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LIST OF SYMBOLS

Pad dimension X direction.

Eccentricity.
Dimensionless number equation 8.11.
Land area of a pad.

Average flux density.

Effective plenum circumference.
Pad dimension \j direction.

Distance between the centres of 2 stabilising surfaces measured
in the X direction - Fig. 8.5.

Dimension in X direction between centre lines of two lands of a pad.

General symbol for force.

Force per unit length of land in y direction.
Dimensionless form factor -~ equation VIII, 3.

Gap width between rotors or rotor and pole face.

Dimensionless factor.
General symbol for pad clearance to shaft.

Equilibrium clearance (in discussion of film rigidity);
clearance for ﬁ = 0,

Mean value of clearance.
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General symbol for pad torque factor - dimensionless.

Concavity offset for a land surface, Fig. 7.8.
Land dimension in direction of X, (U ) -
Effective moment arm - equation 7. 19.

Shaft centre to pivot point distance Fig. 8. 15.
Concavity factor - dimenéionless. Fig. 7.8.

Value of N for /3 = 0,

'General symbol for a numeral.

Relative plenum depth - equation 7. 27.
Applied pressure.

Friction power.

Hydrodynamic pressure - equation 7.17.
General symbol for pressure.

General symbol for oil flow.

Oil flow per unit length of land in Y direction.
Oil flow rate per unit area of pad surface.
General symbol for radius.

Component rigidity between items 1 and 2,

iv
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Overall rigidity.
Radius of rotor.
Radius of shaft or bearing.

Half the length of a cylindrical stabilising land, measured in
the XC direction - Fig. 8.5.

Torque on rotor about a diameter.

Torque on a pad per unit length in % direction.

Bearing linear velocity.

Transition ivelocity defined by equal.:io.n. | .— Appendix VI
y

Normalized linear velocity - dimensionless - Appendix VI,

Average velocity of oil in film.

Pad load force.

Equilibrium pad load.

Resultant of all six pad loads on one bearing.

Co-ordinate in direction of U.

Dimensionless X co-ordinate X = %

Co-ordinate perpendicular to U but parallel to bearing face,

Co-ordinate perpendicular to & and ¢ in rectangular system.
Co-ordinate in axial direction in cylindrical system.
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‘Minimum clearance for cylindrical stabilising land.

Inclination of land surface - Fig. 7.7.

Pad inclination - dimensionless - Fig. 7.8.

Dimensionless factor less than unity.

Dimensionless factor less than unity.

Difference between radii of bearing surface and pad surface.

Dimensionless number - Appendix VIII,

-Tilt angle of rotor to pole face or between rotors.

General symbol for angle.
Viscosity.

Dimensionless co-ordinate in ac direction used in relation
to cylindrical surfaces - equation 8. 2.

Value of g at(B = 0. - equation 8.15.
§ at edge of stabilizing land.

Dimensionless quantity - equation 8. 21.

Similarly LP‘ ). ‘PA



VALUES OF CONSTANTS FOR

POLE BEARINGS

vii

Constant Large Pad Small Pad
ho 3.7 mil, 3.4 mil,
L 1.0 in. . 720 in.
D 4,9 in. 3.1 in.
T 25 21
U (max) 900 in/sec. 650 in/sec.

{ 75 ft/sec. 54, 2 ft/sec.
5 0.6 in, 0.43 in.
c 8.11n. 5.4 in.
No 0 0
€. 1.4 1.4
A, 227 p. s. i. 138 p.s.i.
P 300 p.s. 1. 250 p.s.i.
B max 1.2 1.15
AL 50 in” 39 in>
@ 4.8 in 3.2 jn¥*
b 10 in, 12,78 in.
Uo 275 in/sec 235 in/sec
v’ 3.27 2.78
bearing radius 9 in, 6.5 in.

&

/Lb

3 -3.3
10.2 in /seec., 5.85x 10 3ft /sec.

2.2g.p.m,

- 2
5x10 4lb force. sec/ft .
3.5x10”
24.1 centipoises

1b force. sec/ in2 (Reyn) ;

*including stabilizing lands.
**¥petween centres of lands.



SECTION 1

INTRODUCTION

This paper describes a type of pivoted "hydrostatic' bearing pad
developed by the author for the Homopolar Generator at Canberra.

Sections 2 to 5 describe the particular problem to be solved,
while Section 6 describes, in principle, the solution. In Section 7 the
solution is studied in detail revealing that hydrodynamic effects will cause
unstable behaviour unless precautions are taken, Section 8 describes a
method of overcoming this problem and Section 9 describes the mechanical
detail of the completed design.

Finally Section 10 discusses the success or otherwise of the
bearing pad in practice.

The author wishes to make the following acknowledgements., The
rate of torque generation on the rotors produced by the magnetic field was
first worked out by Mr. J.W. Blamey. These calculations were tested with a
model by Mr, Blamey and on the homopolar generator by Dr, L, U. Hibbard.
The calorimetric measurements mentioned in Section 10 were carried out
by Dr, Inall,

The servo mechanism, an essential part of the application of this
particular design, is not dealt with in detail but is briefly described in
Sections 6 and 9. The whole of the work was carried out under the broad
direction of Sir Mark Oliphant,



SECTION 2

DESCRIPTION OF HOMOPOLAR GENERATOR

The Canberra Homopolar Generator has been designed to store
energies of the order of 500 x 106 joules and release it in the form of a
pulse lasting approximately two seconds and reaching a peak current of
1.6 x 1()6 amps. The machine is built between the poles of an electro-
magnet, the pole-faces of which are horizontal and 5 feet 2 inches apart.
Two mild steel rotors are located between the poles and are intended to
rotate at speeds up to 900 R.P.M, in either direction. Each rotor consists
of two 20 ton, 11'63" diameter discs bonded together but insulated from one
another. There are therefore four discs which when connected in series o
and when rotating in a magnetic field strength of 16, 000 gauss should give
a maximum voltage of 800. Electrical connections are made to the discs
by means of jets of liquid sodium-potassium (NaK) which impinge on their
surfaces at the outer edge and at a radius of 23%,-" For reasons of symmetry
and force balance, the rotors are intended to rotate in opposite directions.
Because of this and to facilitate the design of the jets between the rotors,
each rotor has been supported on a separate shaft extending through a
pole-piece and through the yoke of the magnet. Each shaft runs in bearings

located within the pole and is terminated at a thrust bearing outside the yoke.

The rotors being necessarily of steel to enable the desired flux
densities to be reached, experience large magnetic forces on their surfaces.
Every effort has therefore been made to situate them so that these forces
balance to as great a degree as possible. Vertical thrusts have been reduced
to the same order of magnitude as the rotor weight, the residual thrust
varying about zero depending on the rotor flux density, and being mainly due

to the fringing fields. The residual thrust does not alter appreciably with



small changes in the vertical positions of the rotors (e.g. 1/8 "). However the
thrust bearings have been designed to cope with momentary thrusts up to 400
tons, which forces might occur during a short .circ uit within the homopolar
generator. The design of the thrust bearings is that of a fairly conventional
constant oil-flow pressure fed type, the oil being piped via flow equalizer

valves and throttle tubes to 4 plenums on each side of a thrust collar.

The bearings within the poles ideally carry no load since with a
balanced geometry there should be no side forces nor torques about a hori-
zontal axis., However there is a unique requirement here for angular
rigidity about a horizontal axis. This is brought about by the fact that any
small rotation about such an axis will cause a redistribution of flux through
the faces of a rotor and a consequent offset of the lines of action of the
resultants of magnetic forces on either rotor face. The resulting torque is,
for small angles, proportional to the angle of rotation from the horizontal.
This mechanism should be compared with that of purely vertical displacements.
In this case there is practically no change in flux density, since the sum of
the air gaps on both sides of a rotor is unchanged, nor any flux redistribution
for the rotor faces remain parallel to the pole face. Except for second order
effects of the fringing field and certain other minor effects there are no

accompanying large forces.

Torques developed in the manner outlined are of the order of
100 foot-tons per milliradian, and are proportional to the square of the
rotor flux density up to about 15 x 103 gauss. Above this figure the
incremental permeability to flux across a rotor becomes appreciable
leading to an eventual peaking at about 17 x 103 gauss. The rate of torque
generation (r.t. g.) is also a function of rotor speed being a maximum at
zero and decreasing to a small value above 100 R, P. M, This is caused by

the development of eddy currents either in the rotors or in the copper sheets

attached to the pole faces.



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 18'" diameter). In each pole there are two
bearings situated 24'" 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.



SECTION 3

TORQUES ON ROTOR DEVELOPED BY THE MAGNETIC FIELD

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

Consider an air 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:

- T = if—e— inc s. units where:
16 g .g. 8. :

B is the average flux density,
g " " " gap length.
This relation is derived in Appendix I

Applying this formula to both sides of the upper rotor shown m fig. 3.1 and
substituting appropriate values for r and g('g = 6 ins.) and a figure of

17 x 103 gauss for B, one arrives at a value for —} of 2 x 109 in. Ib/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

tend to increase -—g—— .

(b) At higher values of B, the incremental permeability
of the rotor material to flux crossing horizontally
reduces to a value where the rot&r 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

it predicts, resulting in a peaking at about 17 x 103 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. Blamey) and from the
results was derived a figure of 3 x 109 in.Ib/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.

The maximum r.t.g. was found to be 1.5 x 109 in.1b/rad. at
about 17 x 1()3 gauss and was substantially proportional to the square of the

field strength up to 15 x 103 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

described. The corresponding r.t.g. would thevr.efo“re be 2.25 x 1()9 in. 1b/rad.
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Figure 3.2



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.



SECTION 4

GENERAL SPECIFICATION OF POLE BEARINGS

The following specifications of the pole bearings follow frorﬁ

what has already been said regarding the intended duty of the generator,

and consideration of the magnetic field environment.

(=)

(b)

Speed: from zero to 900 r.p.m. (close to 100 radians
per second) in either direction with maximum angular

accelerations of the order of 100 radiéns'?per second.

Magnetic environment: The shaft runs in a strong

ﬁeld. Induced voltage grédiehté oh fhé sdrface 6f

the shaft would be of the order of .1 volt/inch. The
bearing design must not allow these voltages to create
circulating currents large enough to cause damage or

appreciable energy loss. (Fig. 4.1).

(c) Voltage: The bearings must provide insulation between

(d)

each pole piece and adjacent disc to withstand at least
200 volts and preferably 800 volts to allow flexibility
in selecting the earthing point of the system.

Accuracy in alignment: The bearing must locate the

rotor accurately within the surrounding outer jets,
preferably to within 5 mils¥ i.e. 10% of the jet gap.
It must also locate the rotor so that its plane surfaces

are parallel to the pole faces.

(e) Rigidity: The bearing must provide an overall/rigidity

appreciably in excess of 3 x 109 inch pounds/radian at

*thousandth of an inch.
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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,



zero and low speeds (up to about 50 r.p.m.). By overall
‘rigidity is meant the rigidity related to angular displace-
ments of the rotor relative to the poles. This rigidity
includes the effects of rotor flexibility, rotor-to-shaft
flexibility, shaft bending and bearing housing flexibility,
as well as the elastic characteristics of the oil film and

pads.

The overall rigidity is related to the component
rigidities thus:

— — et + 1. 1
+ +

1 1
Big Rys B3y

1
Ro
where the component rigidities e. g. shaft bending rigidity,
are R12’ 323, etc. and R0 is the overall rigidity.
(Fig. 4.2).
Because of this relation, the rigidity component
associated with the bearing element, e.g. oil film,
must be considerably greater than 3 x 109 inch pounds/
radian. In fact a figure of twice this is called for as a
minimum. = After application of a further factor of 2
for safety, a requirement of 12 x 109 in. pounds/rad.
is arrived at. If bearings are separated by a vertical
distance of 2 feet, each must have a linear rigidity of

16 tons/mil.

Further the oil film must have the feature of providing
.a load whose line of action coincides with the direction of
displacement of the shaft i.e. if the shaft moves out of

centre in a certain direction, a restoring force should
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result whose direction is against the direction of the

initial movement.

Any angle 8 between these two directions not only
results in a reduction of the effective restoring force
by the factor cos @ but the sin § component may cause

whirling.

Strength: In normal operation the required bearing
strength could only be arrived at by considering the
maximum likely displacements of the rotor axis with
magnetic field on and the rotor spinning at low speed.
For example, a pair of plain journal bearings would
operate at zero clearance at zero speed, because the
magnetic field would tilt the rotor until solid to solid
contact within the bearings limited further movement.
The magnetic field would therefore be exerting a torque
on the rotor which would have to be resisted by the bearings.
This condition would therefore set the required strength

under normal circumstances.

Hydrostatically lubricated bearings on the other hand
would narrow the possible rotor tilt angle and hence their

strength might not need to be so great.

However, the possibility of unexpected displacements
or other sources of forces on the bearings make it imperative

to build into their design the maximum possible strength.

As an example, it might happen that the NaK escaping
from a jet might cause short circuiting of a disc. Almost

certainly the short circuit would be unsymmetrical i. e.
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mostly on one side of the rotor. The resulting rotor
current would therefore cause a horizontal force which
would be transmitted to the pole bearings. A short circuit
current of 200, 000 amps. would, in this case, cause a

sideways force of 50 tons.

However, if such currents were to occur, every
effort would be made to remove the cause. These
accidental forces therefore need not be regarded as part

of normal running conditions but should be regarded as

occurrences with a very small recurrence rate. A separate

bearing element could therefore be considered to resist them
specifically. Such an elemehtlrn'ig'ht' have quite poor bearihg
qualities but must have adequate strength. An example
would be a number of skids around the perifery of each
rotor which would come ‘into operation should the rotor

tilt more than a certain amount.

