3

oj?' is  thus a d im ension less fo rm  fa c to r which depends on re la tiv e  

position  ( ^ ) and » £ is  a d im ension less num ber expressing the ra t io  

of the average o il flo w  to the o il flo w  tha t would occur i f  ^  everyw here

(couette flow ), i.  e. the average o il flow  is



\ \  is  a constant. Both and (<, a re  set by boundary conditions which in 

our case a re  complicated by cavitation.

The Nature of Cavitating Fluid.

It is  assumed here that a cavitating fluid consists of an intim ate 

m ixture of the liquid and sm all bubbles of its vapour in two phase 

equilibrium. We ignore possible tem perature changes due to thermodynamic 

p rocesses. The p ressu re  throughout the m ixture is equal to the vapour 

p ressu re . Hence c\yoJ< p = O.

The law of continuity of (volume) flow does not apply since the 

fluid is  no longer incom pressible. However, we assum e that the density 

of the vapour is  negligible and therefore that the law of continuity of flow 

applies to the liquid component.

Because of the intimate nature of the m ixture, the flows of the 

components (liquid and vapour) are  in the same direction as the flow of the 

fluid mixture.

Viscosity is  indeterm inate. However, we may postulate that 

= O i. e. there  is no variation in the number, density and size of 

the vapour bubbles in the g, direction, and therefore the effective m ixture

/  /  /  /  /  / -7 —7— 7—7 ~ ~ r~ su -----

Cavitating fluid, an 
intim ate mixture of 
liquid and vapour 

bubbles. F ig .8.2
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Since there is no pressure gradient, the only forces to be 

considered acting within the fluid are simple shearing forces. It follows 

that there will be a linear variation with ^  of at a given 

from O to U and

Q, Q "*■ Q T v L
uji

8 . 6.

where is fluid mixture flow.

Qv is vapour flow.

Q is liquid flow.JL

The Boundary Between Normal Lubricant 

and the Cavitating Fluid.

In the normal region p > p (vapour pressure) and

12 ytu
d£
dX 2 *  -  Q 2

V. 9.

and V. 10.

Hence at the boundary (continuing with 8. 6)

q  = VJ ±  & -  udp
12\jm, d x 2 Qv

Q.
Tf'fr dp 
12^U/ dX

8.7.
As explained, Q andQ must be of the same sign and therefore v L ,

cannot be negative. Neither canQ" be positive because would then be 

positive and p would be less than immediately before the boundary.

Q must therefore be zero, v
Hence

d X
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F or sim plicity  will be taken as zero.

The boundary conditions for determ ining ^ and j \  in 8 .3  a re

th e re fo re
p = 0 \

i a t the cavitation boundary,

* - . j  <5 - ^>

p = 0 at the leading edge
(negative ex trem e of c , ^ ' ,  )

Fig. 8.3

It is worth noting that the trea tm en t so fa r has been confined to the 

left hand side boundary of the cavitation region (Fig. 8.3) . The righ t hand 

boundary is d iscussed  in m ore general te rm s and at som e length in Appendix 

VII.



Solution of the equation for pressure in the 

non-cavitating (normal) Region
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It will be noticed that Equation VIII. 3 for ^  has odd symmetry 
about the axis ^  = 0 , and that in general on the left hand side of the axis 

there is a maximum peak and on the right hand side a corresponding minimum 
trough ( £  = ^  min.)

The above discussed boundary conditions will therefore be met 
by choosing £ such that

rvun

The constant K then assumes the value

Fig. 8.4

K = - uj * £*v\ i r \

Hydrodynamic force on a cylindrical surface.

8.8

The force per unit length ( ^  direction) on the surface is

F, = fpcu
or by substitution of 8.2 and then Vin. 4

F = / 2r Jo |pd^
-  12, / j -  U v

U.
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i. e. pT _ 12 U;
1 =

A
8.10

A
’*"* A  = j 3T_ CS.b- 5,)

S,
It will be seen that / \  corresponds to the area of the shaded 

part of Fig. 8.4. It will also be seen that / \  is a unique function of 

only, since for each value of , there is only one value of £ which 

satisfies the condition 8. 9.

8.11

The A. N. U. computer was programmed by the author to compute 

the relation between / \  and . The actual programme involved

computing and ^  | from a succession of values of £ . The results

of this computation were used in the preparation of Fig. 8 . 6 .

Torques.

The configuration adopted to stabilize pads of the basic design 

already described was to place two cylindrical surfaces on either side of the 

pad and separated from it by grooves. The nominal clearance for these 

surfaces ( ß z  0 ) the same as for the pad.



60

The torque about the pivot point for the leading surface is  th e re fo re  

approxim ately:

F ^  1 1 x 8 . 12 .

Now F is  a function of A  which in tu rn  is  a function of 

and th e re fo re  of and £  , w h e r e a s  is  the cylindrical su rface width 

(in the X  direction).

Thus from  8. 2

a

5 , =
8. 13.

Also from  the geom etry it will be seen that ß  is  now physically lim ited

= IE . 1 
cs u c h t h a t

8 . 13a

F u rth er the re la tion  between and p a ram e te rs  previously 

used in the pad theory is

£
ß  K \  is,

Jo - K 8. 14.

It is  also  useful to define a new te rm  which can be regarded  as 

the norm al or m ost d esirab le  value of ^  (at ^  0  ).

Thus

/Trh 8.15 .

Combining 8 .13 , 8. 14 and 8.15 we find

L
- A

ß h Ä X
8. 16.
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and t* h 1:
i 1

8. 17,

Substituting 8.10 for F̂  and 8.17 for in 8.12 we obtain

Ti = 6/" t t 8. 18.

This may be rendered into a form sim ilar to that of other torque 

components by the subsitution for (equation 7. 17).

Then

p hL & < $ ■ >

p L2 J h c.

where j  = 6 —ci U
or substituting 8.15

s 2 \ 1C

8. 19.

V /Src\ ii_ a
< 5« >

V
l i t  lüi)
w  §:o J

8.20.

Each of the ratios in the square brackets can be expressed as
S. * *functions of ( ), (the right hand one being also a function of 5 0 ) and

A >°therefore of by using equations 8.16. It is convenient to redefine*
p moM

the quantity in square brackets by .

Thus

«I». .4- U s (SI, A
1 ̂ vax §: 8.21.
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and then

12 X L x 8 . 22 .

It should be noted that Ü) l —) 00 as

Ao®
3 s § * 8.23.

where / \ ^  is a limiting value which approaches approximately . 20. 

The resultant torque from two stabilizing surfaces is

T

where

T1 + T2 

p  l2jh c

JC T S  T < < K + t 2 >

8.24.

8.25.

8.26.

(j)  ̂ and (j)̂  are related by

(|)z  (fS)  = '  ß )
Plots of (|) r ( (j)( + (|) ) for various values of ^ ̂  

appear in Fig. 8.6.

Optimum value of

In order to create stable operation at = Ö with maximum 

possible rate of production of restoring torque with change in ß  it is 

necessary to maximize ^ at |6 = 0  with respect to the shape of the 

cylindrical surface.

From 8. 24 and 8. 25 we have

,2 C'hs' i  4



3*0

Figure 8.6
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i. e.
3/S h L ö(S

The partial derivatives denote r and s constant. To maximize 

it is therefore necessary to maximize If ■
3/3

8.27
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From  8. 26

and

i|> = + + ‘k

^ 3 )  _ b i p , ( &)  + 3(|^-(3)
3/S S/S 3)8

At -  0 we have therefo re

d t p  Co)  
¥

Now ä i]>i -  x
ä ß

From  8. 21

ö j k i
i ¥ a '
V

w here A denotes 3A
and from  8.16 Sgi

_  I '
d ß >̂Q

Hence
j : £ A  aJtA.

3 ^  e  3

T herefore

5 l|)(cQ _ (o
3 ( 3  (Smcvx

Ae. +  A 0
a§ J 0r

or !Ü 2 l  = t 'A  ' A0 1—2- -V- ~ z \
3(S 0̂

8.28.

ÜL = _ 1 _
|6 ^  max _ w ^

At 5̂ s 0 » 4  ̂ and we w rite  A for A A 0 for A

8.29.
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where ß -  ß  ^  8.30.

The computer programme giving A vs. ^  , (or A vs. ) 

also gave the relation 8.29 .

The maximum was found to be close to . 534 and occurred at

^  «  .85.

Comparable curves are shown on Fig. 8.6. Also evident from 

this figure is the effect of on |̂) near ß previously determined

in equation 8. 23. It might be considered better to reduce below . 85 

in order to improve still further the restoring torque at large ,

Fig. 8.6a

STABILITY OF FAD WITH STABILIZERS.

The procedure for proportioning a composite pad of the shape of

Fig. 8. 5 is as follows. We assume at first that N is independent of ß
i. e. N = N0 . All the various torque components have been expressed in the 

2
form T = P^L J  . Hence we consider only the J  functions and the combined 

curve may be calculated and drawn for all components except the stabilizer 

component. This is illustrated in Fig. 8.7. where curves 3, 4 and 5 are the 

components J fl, and respectively for the "large” pads of the Pole

Bearings. is negligible in comparison.

m.The maximum value of has been indicated as . 534.
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Hence using equation 8. 22 et seq. , the maximum 

may be determ ined thus:

'•& J \  ... S2c

possible

8.31



2. -4

Figure 8.7

1 Combined curve

2 Component from stabilizing surfaces J

3 Component Js <p=v -
4 Component J

p
('n=25).