The maximum rotor tilt would therefore be set by such

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

On the basis of skids 1/16 inch from the rotor perifery,
andar.t.g. of3 x 109 in. pds. /rad., it is calculated that
the maximum reaction torque required of the bearings is
100 ft. tons. For a separatioh of 2 feet therefore, the
required minimum strength of each bearing is 50 tons.

(Fig. 4.3).

Thermal Stability: In the light of the high rigidities

required, it might be inferred that, in the case of oil

film bearings, clearances will be unusually small; and
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in the case of rollers, preloading would have to be resorted
to. In both cases therefore, thermal expansion might prove
to be a serious problem, leading to a narrowing of clearances
and generally increasing friction, eventwally ending possibly
in seizure. This situation mightbe expected to be aggravated
by the seasonal change in ambient temperature as well as

by the various heat sources within the generator. These

are windage and electrical heating of the rotors and jets.

The most important of these is windage which has been

estimated at 50 to 100 K, W, at full speed.

It is essential that each potential design be examined
ful’ly'in' r'eg'axl'd'to' thermal effects.
(h) Economy: The bearing design chosen must be reasonably
economical both in constructional costs and running expenses.
In this regard the assembly of the bearing in the pole and

its alignment with the rest of the machine must not be

forgotten.

(j) Size: The design chosen must fit in the holes already
provided in the pole pieces. These were previously
machined in sections before being welded together and

to the magnet.

(k) Reliability: The design chosen must be as reliable as
possible because of the inaccessibility of the bearings
within the pole pieces. To repair them entails dis-
assembling the whole machine, a lengthy and expensive

undertaking.




SECTION 5

UNSUITABILITY OF CONVENTIONAL BEARINGS

The following types of conventional bearings were considered:
(i) Ball and roller type.
(ii) Plain journal bearing.

(iii) Hydrodynamically lubricated pad bearings such as Michell

tilting pads and step pads.

(iv) Fixed pad hydrodynamic types-steps etc.

v) Hydrostaficélly ltibricaf.ed types vﬁth fiXed pads or sui'faces. |

These operated on the principle of supplying a more or less
constant oil flow to a number of points on the bearing
surface, the pressure at these points varying with the

film thickness.

We shall now review these types in the light of the required

specification,

(a) Speed: All types apparently can be designed to operate
at the full required speed. However, the requirement for
low and zero speed operation eliminate all except (i) and
(v). Also the requirement for rotation in both directions

limits the application of types (iii) and (iv).

(b) Magnetic environment: (i) would require either the balls

or faces to be made of plastic or be plastic lined. Other

types might require plastic lining unless it is shown that
the oil film is a sufficiently good insulator against the
voltage gradients.

13




(c) Voltage: All types could incorporate an insulating barrier

@

@

®

some combining the requirement (b). However, this must

be considered also in the light of requirement (e).

Accuracy in alignment:. : All types in principle are

satisfactory in this respect at high speed, but only

(i) and (v) at low speed.

Rigidity: All types except (v) are unsatisfactory in this

respect.

Type (i) being dependent on a few point or line contacts
fails to meet these requirements. Especially is this so
when one has to consider the effect of plastic balls or

rollers because of specification (b).

Type (ii) fails at low speeds unless the oil film completely

ruptured leaving solid to solid contact.

Type (iii) also fails because of the requirement of
coincidence between the lines of action of displacement
and reaction force. There is usually an appreciable angle
between these two directions, especially for long bearings

where the angle may tend towards 90°.

Strength: In the case of ﬁype (i) bearings, "strength" is
synonymous with "design load". In the case of the other
types it need not be, since it is permissible for the oil
film to break down momentarily, provided no permanent
damage results. Since the maximum load will only be
reached on isolated occasions this appears to be a satis-

factory basis of design. Hence, strength refers mainly

14
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(b)

()

(k)

to the housings and allied mechanical supports. In principle

therefore all types can be rendered adequately strong.

Thermal Stability: This is a serious problem in all types.

For example, where a shaft diameter of 18 inches is chosen
with a clearance of 3 mils., a temperature differential of
20°C will halve the clearance. It should be remembered
that the expansion of the bearing is limited by the slow
thermal time constant of the massive pole pieces, whereas

the shaft may expand relatively rapidly.

Economy: All five types offer reasonable operating
efficiency and economy in construction. However,

they all require precise manufacturing and assembling
techniques to ensure that the rotors will be centred with
respect to the jet system and maintained parallel to the

pole faces.

Size; All types suffer from the inadequacy of the space
allowed. However, balls and rollers suffer most because
of the relatively large size of the bearing elements compared

to those types which rely on an oil film,

Reliability: No one type is outstanding in the matter of
reliability. However one might tend to distrust those
designs of a more unorthodox nature, Plastic rollers

would fall into this category.

15



SECTION 6

GENERAL DESCRIPTION OF ADOPTED DESIGN

Of the five bearing types considered, it appeared that type (v)
was the most promising. However it still suffered from problems of thermal

stability and manufacturing precision (economy).

Preliminary designs showed that clearances in a type (v)
bearing would have to be as low as 3 mils., and this with an 18 inch
diameter shaft, in order to achieve the required 16 tons/mil. in the oil
film alone. I the rigidity of the bearing housings and supports were not

an order of magnitude above this, even lower clearances would have to be

considered.

Clearly the thermal stability would be a severe problem, not

to mention the manufacturing and assembly difficulties.

A way was sought to overcome these remaining problems and

if possible to alleviate others.

Consideration of thermal stability gave rise to thoughts of
bearing pads where load rather than clearance was the controlled factor.
Whereas one might have doubtful control over bearing clearance in a type
(v) bearing, perhaps quite definite control could be established over the
pad loading. Under such a system pads would have to be allowed to move
in a radial direction, but their position and the amount of clearance would
now be dependent variables. The significance of this can be demonstrated
as follows. As is shown in Appendix II, the basic relation for hydrostatically

lubricated pads fed with a constant flow of lubricant is

woee L

hS
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W and h being the pad load and clearance respectively. If h is the independent
or controlled variable, as it is in conventional type (v) bearings, then clearly
large variations in W will follow small variations in h.  Added to this is the

great uncertainty in h because of the difficulties described above.

If on the other hand W is the controlled variable, small changes
in W will cause even smaller changes in h. In addition one might hope for

close control of W in which case variations in h will be very small indeed.

The only effect temperature would have under these conditions

would be to alter the lubricant viscosity. As is also shown in Appendix II
hec | 3/ y. %

so that resulting changes in h will be considerably smaller than the change
in viscosity causing it.

The requirements of rigidity and alignment imply that control
of pad loading would have to be made some-how dependent on measurements
of tilt angle and alignment, or alternatively, dependent on the net forces on

the bearings. In the latter case the tilt angle would be measured indirectly

by measuring the reaction to the magnetically produced torque on the rotor.

Persuance of this approach revealed that there were other

advantages also. These are:

(i) The use of radially moveable pads (which could also rock
slightly) meant that the bearing assembly could be
relatively crudely aligned with the rest of the machine,
the final attained alignment now falling back on the

measuring 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 ahgle. In this case the
overall rigidity would depend oniy 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 develdpment. 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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Preferably it should be capable of rocking about a point so that it may match
the shaft wherever the shaft's operating position might be. This feature would
enable the full realization of advantage (i) above and save considerable
manufacturing and assembly time. On the other hand it would call for a pad

design which took into account the particular nature of the point support.

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

them if found feasible.

Brief History of Development: From the outset the pole bearings were

conceived as a set of pressure fed, radially moveable pads, servo controlled
in order to maintain the rotors in the desired position. The first concept of
such a servo system involved returning a rotor to a position of zero torque.
The direction of the rotor axes would then be defined by the magnetic
characteristics of the machine and would be undefined at zero field. If was
later realized that it would also be undefined at high rotor speeds so that a

secondary system would be necessary.

In any case the proposal for a servo was vetoed by the Director
on the grounds of complication, it being proposed to substitute manual

operation instead. On this basis pole bearings were designed and constructed.

It was not until after the two failures described below, during
which the lack of continuous pad load control contributed to if not caused the
major part of the damage, that a servo system was built. In this system
actual rotor aiisplacements from a predetermined datum position were used

to control thé rotor restoring forces.

For the elimination of any metal to metal contacts between pads
and shaft, a technique for gluing 1/16" sheets of asbestos based bakelite
with an epoxy resin to the pad faces was developed and tried out on a set

of six pads in the magnetic field. At the same time a set of six conventional
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bronze pads were tried to test the possibility that the oil film itself might

prove an adequate insulator.

The bronze pads seized at 430 R, P, M, whereas the insulated
pads appeared to behave reasonably Well up to this speed. Although this
seemed to be evidence that the failure was the result of an electrical
phenomenon, the sets of pads differed considerably in respects other
than electrical insulation, e.g. size, shape, accuracy, so that the
possibility of other mechanisms of failure could not be ruled out. For
instance it was shown (Appendix III) that pads whose faces were machined
so inaccurately as to cause incipient contact with the shaft over areas having
long vertical dimensions became thermo-mechanically unstable above a certain
speed. The mechanism of failure involved the transfer of load from the
supporting oil films to the incipient contact regions brought about by the
lowering of viscosity as the oil absorbed heat from the contact regions

mainly via the shaft surface.

Whether the failure was initiated by an electrical or mechanical
mechanism, it was clear that the subsequent progress of the failure was
governed mainly by mechanical friction processes. Calculations of effective
coefficient of friction, records of pressure, and deceleration all pointed to
this being true. Consequently an extensive theoretical investigation of the
mechanical stability of the pads was undertaken and this led to the modified -

design which was adopted and has so far proved successful.

SELECTION OF PARAMETERS

Before proceeding to a theoretical discussion of design, it would
be well to clarify some of the terms to be used. A set of six pads 'forming
a ring around the shaft is referred to as a bearing. Each pad spans a little
less 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 approximately square. Each pad has a depression or
plenum in the middle of the face which is surrounded by the lands. The plenum
of each pad is fed from a separate fixed displacement pump giving a practically
constant oil flow independent of pressure. The back of each pad forms a piston
which fits into a shallow cylinder fixed to a pole. The pistons are fitted with
o-ring gaskets and are relieved to allow a small amount of rocking in the
cylinders. Each pad can therefore be regarded as being pivotted at a point in

the centre of its back, this point being henceforth known as the pivot point.

The piston and cylinder form a hydraulic ram which provides the means of
radially adjusting and loading each pad. These rams are connected hydraulically

to a set of manual valves and the servo control system.

If the developed face rof a pﬁd were a cii'dlé o‘f II'adius‘ R, With‘ a
concentric plenum of radius r, it can be shown (Appendix IV) on simple
theoretical grounds that the power required from the plenum supply pump
to support a given pad loadat constant clearance minimizes at r = 0. 538 R.
However most of the bearing friction is developed at the lands where the
clearance between pad and shaft is least. An increase in r over the above
figure will therefore lower the friction power at the expense of an increase
in pump power. To make a final choice of land width one must consider other
factors such as the desiréd maximum friction of the machine, power supplies
to pumps, the size of pumps, the availability and size of the oil cooling system.
The same applies to a square pad and one will find an optimum proportioning

similar to the circular pad. Fig. 6.3 shows the dimensions adopted.

As is shown in Appendix I, the force exerted by a pad on a shaft
is related to the clearance by Wec —h%_ when the oil feed is constant, and

ghﬂ = - 313 O . The zero subscripts refer to the state of balanced pad

forces on the shaft.
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ho
of loading relative to pad configuration. This can be shown as follows:

~ QY
‘ Po.ol
Dt'sriagew.em‘(' of shaft o\g

wm this olwrecdtion

The rigidity of a six pad bearing is for all radial directions

Consider a pad and a radial shaft displacement drs. Choose
cylindrical co-ordinates so that § = 0 corresponds to the direction of the
displacement drs, and let the pad be located at © = @, as shown in the
diagram. The component of radial displacement affecting the pad is then

dr1 = CcoS 61 dr8

The change in radial pad load is therefore

_3Wo

0

aw, =

X cos 61 drB
and the component of this force in the direction of dr_ is

W, 2
dWlS = —3-}§- cos 61 drs~

For each of the five other pads, the same relation holds except
that the angle 61 must be replaced by 8 1 7 an , h taking on values

3
1to 5.

Hence the total rate of change in force in the direction drs is

dWg 3w - 2 nr
= - A Ccos e v —
drs i; n 0, 5 ( 1 3

N/
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9 W,
h
o

in the opposite direction to drs. (6.1)

The sum of the components of force at right angles to drS is

zero. This follows directly from the component for one pad which is

3w .
dwl,_x.s = - 0 coSs 91 sin 91 drS
o

The corresponding rate of change of total force is therefore

dw 3IW_ %
—1is 0 E cos (B +%) . sin(91+ P—g—r)
dr h 1 -
8 o n=0,5
= 0

Typical values for the Canberra H.P,G, are: W0 = 5 fons;

h = 38 mils; making dWs - 15 tons/mil.
o drg

It is useful to study the relation between the various major
parameters of a bearing so that one may be able to arrive at the best compromise
between conflicting requirements. Quite often such knowledge may be used in
conjunction with a particular design to produce a better design. Without such
knowledge the correction of one fault in a design may produce a series of new

faults.

The foll owing inter-relations may be derived from the bearings

under consideration.

We find for a bearing having a total land area AL, oil viscosity s

and a maximum shaft linear velocity U, that the maximum friction power

PF = (friction force) x (velocity).
ie. P = MUAp
F B

¢}
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For bearings of similar geometry characterised by the shaft

radius R, and the same maximum velocity,

U & R

2
ALoC R

4
R
PF"C-% (6.2)

Also for a particular pad face geometry, the pressure is
independent of the scale factor as is shown in Appendix IT (equation 16).

Hence for the pad load:

-

2
W o QR (6.93)

o h
(o]

Combining (6.1), (6.2) and (6.3) we have,

dw 3 2
S
Q.PFoc(dr) h " R (6.4)

s

This relatian describes the particular conditions of the H.P. G,
One obviously must seek the lowest pqssible product Q . PF and therefore
the minimum values of all variables on the R.H.S. of (6.4). The reduction
of R however is limited by considerations of strength. h0 was probably taken
too low since the variations in shaft and pad circularity turned out to be a

considerable fraction of 3 mils.

Q. PF has therefore an unalterable minimum value and one must
decide on the balance between @ and P P This decision depends on such factors
as oil heating (and consequent viscosity changes), oil cooling, allowable
friction power (considering its effect on the desired performance of the
machine) and cost of coolers and pumps. In general it is less expensive to

allow a reasonably large P_, and a small Q. Such a choice enables oil

F
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temperature rises to be high and consequently the coolers to be small.

It also reduces the size and cost of pumps. Such factors determined the

choice on the H,P.G.

P
Once PF and Q are chosen, the ratio of EF fixes the value of

/p as can be seen by combining (6.1), (6.2), and (6. 3).

2
PF o AL R6
Q h5dWS
°lar
s

When considering the general design of this type of bearing,
a limitation other than R may arise. For instance, coupled to the above
relation (6. 4) is that for plenum pressure.

W, W, h

Since p&o — @ — x 2
R2 h ~— R2
we have for this pressure peoc d Ws X h? (6.5)
drg R4 ‘

The requirement in (6. 4) for a small R may therefore lead to

high pressure.

One may have to limit pressure for practical reasons, so in such
a case the following expression would be more relevant. This expression is

obtained by combining 6. 4 and 6. 5.

4 2
- ho dWs

P dr

(6. 6)
S

Again it is seen that a minimum value of Q . PF is set by the

limitations on the basic parameters, in this case minimum clearance, minimum

permissible rigidity of oil film and maximum allowable pressure.




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 must
be supported in such & 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 & pad will take up a stable position relative tothe 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 axié)

A SwacT Aynis

PaRaLLeL AxIs (&)

TANGENTAL Awis (£)

Pivor Poiny

Radine Axes (b)
Figure 7.1
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All three axes may be considered as intersecting at the pivot

point of the pad.

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

inferred from the results of (a).

TORQUES ABOUT THE PARALLEL AXIS

It is convenient to consider the shaft surface as being transformed
into a planesurface, and the pad surface into a slightly undulating one,
clearance between the two being preserved during the transformation. The
tangential dimensions of the lands are considered small enough to enable the

lands to be regarded as plane in-this transformation.

"Rectangular co-ordinates will be used as defined in the Fig. 7.2.

The x direction is in the direction of the velocity U.

A f)ad face consists of a plenum surrounded by four relatively
narrow lands. Those lands whose longer dimension is in the 2C direction

will be called XX lands (or & lands in cylindrical co-ordinates) and the
others } lands ( 3,).

The lands are far more effective in producing torques about
4

the parallel axis for three reasons: -

(a) Their moment arm is the maximum possible throughout

their length whereas this is not true for the X lands;

(b) In the H.P.G. bearings the g/ lands were longer than
the X lands;

(c) As is shown (V. 5), torques essentially result from
differences in h and grad h. Since h will be for the
. lands a smoothly varying function of ¢ and g, , the

differences in h and grad h will be extreme between
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the g, 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 X lands will be
neglected and the 3« lands will be treated two dimensjonally, 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,

— L B2
Vv = <5 - 3575 grad p (0L 11)
div (V. h) = q | (1. 12)

Here Z is the average velocity of all points in the oil having
the samex, Y co-ordinates (or 3, @ co-ordinates in cylindrical geometry),

x or & lawds

— // } - ‘\\-‘
- A
/ /l‘f / X - -7
/
7
/// - U J E“;gure, 7.8
;s / ’ / B
> v \ !
—/ ~ -y -
Figure 7.2
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h and - are in general functions of X, 3,, 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,
Uh 3

q = div:é— - div (%ﬁgradp) (7.1)

Let us now consider three separate sets of particular conditions,
each one giving a certain pressure distribution. We-réquire 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

pregsure distributions.

Let us consider an actual case where q, p, h and M distribut-
. s s h ) = 7. . ‘
ions are qa P, b and /wa respectively and U Ua In general
qa, pa, ha and /ba may be functions of X , g (?, 6 ), but in our case qa =0

except at the oil feed inlet hole, Then from 7.1 the following is true
Uaha ha3
- div ( grad p )
2 12 /b(/a a

q = div (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.

(1)U=09q=qa,h=h'a’/"=/u’a-

The pressure distribution pi is given by,

h 3

g = -=div (

a
o 12% grad P, ) (7.3)
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(i) U = U, The q distribution a4

everywhere except at the imaginary slots at the edges

is such that q = 0

of the parallel lands adjacent to the plenum. Here q

is defined by the pressure distribution pii' Py is such
that p = 0 at the slots.
_ p=0
9= 9
K-?:O
i /\’ 77777 /
Figure 7.4
[ /) L _/
‘ U Uer
77 7 7 7 7
U, h 3
q; = div. Tz - div ( grad p;;)
@ii) U =0
47 "9
Then piii is givekr: gy,
a
-q,, = -div ( grad p...)
B 8 12/wa i
g "
W\
/ / /\/ VAN V4 //
Figure 7.5
77 7 ram 7 -~ Jg=s O

If the three equations 7.3, 7.4, 7.5 ére added we find: -

: 3
q = div Ua b - div i grad (o, + P, +D,..)
a 2 T2py |B7R4 O TPy TPy

(7.6)
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From 7.2 and 7. 6 it is evident that,

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 hl’ length L, and which has an inclination, defined in the figure ofo¢ . X
is defined by X = "—]i, the origin of X being through the centre of the surface
as shown in Fig, 7.7, and Q is the oil flow (-3¢ direction) per unit length
(into the paper in Fig. 7.7).

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

— U 2
v - = . b 3p 1L 9
—x 2 12/.(/ axX
For component (i), U =0, and Vxh = -Q. Alsowe take
V3,=0,andp=0atX=—-é—, .
b dp
then Q = 12/# ax
X
dX
and = 12 L}
rosgmarf
But h = h1 {1 +oX h)
124Q L X dX |
Therefore p. = —
s h13 } (1+x¢ X)3 7.7
1

2
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Ifatx = +1, p = P; the solution of 7.7 integrated over the

length to give a force leads to the following expression for force per unit

length of land,

- PL X
F—2 (1+2)

(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

by N = %—Iﬁ 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 /3 also defined in Fig. 7. 8.

The following relations are derived from the geometry making

the usual approximations for small angles;

L N+
D

o¢
1

R
I
gt
i -
a

(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,

D
Ts = 2 Fp - Fy
PLD

PL2 1 + &

4 1_%? 8

(7.10)
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The positive direction of torque is here established as being clockwise as
shown in Fig. 7.8. JS is plotted in Fig. 7.9 as a function of ﬁ for various

values of N,

(ii) Torques arising from considering the "y'"lands as

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

The general two dimensional equation for hydrodynamic flow

(equation 9, Appendix V) is:

3
b 42 oy o@-

o o
Substituting the nomenclature of Fig. 7.7 (i.e. for X and h) and

considering the positive direction of U being that of positive X, this equation

becomes,

3
hy (1 +XX)" 4

G/A/L dX

inwhich h' = Shi'

= U(@l+xX-§) (7.11)

The integral of this equation is:

X X

6 wUL| [ XdX - dx
= 2/ , + [ —== 7.12
P b 2 O{(uuxﬁ" j(1 +0¢X)3 (7.12)

1

2

("

o

where Y= 1-§

Evaluating the integrals We have:

h,” 2 (1 +< X)2

6 UL | 1-¥-2(1+XX) . K]
1




Figure 7.9
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The boundary conditions p = 0 for X=+ 3 give ¥ =

.;;lR

?a~ .

and the constant of integration K

The solution is therefore,

34 UL ()_( - b
—;&2— 4 (7.13)
1 (1 X)2
h1 1+

where the subscript "1" refers now to values for the leading land.

The expression 7. 13 integrated over the land width gives the

force F.. Thus:

1
2 -1 1
-~ 2 tanh
po-S&CL | L mEbm (7.14)
1 1
The substitution for °<1 (7.9) is made and also hl =h (@1 - /g—) 7.14 then
becomes: -
N
9 | 2 + 2
3 mUL D 1 D tanh D 1- R/2,
F - SmUL D -2 (7.15)
2 z N "
D1 h Li@-8E&+D "L (B/2+ N2
It is convenient to write the dimensionless quantity,
N
+ =
L. (B 4 3)
= = 7.16
- — g (7.16)

A)
and the quantity,

7&12& = P (7.17)

h

Ph has the dimensions of pressure.
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The torque per unit length of land about the parallel axis is:‘

T B Fp; D
D1 2
Hence making substitutions of g and Ph’
N
2 = -
T = 3 D2 P L (g ’ 2) g_ - tanh : g (7.18)
D1 2 h™ p2- @ 3 3 )
- g
£) )
or T = P L2J (7.19)
D1 h D1
A N
5 + 3 -1
3 . 2 2 g - tanh " g
where  J. = = (7.20)
D1 2 - /52_)3 g3

’
The conditions at the trailing edge may be reproduced at the
leading edge by changing the sign of (3 and U. These substitutions in 7.15

will give FDZ but in 7. 19 will give - TD for the torque about the parallel

2
axis.
Hence T__(p) = P LzJ -A) (7. 21)
D2 ﬁ h D1 F’ ’
The total torque is therefore,
Tp () = Tpy + Tpy
—PLz’J + J__(-B) (7.22)
~ h l D1 (ﬁ ) D1 p )
2
= PhL JD
JD = JD1 ([3‘ ) + JDl (-/3) is plotted in Fig. 7.10 for

L
D - 1/5.
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Limits of Validity of Equation 7.22

The validity of 7. 22 depends on the magnitude of the net pressure
everywhere under the lands, We will take the criterion that the net pressure

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

For the leading edge (Fig. 7.11) this will evidently be so for o 1

negative through zero to a positive value of o¢ 1 such that,

dps o dpp,

dx dx
-2

1
-2

which leads to the relation,

>4 o1\ 2
3% (-1 (1 20)2
=3

S (7.23)

Similarly for the trailing edge (Fig. 7.12) validity occurs for positive X

values through zero to.a negative value such that,

2

dps _ dpp
dx. 1 dx 1

-2 )

This leads to:
¢ oL, 2
3P 1 - 24 1+ 2
“h Q- @t ) 7. 24)
P g

The relations 7.23 and 7.24 are plotted together in Fig. 7. 13.
The two limiting values ofo¢ 1 and <, respectively, determined for a
particular value of -—Ph— can be substituted in 7.9 to give two new equations
relating N in terms of /3 . These equations can then be plotted on the

curves of Fig. 7.10 to form the boundaries of the region of validity.
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(R

P
h
By way of example boundary curves are shown for P -

ol

and L.
D P
For high values of _b , the limits of validity in Fig. 7.10 close

in to such an extent as to seriously limit its usefulness unless oné can

estimate the JD function in the "invalid'" region.

The limiting values of J_ in this region can be calculated as

D
follows:

We assume that as Ph ~> o, component (ii) grows large
compared with other components. The limiting condition may therefore

be taken as Pp =2 O everywhere. J and JD may be modified then

D1 2
/ / .
to new values JDl and JD2 remembering that.Fné. 0. Thus
. ¢ _
if Ip1 2 © 0 Im T Im; ; ,
, ) ) i.e. JDlz o
131 =
JDl ( o, JDl 0 )
" J o,d._=o0 )
p2 2 O Ip \ ;
) ) i.e JD2 é o
Ipeg < O » Ipg = Ipz )
Limiting values of J ! = 3/ + J7_ have been calculated and

D D1 D2
are shown in Fig. 7.14.

(iii) Torques arising from the stepped geometry of the pad face. .

We proceed by the method of superposition as outlined previously.
Consider first the geometry with the two hypothetical apertures either side
of the plenum as already described, and U non zero. Since in component
(ii), the apertures, along with the outer edges of each pad are at the same
pressure (the outlet pressure) we have in effect three independent tilting

pads.
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According to Appendix V equation 10 the oil flow per unit length

!
under a-tilting pad is Lt where h' is a mean value of clearance

approaching the avéragz. clearance for small angles of inclination and
approaching the minimum value of clearance for large angles of
inclination. Let h,'1 s Ih'z , and h'3 be these mean clearances for the’
leading and trailing lands and plenum respectively. The qii distribution
is therefore such that q = 0 everywhere except at the apertures where,
using the established subscript terminolbgy,- the oil flows (inwards)per

unit length are:

nic

Q1 - (h'3 - h'l)

(7. 25)

(h'z - h'3)

Y [

Q, =
Component (iii)
—Q+Qp / +Q¢+Qp |
%\_\MA o Fig. 7.15.
TTRT7T w7777 V=0

The qiii distribution then has respective aperture flows of
-Ql’ -Q2°

It is convenient to define two new flows Q ¢ and Qp thus:

Q, =Q -Q le.Q =Q,-Q, =

t _ht - ht

wla

Q"R -Qp | M QT-Q, -9 U @ -hy) (7.2
2 4
and to regard the %55 distribution as the sum of two sub-components made

up respectively of the Qt and Qp flows. The following table will clarify this
idea.
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Aperture 1 Aperture 2
(leading) (trailing)
Subcomponent flow (iiia) -Q ¢ ' +Q ¢
Subcomponent flow (iiib) + Qp + Qp
Component flow (iii) - Qt + Qp = --Q1 + Qt + Qp = —Q2
(iiia + iiib)
2 h'g
It is convenient to define n hereas n = —————
- h' +Nh
1 2
or since , . '
hse PP 0 e M (7.27)
2 h

System (iiia) is therefore one having a predominant flow across
the plenum in the opposite direction to U of almost Qt in value provided n
is greater than about 5, since that part of Q ¢ which will flow under the lands

will be of the order 9—% . The pressiure gradient across the plenum will -
n

therefore be close to,

dp Y
dx t 3
h 3
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 pressure difference

across the plenum will be:

> —

|

, | Fig. 7.16.
&QQ]:Q: (LS L ;Q!’C; /ZI

[e———— .
S A A e i WAV A Y
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Component (iiia)

12 pe |
% A Eew -h-h) ©- 1)

p - 1
h3
. 60U @ (mn-1)
i.e. # x O-1) 7.28
pp N h2 :n3 | ( )

and a torque will result of,

- N
wUD n-1“; 2_ 12|

T = - M D*- L (7.29)
P 2h2 {n3 il !