5 Component JD

Curves are for large pad. N = O o
U’ = 4
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One may proceed by selecting a value of and sketching

in, with the aid of the curves of 8 .6 , what would be a sa tisfac to ry  stabilizing

J  using the o r ite r ia  already d iscussed  in Section 7. The slope of th is
S^Csketched curve a t ß  ~ 0  determ ines the quantity ---- 5- according to

*the approxim ation 8.31. The selection of 8 ^ ^  determ ines C by equation 

8 .13a. Hence the requ ired  S may be found. This p ro cess  may be repeated  

and refined  until a satisfac to ry  design is  established.

The rad ius of curvature  of the stabilizing su rfaces (in plane 

geom etry) is  found from  8.15 with = .85 or other selected  value.

In Fig. 8. 7. curve 2 is  the J  curve for the stabilizing su rfaces 

for o = 1 .4 and curve 1 is  the combined J  curve showing a stable 

operating point at ^  .05.

S election of Nn

Due to the fact that a p a ir of stabilizing su rfaces acting alone 

stab ilize  a t ß  = O, it is  best to a rran g e  the sum of all other J  

components a t ß  = O to be zero. Hence the selection N = O is  indicated.

However, if is  significant, m ight be made slightly negative to cancel 

Jp at yS = O. In what follows the optimum value of will be taken as 

zero.

SOME SPECIAL CONSIDERATIONS OF THE STABILITY THEORY FOR 

CYLINDRICAL CONFIGURATIONS.

The theory  so fa r has been especially  developed for plane moving 

su rfaces. Provided the angle subtended by each pad is  not la rg e  and the pad 

rad ia l dim ensions a re  not la rg e , th e re  will be little  e r ro r  in applying the theory 

d irectly  to the cylindrical case.
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The truth of this statement will be illustrated by reference to the 
H. P. G. pole bearings where the angle subtended by each pad is slightly less 
than 60° .

We will consider only the case where Nq = o  and ignore 
variation in h in the first instance.

Three more or less obvious effects will be considered -

(a)

(b)

(c)

The effect on moment arm in the torque calculations. 
Variation of N with ^
Effect on the calculation of j3  
Moment Arm.

MUX-

All previous dimensions used

Fig. 8. 7a

in the plane geometry theory will be considered as measurements along the 
surface of the cylindrical moving member.

It will be clear from the Figure 8. 7a that the torque may be
represented as
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T = F ( m + R ) sin  -R

H ere m is  the m easurem ent to the pad pivot point, X  a 

typical dim ension (e. g. C, D ), R the shaft rad iu s, and F a typical force.

All the fo rces considered except those on the stabilizing su rfaces
D Chave X  = t  . The stabilizing surfaces have X  = — . We a re  therefo re
a  2

concerned with the re la tiv e  effect of these two groups of components.

The ra tio  of the torques of the two groups may be w ritten :-

i/C y l

F 1 Sln §  
F . D 

2 sm  ‘2R

This m ust be com pared with the ra tio  in plane geom etry, viz.

2 I plane

F ^

V
In applying plane geom etry theory to the cylindrical case , a 

co rrec tion  factor m ust th e re fo re  be applied to J  of

V ariation of n  with <8 .

Fig. 8. 8.
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The clearance between two cylindrical surfaces with parallel axes 

may be written

^  = S + a s i n f

for - f  «  1 8.32.

Here & is a. constant for a given pair of surfaces and a is  a 

variable depending on the relative position of the surfaces.

Any pad face machined as a cylindrical surface may be 

represented by a section, of appropriate length, of any one of a series of

Fig. 8. 9.

This is  illustrated in Fig. 8. 9 where each of the diagrams 

represent an allowable curve of g, vs x  for a particular pad/shaft 

combination machined with a certain & . Each of the diagrams

exemplifies a particular combination of ß  and h and it will be seen that 

to obtain N = O (i. e. no concavity when there is no tilt) we must have

s  = h„ °
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Using previous definitions and equation 8.32 with £ 

i . e . ^  ■

we find /3

x
h + a s i n - — 
9° . D R
2a sinl F

A lso a t

8.33.

8 .33a

Fig. 8.11. 

that

-  h -  2  f n .  = !L  x D
0 1  o 2 \d -_ t.4  L 2

or a s in
V Z J K  /  Z K  \ Z jK  /  J _ .

„  2a /  . /  D \  D ( D \ X,
°r N = r  m ) j

However, on substituting the equation for ß  we have

N is  th e re fo re  proportional to ß

(1 - - —-cot in the case  of the Pole B earings is  2R 2R
considered  negligible.

8 .34.

The proportionality  factor 

04 so tha t the effect is
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Calculation of

In the development of the theory for plane geometry, ß  h o *  was

mox = —  ' Tll^S re â^ on is  imP°rtant in that ittaken as (8.13 a)
relates the clearances at the pad lands and the stabilizing surfaces, e. g. 

refer to eqn. 8.14.

Fig. 8.12.

Referring to Fig. 8.12, it will be seen that the maximum value 

of ß  is characterized by

a sin

^  n. D _ a o
S in  2R “  2

Hence ß
2a sin ^

McW
2slpI5

s i n i

This must be compared with Eqn. 8 .13a

ß  -  2D
( ~  c

8.13a

The correction factor to be applied is therefore

C
D X

Sln2 i

8l"I5
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which is the inverse of that found in section (b) above.

The evaluation of
C
5 x

sln  2R 

sin
for the Pole "large" bearings is 1. 025 which is considered negligibly different 
from unity.

There seems little difficulty therefore in applying the derived 
theory to the cylindrical case.

Even if one includes the variation effect of h with 6̂ , the

effect on N is not large. The extreme case of h1̂  • 3 and &  1*5

(corresponding to Uf = 3 ; refer to Appendix VI. Fig. 4) is illustrated 

below for = O. The extreme value of N (for the land closest to the 

shaft) is approximately - .2.

It will be seen by reference to the curves of Fig. 7.10 that 

such a small variation from Nq = O is insignificant.

Fig. 8.13
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TORQUES ABOUT THE RADIAL AXIS.

These torques form component (b) defined at the beginning of
Section 7.

It is convenient to use standard cylindrical co-ordinates, the

axis is defined to exist when the axes of the cylindrical surface of pad and 
shaft are parallel, (and ß  = O everywhere).

It is shown below that a rotation about the radial axis causes 
changes in clearance which for any particular value of ^  are the same as 
if that part of the pad has a particular inclination ( ß  ).

Further it is shown that this ß  is proportional to ^  .
In our transformation to plane or quasi plane surfaces, the above rotation 

therefore causes a warping of the transformed pad surfaces. The extent of 
this warping is conveniently gauged by the maximum magnitude of inclination 

occurring at the extremities of the pad.

Equation 8 .33a gives the relation for ß> viz. 
„ . D

*  2 a S m 2R
I8  = — -------
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For a rotation y* about the radial axis 

a =
Hence

ß 2 r
^ slniR

If the length of the pad in the ^  direction is 2W then

ß  = 24 ^  8in ih 2R
o

and therefore

torque of

r  w 8.35.

Any normal force Fdß  at 8 will produce an elemental radial axis

| T r |  = Fs t a f i .  2  • 8.36

Fig. 8.15

Here T ! represents torque in contrast to T which I KI H
throughout has denoted torque per unit length ( ^direction).

(Similarly F denotes force per unit length).

This must be compared with the elemental parallel axis torque

FM sin 8
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where M is  the distance fro m  shaft centre to p ivo t point.

Th is may be substituted in  8. 36 together w ith  8.35 fo r

give

d T
T

M

2 T 
W

W  ^ 2

Hence on in teg ra ting

I t ,

A
' ’ W

UJ * * w

V d£
8.37

T , i t  m ust be rem em bered is  the torque per un it length
P

( g. d irec tio n ). We may re la te  the to ta l torque j T ^  j to the to ta l torque 

jT  j by substitu ting j T J = T x 2W

Then

■ß
I V

2 M n 2ß J Q
I W / - £ ,

8.38

The value of th is  equation is  that once the s ta b ility  has been 

investigated about the p a ra lle l ax is , th is  in fo rm a tion  may be used d ire c t ly  to 

examine the s ta b ility  about the ra d ia l axis. One may p e rfo rm  the in teg ra tion  

g raph ica lly  and convert a graph of j T J vs. in to  a graph ° f  jT ^ j vs.^S^

th
I f  It I is  regarded as a series of te rm s  the n one being

n * p i
T |n=a j3 , then the corresponding te rm  ° f  (T ^ | w i l l  be

MRl n>ft M (n  + 2) |Tp|n,/3
8.39



77

prov ided n is  odd. I f  n is  even JTR| n = O. Consequently |T r | w il l  

have the same broad shape as |T  l but w i l l  lack  loca l peaking near 3 ^ ^ *  

(corresponding to te rm s  w ith  high n ). In  addition the coeffic ien t ^  

w i l l  usua lly  be a fra c tio n  of the o rde r of i  .

The |T r | ch a ra c te r is tic  the re fo re , although inheren tly  as stable 

as the |T p| ch a ra c te r is tic , p rovides less sa tis fac to ry  re s to rin g  torques.

Torques about the Tangentia l A x is  (component (c) defined at

the beginning of Section 7). The to ta l re s to rin g  torque about the tangentia l

ax is m ay be designated j T j  and is  re la ted  to jT ^ j in  a s im ila r  fashion to

jT ^ j . However, in  th is  case the ind iv idua l te rm s  of jT ^ j , e. g.|fT^j m m ust

be dea lt w ith  separately accord ing to the angle Q (F ig. 8.14) a t which they
m

act, and )T T J becomes equal to the sum of te rm s:

f cosec Q |i*dP 8.40.