Provided [3 «~ 0 there will be no other effect attributable to Q ¢ |
However, for large posit_ive ﬁ v_al_ues, Qt 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 /3 ,

the effect is reversed. The extent of this can be gauged by comparing PD
with P.

wif//// 7 <
TN T T 7w T AW
2

N\

T I Fig. 7.17.

~_ |

Effedt of large la) on P(iiia)

Subcomponent (iiib) is in essence a case of pressurizing the

plenum by means of forced flow inwards of ZQp (= {-2'I (h_':l - b 2)).
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- ———  Fig. 7.18.

Component (iiib)

Since

t _ ht
Q _ hy-by A 1
? - ] - h! - -
Q, 2h3 h', bt 2nh - 2h 2 (n_il)

. Q 1
and ”gmax = 2, then —Q;L < —

Also the maximum flow across the plenum caused by Qp oceurs
when 1{3[ = 2,

The effect of Qp on the pressure gradient across the plénu'm wiil
therefore be neglected for large n values and also any resulting torque
component. The major effect of Qp 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 Qp is positive (h1 > hz), h must increase to
accommodate the increase in flow since the pad loading is constant.

Similarly when h2 >'h1, h must decrease.

The extent of this modification can be gauged from the comparison
of 2Q_ 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
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pp and Tp become imimportant. Their approximate derivation is

therefore adequate.

It is useful to express 7. 29 also in terms of the pressure Ph

and ratio r = % Thus for large n values,

2 2
T _ Pl -1) p g2 (7.30)
3

2n

P

—% tending to remain constant and equal to the value at /@ =
n

One further small component of torque must be mentioned;
that due to the viscous friction on the pad face acting about the pivot point.
If the effective moment arm is m, and n is large, this torque can be

expressed as,

r Y

2
- _ - =p Lg 7.81
T; = -2 P, mhK PhL{ | = p (7.31)

where K is a constant of the order of 2 or so which takes into account the

effect of end lands. Obviously J £ is qlnte small being of the order of -l-l-

4 | LA,
(/4}/ / 7 7 7 7 /-F
N

Fig. 7.19.

STABILITY
Four components of torque T have been calculated. They are

T = P L2J , (7.10)
s ]
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T, = P,L7J, (7.22)
T - p 123 (7. 30)
P - h P )

T, = P, 12J (7.31)
£ h ot :

TS may be put in a form similar to the other components.

Thus

where
su

1

'™
w

b
jae]
= |1
v

Jd su is therefore the only J function which varies with speed.

The ratio I)P—- is not constant with respect to variations in ﬁ
"h

Its magnitude can however be estimated by considering the

particular value of Ph (Pho) at Ig = 0. As shown in Appendix VI eqn. 4

P
ho U'f a
s r— L\ %) — —
P ¥ 6 ( b 1)
where U' is the "normalized speed™.

and is the pad aspect ratio.

a

b
The T components are expressed in a form in which their

relative magnitudes may be easily compared by comparison of the J

function only.




For the pole bearings the maximum value of U' was 3 so that,

N :! . Pho
taking 5 /s 1, the maximum value of 3 ~ 1.

Hence J su R J g in this case and it will be seen by comparing
the graphs of Js and JD that in this case J su is insignificant compared

to JD. It gains significance however as speed is reduced.

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

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

bearing design.

For example at ﬁ =+1 and N=0

I, o -24

‘D
b =2 -1
Jf = - .036

In discussing stability further, therefore, Tp and Tf will
be neglected. Of the two remaining components TS predominates at
zero and low speeds up to say U' = .4 (roughly the condition for

lTsl = TD‘ at @ = 1 and N =0) and T, predominates at

D
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 & 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 oT j4 positive; unstable if negative.
u
However, the torque components are expressed in terms of

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

h
of/;.’.

44
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It will now be shown that these features are not complicating

ones and that ultimately stability may be expressed in terms of J functions

_ andﬁ.

Thus the condition will be shown to be,

g, J = 0 for equilibrium,

o

——— 2 J ) 0 for stable equilibrium.

o8

The calculation of stability for any configuration may therefore

be greatly simplified by having only to deal with J functions.

At any particular speed we have,

T=p 120 +J_+J +3
su

h D P f)

, 12
PhL d

Since P

h and L2 do not change sign asF varies

when T =0
d =0

The condition for equilibrium is therefore J = 0.

oT 2T, f (the partial derivative denote
Y-] o (5 6 U constant)

h _ [ bho .
()
Hence @ can easily be calculated from graphs such as

VI.4 (h' vs. ﬂ ). Further gg cannot change sign unless it goes through

Also

I

now V)

either zero or infinity as ﬁ varies. Considering the curves of VI. 4 they
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-a-é; =9 hence Qé is never

clearly contain no parts where dfg - 0, 3h Y

Z€Yo.

Also if -aa-g =0, d& = 0 and hence h’P = constant.

Several curves of h' ﬁ = constant have been dotted in on VI.4 to show

that in our case at least this condition does not occur. Hence é-é does

06
not change sign (and is positive) . Therefore when,
QT dT
= 0, — 0
26 7" g’
A similar argument may be applied with regard to Ph ((

s; - 'a??s [Ph 12 J]

2 Q3 O Py
I 35 ”’é_@_]

The particular condition we are interested in is J = 0,

Hence oT _ Lz p' oJ
3R h
Ph L2 does not change sign with variations in F .
9J
Hence when —rg- bR
o)
3 T
= 0
28
08

The conditions for stable equilibrium are therefore,

J=O,ﬂ>0

B



A

the relative concavity N is also a function of 113 (N = 1‘:D/hL) . Strictly

then, a curve representing a component of J for a pad should be drawn

47

Two difficulties should be mentioned at this point.

The variations in h with !6 as discussed in VI imply that

across the N = constant curves of graphs such as Figs. 7.9 and 7. 10.

However, for many discussions of stability the precise nature of the

variations in N are not required, especially at low speeds where the

variations introduce symmetrical modifications with respect to the

vertical axis through ﬁ =0. ‘ I|

It should be noted however that there is an abrupt change in

the nature of JD depending on whether N is greater or less than -2, At

high speéds therefore the assymmetry in the h' vs /3 .curve (Fig. ‘VI. 4)

may cause differences between the values of N at the extreme values of /@ .

If for example N = -2 at 3 = 0, thenfor R > 0, |N] ) 2 andfor
{ | ?

sufficiently high U', [N| ¢ 2 for [8 { 0. The resulting curve

representing a pad would then have the form:

Ao Toteo

with J_.
S

- {3 Fig. 7. 20.'

-

Stable

1, — o0

This happens to be quite stable especially when combined
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However at lower speeds JD would revert to the inherently

unstable form:

AT,

=
—

(ii) The second difficulty is the nature of J su'
We have by definition,

P

= J x =

su 8 Ph
= J x 2 X P_hq
s Pho Ph

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

-4 b ]

6 1
su:?Js I x
A

J a v2
U+ 1) t')

!

Hence J is a function of P because h' is a function of ﬁ .
su :

Fig. 7.21.

It has been pointed out above that Jsu is only significant for

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

h' is practically a symmetrical function of (3 and not significantly

different from the curve for U' = 0. It is possible therefore to derive

J su from Js for any particular aspect ratio. For example if 5 = 1,
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Js ifS) 3

v [h' (F)U'=0]2

By way of example Jsu is plotted for U'=.3, N =0 and
S =1 inFig. 7.22,

T (B) 5

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

required to be stable over a range of speed.

The entire speed range may be divided into 3 regions defined

by the relative magnitudes of TS and TD (we assume other T components

negligible).
These regions are:
1. T, >> Ty (e.8. .1 U} 0)

2. Transitional region (e.g. 1.6 » U' Y .1

3. T, >> T, (e.g.00 ) U' ) 1.6)

The major design parameter to be selected is of course N or

specifically N, the value for ﬁ =0,

. We will deal only with speed regions 1 and 3 and show that
there is no value of N0 that is satisfactory over these two regions. Since
the range of U' for the pole bearings falls in all three regions we conclude
that it is not possible to choose a satisfactory No for these bearings without

introducing other stabilising features.

Speed Region 1. The "torque reduces to,

T 5T = PLJ



P J:Su ) N=0

~ U"dﬂb‘e
-2 2

‘TD , N=0

Figure 7.22
N= O
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It will be seen from Fig. 7.9 and equation 7. 10 that stability
at /‘3 = 0 occurs provided N+ 2 % -2. The subscript + 2 indicates that
the N value at ;‘3 =+ 2 is the important value. From previous considera-
tions of N vs. ;8 , it is seen that the approximate corresponding condition

for N is N y -1.4.
o) o

Speed Region 3. Here we consider only the predominant J

function J D Characteristic curves of JD vs. 5 for various ranges of

N, (No) may be determined from consideration of Fig. 7. 10 and the
limiting case U'—» oo illustrated in Fig. 7. 14.

The entire N0 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 Flg 7.10 and 7. 14.

Arrows show the direction of response of a pad to a displacement.

(@ N =0

AT

// ‘@7 {3 Fig. 7.23.
-V

Stability - unstable

® N > 0

/~X L Fig. 7.24.

Stability - unstable

777 7 7 7 77
—=U
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(¢) 0 )N 2 -2

+J- A////i/éﬂf//

BeyondB™ "—>U
(p=3)

Stability - A is stable,

B unstable.

@@ -2 >N

AJ’

> P Fig. 7.26.

—> U
Stability ~ unstable

In addition there are possibly some special cases where N
crosses from one of the above cases to another as {3 varies. These
special cases cannot involve a change in sign of N. For large U', they
involve |Nj for positive ﬁ being greater than |N| ._f?r negative ﬂ .
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) No F g

A]

> f3 Fig. 7.27.

>

T 77 77
—

Stability - stable

Of 4ll 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. N0 = -2is incoinpatible

with the requirement for U' - 0 viz. N, > -L 4,

Hence it is not possible to select No such that a pad is stable

over the entire range of U' .



SECTION 8

THEORY OF CYLINDRICAL STABILIZING LANDS

It seemed reasonable to the author to try to introduce into the
pad design a stabilising feature that was hydrodynamic in nature to meet
the essentially hydrodynamically produced unstabilizing torques. In this
respect the action of a pair of surfaces cylindrically convex relative to

the shaft was investigated.

Each of these surfaces should provide a pressure under the

leading portion followed by cavitation towards the trailing edge. Since

the forces would be a function of clearance, a stabilizing effect should result.

No mechanism capable of working in either direction of speed
could be envisaged unless cavitation were allowed. Since most damage
attributed to cavitation appeared to result from severe pressure
fluctuations caused by insufficient damping of an inherently unstable
situation, it was hoped that the small clearance and the large ratio of
length to width (reducing the possible deleterious effects of end leakage)
would provide sufficient damping to eliminatfe trouble of this nature. So

far inspection has borne out this hope.

Pressure and Forces on a Cylindrical Surface of Infinite Extent.

The stabilizing lands are long compared with their width. End
effects are therefore neglected and each is considered part of an infinitely

long surface.

We consider the case of a moving plane surface, veiocity U
in the X direction. The X and lé, axes are fixed but are contained in the

moving surface. The stationary cylindrical surface has its cylindrical

53




axis in the % direction and the <% axis passes through the cylindrical axis.
<
The origin of co-ordinates is in the moving plane. . is the clearance

between the two surfaces. The stationary curved surface is bounded by

two lines parallel fo the g axis and equidistant from it.

axts
-}‘— igovus

4

Fig. 8.1

¥ EY XLowss

Let 35 be the minimum clearance. Then using the parabolic

approximation for arcs of small angle we may write

_&,i+§l 8.1

%o
where Y
=
= T .2
§ \,""-2 Y 3;} 8

and y is the radius of curvature of the stationary surface.

The general equation for pressure is shown in the Appendix VIII

to be
P = e/uuv/%?x?(&é)*&i vin. 4
where . ) |
F: {_%éi ta,n"§+ \_;%;J 'Lf(,éf'g:)l VI3

& is thus a dimensionless form factor which depends on relative
position (§ ) and ¢ . € isa dimensionless number expressing the ratio
of the average oil flow to the oil flow that would occur if gr = 3«0 everywhere

(couette flow). 1i.e. the average oil flow is

54
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8.5

K is a constant. Both £ and K are set by boundary conditions which in

our case are complicated by cavitation.

The Nature of Cavitating Fluid.

It is assumed here that a cavitating fluid consists of an intimate
mixture of the liquid and small bubbles of its vapour in two phase |
equilibrium. We ignore possible temperature changes due {o thermodynamic
processes. The pressure throughout the mixture is equal to the vapour

pressure. Hence 9Y_M( p=0.

The law of continuity of (volume) flow does not apply since the
fluid is no longer incompressible. However, we assume 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 mixture, the flows of the
components (liquid and vapour) are in the same direction as the flow of the

fluid mixture.

Viscosity is indeterminate. However, we may postulate that‘
?ﬁf = O 1i.e. thereis no variation in the number, densgity and size of
the vapour bubbles in the % direction, and therefore the effective mi;rture
viscosity is constant for a given x, (é, .
Cavitating fluid, an
intimate mixture of

ligquid and vapour
bubbles. Fig.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 \/x at a given X Lff/
from O to U and "

R

2
8. 6.
where 6 £ is fluid mixture flow.
év is vapour flow.
éL is liquid flow.
The Boundary Between Normal Lubricant
and the Cavitating Fluid.
In the normal region p > ‘pv (vapour pressure) and
3
_% 4 _ Uy 3 V.9.
12 Yog dx 2 L
and V.10.
Hence at the boundary (continuing with 8, 6)
3
= _ Yek 3 a _ Ust -
Q, = - = - Q
L 2 Iz/u, dx 2 \'s
or o
“pd
- HER
v
it 8.17.

As explained, Q andQ must be of the same sign and therefore

cannot be negative. Nelther canQ be positive because a% would then be

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

QV must therefore be zero.

’

Hence

Rk
1
[
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For simplicity pV will be taken as zero.

The boundary conditions for determining ¢ and K in 8.3 are

therefore
p = 0
j at the cavitation boundary,
dp _ (c =Ffy)
S’ §=%
p = 0 at the leading edge

(negative extreme of § ) € = §‘ )

Te O

.
TTT T I T I I T T T 7T U

P} /\I\/ Yo

It is worth noting that the treatment so far has been confined to the

Fig. 8.3

left hand side boundary of the cavitation region (Fig. 8.3) . The right hand
boundary is discussed in more general terms and at some length in Appendix

VIIL.
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Solution of the equation for pressure in the

non-cavitating (normal) Region

It will be noticed that Equaﬁon VIIL. 3 for } has odd symmetry
about the axis g = 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

5(} é-‘g.: / onan 8.9

- = "};,,‘ | Fig.8.4
g\ g/(r '

The constant K then assumes the value

K = - (o/u,U ;:3 X gmm 8.8

Hydrodynamic force on a cylindrical surface.

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

F| = [de

or by substitution of 8.2 and then VIII. 4
F\ | /QY 8’0 [\Odg
5%
12.6’091- jy‘d’g - Q?va(gb - gl)
§ |
|




where

A

]
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310 ‘ 8.10

%
fg gdg - gmm (gb‘ §5) | 8.11

It will be seen that A correspondé to the area of the shaded

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

only, since for each value of g' , there is only one value of &€ which
satisfies the condition 8. 9. ‘

~ the relation between A and

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

g‘ .. The actual programme involved

computing A and -gl from a succession of values of & . 'I_‘he‘ 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 fwo cylindrical surfaces on either side of the

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

surfaces ( [3: 0 ) was the same as for the pad.

A
oA o - Ty
S Ol
P %
/ Fig.8.5

x, U
(Leao[\'nj cybindrieal Cu‘rawo,j s‘vsow'\v\j

$Ta\o\\\2\n3 guv-[@txcg Pocc owol

t rouil ing s’\'vo.b\\\z 1ng cylinolvical

S ur*fa.ce
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The torque about the pivot point for the leading surface is therefore

approximately:
T-F¢%
= ' 2

| 8.12.

Now E is a function of A which in turn is a function of §,
and therefore of 8,0 and § , where2§ is the cylindrical surface width
(in the X direction).

Thus from 8.2

S
- =
| / ar %o 8.13.
Also from the geometry it will be seen that is now physically limited
= 2
to(;’ma'x such that /Smo»( _CE- 8.13a

Further the relation between 8,0 and parameters previously

used in the pad theory is

5,0 = h | I - gh«ax 8. 14.

It is also useful fo define a new term § o which can be regarded as

.the normal or most desirable value of g (at (‘3 = 0 ).

Thus
S

§o = /m | 8. 15.

Combining 8. 13, 8. 14 and 8. 15 we find

nax

p - B 8. 16.
R
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™
and 8/0-'3 I'\_Sie___

~ 8.17.
Substituting 8. 10 for F* and 8. 17 for 5'0 in 8. 12 we obtain

3
- UrC gt :
T, = SuTE % A ) 8. 18.
o
This may be rendered into a form similar to that of other torque

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

Then

or T, = P L J 8.19.
*
where g, = 6 (Qr_) (9_) _g.l_ A
1

or substituting 8. 15

. 2 .
J = s C 3 _5_1 A (&) ,
T2l - Bg* . 20.
c LZ L g o § . 8
Each of the ratios in the square br%ckets can be expressed as

functions of ( —5—'- ), (the right hand one being also a function of go ) and
. &S0 :
therefore of g—m by using equations 8.16. It is convenient to redefine
O
the quantity in square brackets by (P‘ .

Thus
&

P ('g?m>: : ‘5‘ * 'g—" | 8.21

&
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J = S X g- ¢
¢y T2 L X ! 8. 22.

It should be noted that “l‘) / - % as 13 -» é\ " In fact if

/3 = (ﬁmax- §)
51'“0.3( AN
,LP'S_PO—-—-"; 3 S §°2. 8.23.

where o 182 limiting value which approaches approximately .20.
The resultant torque from two stabilizing surfaces is
= +
Tc Tl T2
9 8. 24,
= PhL Jc
where ;= 82’9~(q) '*‘\P ) 8. 25.
T2 L 1 2

c
(’PZ and L‘)' are related by

(pz (ﬁ) = - LP. (- @) | , 8. 28.

Plots of LP . (LP + (.P ) for various values of g
» | 2 o
appear in Fig. 8.6.

Optimum value of 50
4

In order to create stable operation at /5 = O with maximum
possible rate of production of restoring torque with change in ﬁ it is
necessary to maximize ?_:_r_-g at ‘6 = (0 with respect to the shape of the

of

cylindrical surface.

From 8. 24 and 8. 25 we have

- ¢
Tc - Phs L




- 10

-2:0

-75 -5 =25
I l !
1 =

I | I
0 25 5 %5 0
g
P rax
Figure 8.6
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ST
c=P82

& - miEsE

The partial derivatives denote r and s constant. To maximize

8.27
T,

E3

i.e.

ol le]

it is therefore necessary to maximize %
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From 8. 26

q) = L‘)l+ "‘)z.

Wﬁ) - LP1<'{3)

and 3 () = ) (‘ )
S

At /3 =0 we have therefore

H

5(6 X bﬁ 8. 28.

- Now dPr = 3 x 281
’5% ?2g,
From 8.21

H 3 L |
= sy s & A, a8A
st B mow 0 §o go
At {3:0, §;=§o and we write Ao for A) Ao for A\
Therefore

or

§
3 (o) 6 {ﬁ\_o_’ + f_\g_} 8.29.
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- _ B |
where /3 = {3 Mo 8.30.
The computer programme giving A vs. gi , (or A° vs. go )
also gave the relation 8,29,

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

g SR . 85.

Comparable curves are shown on Fig. 8.6. Also evident from
this figure is the effect of go on 4) near 'ﬁmax 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 /8 ,'

A
o o ke
: / = Fig.8.6a

i

VA AR A GRS G A e

o
Optimum profile § o = .85,

STABILITY OF PAD WITH STABILIZERS.

The procedure for proportioning a comf:osite pad of the shape of
Fig. 8.5 is as follows. We assume at first that N is independent of ﬁ
i.e. N=N,. Allthe various torque components have been expressed in the
form T= PhLzJ . 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. wﬁere curves 3, 4 and 5 are the
components Js’ Jp and JD respectively for the "large" pads of the Pole
Bearings. J £ is negligible in comparison.

o) !_.'L‘ -
The maximum value of 3 {3' has been indicated as .534.
A ,




Hence using equation 8. 22 et seq., the maximum

may be determined thus:

_a_J) w SC
’ i,
aﬁ MGY 2L3

)
o
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J

_— possible

R

8.31




4__

JT 34

2+,

Figure 8.7
1 Combined curve
2 Component from stabilizing surfaces J c
3 Component Js (P=Pho),
4 Component Jp (M =25).
5 Component JD
Curves are for large pad. No =
U =4
& _
7 =0
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One may proceed by selecting a value of {6M ox and sketching
in, with the aid of the curves of 8. 6, .what would be a satisfactory stabilizing

J using the oriteria already discussed in Section 7. The slope of this

sketched curve at ﬂ = (0 determines the quantity S C3 according to
L

the approximation 8.31. The selection of {3 mox determines C by equation

8.13a. Hence the required S may be found. This process may be repeated

and refined until a satisfactory design is established.

The radius of curvature of the stabilizing. surfaces (in plane

geometry) is found from 8. 15 with 50 = .85 or other selected value.

In Fig. 8.7. curve 2 is the J curve for the stabilizing surfaces

for § 0 = 1.4 and curve 1 is the combined J curve showing a stable

AN

operating point at p . 05.

Selection of N,

Due to the fact that a pair of stabilizing surfaces acting alone
stabilize at /6 = O, it is best to arrange the sum of all other J
components at /3 = O to be zero. Hence the selection No = O is indicated.
However, if J_ is significant, N(‘) might be made slightly negative to cancel

p
Jp at ﬁ = 0. In what follows the optimum value of No will be taken as

Zero.

SOME SPECIAL CONSIDERATIONS OF THE STABILITY THEORY FOR
CYLINDRICAL CONFIGURATIONS.

The theory so far has been especially developed for plane moving
surfaces. Provided the angle subtended by each pad is not large and the pad
radial dimensions are not large, there will be little error in applying the theory

directly to the cylindrical case.



68
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 No = O and ignore

variation in h in the first instance.
Three more or less obvioué effects will be congidered -

@) The effect on moment arm in the torque calculations.
() Variation of N with /3 '
(c) Effect on the calculation of ﬁma*

(a) Moment Arm.

All previous dimensions used

Prv of Pooat.

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%—

Here m is the measurement to the pad pivot point, %~ a
typical dimension (e.g. C,D ), R the shaft radius, and F a typicél force.

All the forces considered except those on the stabilizing surfaces
D
have X = 3 - The stabilizing surfaces have X =

> We are therefore
concerned with the relative effect of these two groups of components.

The ratip of the torques of the two groups may be written:-

’ c
-'-I‘_l- ] Fl gin 3R
Tojcyt Tasin o

This must be compared with the ratio in plane geometry, viz.

i I

T2 plane ZD

In applying plane geometry theory to the cylindrical case, a
correction factor must therefore be applied to

J of
c
sin £
o . T %R
C s' —P
M TR
() Variation of N with S .

ZlS

Fig.8.8.

/}L\
o
f x
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The clearance between two cylindrical surfaces with parallel axes
may be written

3,:8+ asin%:-'
for -%(( 1

8.32,

Here § is a constant for a given pair of surfaces and a isa

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

curves having the same $

Fig.8.9.

T e A A A A A G G G LV LA G A A G G G S v 4

> X
This is illustrated in Fig. 8.9 where each of the diagrams
represent an allowable curve of 8, vs ~x, for a particular pad/shaft
combination machined with a certain & .  Each of the diagrams
exemplifies a particular combination of ﬁ and h and it will be seen that
to obtain N 0 = O (i.e. no concavity when there is no tilt) we must have ’

s =h

o

The particular conditions for N°= Oand h = ho are shown in
Fig. 8.10.
X
R

| Fig. 8. 10.

VO T A S T G KA

Y

XN

]
TR

I
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Using previous definitions and equation 8.32 with § = ho
x .
e o = + X
i.e ? ho a sin 4 8.33.
ind B 2a Slnﬁ
we i /3 B h_ 8.33a
dg _ 2 D
Alsoat 2 '3 - R cos o2 ., é:l
T,
s n
\
d *B he
9. "'l\o"—D'( ) :E—x._D_
! A xg_ L 2
2

Fig. 8. 11.

Recalling the original definition of N (= % ) we see that

%, - b -2 dg) _ K, D
1 o7 2 \dxj, L~ 2

asin(D Dacs'D —gxR
or 2R °( T LX2

2a

e A R )

However, on substifuting the equation for /5 we have

/
=R{ D D 8.34.
N = {1 - 55 oot 23)
N is therefore proportional to 18 . The proportionality factor
1- R cot —) in the case of the Pole Bearings is .04 so that the effect is

congidered negligible.
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(© Calculation of ﬁmx

In the development of the theory for plane geometry, [Bmxx was
taken as (8. 13a) Pm = &CP- This relation is important in that it
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 ,3 is characterized by

C
asin.‘.m = ho

and a sin = v

D

2a sin 2R ~ 2 sin R
Hence ;6““ = h -/
[\ sin 2R

This must be compared with Eqn. 8. 132

B, =2
Max -
¢ 8.13a
The correction factor to be applied is therefore
sin D
C x 2R
b sin L

2R
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which is the inverse of that found in section (b) above.

The evaluation of sin ZBR

(w] o]

X

sin £
™ 2R
for the Pole "large" bearings is 1.025 which is considered negligibly different

from unity.

There seems littie difficulty therefore in applying the derived
theory to the cylindrical case.