/3W
3
i w

is  defined consisten tly  as

2(h ~ hm in ) D 
h C 8.41

so that in  every mode of displacem ent a p a rt ic u la r  value of ^Ow corresponds to 

a p a r t ic u la r  ra tio  of m in im um  to  m axim um  clearance. | T T | genera lly  

s im ila r  to |T r | but 2 to 3 tim es g reater.
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SECTION 9

CONSTRUCTION OF BEARINGS

The following descrip tion  re fe rs  to the upper ro to r and p a ir  of 

pole bearings.

Shaft. The shaft was machined from  solid m ild stee l. The two bearing

surfaces w ere belt ground and polished to within . 0002 inches of a perfec t 

cylinder. The upperm ost su rface  is  13 inches nominal d iam eter and the 

lower bearing  su rface  18 inches nominal d iam eter.

Pads. The two se ts  of six pads a re  designated " sm all” and " la rg e ” .

The sm all pads a re  upperm ost and bear on the 13 inch d iam eter shaft surface. 

The la rg e  pads bear on the 18 inch d iam eter surface.

Small Pads. These w ere m achined from  sta in less  steel castings and a re  

faced with a high tem p era tu re  asbestos based bakelite known as " fe rro b esto s" .

The facing m ate ria l was p repared  from  sheets m achined to 1/16" 

th ickness. It was then thin enough to be bent into the c o rre c t curve without 

breaking. Bonding to the s ta in less  steel was by an epoxy re s in , finally hot 

cured, the work being perform ed with the aid of jigs. This method of bonding 

was found to be s tronger than the bakelite itse lf.

P r io r  to bonding, all o ther machining was c a rrie d  out on the 

castings to ensure  that a fte r the bonding subsequent trea tm en t would not affect 

the accuracy  of the bearing  surface.

The final machining of the fe rro b esto s  was c a rrie d  out on a jig 

b o re r , m aching two pads a t a tim e so that the d iam eter could be accura te ly  

m easured .
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Due to the lim ited  space available fo r the sm all pads, th e ir rad ial 

d im ensions could not be m ade adequate enough to prevent a sm all d istortion 

under load. This d istortion was due to the m is-m atch  between the two 

loading pa tte rn s  on either side of the pad, although th is m is-m atch  was 

reduced  as fa r  as p rac tica lly  possib le . The d isto rtion  was calculated to be 

about 3 m ils and would lead to solid to solid contact between bearing  face 

and shaft if ignored.

The difficulty was overcom e by m achining the pad faces in two 

stag es . The f i r s t  stage was machining in the jig b o re r to within 4 m ils  of 

the  final dim ension. This was c a rrie d  out in a special holding device which 

by adjusting appropriate  screw s, could flex the pad.

A fter the f i r s t  stage the pad was flexed and the degree of flexing 

checked by an indicator on the tool a rm  m easuring  against the fresh ly  

m achined surface.

The second stage machining was then c a rr ie d  out thus machining 

into the  pad a d istortion  which would counteract the loading distortion .

P rovision  for oil feeds was made during general machining. 

These consisted  of holes from  either side of the lower end of the sm all pads. 

One se t of drillings led to the pad face and another se t to the opposite side to 

feed the ra m  operating there .

The ra m s , or m ore p a rticu la rly  the ra m  Mcylinders" consisted 

of s tee l p la tes  having shallow depressions (approxim ately J IT deep) into which 

fitted  the  backs of the pads. T here  w ere m ake-up segm ents behind these to

fill the space between the cylindrical bearing  housing and the plane surface of 

the ra m  "cy linder” .
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The total allowable rad ia l movement of each pad was 1/16 inch, 

m ost of which was taken up in re trac tio n  to fac ilita te  entry of the shaft.

B ecause of this sm all movement and the re s tr ic te d  dim ensions, a special 

O -ring  sea l was designed and tested.

To fac ilita te  assem bly, each unit consisting of a pad and ram  was 

re ta in ed  against the bearing housing by m eans of two springs. The units 

re s te d  between two flanges and w ere located c ircum feren tia lly  by the 

re ta in ing  springs. Once loaded, the units w ere firm ly  located 

c ircum feren tia lly  by v irtue of the friction  between ram  backs and housing.

They w ere however free  to align them selves during the loading p ro cess , 

th is  aligning involving swivelling and sliding of the ram  on the segm ents 

described  above.

The attached drawings show the layout of these p ad s , the ram  

" cy lin d e rs" , segm ents etc.

Large Pads. In princip le  these  w ere s im ila r to the sm all pads. 

However, th e re  wrere  differences due to the fact that much m ore space was 

availab le to enable m ore rig id  units to be designed.

The m ateria l chosen for the pads was th e re fo re  bronze and as 

before , these w ere faced with fe rro b esto s. The machining was straightforw ard , 

being c a rr ie d  out on the jig  b o re r with no provision for d istortion  being 

n ecessa ry .

W hereas the sm all ram s  and cylinders wre re  not c ircu la r in shape 

necessita ting  the plane in te rface  between cylinder and segm ent to enable 

ro tation  about a rad ia l ax is, the la rg e  ram s could be made c ircu la r because of 

space considerations. The "cy linder” in th is  case  was cylindrical.

Oil feed was to the pad for lubricating oil, and to the cylinder for
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the loading oil.

The oil seal was a conventional O -ring but the cylinder adjacent 

to the O -ring  groove was re lieved  to allow a lim ited  ro tation  about the pa ra lle l 

and tangential axis as well as the rad ia l axis.

Retaining springs w ere incorporated  as before to hold the units 

back in the housings during assem bly.

Oil Supply Lines. All lubricating oil was ca rried  in stee l pipes 

3 /8 ” O. D. which entered the housings from  above, and passed  between the 

sm all pad units to the region between the two bearings. H ere the pipes 

ran  around the housing a half or th ird  revolution to provide a certa in  amount 

of flexibility. Loading oil pipes entered from  below afte r travelling  ac ro ss  

the upper pole face. In the case of the sm all pads, sufficient flexibility had 

to be incorporated  in these pipes also.

The oil connection to each pad was essen tially  a ro ta ting  one 

which added to the overall flexibility.

Instrum entation . Besides p re s su re  gauges and sensing devices 

associated  with the servo  m echanism , bearing  pad faces w ere m onitored for 

tem p era tu re  by fixing in them  a num ber of sm all com m ercially  available 

th e rm is to rs  attached to sm all copper d iscs (1/8" approx, diam eter).

Attached drawings show the layout of the la rg e  pad un its , piping 

and th e rm is to rs .

THE SERVO CONTROL SYSTEM

We confine our attention here to the upper ro to r and supporting 

guide bearings. It w as d esired  to control both the d irection  and position of 

the ro to r axis. There w ere, therefo re , four degrees of freedom  to be 

controlled by the four independent v ariab les  re la ted  to the orthogonal rad ia l
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co-ordinates of each bearing.

Rotor position sensing. In the selection of suitable probes, consideration had to 

be given to reliability, accuracy, and simplicity. The most serious 

environmental difficulty was by far the liquid metal NaK. This material was 

used in small accelerating jets during the relatively long period of 

acceleration as well as in large quantities during each current pulse. In both 

cases the spent NaK was allowed to spray from the jet areas in a partially 

confined manner making it difficult to locate the probes in suitable NaK free 

positions. It was finally decided to try using capacitive probes heavily 

covered with a layer of insulation to reduce the effect if a small puddle of Nak 

were to accumulate between rotor and probe especially whilst the former was 

stationary. It was hoped that a small rotational speed would be sufficient to 

clear such an accumulation; and that the amount of splashing during the 

acceleration period would not be troublesome. In fact positions were found 

fairly free from splashes during acceleration. It was decided to disconnect the 

servo system by valving off the hydraulic lines to the pad rams during a pulse 

as the effect of the NaK would almost certainly put the probes out of action 

temporarily.

This meant that after each pulse, the rotor would have to be left 

turning at 100 r.p. m. or more, otherwise the magnetic torques would be too 

severe. In prar ice this need not be an imposition since energy is proport

ional to the square of speed which meant, for instance, that pulsing from 

400 r.p. m. to 100 r.p. m. would leave only 6% of the original energy.

Further development of rotor sensing probes or methods of confining the Nak 

after leaving the jets, was anticipated.

In practice the probes behaved well and as expected. It was found 

that the servo system could be reconnected 10 or 20 seconds after a pulse.
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Eight capacitive probes were used altogether. Four were placed at 

90° intervals around the rotor facing the upper surface near the circumference. 

Adjacent to these four were a similar number facing the cylindrical surface of 

the rotor. Opposite probes of each set were electrically connected to form 

four independent sources of information viz. two rectangular components of 

rotor tilt or rotor axis direction; and two similar components or radial 

position.

Each pair of probes formed part of the two arms of a conventional 

transformer bridge circuit which was powered by a 2, 500 c. p. s. supply. The 

bridge unbalance was amplified electronically and phase sensitively rectified to 

provide currents to power four pairs of small electromagnets.

The hydraulic part of the servo loop was designed to minimize 

phase lag and so make improbable the occurrence of instability. At the same 

time it was necessary to devise a scheme whereby six pads could be 

controlled by two co-ordinate information.