Even if one includes the variaﬁon effect of h with -, the
effect on N is not large. The extreme case of h'x -3 and 0, ax = 1.5
(corresponding to U' =8 ; refer to Appendix VI. Fig.4) is illustrated
below for N = 0. 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 No = O is insignificant.

N, =0 I
h

)

i
\

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
origin being the '

/ RM o :
‘ Axis

T Pivol Point

Fig.8.14

intersection of the ? axis and radial 'é.xis. Zero rotation about the radial
axis is defined to exist when the axes of the cylindrical surface of pad and
shaft are parallel, (and /3 = O everywhere).

It is shown below that a rotation about the radial axis causes
changes in clearance which for any particular value of g/ are the same as
if that part of the pad has a particular inclination ( /8 ).

Further it is shown that this ,8 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 eﬁtent of
this warping is conveniently gauged by the maximum magnitude of inclination
/6 w occﬁrring at the extremities of the pad.

Equation 8.33a gives the relation for /L viz.

D
23 sinﬁ

h
°
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For a rotation 7y about the radial axis
a = ?(3,
Hence
/3 = Ehl% sin-2
o 2R

If the length of the pad in the g direction is 2W  then

B - 2¥W in 2
‘w n_ °'0 3R

and therefore

-

A
~Fw 8.35..

Any normal force ngat & will produce an elemental radial axis
torque of

d ‘TR\ = Fsing.g.dg 8.36

Pivel Posat

\7\0..0“-\‘ ow.'ns
Fdy

wod
Fam®dy Fig. 8. 15

represents torque in contrast to TR which

throughout has denoted torque per unit length ( g/direction).
(Similarly F denotes force per umit length).

This must be compared with the elemental parallel axis torque

T = FMsin
P 3 s
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where M is the distance from shaft centre to pivot point.

This may be substituted in 8. 36 together with 8. 35 for g/ to

give

% a2
R FUSI S TIT
Hence on integrating

2 By
) = f e

Tp , it must be remembered is the torque per unit length

8.37

( 7 direction),  We may relate the total torque l TRl -to the total torque .
T | by substitutin T | = T x 2W
l Pl y s l P! p

Then

. (A
g [, R

The value of this equation is that once the stability has been

8.38

investigated about the parallel axis, this information may be used directly to
examine the stability about the radial axis. One may perform the integration

graphically and convert a graph of ]Tp' vs. /3 ‘into a graph of lTRl vS. (Gw

n If lTpl is regarded as a series of terms the nth one being

Tpln=a rﬁ , then the corresponding term of 'TRl will be

—Y 7
M(n + 2) l p'n,ﬁw

[xf= g,

8.39
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providled n isodd. Ifniseven|T f =0. Consequently lTRt will
have the same broad shape as ‘Tp! but will lack local peaking near [8,‘;,V o
(corresponding to terms with high n ). In addition the coefficient M
will usually be a fraction of the order of 3

The lTR‘ characteristic therefore, although inherently as stable

as the I Tp} characteristic, provides less satisfactory restoring torques.

Torques about the Tangential Axis (component (c) defined at

the beginning of Section 7). The total restoring torque about the tangential
axis may be designated lTTi and is related to]Tpl in a similar fashion to
‘TRI . However, in this case the individual terms of ]T p‘ s €. g.‘Tp\ m must
be dealt with separately according to the angle Qm (Fig. 8.14) at which they

act, -and ,TT, becomes equal to the sum of terms:

< &,
ITT, = M_%;-vz Z cosec em[ 4 "lTplﬁd@ 8. 40.

A w 18 defined consistently as

o o2m-h) g

A»
€ d

i

h C 8.41

so that in every mode of displacement a particular value of ﬁw corresponds fo

a particular ratio of minimum to maximum clearance. lTT“ is generally
similar to ‘TR‘ but 2 to 3 times greater.
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SECTION 9

CONSTRUCTION OF BEARINGS

The following description refers to the upper rotor and pair of

pole bearings.

Shaft. The shaft was machined from solid mild steel. The two bearing
surfaces were belt ground and polished to within .0002 inches of a perfect
cylinder. The uppermost surface is 13 inches nominal diameter and the

lower bearing surface 18 inches nominal diameter.

Pads. The two sets of six pads are designated ""small' and "large'".
The small pads are uppermost and bear on the 13 inch diameter shaft surface.

The large pads bear on the 18 inch diameter surface.

Small Pads. These were machined from stainless steel castings and are

faced with a high temperature asbestos based bakelite known as "ferrobestos'.

The facing material was prepared from sheets machined to 1/16"‘
thickness. It was then thin enough to be bent into the correct curve without
pbreaking. Bonding to the stainless steel was by an epoxy resin, finally hot
cured, the work being performed with the aid of jigs. This method of bonding

was found to be stronger than the bakelite itself.

Prior to bonding, all other machining was carried out on the
castings to ensure that afier the bonding subsequent treatment would not affect

the accuracy of the bearing surface.

The final machining of the ferrobestos was carried out on a jig
borer, maching two pads at a time so that the diameter could be accurately

measured.
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Due to the limited space available for the small pads, theii- radial
dimensions could not be made adequate enough to prevent a sméll distortion
under load. This distortion was due to the mis-match between the two
loading patterns on either side of the pad, although this mis-match was
reduced as far as practically possible. The distortion was calculated to be
about 3 mils and would lead fo solid to solid contact between beafing_face

and shaft if ignored.

The difficulty was overcome by machining the pad faces in two
stages. The first stage was machining in the jig borer to within 4 mils of
the final dimension. This was carried out in a special holding device which
by adjusting appropriate screws, could flex the bad.

After the first stage the pad was flexed and the degree of ﬂexmg

checked by an indicator on the fool arm measuring against the freshly

machined surface.

The second stage machining was then carried out thus machining

into the pad a distortion which would counteract the loading distortion.

Provision for oil feeds was made during general machining.
These consisted of holes from either side of the lower end of the small pads.
One set of drillings led to the pad face and another set to the opposite side to

feed the ram operating there.

The rams, or more particularly the ram "cylinders" consisted
of steel plates having shallow depressions (approximately 4" deep) into which
fitted the backs of the pads. There were make-up seggents‘ behind these to
fill the space between the cylindrical bearing housing and the plane surface of

the ram "cylinder"'.
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The total allowable radial movement of each pad was 1/16 inch,
most of which was taken up in retraction to facilitate entry of the shaft,
Because of this small movement and the restricted dimensions, a special

O-ring seal was designed and tested.

To facilitate assembly, each unit consisting of a pad and ram was
retained against the bearing housing by means of two springs. The units
rested between two ﬂanges and were located circumferentially by the
retaining springs. Once loaded, the units were firmly located
circumferentially by virtue of the friction between ram backs and housing,

They were however free to align themselves during the loading process,

this aligning involving swivelling and sliding of the ram on the segments
described above., - o ,

The attached drawings show the layout of these E‘ad , the ram

"cylinders", segments efc.

Large Pads. In principle these were similar to the small pads.
However, there were differences due to the fact that much more space was

available to enable more rigid units to be designed.

The material chosen for the pads was therefore bronze and as
before, these were faced with ferrobestos. The machining was straightforward,
being carried out on the jig borer with no provision for distortion being

necessary.

' Whereas the small rams and cylinders were not circular in shape

necessitating the plane interface between cylinder and segment to enable

rotation about a radial axis, the large rams could be made circular because of

space considerations. The "cylinder" in this 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 relieved fo allow a limited rotation about the parallel

and tangential axis as well as the radial axis.

Retaining springs were incorporated as before to hold the units

back in the housings during assembly.

0il Supply Lines. All lubricating oil was carried in steel bipes

3/8" O, D. which entered the housings from above, and passed between the
small pad units fo the region between the two bearings. = Here the pipes
ran around the housing a half or third revolution to provide a certain amount
of flexibility. - Loading oil pipes entered from below after travelling across
the upper pole face. In the casé of the small pads, sufficient ﬂéxibility had

to be incorporated in these pipes also.

The oil connection to each pad was essentially a rotating one

which added to the overall flexibility.

Instrumentation. Besides pressure gauges and sensing devices

associated with the servo mechanism, bearing pad faces were monitored for
temperature by fixing in them a number of small commercially available

thermistors attached to small copper discs (1/8" approx. diameter).

Attached drawings show the layout of the large pad units, piping

and thermistors.

THE SERVO CONTROL SYSTEM

We confine our attention here to the upper rotor and supporting
guide bearings. It was desired to control both the direction and position of
the rotor axis. There were, therefore, four degrees of freedom to be

controlled by the four independent variables related to the orthogonal radial

LS
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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, énd 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 suificient 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 prac Xce 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
900 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 ¢, 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. I 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 trialsin 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).

¥ ‘ 1.5
Time (Sec) 02 1.0
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Fig. 10. 1.



During this time the bearings were always under servo control

except during a pulse as described in Section 9.

In this series of tests, speeds were limited to 550 r.p.m.

because of the tendency of an oil seal to fling oil at higher speeds.

Four types of observations were taken.

Calorimetric observations on the oil to pole bearings and

thrust bearing.

Pad face temperatures by means of thermistors in the pad

faces.

Sundry measurements of oil pressure and the oil volume
in the rams. This latter measurement was achieved by _
installing a number of small free pistons, one in each oil
line to each ram and observing their movements by means
of thin rods passing through oil seals and operating

potentiometers.

Direct observation on dismantling.
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The full speed calorimetric losses amounted to 50 k. w. measured

with an accuracy of about I 10%. TUnfortunately, the oil from large and small

bearings became mixed after discharge from the pad faces, so that it was not

possible to measure the ratio of losses between the two sets.

This measured loss must now be compared with the value expected

from calculation.

If one assumes uniform clearance over the whole pad.face, then

this uniform clearance h can be written

3
ho= 12w;QB L

p

10.1
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where B is the effective plenum circumference. Respective values for small
and large bearings are 3.4 and 3.7 mils respectively assuming the oil

supplier's value of /u, at the operating temperature.

Again assuming uniform clearance, the friction power per pad can
be written
p - AT
10,2
where A is the effective area of the lands (including the stabilizing lands).

Using 10. 2 and the above figures for h derived from 10.1, it is
found that the small and large bearing losses should be 11.5 and 27.5 k. w.

respectively.
The measured losses are therefore 11 k. w. higher than expected.

A small part of this discrepancy can be accounted for by losses
due to frictipn in two oil seals and general turbulence of the discharged oil
adjacent to the shaft. The discrepancy may be described another way. The
"effective uniform clearance' may be defined from observations of pressure

and oil flow using 10.1. We shall designate this effective value by hp

On the other hand a second value of "effective uniform clearance"
may be calculated using 10. 2 and observed values of friction powers. We

shall designate this valueml“oy h

f
h
In our case the ratio of the two effective values is TxE = 1,25,
f

One probable explanation for this ratio not being unity is that
clearances were not uniform. The effect of non uniformity will now be

demonstrated.
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Fig. 10.2 illustrates a pad simplified by having rather narrow lands.

i1

L= ‘-

| _L Fig. 10. 2
k34

If this pad were tilted by a certain /3 amount, the average clearance being

Nip

h , then the clearance 3/ around the perimeter X would be as in
Fig. 10.3. '

& : - >
—x _ —l
M’ ("ta)\‘ F ‘
4’,/ S (Y1
e T e e 4 ——had

Fig.10.3

Since the plenum is at uniform pressure, the oil flow will be found to be
Q =< f ’73 . x
But by definition (10.1) Qo (o )°B
P

° 7 f‘}ad'}(
B

i.e. hp =/

3 2
or h:seh1+-3—'5—
) 4

On the other hand the friction loss over the lands will be

B dex
a AN

f hf

10.3

but by definition (10. 2)
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Hence h o< B
f fgi_x
¢ £
or hf BeaN h(l" 4 ) 10,4

Therefore the ratio EB is as follows:

£ I

3 2

b e :
hf B2 10,5

NS

hy [
£ 1
s X Fig.10.4
g —
A value of 1. 25 corresponds roughly to p = ,65.

If we include stabilizing lands, hf is less than indicated by 10.4 and therefore
the condition ‘ = 1.25 will occur at a smaller value of /3 than 7. 65.

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 1bs. per inch. of pad length can easily be
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developed in a direction which is indeterminant. Reference to Figure 7. 9.

and the appropriate constants indicate that such torques can be developed at

8) -

It is reasonable to expect then that all the pads will not maintain
an inclination close to zero but rather have a random distribution within
this range. Indeed direct observation of the oil volumes in the rams by the
method described earlier, while the shaft was rotated slowly and slightly
eccentrically, indicated that the pads followed in steps. The resulting
variations in film thickness were p .51to I 1. 54mi1. in most cases so that it

would seem probable that variations of this order might always be present.
'Other probable causes of non-uniformity are as follows:

ii. Machining errors in shaft and pads.

Although extreme care was taken, errors in non linearity of the

order of + % mil. are probable.

iii. Temperature gradients.

If heat flows from the pad face radially, the pad will become more
convex. This will change its N value such as to make the pad stable at a
slightly larger value of , /3] and also make it non parallel to the shaft in the
axial direction. In the case of the small bearing which is axially long and only
one inch thick, a temperature difference of 5°C is sufficient fo cause a
variation of clearance of I 1 mil. However the presencé of the insulation on
the pad face will inhibit such gradients although the expansion of the
insulation itself under 15°C temperature rise of the oil may cause considerable
bowing. The lower bearing should however be comparatively free from this
effect.



iv. Forces

Great care has been taken in the case of the flimsy small bearing
to ensure no ill effects from the action of plenum and ram forces. These
forces do not exactly cover the same areas so some bowing is inevitable,

However this has been countered by machining into the pads a slight negative

bow.