The device used consisted of a cylinder about 1 in. diameter having 

a set of six radial holes drilled in the same plane. Each of these holes was fed 

via a throttle from a high pressure line so that the flow was practically constant 

no matter what constriction might be placed at the holes. This ring of holes was 

surrounded by a freely suspended metal ring which constricted the oilflow from 

each hole to a certain extent. The amount of constriction at any particular hole 

could be varied by applying a force to the ring, but the amounts of constriction 

and therefore the pressures at successive holes were related by a smoothly 

varying function. The pressure at each hole was tapped and fed to the 

appropriate pad ram via a length of capilliary tubing. Thus the co-ordinated 

motion of six pads could be controlled by applying a force on the constricting 

ring in the appropriate direction. This force was applied in two co-ordinates
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by the above mentioned electromagnets.

Some consideration was given to the problem of what information 
should be fed to each bearing and to the problem of stability in a system having 
four controlled variables. The probe system and bearing motivation system 
enabled independent action in either co-ordinate so that the problem reduced to 
a two dimensional one. However any further reduction to two independent 
feedback loops seemed difficult; for example to arrange matters so that axial 
direction information caused only a change in axial direction, and position 
information a change in position, would involve a complicated cross- 
connection and division of information. A practically simple arrangement 
would be one where each set of information was connected to a separate 
bearing. It was shown that certain such connections are stable and others 
unstable. The connection shown diagrammatically in Fig. 9.1 was the one 
adopted. Fig. 9. 2 illustrates a sequence of positions during return to zero 
position following a typical displacement.
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SECTION 10

OBSERVATIONS AND DISCUSSION

In 1962 the first set of bearings designed according to the 

principles in this paper were tried out. They were in the magnet yoke of 
the homopolar generator but without a rotor and with no field. This trial 

was in essence to examine their behaviour at high speed. The full design 

speed of 900 r. p. m. was reached and maintained for at least one hour.
The behaviour of the bearings was quite satisfactory.

Since there was no rotor for these tests the servo system was 

inoperative and pad ram pressures had to be monitored and adjusted when 
necessary.

Later in the year the bearings received their first trials in a 
complete assembly. This assembly included one rotating rotor (the other 

being clamped stationary) and one set of NaK jets to carry current to and 
from the rotor. The trials went on for several months during which 

successively larger current pulses were taken, culminating in the largest 
pulse of 1. 8 million amperes lasting approximately one second (Fig. 10.1).
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During th is  tim e the bearings w ere always under servo  control 

except during a pulse as described  in Section 9.

In th is  s e r ie s  of te s ts , speeds w ere lim ited  to 550 r .p .  m. 

because of the tendency of an oil seal to fling oil a t higher speeds.

Four types of observations w ere taken.

1. C alo rim etric  observations on the oil to pole bearings and 

th ru s t bearing.

2. Pad face tem p era tu res  by m eans of th e rm is to rs  in the pad 

faces.

3. Sundry m easurem ents of oil p re s su re  and the oil volume 

in the ram s . This la tte r  m easurem ent was achieved by 

installing  a num ber of sm all free  p istons, one in each oil 

line to each ram  and observing th e ir  m ovem ents by m eans 

of thin rods passing through oil sea ls  and operating 

potentiom eter s .

4. D irect observation on dism antling.

The full speed ca lo rim e tric  lo sse s  amounted to 50 k. w. m easured 

with an accuracy of about -  10%. Unfortunately, the oil from  la rg e  and sm all 

bearings becam e mixed a fte r d ischarge from  the pad faces, so that it  was not 

possib le to m easu re  the ra tio  of lo sse s  between the two se ts .

This m easured  lo ss  m ust now be com pared with the value expected 

from  calculation.

If one assum es uniform  c learance  over the whole pad face, then 

th is uniform  clearance  h can be w ritten

h J12/*-QL

10. 1
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w here B is  the effective plenum circum ference. Respective values for sm all 

and la rg e  bearings a re  3 .4  and 3. 7 m ils  respective ly  assum ing the oil 

su p p lie r 's  value of jul, a t the operating tem peratu re .

Again assum ing uniform  clearance, the friction  power p e r pad can

be w ritten

a A o I
*  h

10.2

w here A\ is  the effective a re a  of the lands (including the stabilizing lands).

Using 10. 2 and the above figures for h derived from  10.1, it  is  

found tha t the sm all and la rg e  bearing  lo sses  should be 11. 5 and 27. 5 k. w. 

respec tive ly .

The m easured  lo sse s  a re  th e re fo re  11 k. w. higher than expected.

A sm all p a r t of th is  d iscrepancy can be accounted for by lo sses

due to fric tion  in two oil sea ls  and general turbulence of the d ischarged oil

adjacent to the shaft. The discrepancy may be described  another way. The

"effective uniform  clearance" may be defined from  observations of p re s su re

and oil flow using 10.1. We shall designate th is effective value by h
P

On the other hand a second value of "effective uniform  clearance" 

may be calculated using 10. 2 and observed values of fric tion  pow ers. We 

shall designate this value by h
1 h

In our case the ra tio  of the two effective values is  *r^ = 1. 25.
hf

One probable explanation for th is ra tio  not being unity is  that 

c lea ran ces  w ere not uniform . The effect of non uniform ity will now be 

dem onstrated .



88

Fig. 10. 2 illu s tra te s  a pad sim plified by having ra th e r narrow  lands.

L -

t r — J» S*
1  I 1  *

T
1 Fig. 10.2

If th is  pad w ere tilted  by a certa in  ß  amount, the average clearance being 

h , then the c learance around the p e rim ete r a; would be as in 

Fig. 10.3.

F=:............— I
\*----  Hr -------*|< *•

_»____
Fig. 10.3

Since the plenum  is  at uniform  p re ssu re , the oil flow will be found to be

But by definition (10.1) Q a  (h ) B
P

i. e.

3 /

h = /
P J

iV> d *
B

hP Ä  h/ +
10.3

On the o ther hand the friction  loss over the lands will be
Ldx.P oc f _ A LB P ---  <* --

°f hf
but by definition (10. 2)
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Hence hf « B
/  dX
firf  .2

hf h ( 1 " 4 10.4

Therefore the ratio is as follows:

i 10.5

F ig .10.4

A value of 1. 25 corresponds roughly to j?> = .65.

If we include stabilizing lands, ĥ  is  less  than indicated by 10.4 and therefore

the condition *5 1. 25 will occur at a smaller value of /0 than . 65.
I

Possible causes of non uniform clearance

1. O-ring friction

One of the most probable causes of non-uniformity is  O-ring 

friction. Ideally the hydraulic support of each pad is identical to a ball pivot. 

However, the pivoting of a pad entails motion at the ram oil seal which is  

opposed by friction. It has been noticed that the friction of an O-ring seal in 

a simple ram-cylinder assembly is usually of the order of 5% of the ram force.

If we assume the same force acts when a pad pivots, friction 

torques of the order of 100 in lbs. per inch, of pad length can easily be



developed in a d irection  which is  indeterm inant. R eference to F igure 7. 9. 

and the appropria te  constants indicate that such torques can be developed at

90

•4 ) ^ )  - . 2  .

It is  reasonab le  to expect then that all the pads will not m aintain 

an inclination close to zero  but ra th e r have a random  distribution within 

th is  range. Indeed d irec t observation of the oil volumes in the ram s by the 

m ethod described  e a r lie r , while the shaft was ro ta ted  slowly and slightly 

eccen trically , indicated that the pads followed in steps. The resu lting  

varia tions in film  th ickness w ere -  . 5 to -  1. 5 m il. in m ost cases so that it 

would seem  probable that varia tions of th is  o rder m ight always be p resen t.

O ther probable causes of non-uniform ity a re  as follows:

ii. Machining e r ro r s  in shaft and pads.

Although ex trem e ca re  was taken, e r ro r s  in non lin ea rity  of the 

o rd e r of -  j  m il. a re  probable.

iii. T em peratu re  gradients.

If heat flows from  the pad face rad ia lly , the pad will becom e m ore  

convex. This will change its  N value such as to make the pad stable a t a 

slightly  la rg e r  value of I and also  make it non p a ra lle l to the shaft in the 

axial d irection . In the case of the sm all bearing  which is  axially long and only 

one inch thick, a tem p era tu re  d ifference of 5°C is  sufficient to cause a 

varia tion  of c learance  of -  1 m il. However the p resence  of the insulation on 

the pad face will inhibit such grad ien ts although the expansion of the 

insulation itse lf  under 15°C tem p era tu re  r is e  of the oil m ay cause considerable 

bowing. The low er bearing  should however be com paratively free  from  this 

effect.
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iv. F o rces

G rea t c a re  has been taken in the case of the flim sy sm all bearing 

to ensure  no ill effects from  the action of plenum and ram  fo rces. These 

fo rces do not exactly cover the sam e a re a s  so som e bowing is  inevitable. 

However th is  has been countered by machining into the pads a slight negative 

bow.

O bservations of pad th e rm is to rs  -  fu rth e r evidence for varia tion  of c lea ran ce .

One o r two of the th e rm is to rs  embedded in the pad faces have 

shown tem p era tu res  in excess of 100°C indicating c learances as low as 

1 m il. even supposing v iscosity  rem ained  constant. T here  is  no consistent 

evidence of an average value of 3̂ o ther than zero .

Effect of e r ro r  in assum ed value for viscosity .
h

p
Another explanation of the ra tio  ^ being other than unity is 

that ^  was not, in p rac tice , the value assum ed. F rom  10.1 and 10. 2 

we have 0
h QC
P

and hf oc^

i. e.
2

75
h

To make unity, the assum ed value of y ttm u s t be m ultiplied by . 72. This 

suggests tem p era tu res  may have been higher than assum ed. They certain ly  

w ere in som e p laces as indicated by the th e rm is to rs . On the other hand, no 

check m easurem ent of v iscosity  was ever m ade.