Observations of pad thermistors - further evidence for variation of clearance.

One or two of the thermistors embedded in the pad faces have
shown temperatures in excess of IOOQC indicating clearances as low as
1 mil. even supposing viscosity remained constant. There is no consistent
evidence of an average value of {8 other than zero,

Effect of error in assumed value for viscosity.
h

Another explanation of the ratio ﬁp' being other than unity is

that /u/ was not, in practice, the value assgmed,. From 10.1 and 10.2

hpoc' ?//1_,./

we have

i.e B %

ho HfR </
To make Blf)' unity, the assumed value of /L must be multiplied by . 72. This
suggests temperatures may have been higher than assumed. They certainly
were in some places as indicated by the thermistor. On the other hand, no

check measurement of viscosity was ever made.
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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
T Bz 4
Derivation of the expression -3 ErE for the rate

of torque generation between two steel surfaces

forming a gap in a magnetic circuit.

The steel is considered infinitely permeable and therefore
the surfaces are equipotential surfaces. The gap is regarded as small
compared to the rotor radius, and only small angular displacements from
parallelism are considered. Thus edge effects and fringing field are

small and are neglected.

The case where the surfaces.are parallel and separated by.
g cms, provides the origins of all axes. The surfaces are circular and
concentric of radius r . One surface is allowed to rotate about a fixed

diameter, 8 Dbeing the angle of rotation from the origin.

The fixed diameter is the lé/ axis, the ¢ axis being

perpendicular and in the plane of the rotating surface in its original position,

/3: is the gap distance at any point X, (d/

All distances are in cms.
At any point X, %/
8/ = g - 3{_6

Between the equipotential surfaces

B%/ = constant

Let Bo be the uniform flux density (gauss) in the original case.

At the origin, the gap is unchanged. Therefore Bj = Bog

94



Hence Bog. B,
B = g-%X8 x8
1- 7
or making a small-angle approximation
B = B (1+%8,

o g
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The force dF on an element of surface dx. dg. is
9
B
dF = ——
2 T dx . d\d; dynes

Substituting 3 and continuing to approximate for small angles we have

therefore:
2
B
26
dF = —= (1 + ===) dx . d
We define an element of torque about the \3/ axis as dT = ~xdF
Hence B 2 _
2 xe
dT +
_ 811‘(1 p )x.d'x..dca,
5.
5 is integrated to obtain the total torque
X +y +,/v*-x*
T = 2o G+ 2%0 Y % dx- d‘{ 2’ ("" Xﬁ—x—)x d’c
g ¥
S At =Y
. +r +-Y
_ 2B 20 | 5>/ xt . dx

0 . 'T"— x}. » dx -+
& : ? /
<y -

The first integral is of an odd function between symmetrical

4
limits. It is therefore zero. The second function integrates to - -n.—s.r
Hence B 021‘4
_T === Teg

or in the notation of the main body of the report

T Bért

8 T 1ieg
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APPENDIX II

Derivation of Wee Qfor hydrostatically lubricated pads

with umform and nearly uniform clearance

(a) The case of pléne bearing surfaces, uniform clearance.

The Navier Stokes momentum equation for an incompressible

fluid with constant ‘o and /u, is

dav _
e 3 & 3
ST -—PgradP+F+.,{° \vAR'A

When viscuous forces predominate over inertial and body (gravitational)

forces, this reduces to
grad P = /J/V” v

which is equivalent to the three component equations:

_.E_z/u,<a Ve | 53:;::’04- %—;—;—) 1.

7' 3:‘\/ﬁ
,a, /“"—__%- (3 B%") | 2

..-E-- z.
3% =5y +"%+ S~ >

In general each second derivative s——= aa n'x.Wlu be of order 1?' where

L is the dimension of the fluid space in the n direction. For flow between
parallel. surfaces which are closely spaced (distance h ) in the 3, direction,

(1) and (2) may be closely approximated by



and

Kk X8
%
B

Also we may put \/g: O , in which case éﬁ =0

a % . 6-
It follows that éﬁ and §-E are functions of X and only so that
ax ° 3y ¢

the solution of (4) becomes

>
- LAE _i _
,‘Vz, = (w3 ) + bz, + ¢
If the boundary conditions are ? =0 ; Vx = U
? = h V)C:O
this equation becomes
1 P U 2
V. = - -
WS Gg Sy 3R G - gh) 7

The co-ordinates may be chosen so that the moving surface has its

velocity U in the X direction. Hence for V& s the boundary conditions

are:
8’ =_O : \73" =O
ooy o
whence

YT w2 - g .

The average velocities '{7_1 and \7'3, of the lubricant may be defined

98
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respectively as

and

and

-— 1 h
:VVQ(T= 'E—é ’V%, dg-

It follows by integration of (7) and (8) that

7= U w2 ap
X T 2 T2k ox 9.
G . A ap
g 120 3\3/ 10.

or simply for the average velocity

U 2

'—l-l—gradp
.
12 1 11,

The law of continuity applies to Vh

ie. div(Vh) = g 12.
where 4 is the oil flow supplied per unit area ot the pad face. Combining
(11) and (12) we have

div ('\7h =q = —ﬁ 2 + div .—

Yh) =a = - 12 ja Vp *odiv-3 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.
IP = O
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The pressure equipotentials may be plotted in the usual way (e. g.
sketching "flow nets" of curvilinear squares). Their geometry is independent

of h and p.

Obv.iously these pressure equipotentials are independent of U

The pad load is therefore independent of U

Also from (11), integrating the normal components around the

boundary of the pad, and remembering that grad p is normal to the boundary
h“P
L -2
f Yo T h T |grad 5|
- ° 14

where P0 is the plenum pressure and Q is the oil flow fed to the plenum.

Since 2 is a function only of X and ta, it follows that for any pad shape

P
3 Y P h3
Q oc -
._ AC
Also the pad load W=j§ pdA= Poﬁﬁ-)d A  where the integral is over the pad
area. Again 1-32 is a function of % and ¢
o
Hence _W o< ‘Po
Therefore

W o< %39 15.

Another useful relation may be derived from (14) regarding a series of
pads whose X, 'tj’ dimensions are proportional. Each member of such a
series may be defined by some characteristic linear dimension e.g. length :L .
At similar points on the boundaries of similar pads therefore |

21
grad ’Po o< ".L
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and fhe line integral around each boundary is:

f grad i’P_ S -i— x L
' S0 : : = constant

Hence for such a series

2

o = constant 16.

®) 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 pléne surfaces and only
with cases having a (j, % plane of symmetry through the centre of the pad.

- V.«

¥ 2 plane of symmetry

Let us measure the X co-ordinate from this plane.

Then for JC}_O, h is some function of X and l#/ » while for'x{Q, h
‘is the same function of — X P g,

i.e. for X >O0;h h(x.,%)

and X (_O; h = h (-x, Lt) 17
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h is an even function of X . Iis first and second partial

derivatives are respectively odd and even function s of x.

Thus; iffor x) 0} gh = R <xm,5)¥2 h (x, LJ\)

then for %< 0, %}i='hx_('x/ 'a‘)i -:gz-;_ = H;Q - x, ‘13 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

(e + - 0)
we have Udh _ _1_ ‘3__9_+__E. +Q ék 2P + 9R
2 5 [ (- 32 ol 3o
For X. 3 0 we have substitute the functions (17) and (18) for

h, 2h B'“h
FE AT S

' Thus: 2 ‘ , .
Lhy ) T [{“ oot} (§s Eranplg (B 35)} -
and for x {0 20.

_—% ";?f "/""Hh(—x’@&(ax "P') ah(- x?)“ (- '7)@ +§£)}

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 Jolet p= pn(x)%); 33 :P:L(x.%\; 29»: ﬁ:(x,v})
Then for x{ 0 P" - ("{"l&) SB Px.("") ‘d') 1= P (" . LJ‘)

and for the partial derivatives with respect to %
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e 2B L
for X )O , let g—g/-':f’%(x:‘g)) dy* P'*(x/%)

then for x{ O %§=‘Ptﬂg('1ﬂd') ] g‘-ﬁ; = "\o'f((fx) y)

By making the appropriate substitutions, it will be seen that such

a function of (x,,v) may satisfy both (20) and (21).
In addition, p = constant is a solution of (20) and (21),

So also is the even function p = P, (a:,v) provided the sum
of all the terms in the square brackets of (19) is everywhere zero.
However, this is the condition for the pressure function when U =0, as
is obtained by putting U = O in (9) and applying the continuity law to (9) and
(10). -

Hence the complete solution of (19) is

= + +
P p0 ‘ pe ‘ constant

1

Boundary conditions usually reduce the constant to zero.

The pad load is the integral of this pressure over the land area

plus the plenum pressure times the plenum area.

Thus A
W =] pdA + A
= f pedA«+ ppAp; Since / podA = O
A | ’ A
Now p0 must be zero for the plenum since it is an odd function
and we will assume no pressure changes possible in the plenum. Then p

must be the appropriate boundary value of pe

Thus - W is always a function of P, only, which is the zero speed

pressure function. Hence W is independent of speed.
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Where the bearing surfaces are curved, they may be de_veloped
into plane or almost plane surfaces and the above arguments applied. The
error will be small provided ﬁ% is small, where Ry is the radius of
curvature of the surfaces.

(c) The case of cylindrical bearing surfaces.

In cylindrical co-ordinates let the pad extend from % = 0O to
% = X/ , and in the & direction o + eo .
Let the shaft surface be

r1=R:5

and the pad surface be

]

Rs + a + bcos®

</la“""“‘*éz

Cﬂdu o( Curvaluee .
of pool.

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 # =0 to be a
plane of symmetry for the pad,

The clearance h is therefore

h=r2-r1
= a + bcos@
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andat 8 = O

Hence h = hocose + a(l-cosp )

It is convenient to write
cosf = 1 -X _
since with the angles usually met “with & will be small and appropriate

approximations may be made.

Making this substitution
h = 0(1 - ca) + alx

h _ ax
- or -l-l—-_l -0k + h
0 o

o

A further simplification may be made by defining 'a—h'o- = [S .
Here /3 is also small since a and ho will be generally of the same order
of magnitude,

Hence our working equation is

h
H(-;= 1-0L+ﬁ

Let us neglect the fact that in general the bearing surfaces will not
be parallel, and freat the pad as being surrounded, on the @, = O and 5« = L
side by lands where h = h { and onthe g=4 9 sides, by lands where h=h! {143}
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. ZRS 90 = ﬁ )

For a plenum pressure P o’ the oil flow from the % = 0, ,8 ends
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il
N
o]
=

is therefore Q 1

and for the & = % 60 sides

n

3 3
Q, = KP_h" (1 -x+8)"
where K is a constant and & and ﬂ are average values for these lands.
The total flow is therefore
Q =Q+Q, = KP_h_ Lz - 3% + 3‘3}
where an approximation has been made for small o< and ﬁ . Since POV

is proportional to the pad load W  (neglecting small effects due to the lands)

we may also write

W oo —=— (1 + -

The rate of change of W with h0 may be derived by

differentiating, remembering that (3 ‘only is a function of h

o
Thus 300 -
_(_“_N_ . g dho 1 + —5— - Zﬁ
W By |1+ i‘;i - —é
or with approximations -
dh
aw = -3-2(1 -8,
W b 2
In the case of parallel plane surfaces, the similar relation is
aw _ %
W h
: 0

Hence the case with cylindi'ical surfaces may be approximated by
the plane case provided h is not large i. e. provided {5 is not too small
compared to the dlfference in radii of curvature a . For: 60 pads X =R 13,

Hence since{3= -%P-L-,]al may for example be any value up to the steady design
)
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dh

value of h0 for the approximation % = -3—59- to be within 13% for changes
o

in ho up to 50%.
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APPENDIX IO

A mechanism of bearing failure involving_

incipient contact areas.

The argument outlined here may generally apply to all types
of 5',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 operation 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 ciarity. This case is illustrated below and

closely resembles the conditions of the seizure mentioned in the body of this

report.,
w
. Ow Feeo @
TN N NN SN NS
AD\ N T NN Ineeisnr  contact
N ‘/ \\ AREFAS WHEN
/e PxA, A / 74 B

‘Shaer
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The following equations may be set up:

B, = n(W-pAl)Uf 1.

Here W is the pad load,
p is the average pressure under the pad,

Al is the pad area.

The force exerted on the pad by oil is therefore p Al and the

solid to solid contact force at the contacts when they are no longer incipient
is (W - ph)
U is the surface speed, f the coefficient of friction, and n

the number of pads.

Pz' is therefore the total friction power produced at the contacts.

Here all of P, is taken as flowing to the shaft surface.
This is reasonable since the contacts are continually being presented with a
relatively cool shaft surface so the temperature 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 same adjacent regions thus

lowering the temperature gradient in this direction.

From the shaft surface, P, divides. into P0 flowing to the oil

by convection, and PS flowing into the body of the shaft.

p=K2/Lu , 3.



110

Most of the oil feed Q is confined to the flow end-wise by the
contacts. The pressure p is therefore developed as a result of thepressure
gradient over the end lands. This gradient depends on @Q , the pad dimensions
(including h which is constant throughout this argument), and /u,the

viscosity at these lands.

S = vay .