92

Direct observation on disassembly.

After several months’ running the homopolar generator was 
disassembled and the pads inspected. There was no indication of any wear 
that might result from solid to solid contact. It is evidence such as this 
that gives one confidence that the design is basically sound.
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APPENDIX 1

D eriva tion  of the expression jg
2 4 

B r
16 g

fo r  the ra te

of torque generation between two steel surfaces

fo rm in g  a gap in  a m agnetic c irc u it.

The steel is  considered in f in ite ly  perm eable and the re fo re  

the surfaces are  equipotentia l surfaces. The gap is  regarded as sm a ll 

compared to the ro to r  rad ius , and only sm a ll angular displacem ents fro m  

p a ra lle lis m  are considered. Thus edge effects and fr in g in g  fie ld  a re  

sm a ll and are neglected.

The case where the surfaces are  p a ra lle l and separated by 

g cms. provides the o rig in s  of a ll axes. The surfaces are  c irc u la r  and 

concentric of rad ius  r  . One surface is  allowed to ro ta te  about a fixed  

d iam eter, 0 being the angle of ro ta tion  fro m  the o rig in .

The fixed  diam eter is  the ax is , the OC axis being 

perpendicu lar and in  the plane of the ro ta ting  surface in its  o r ig in a l pos ition .

is  the gap distance at any po in t X f 

A ll distances are  in  cms.

A t any point OC , Ljs

^  -  g -  x  e l.
Between the equipotentia l surfaces

B -  constant

Let B^ be the un ifo rm  f lu x  density (gauss) in  the o rig in a l case.

A t the o rig in , the gap is  unchanged. There fo re  B. V
2 .
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Hence
B B 0 S

g -xe x£
'  tor making a small-angle approximation

B = B ( 1 + —  ) 
o g

3 .



Figure 1.1

Illustrating symbols used in 
derivation

I

-------> ~
x  axis

-Plan View of one surface
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The force dF on an element of surface dx . d is
g2

dF = d x  . dt^ dynes

Substituting 3 and continuing to approximate for small angles we have 

therefore:

dF = i? r  + d *  ■

We define an element of torque about the axis as dT = ocdF

4.

Hence B *o M . 2 X 9 v
8tT  (1 + ~ T ~  > K • d x

5.

5 is integrated to obtain the total torque 

L +r + t//rx - x 1
T ~  -  ^2— 

e'TT
-V 7 r L- x

-

- f r

x. /r x "  * d x  ■+■

/
- r

—  ( x '/y ^ -  x 1' ' cdx
? /  *-r

The first integral is of an odd function between symmetrical

limits. It is therefore zero. The second function integrates to tT r

Hence £B  2r 4 o

or in the notation of the main body of the report

Te” B2r 4
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APPENDIX II

Derivation of —f t o r  hydrostatically  lubricated  pads

with uniform  and nearly  uniform  clearance

(a) The case  of plane bearing  su rfaces , uniform  c lea ran ce .

The N avier Stokes momentum equation for an incom pressib le  

fluid with constant f* and yU/ is

1 u, 2
- 75T = T g ra d  p  + p + ^7 Y

When viscuous fo rces  predom inate over in e rtia l and body (gravitational) 

fo rces, th is  reduces to

g rad  P = V

which is  equivalent to the th ree  component equations:

z)X ' V d x
x ,  dVx-, , SV*

S X- d ^ 3- 3 " |

l .

2.

| |  =  ^  'j  3.
3 ^  v ^ S  a * * * /  v

In general each second d e r i v a t i v e w i l l  be of o rder £2f" w here 

L is the dim ension of the fluid space in the n d irection. For flow between

p ara lle l su rfaces which a re  closely  spaced (distance h ) in the ^  d irec tion , 

(1) and (2) may be closely approxim ated by
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ax /

2>-g-v

4.

5.

6 .
Also we may put N/o :  0  > ifl which case ^ £. = 0

It follows that and a re  functions of X  and \j^ only so that

the solution of (4) becom es

vx = <£■»*> ~ f  + ht  + c

t

If the boundary conditions a re  

th is equation becom es
f

O ; Vx 
h > Me

u
o

'x ( i / u u  “ax' " g.h) (/% 7.

The co-ord inates may be chosen so that the moving surface  has its  

velocity U in the oc d irection . Hence for , the boundary conditions 

are:

t
f

°  ; V *

h ; V i

O

O

whence

Vir  vr ft < f

The average velocities and ’V ^  of the lubricant may be defined
0
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respectively as

It follows by integration of (7) and (8) that

and V u
4

U _ h2 % p
2 12 a

, 2
.  J L _  iLE

12 M* ^

9.

10 .

or simply for the average velocity

V
_ U

T grad p

The law of continuity applies to V h

11 .

i. e. div ( V_h) = q 12.

where q is the oil flow supplied per unit area ot the pad face. Combining 

(11) and (12) we have
3

h 2 a. Uhdiv < Vh) -  q = - —  KJp + div -  13.

The pads that we are considering have a central plenum to which oil 

is fed and which is surrounded by a ’’land" region where clearance is uniform. 

In the land region where no oil is supplied, we have then the Laplace equation.

2
7 p = O
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The p re s su re  equipotentials may be plotted in the usual way (e. g. 

sketching "flow n e ts” of curv ilinear squares). T heir geom etry is  independent 

of h and p .

Obv iously these  p re s su re  equipotentials a re  independent of U 

The pad load is  th e re fo re  independent of U .

Also from  (11), in tegrating  the norm al components around the 

boundary of the pad, and rem em bering  that grad  p is  norm al to the boundary

w here Po
Since ^P o

is  the plenum p re s su re  and Q is  the oil flow fed to the plenum, 

is  a function only of x  and it follows that for any pad shape 

P h3
Q

Also the pad load W = ĵ pdA= PQJ^~ d  A w here the in tegral is over the pad

Again is  a function of Oc and ^  
o

a rea .

Hence W o e  p

T herefore
W oc

/U s Q 
^ 3"

15.

Another useful re la tion  may be derived  from  (14) regard ing  a s e r ie s  of 

pads whose X t dim ensions a re  proportional. Each m em ber of such a 

se r ie s  may be defined by som e c h a rac te ris tic  linear dim ension e. g. length L . 

At s im ila r points on the boundaries of s im ila r pads therefo re
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and the line integral around each boundary is:

f grad JL .ee  i- x L
= constant

Hence for such a series

o = constant 16.

(b) The case of bearing surfaces with non-uniform clearance, showing 

that in the symmetrical case W is independent of speed.

We will deal in the first instance with plane surfaces and only 
with cases having a ^  plane of symmetry through the centre of the pad.

<j, plane of symmetry

Let us measure the X co-ordinate from this plane.

Then for x  O, h is some function of X and , while for x(o, h 

is the same function of — x  ;

i. e. for X > O; h = h ( x, y )

and X < 0 ; h  = h 17.
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h is an even function of X . Its first and second partial 

derivatives are respectively odd and even functions ofx-

Thus, if for x  > o  \ — IV (*M) j  L-h. = h - t  *> S))

then for X<0; ^ = A xy-X/ ; L L  -  18.

It is to be noted that any odd function of x  has its first derivative 

an even function and second derivative an odd function.

Returning now to (9) and (10) and applying the condition for 

flow continuity over the lands

( - oN______ +  =
d ^

we have _ I _ +  ( i t  ^ ) = 0

= 0 

20 .

For X ) 0  we have substitute the functions (17) and (18) for

h. äh. , 2£h 
J dx h v '

Thus: r - v“

• j f >  -itu ( f ^  |^ + 2 Km )|4(x'^ (^ +
and for x  ^ O <

«.

- %hJ’ fh(~x>̂ jcix5-+t^-)~2 y)^(~x,y)(s£+ ■i02i.
Because of the change of sign of the first and third terms between 

these two equations, an odd p  function satisfying (20) will also satisfy (21).

Thus. for x ) o let P = P0(x/j)i | |  = - ^ Cx>1)

Then for 0 p = | | * * P > *

and for the partial derivatives with respect to
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then for

By making the appropria te  substitu tions, it will be seen that such 

a function of and (21).

In addition, p = constant is a solution of (20) and (21),

So also  is  the even function p = p (a, u - )  provided the sum
e <7

of all the te rm s  in the square  b rack ets  of (19) is  everyw here zero .

However, th is is  the condition for the p re s su re  function when U = O , as 

is  obtained by putting U = O in (9) and applying the continuity law to (9) and 

( 10) .

Hence the com plete solution of (19) is

p = p + p + constant o e

Boundary conditions usually  reduce the constant to zero.

The pad load is  the in teg ra l of th is p re s su re  over the land a rea  

plus the plenum p re s su re  tim es the plenum area .

Thus

and we will assum e no p re s su re  changes possib le  in the plenum. Then p
P

W

= O

Now p m ust be zero  for the plenum since it  is  an odd functiono

m ust be the appropria te  boundary value of pe

Thus W is  always a function of p^ only, which is  the zero  speed 

p re s su re  function. Hence W is  independent of speed.
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Where the bearing surfaces are curved, they may be developed 

into plane or almost plane surfaces and the above arguments applied. The
Jj

error will be small provided ~  is small, where Rs is the radius of 
curvature of the surfaces.

(c) The case of cylindrical bearing surfaces.

In cylindrical co-ordinates let the pad extend from ^  

^  * X , and in the fe direction to + 0 O '

Let the shaft surface be

and the pad surface be R + a + bcos © s

Ce»\iir« of C u<vdu<t 
of po^ol.

O to

Here a is the difference in radius of curvature of the two 
surfaces and b is the eccentricity between the two centres of curvature, 
a is therefore a constant built into the geometry, whereas b may change 
with relative motion between pad and shaft. Let us choose 9 = O to be a 

plane of symmetry for the pad.

The clearance h is therefore
h  =  * 2  -  r i

= a + bcos Q
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and at 0 -  O

h = a + b o

Hence h = h^cosQ + a ( l - c o s 0  )

It is convenient to write

cos ß  = 1 -  oC

since with the angles usually met with OC will be small and appropriate 

approximations may be made.

Making this substitution
h = h (1 - <x) + acx 

o

- = 1 - cx + a<x
h

a oc aA further simplification may be made by defining -g— = p  .

Here ß  is also small since a and h will be generally of the same order I o
of magnitude.

Hence our working equation is
r~  = 1 -ot. + ß
ho

Let us neglect the fact that in general the bearing surfaces will not 

be parallel, and treat the pad as being surrounded, on the ^  = O and 

side by lands where h = ĥ  ; and on the 0= ± 9 Q sides, by lands where h -n cvi*°<td) 

Further assume that the land widths are small compared to their 

lengths so that they may be treated two dimensionally.

Also for simplicity assume a square pad surface (i. e. 2R 0 = L  )s o
For a plenum pressure P , the oil flow from the ^  = O, JL ends
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is  therefo re Q, K P  h ' 
o o

and for the & -  ± Ö

Q,

sides

K P q hQ3 ( 1 -  oc + ß  )

w here K is  a constant and oc and ß  a re  average values for these  lands.

The total flow is  th e re fo re

Q = Qx + Q2 = K P Q ho3 j~2 -  3 a  + 3 |S ]

w here an approxim ation has been m ade for sm all oc and ß  . Since P q 

is  proportional to the pad load W (neglecting sm all effects due to the lands) 

we may also w rite

W c* 9  / i  + 3Qc _
3 '  2 2 '

The ra te  of change of W with h^ may be derived by 

differentiating, rem em bering  that |S only is  a function of h

Thus

dW
W -  3

or with approxim ations

dW
~W~

dh A

-3ir(1 - #)
o

In the case of p a ra lle l plane su rfaces , the s im ila r  re la tion  is

dW „ dho
W " 3 ho

Hence the case  with cy lindrical su rfaces may be approxim ated by

the plane case  provided h is  not la rg e  i. e. provided p  is  not too sm all
o 1

com pared to the difference in rad ii of cu rvatu re  a . F or 60 pads .13
Ö  clOCHence since p  = ——, ja| may for exam ple be any value up to the steady design
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d w o
value of hQ for the approximation = -3-^— to be within 13% for changes

in h up to 50%. 0o
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APPENDIX DI

A mechanism of bearing failure involving 

incipient contact areas.

The argument outlined here may generally apply to all types 

of "rigid” hydrodynamic or hydrostatic bearings. By "rigid" is meant 
"having features which are fixed" - as opposed to bearings having pivoted 

pads which may be termed "non-rigid". It also applies to non-rigid 
bearings having certain symmetrical features.

The argument depends on "incipient contact areas" i. e. areas 

where the clearance is reduced to zero but which do not normally transfer 

force between shaft and bearing. Such conditions would hardly result from 

the design but may occur because of faulty manufacture or opar ation under 

other than design conditions. In the latter case, there is real danger when 
friction is taken as the sole criterion of a bearing’s behaviour. This is 
because incipient contact areas ideally produce no friction and cannot 

therefore be detected in this way. However as will be shown, they can 
lead to sudden and catostrophic breakdown.

Despite its generality, the argument will be confined to a 

particular case for the sake of clarity. This case is illustrated below and 
closely resembles the conditions of the seizure mentioned in the body of this 
report.

v \  \  X  \  \  \ . '  ^
IwctPtf/or  c  o w r A c r
AÄfA«, VOH6AJ

W  -  p A,

S h a f t
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The following equations may be set up:

Px  = n(W - p A x)Uf

H ere W is the pad load,

p is  the average p re s su re  under the pad, 

is the pad a rea .

The force exerted  on the pad by oil is  th e re fo re  p ^  and the 

solid to solid contact fo rce  a t the contacts when they a re  no longer incipient 

is  ( W -  pAx)

U is the su rface  speed, f the coefficient of friction , and n 

the num ber of pads.

is  th e re fo re  the total friction  power produced at the contacts.

P + P o s
2 .

H ere all of is  taken as flowing to the shaft surface.

This is  reasonable since the contacts a re  continually being p resen ted  with a 

re la tive ly  cool shaft su rface  so the tem p era tu re  gradient strongly favours 

heat flow to the shaft. On the other hand, heat flow into the pad body will be 

inhibited by the continuous supply of heat to the sam e adjacent regions thus 

lowering the tem pera tu re  gradient in th is  d irection.

From  the shaft su rface, P divides into p  flowing to the oil
o

by convection, and P flowing into the body of the shaft.s

P = K2ps 3 .
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Most of the oil feed Q is confined to the flow end-w ise by the 

contacts. The p re s su re  p is  therefo re  developed as a re su lt of th e p re ssu re  

g radient over the end lands. This gradient depends on Q , the pad dim ensions 

(including h which is  constant throughout th is argum ent), and the 

viscosity  a t these  lands.

V <T 0 > 4.

This is  sim ply the v isco sity -tem p era tu re  re la tion  for the

p a rticu la r lubrican t used. T is  the oil tem p era tu re  a t the end lands or 
o

ju s t before the oil leaves the pad. Both tem p era tu res  T and t  a re  m easured
o s

from  the norm al running value which is  essen tia lly  the oil feed in let tem peratu re.

A „ H (a  T -  T ) = —2 s o ' n 5.

H ere —  is  the heat flow to the oil for one pad. The m ajor p a rt

of th is tra n s fe r  will occur under the pads because of the high velocities there .

f \  is  the effective a re a  for heat tra n s fe r  to the oil for one pad and is 2.
roughly the sam e as A  . The tem p era tu re  difference associated  with heat 

tra n s fe r  v a rie s  between T (oil inlet tem p era tu re  is  zero) and ( T -  T ).
ccts+/3<ts - TJ

In general the m ean tem p era tu re  d ifference will be -----ß -------------------

w here C* and ß  a re  appropria te  weighting fac to rs . This expression 

reduces to

( °c + (3) ls _ (
ß

£
OC+- (5

The average heat p e r unit a re a  is  th e re fo re

-  ( a T -  T ) a s o
the film  tra n s fe r  coefficient.

O L ± §
w here a -  “ ß "  and h is
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In (5) H is defined by H = -  . Strictly H should be taken as aa
function of shaft speed but will be assumed constant for simplicity.

To 6 .

This equation simply relates the final oil temperature rise  to the 

heat input to the oil, K is a function of oil density, specific heat, and flow
O

rate Q .

The six equations preceding which contain seven unknowns may be

reduced to one equation between the two unknowns P and Ts s

The result is

P = C -  C V(C_T ) - C T 7.s 1 2 v 3 s' 4 s

where

C = nUfW 

c 2 = n U f A l K 2

C3 = K3A2Ha/ (1 + K3 A2 H)

C4 = nC3/K 3

C and are therefore proportional to U while and 

are essentially constant.

The diagrams on page 112 illustrate a typical viscosity-temperature

curve and a consequent series of P vs. T curves for various speeds. Alls s
the curves go through P = 0 ,  T = 0  since this is the condition for thes s
contacts to be initially incipient.



112

The interpretation of these P vs. T curves depends on thes s
realization that each of them defines T as a function of time. The exacts
function involves solution of the Poisson equation

with the boundary conditions grad Ts
1
k

dPs
dS

( p specific gravity, s specific heat, k thermal conductivity,

S shaft surface area).

However, the solution of this equation is not necessary since we
are only interested in the general behaviour of T vs. t and whether in facts
T can vary with t . s

Some general properties of these Pg vs. Tg curves will now be 
discussed. For simplicity we idealize our problems to that of a cylinder of 

metal having all heat transfer restricted to the cylindrical surfaces between 

say ^  r  0 and - X, . Further, heat transfer in the ^ direction is 
taken as zero, and at every instant the cylindrical surface temperature Tg is

uniform.
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En d  SoJkHACfi 
i n s u l a t e d

S u H.FacC' TsMPgMTUfce T 4

H ea t  P o ^ s i k  in p u t  f j

In this case then the following facts will be evident.

(a) P -  Tg curves in general have a definite beginning and end

which represent the beginning and end of the period under 
consideration.

(b) In particular if a Pg-T gcurve degenerates into a point and 
represents a process of finite time then such a point can 
only occur on the Tg axis and represents a state of 
thermal equilibrium. This follows from the definition
of thermal equilibrium (no time or spatial change in 
temperature, heat transfer into and out of the system zero).

(c) Hence if a P -T  curve begins and ends on the axis, its s
represents a process which begins and ends in states of 
equilibrium. The period of time over which each of the 

equilibrium states extends is indeterminate. However, 
the time scale of the transition between the two 

equilibrium states is completely defined. The transition 

time t can be roughly estimated from:

Equilibrium states



114

‘t >
< Tg2 - Tei> C

sp
8 .

where C 

of Ps .
is the thermal capacity of the shaft and P is the peak value

(d) The direction of the transition from two equilibrium states

is unambiguously determined by the sign of P . Thuss
in (8) if Tgl and Tg2 are defined as the beginning and end 

states then the direction of the transition must be so that t
t

is positive.

(e) A corollary of (d) is that any smooth P - T curve which passess s
through the Tg axis represents parts of two processes which 
either start with or finish at a state of thermal equilibrium. In 
the former case the state of equilibrium is therefore unstable 
because at an undetermined time the process may travel along 
either path. In the same sense the latter case is stable.

^ S T A ß L t  tC JU lU ß P v lU M

ß
ÜA/STA&Lt
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Similarly any equilibrium state can be described as stable or
d^

unstable depending on the slope cTT" of the P - T curves s s
emanating from the appropriate point on the T axis.

dP ssIf “jTjr is negative, the equilibrium is stable.
- s

If dP, is positive, the equilibrium is unstable.
*r.

Armed with these facts one may now analyse the previously

obtained set of P , T curves with regard to the stability of the thermal s s
equilibrium point P = O, T = Os s

Clearly with U above a certain value, the point changes from 
stable to unstable. It should be noted that if the limiting speed is exceeded, 
it does not necessarily follow that equilibrium is immediately lost and T

s
will rise. An ’’unstable” curve corresponds to equilibrium over an

indefinite time which then undergoes a transition to another equilibrium

state at a higher value of T . In practice this means that any slight changes
in operating conditions may cause the transition but it is quite possible that U 

may increase well beyond the stable limit without any apparent ill effect.
Then without warning a sudden transition might occur leading to what is in 

fact a bearing seizure.
dP

The condition for stability is evidently O at T = O
s
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i. e. -  Vf ( C T ) _ ^  ^
3 * \  C2C3<

w here V’ (T) = —  V (T)

Substituting the values for the CTs

-  Vf
T O K K 

2 3
9.

Hence th e re  is  a c ritic a l speed U which depends on, 

am ongst other m ore obvious fac to rs , the ra te  of change of oil v iscosity  

with tem peratu re .

Typical approxim ate values for the bearings re fe rre d  to in 

the body of this paper at the speed of fa ilu re  were:

u = 37 f t/se c .

f = 0 .2

A i = 0.75 ft2
9 -1

K2 = 3 . 4 x 1 0 sec

K3 = 6 . 2 x l 0 ' 3 °F  s e c /f t  lb.

Hence
1

U f/L K .K , = 8 . 4 x 1 0

-4
The oil v iscosity  was approxim ately 5 x 10 lb

oV f
T=0 10 5 lb s e c /f t2 F.

9 lb s e c /f t2 °F . 

s e c /f t2 , and

Obviously then the conditions w ere unstable and a fast 

transition  to a high tem p era tu re  m ight be expected. This was the case.



117

APPENDIX IV

The optimum proportions of a circular plane pad 
with uniform clearance.

The problem may be set as follows. A circular pad of 

radius R is to support a given load W at a given clearance h 
It is required to find the radius of the concentric plenum region such 

that the pumping power supplied to the lubricant is a minimum.

Assume the speed is zero. Following the arguments of 
Appendix II (a), pressure equipotentials will be concentric circles and 

flow will be radial.

For any elementary ring of radius r  and width dr we have

=
dr

12/^V  

'  h2

But 2TTVrh = Q the oil supplied to the plenum.

Hence d£
dr

6yUQ 
IT rh^

or calling (a constant for this problem)

je. = .  m
dr r 1.
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It is  convenient to take the pad load as

/PI
w  = I A dp

/o P
w here / \  is  the a re a  enclosed by the equipotential p and p^ is the 

highest p re s su re  under the pad.

Hence taking p=0 at r  = R, W = (TTr2) ( ^ ~ -  dr)

w here r^  is the rad iu s of the equipotential p^ .

In tegrating

7T KQ 2 2
W = " 2  (R -  r i  > 2 .

Since W is given, (2) shows Q as a function of r

O  =  2Wi. e. y  rr K(R2 -  r  ^ ) 3.

(2) includes contributions to W of all p re s su re  equipotentials of rad ius R 

to r^ . It is  th e re fo re  the load of a pad having a plenum (uniform 

p re ssu re ) of rad ius r^  .

The plenum p re s su re  p is found by integration of (1).
P

Thus
-  KQ

'R

KQ/fn —

Ph
4 .

The pumping power p  is

PpQ

KQ2 Xn »

P
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or substituting (3) for Q

R 2
4 i n  ri W 

P = 2TT *K(R  ̂ - r 2)

The condition for P to minimise is therefore

2 2 1 n R 2 2
- (R - r ) —  = 2 l n  —  (R -  r ) ( - 2r )

1 1

7 ' -  1

The solution of (6) is — = 538
R

5.

6 .

7.

Consider now that surface speed is not zero. Appendix II (a) 

shows that there will be no change in pressure distribution.

Hence the relation (7) holds for non zero speed also.
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APPENDIX V

G eneral P rincip le  of Superposition

We s ta r t  from  the general equation 7 .1  viz.
U h 3

div —  -  d i v < l 2 ^ grad  p )

Let the p a rticu la r values and the distributions q^, h ,̂ p

satisfy  the equation. Thus:
a

q. div
U h —a a -  div ( 15727grad  pa >

7. 2

It is  req u ired  to show that U and the d istributions q and p
Si Si SL

can be regarded  as the sum of two component se ts  of values.

Consider the following component se ts  each of which is  defined 

by a p a rticu la r se t of boundary conditions.

Component (i)

Ui = Ua ’ pi = 
d istribution is given by

everyw here. Then from  7 .1  the

div

or q . = —  • grad

U h —a a

since U constant

1 .

2 .

The q. d istribution can be regarded  as a fictitious oil flow 

diffusing through the pad face surface and proportional to the re la tiv e  angle 

between the two faces.
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Step geometries may be treated by using Gausses theorem as 
applied to surfaces e. g.

( div V dA  = j V • d 
''A u  h

—a  a.
Hence since q. = div —r—l 2

/  U h
we have q. dA = (  div dA

/A

^  ^ . 0 P al ( . ^  /s C
or Qi " )z ~  ‘ nd  ̂ = T
since U is a constant and where 'i is the unit vector in the U (X ) a
direction.

3.

Hence the projection of a step in the x ,  ^  plane may be
considered as surrounded by a line boundary /L  enclosing area A which
shrinks onto the line representing the projection of the step. The total flow

|Ua J
component Q. is therefore equal to — times the projected area of the i “
step looking in the (-  X ) direction.

Step Projection*
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Component (ii)

U.. = O, q.. = -  q. + q . Then p.. is  given byii ii l a ii
ha3

qa -  qi = - div ( Ii\  grad pii )

Adding (I) and (4)
U h h 3

qa = div ^ ~ a “ div ( i f n grad pii >■' a

Evidently then, comparing this with 7. 2

4.

5.

Pi + Pii = pa 6 .

Similarly it will be seen that

qi
+ q 

ni = qa

u. + u.. = Ui ii a

Hence in this sense the (i) and (ii) states are components of the

actual state.

Pure Hydrodynamic Lubrication.

If yU / is  constant, 7 .1  may be expanded to 

q -  “  • grad h = -  div (  ̂ grad p )

~ 1 
12 yU-

12/J/

3 2 2
h «7 p + 3h grad p • grad h

7.

Pure hydrodynamic lubrication may be defined as occurring when

q = O everywhere.
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In th is  case  it is  seen that p = A  x U + p 8 .

is  a solution of (7) where A  is defined by:

t • grad h = |V y2A + 3h2gradA * grad h

Invariably when (8) is in tegrated  over an a re a  to give the bearing  

load, the p^ in teg ra l is zero .

Hence the significant p re s su re  component is  A  U whicha
everyw here is proportional to speed.

In the two dim ensional case w here V- i f Q 7 .1  may be

in tegrated  (q = O) giving

P f e - -  b3 3P =  f ( u
2 12JU, dX.

w here the R. H. S. is  w ritten  to show that U and ja, a re  the only allowable
/

v ariab les  in this function.

We have already  shown that grad p and hence all the .L. H. S. 

is proportional to U . Hence f(U ,JA) m ust be of the form  u j c , w here /£ 
is  a fixed length to satisfy  dim ensional requ irem en ts.

The equation may th e re fo re  be w ritten

h ä  P
12JA, b X T  < h -  h' > 9.

The magnitude of h* may be gauged from  the condition at 

m aximum or minimum p re s su re . H e r e ^ ß = 0  and h = h’ . Hence hr 

is  between the lim its  of variation of h ; corresponds to the h for 

maxim um  or minim um  p re s su re , and is  independent of speed.

Comparing V. 9 with II. 9 we see that 

Uh*
-  = Vx  h2

10 .



is  the flow per unit length under the hydrodynamic surface.
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APPENDIX VI

Variation of h with ß and U

It is not attempted here to present an exact treatment of this 
effect. A simplified model is presented to illustrate the mechanisms 

involved and to give an order of magnitude of the effect that might be 

expected.

Consider plane geometry and a rectangular pad whose X- 
dimensions is a and

Fig. 1.

We consider tilting about the ’’parallel” axis, i. e. the centre 

line in the direction. Let this axis be the axis. The speed U 

of the moving surface is in the x. direction.

Consider a pad with uniform narrow lands and under constant
load. The plenum pressure may then be regarded as constant. The oil flow

3
per unit width with U = O is then proportional to ^  where is the oil 

film thickness or clearance. The total oil flowQs bi this case is:

Q a oc j  ds where the integral is taken around the perimeter.

For the two lands of length b we have

% = M i ± f )
and for the two lands of length a we have
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t
h (1 + )a '

It follows that

^ KQ = — 
2

a
+ 2

bh3 j ( l  - 4 )  + ( 1 + 1 )  l + 2h3 ( 1  + * “ ) ' a

= Kh3 [ a ( l + 4 * ) + b ( l  + ^ ) |
If u  is non zero, is augmented effectively (refer to 

Appendix V for principle of superposition) and becomes:

Fig. 2.

where f ( / 3) a < l + 4 >  + b <1 + 1 f  >
2 .

It is convenient to define several new terms.

(a) When ß  = O

^  = Kh3f(0) and therefore h is independent

of speed. In this case define h as hQ .

(b) Define U such that

Q. .b h  U o o
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(C) h is  norm alized. Thus h? =

(d) U is  norm alized. Thus Uf =

_h
ho
U
Tro

Substituting these new te rm s  we have from  (1) 

bho Uo - ^

i. e.

i. e.

i. e.

i. e.

Kh TT b , 3 U
b h o u o  -

= Kf
< ?>

b  U o  1 b u £ _____ 1 _

h ? "  (h')3 2h02 (h ’ ) 2

- L _  .  2 &  x 1
9

K h  2 0
b  U 0<h')3 2 <h')

Kf (jS )

‘ P >

Also when ß  = O, hf = 1, and

b U
o 

bU,

f (O)

K -  * 1 
O

Substituting for K in (3) then
f(O)

)
(h ')” -  (h-)

w here f ' ( ß )  is  the norm alized f ( A  ) i. e. from  2

f  ( j 8 ) M l  m i + £1 (* + b
f ( O )  4

‘
1 > -  

b
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f  ( ß  ) depends on pad geometry. As an example V ( ß ) 
is plotted for our model when a = b (Fig. 3).

Fig. 3.

The solution of 4 can be obtained graphically. 

Fig. 4 shows the results when f  (ß) is that shown in Fig. 3.

It is useful to express the ratio which is of importance

in the text of this report, in terms of normalized speed and the aspect ratio 

£  of the pad. To this we must confine P^ to that value corresponding 

to ß  = O . This special value is denoted by
o

Then by definition

„ UL
ph - / " r *o uo

We also have from this appendix

Q. K h f (O) o

and f (O) = a + b

Also if we continue to adopt the simple model used in this

appendix, Q may be expressed approximately as s

Qs = £^2. x dK x (Perimeter length)

_  h 3  po P= ——- X —6 H L ( a + b )
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Hence, comparing this with the other expression for 

above we find
P

Q.

K = _6^aL

We have also by definition Q. bh U o o

and

Combining all these equations, the required ratio becomes
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APPENDIX VII

Further Discussion on the Nature of the 

Boundary of the Cavitation Region

The left hand boundary (refer to Figs. 8.1, 2, 3 for

co-ordinate system and conventions) is discussed in Section 8.

Equation 8.7 (Q = ) will apply to either boundaryr  12m̂  dx
in general. The R. H. boundary will differ from the L. H. in the allowable
values of Q For the R. H. boundary Q >  O as with the L. H ., andv

^  y O in the normal lubricant to satisfy p > p . It follows that

Q, and may have finite values in the normal lubricant and therefore
that there may be a discontinuity in ^  at the boundary.

This would be the case for example if a number of cylindrical 
surfaces such as shown in Fig. 8.3 were joined consecutively as shown at A 
in Fig. 8.4.

(e. g. that shown dotted) would give the same pressure distribution, the only 

necessary condition being that rjr b
Otherwise the position of the R. H. boundary is governed by conditions to the 

right and the final defining pressure therein.
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The distribution of Vx at the R. H. boundary, such as at A in Fig. 

8.4. would also be discontinuous

r  /  7

V N _______ ^ v x

At A l At A r

The liquid in the central regions of the film therefore suffers an impulsive 

deceleration on crossing the boundary as the mixture suddenly reverts to a 
single phase system. The impact would no doubt set up a succession of 
high pressure waves which would propogate in the normal lubricant in the 

immediate vicinity of the boundary. Such a mechanism is probably responsible 
for the damaging effect sometimes observed to be associated with cavitation.

The average pressure caused by the impacts may be estimated 
as follows. The average velocity of the liquid phase before the boundary is 

~  and after it is

U dp
2 12/tc, dx- (11. 11)

is the clearance at the R. H. cavitation boundary^or and

, after V. 9 and V. 10 have been substituted. In this substitution
where yf-I 6 c21l . u

fc  2
, the /̂  at the L. H. boundary, is equivalent to h’ in V. 9 because of

the condition in both cases that = Oax.
The average step in pressures is therefore

A p = /° V AvL L
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where X = 

liquid phase.

(° is  density, and the subscript L refers  to the

In our case

Tf
<°L

in units of: 
foot
pound force  (m ass-s lu g s), 
second

and &  p »  2 p. s. i.

This is  not considered damaging to the sm all trailing edge strip  

exposed to im pulses.
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APPENDIX YD!

General equation for pressure between an infinitely long 

cylindrical surface and a moving plane surface

The equation for the cylindrical surface may be 
approximated by a parabola for small arc angles as discussed in 

Section 8.

Thus (^ fr z )
J c*  
a V

or 1

where 5
Equation 9 in Appendix V is the general equation for two 

dimensional flow,

viz. h3 ^  
12yU/ ' d)C

u
2 ( h -  h' )

8.1

8 . 2 .
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This may be w ritten

J&L &. « £ /1 _±L,
12yj, d X  2 1 h ;

or in the p resen t term inology

-2l_ ie
1 2 ^  dx - a  - -£->

2 F
w here ^  6  — ?Vy\ , the value where d£

dX

Equation 8 .1  above may be substitu ted  in VI. 1 to give

dp 6 /jU
d *  = ~ % 2

or substituting 8. 2

^ 2(l+§ )

p = 6A u / ? 3  f  ( 1  d'% J<1+§>
+ K

w here K is  an a rb itra ry  constant.

The solution of the in teg ra l, which we have called g

( i -  + - i ~ )  -
W 2 8 J  1 + g 2 4 (1  +

t i
4( 1 + | V

Hence

p  = 6/*u/5 ■ x ^  6 - f > +

is  plotted against ^  for various values of 6  in Fig. 8.4.

VI. 1.

V I. 2.

, is

V I .3.

VI. 4.
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Two views of the homopolar generator during construction. 

Rotors and bearings are in place and the outside shell is being built up 

around the rotors. The top half of the shell has been built and the bottom 

half commenced.

1. Two discs of lower rotor.

2. Busbar connections to outer jets.

3. Pipe connections to outer NaK jets.

4. Fibre-glass NaK deflecting baffle.

5. NaK collecting tray.

6. Hydraulically controlled NaK control valves.

7. NaK collecting tanks.

8. Magnet yoke.

9. Upper magnet field coil.
(Lower coil under floor).

10. Upper pole.

11. Lower pole.

12. Rail for rotor assembly trolley.
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The sm all bearing  com plete with piping and instrum ent w ires. Due to the 

bearing  being on the bench in a horizontal position , a tem porary  support 

ring  (labelled 1) is  requ ired .

View of la rg e  bearing  from  the ro to r position.

The shaft, oil flinging ring  and oil " tra y ” a re  rem oved.

This photo a lso  shows the inner NaK je t of the Homopolar G enerator.

1. Large pads.

2. Dynamic oil seal.

3. Static oil seal -pneum atically  operated positive 
sea l during shut down.

4. Oil lines to pad ram s .

5. Lubricating oil d rain  pipes.

6. Inner NaK jet.
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Large bearing. To the right is a large pad in place. In the centre and to 

the left can be seen parts of the rams after removal of their respective 

pads. The top of this photo is the large oil-seal end, the bottom is towards 

the small bearing. Between the two rams on the right are two ram oil 

lines which are fed from the oil-seal end. These pipes are not visible 

until they emerge near the bottom of the photo. The pipe feeding the 

large pad in the centre of the photo can be seen doubling back to an elbow 

screwed into the side of the ram. The second pipe supplies a small pad.

1. Large pad '’cylinder”.

2. Large pad.

3. Stabilizing surface.

4. Large ram oil supply line.

5. Retaining spring.

Large pad showing thermistors in pad face. These were included mainly 

as a safety precaution to give warning of any impending breakdown. They 

were also intended to throw light on the tilting behaviour of the pads.

1. Thermistors in "ferrobestos” pad facing material.

2. Thermistor leads.

3. Lubricating oil entry hole in plenum.

4. Insulating skirt over retaining springs.
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Small B earing pads in housing but all rem oved from  pole piece. 

View from  oil space between bearings.

1. Small pad.

2. Stabilizing su rfaces.

3. Retaining springs.

4. Insulating guard over re ta in ing  springs.

5. Small ram  "cy linder” .

6. M ake-up segm ents.

7. In le t oil line to plenum with no n -re tu rn  valve 

in se r ie s .

8. Oil line to ram .

Small bearing  pads in housing which in turn  is  in the pole piece.

View from  oil space between bearings.

1. Lubricating oil lines to la rg e  bearing .

All lubricating lines en tered  from  the 

vicinity of the th ru s t bearing , through 

the hole in the pole p iece, and p ast the 

sm all bearing.

2. Oil lines to sm all ram s. Supply lines to 

both sm all and la rg e  ram s en ter from  

a c ro ss  the pole face and pass  through the 

la rg e  bearing.





The guide bearing shaft being removed from lathe.

1. Bearing surfaces.

Connecting pipes between the two bearings with shaft in place.

1. Large bearing.

2. Small bearing.

3. Shaft.

4. Insulating pipe couplings.

Note pipes are electrically insulated
up to couplings.
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