This is simply the viscosity-temperature relation for the
particular lubricant used. To is the oil temperature at the end lands or
just before the oil leaves the pad. Both temperatures T and T are measured
from the normal running value which is essentially the oi(I) feed.inlset temperature.
'PO

AZH(aTs- To) = —

5.
1)o
Here Y is the heat flow to the oil for one pad. The major part

of this transfer will occur under the pads because of the high velocities there.
Az is the effective area for heat transfer to the oil for one pad and is
roughly the same as A' . The temperature difference associated with heat
transfer varies betwgen TS (oil inlet temperature is zero) and ( TS- T0 ).
X Tg+B(Tg -~ Ty

oL+ 8

where ¢ and ﬁ are appropriate weighting factors.  This expression

[(_0_4_,_,_3@_—.;_ _Tb} « B

oL+ ﬁ

In general the mean femperature difference will be

reduces to

The average heat per unit area is therefore

18

h .
a(aTS—TO) where a = B and h is

the film transfer coefficient.
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In (5) H is defined by H = % . Strictly H should be taken as a
function of shaft speed but will be assumed constant for Simplicity,
T =K EQ 6
o 3 n ‘
This equation simply relates the final oil temperature rise to the
heat input to the oil, K3 is a function of oil density, specific heat, and flow

rate Q .

The six equations preceding which contain seven unknowns may be

reduced to one equation between the two unknowns Ps and TS .

The result is

PS = Cl- CZV(CSTS) - C4TS 7.
where

C1 = nUfW

C2 = nUfAlK2

Cy = K3A2Ha/ ] +Ky A2 H)

c, = nC3/K:3

1
are essentially constant.

C., and C2 are therefore proportional to U while C 3 and C 4

The diagrams on page 112 illustrate a typical viscosity-temperature
curve and a consequent series of Ps vS. Ts curves for various speeds. All
the ocurves go through Ps =0, TS = 0 since this is the condition for the

contacts to be initially incipient.
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wV
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U iNCREASING

The interpretation of these PS vs. Ts curves depends on the
realization that each of them defines Ts as a function of time.. The exact

function involves solution of the Poisson equation

dp
8

=1 __s
with the boundary conditions grad '_I‘s T

( ©° specific gravity, s specific heat, k thermal conductivity,

S shaft surface aresa),

However, the solution of this equation is not necessary since we
are only interested in the general behaviour of Ts vs., t and whether in fact

Ts can vary with t ,

Some general properties of these Ps vs, TS 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 % =0 and % = f, . Further, heat transfer in the Z' direction is
taken as zero, and at every instant the cylindrical surface temperature Ts is

uniform,
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In this case then the following facts will be evident,

Ps- Ts curves in general have a definite beginning and end

which represent the beginning and end of the period under
consideration. '

In particular if a PS—Tscurve degenerates into a point and
represents a process of finite time then such a point can
only occur on the Ts 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).

Hence if a Ps-Tscurve begins and ends on the axis, it
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 tt can be roughly estimated from:

Equilibrium states

113
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where C is the thermal capacity of the shaft and Pﬂp is the peak value
of p s °

d) The direction of the transition from two equilibrium states
is unambiguously determined by the sign of P-s . Thus
in@8if T sl and T gg are defined as the beginning and end
states then the direction of the transition must be so that tt
is positive. '

R A

Y

/‘\ Tsa 1)
Ts:_ "Ts \<_/ >Ts

(e) A corollary of (d) is that any émooth PS- Tscurve which passes
through the Ts 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 umstable 7
because at an undetermined time the process may travel along

either path. In the same sense the latter case is stable.

R

STABLE EQUILIBRIUM CUNSTARLE  EQUILIBRIVM

w0
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Similarly any equilibrium state can be described as stable or
unstable depending on the slope g%'é of the Ps- Ts curve

emanating from the appropriate point on the TS axis.
dp

If ET-S' is negative, the equilibrium is stable.
-8

If dps . is positive, the equilibrium is unstable.
S ‘
Armed with these facts one may now analyse the previously

obtained set of Ps’ TS curves with regard to the stability of the thermal
equilibrium point Ps = 0, Ts = 0 '

v

/ U incReASING

/{ UNSTABLE

Z § STABLE

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 Ts
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 _ Ts . In practice this means that any sli(ght change
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 tq what is in

fact a bearing seizure,
Py
The condition for stability is evidently g+ { O at Ts =0
s
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C4
i.e. -V'(CT)<
3's 0203
d
where V'(T) = (TT—V(T)

Substituting the values: for the C's

1
-V —T_ 9,
T=0 \'Uf 1K2K3

| Hence there is a critical speed U which depends on,
amongst other more obvious factors, the rate of change of oil viscosity

with temperature.

Typical approximate values for the bearings referred to in

the body of this paper at the speed of failure were:

U = 37 ft/sec.
f = 0.2
2
Al = 0.75ft
K2 = 3.4x 109 sec”1
Ky = 6.2 %1073 °F sec/tt 1b.
1 -9 20
Hence Uf/‘\lK2K3 = 8.4x10 " 1b sec/ft F.
The oil viscosity was approximately 5 x 10_4 1b sec/ftz, and
-5 2 o
! SR
VT=O 10 b sec/ft F.

Obviously then the conditions were unstable and a fast

fransition to a high temperature might be expected. This was the case.
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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 ata 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

dp _ _ 124V
dr h2

But 2T Vrh = Q the oil supplied to the plenum.

dl —3 - 6
Hence ar ﬂﬂ Th

K (a constant for this problem)

3
J
5
®
"

g - _Ke
dr

r
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It is convenient fo take the pad load as
P1
w=) A d
(o] P

where A p is the area enclosed by the equipotential p and p; isthe

highest pressure under the pad.

' 1o KQ
Hence taking p=O at r = R, W = -£ (rr )(-r— dr)
where ry is the radius of the equipotential Py -

Integrating

_ T KQ ,,2 2
W - (R rl ) 9.

Since W is given, (2) shows Q as a function of r

2W
T K(R2 - r12) 3.

i.e. Q =

(2) includes contributions to W of all pressure equipotentials of radius R
to ry - It is therefore the load of a pad having a plenum (uniform

pressure) of radius r 1

The plenum pressure pp is found by integration of (1).

Thus r
p = - KQ/ 1 -]; dr
p R
= kedn &
Ty

The pumping power P is
P = pr
= KQZ X,n R
1
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or substituting (3) for Q

R
- 2
p = 4 zn ry w
- TrT°K(@R4 - r.4)
5.
The condition for P {o minimise is therefore
2 2 1 R 2 2
-@® - 1) = = 2£nr ®" - 1) (-2r))
1 1
or é, R ,|/R 2
{ n"; = {7 - 1
' 6.
The solution of (6) is -% = 538 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.




APPENDIX V

General Principle of Superposition

We start from the general equation 7.1 viz.
Uh 3

= . h
q = div 5 - d1v(12/u/gradp)

120

Let the particular values Ay Ua and the distributions 9, ha’ P,

satisfy the equation. Thus: ,
U, h h >
—a
2 div ( 2

12/,1,a

qa=div 2

grad 1 )

7.

It is required to show that Ua' and the distributions qa and p

can be regarded as the sum of two component sets of values.

Consider the following component sets each of which is defined

by a particular set of boundary conditions.

Component (i)

Ui = Ua’ p. = O everywhere. Then from 7.1 the
i

distribution is given by

5 U h

| = div —=

% 2 1

Ua

r = — . since U = constant 2.
°or 4 =5 - gradhy a

The a9 distribution can be regarded as a fictitious oil flow
diffusing through the pad face surface and proportioﬁal to the relative angle

between the two faces.

2

a
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/
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LR ~ : 2 Dimensions

77 ///?u“
—

Step geometries may be treated by using Gausses theorem as

applied to surfaces e. g.

(div v dA = fv-'ﬁd‘/?/
£ yn

J
IA U
Hence since qi = div -a2 2
l}ah
we have qi dA =/div 2adA
Uh U
; /
or  Q =f 22 . qaf - sl )h?'ﬁdL 3.
y 2 Za
7\

since Ua is a constant and where 1 is the unit vector in the U(x) .

direction.

Hence the projection of a step in the x ‘3 -plane may be
considered as surrounded by a line boundary /{i " enclosing area A which
shrinks onto the line representing the projection of the step. The total flow
component Q i is therefore equal to 2! times the projected area of the

2
step looking in the (- ) direction.

\Y4 " STEP PROJECTION
gouwoary £ ___ | —
—— ]
AREAA—"|

A
>N, A



Component (ii)

= = - h i i b
Uii 0, qii qi + qa . Then pii is given by
Adding (I) and (4) 3
A b,
qa = div > = div ( 12/u/ grad pii ) 5.
/a

Evidently then, comparing this with 7.2

p. +p., =P

6.
i ii a

Similarly it will be seen that

a
U +U0, = U
i ii a

Hence in this sense the (i) and (ii) states are components of the
actual state.

Pure Hydrodynamic Lubrication.

I /u/ is constant, 7.1 may be expanded to
U 3
Q-3 - gradh = -div(lz/w gradp)

_ -1 |.3_2 2 _
”12/» [h7p+3h grad p grath

Pure hydrodynamic lubrication may be defined as occurring when
g = O everywhere.
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In this case it is seenthat p = A U +p
¢4 1 M) 0
is a solution of (7) where A is defined by:

1 3 _2 2
12/“,’[11 A+ sh'gradA - gradh]

/i\~ gradh =

Invariably when (8) is integrated over an area to give the bearing

load, the po integral is zero.

Hence the significant pressure component is A Ua which

everywhere is proportional to speed.

In the two dimensional case where \_73 = Q 7.1 may be
integrated (q = O) giving
3
Th b _9p _
2 Tizmex - MO
where the R, H. S. is written to show that U and /u, are the only allowable

variables in this function.

We have already shown that grad p and hence all the L. H. S,
is proportional to U . Hence f( U, 4) must be of the form Uz where /6
is a fixed length to satisfy dimensional requirements.
The equation may therefore be written

3

A oep .U W

1200 2% g (h-Db) 0.

The magnitude of h' may be gauged from the condition at
maximum or minimum pressure. Heresaf: Oand h=h'. Hence h'
is between the limits of variation of h ; corresponds tothe h for

maximum or minimum pressure, and is independent of speed.

Comparing V. 9 with II. 9 we see that
Uh'

= = V_h
x
- 10.
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U h'

i.e. — is the flow per unit length under the hydrodynamic surface.
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APPENDIX VI

Variation of h w1th g 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 z dimension b . *3,

1 ;
b—u

Vmm o o

Loy Fig. 1.
e g 55 R

We consider tilting about the "parallel" axis, i.e. the centre

P

lme in the 8, direction. Let this axis be the % axis. Thespeed 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 -
per wnit width with U= 0O is then proportional to ? where 3, is the oil
fihp thickness or clearance. The total oil flow Qs in th18 case is:

— o< / /a, ds where the integral is taken around the perimeter.
For the two lands of length b we have

% = b1z

and for the two lands of length a we have



¥ - h'(1+§5’5)

It follows that +9;

3 3 )
K fopdf1-8 8 3
Qs_ > [bh {(1__2) +(1+,2)f+2h Z (1+§-—)de

-

|

[a(1+ﬁ;’r) + b(1+—é)]

U is non zero, Qs is augmented effectively (refer to

Appendix V for principle qf superposition) and becomes:

iy h b Fig. 2.
77 A7 7 7 L7 .
77 7 ’| | 4 U
=~ _ = bé hU
Q = gs = P
Hence in this case
- _— b éhU s
g. = 9_5 - 9 = Kh f(ﬁ) 1.
2 3g®
: - 8 3
where f(/s) = a(1+4) + b(l-*-(4 )
2.
It is convenient to define several new terms.
(@) When B =0
§' = é-s- = Kh3f(o) and therefore h is independent
of speed. In this case define h as h0
(b) Define Uo such that

@l
(=]
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(c) h is normalized. Thus h' = Eh-
o
d) U is normalized. Thus U = %—
o
Substituting these new terms we have from (1)
_ bphU _ 3
bho Uo > Kh'f ( /8)
. bl3U
ie. bh U - —2%— = Ki(f)
bU
i.e. o R bUﬂ 1
T *~3 " 3 % = KI(p)
ho (h')3 2h02 (1" 2 P
2
Kh
ie. -—5--2'éx 2 =quf(ﬁ) 3.
(b) (")
Also whenzﬁ= O, h'= 1, and
Kho
1 = T f (O)
o
. bU, 1
i.e. K = 9 —
B
Substituting for K in (3) then
¥
13 _ U2,3 " 12 - f'((S)
") (h') 4.

where f'(P) is the normalized f ( ,G ) i.e. from 2

2
' sy ., B2 ls .
f (p) = 10) =1 + i 1,.@

ol [T



f' () depends on pad geometry. As an example f' (ﬁ )
. ¢
is plotted for our model when a = b (Fig.3).

Jljéf‘)

> f

-~ o |

g -
JUFS

The solution of 4 can be obtained graphically.
Fig. 4 shows the results when ' ({S) is that shlgwn in Fig. 3.

h .
It is useful to express the ratio —p~ which is of importance
in the text of this report, in terms of normalized speed and the aspect ratio

ga of the pad. To this we must confine Ph to that value corresponding

" to 18 = O . This special value is denoted by jpﬁ '
o
Then by definition
UL
Pp =/ B2
o o

We also have from this appendix

—_— 3
Q, = Kh ' (0

and f(O) = a + b
Also if we continue to adopt the simple model used in this

appendix, Qs may be expressed approximately as

3
h
oo & '
_Q_§ Ty X 3% X {perimeter length)
h3
o

|
™

T (a +Db)

‘ Fig. 3.

"128



Hence, comparing this with the other expression for Q

]
above we find
P

6/u,L

We have also by definition Fs = bhoU

and Ut = —
o

Combining all these equations, the required ratio becomes

Py
0

P

- U a
T e

*\v\
h=i
\\/Cons‘l’a\d © curves

/ |

] : \
2 -

3
1)

'

o

°

-
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APPENDIX VII

Further Discussion on the Nature of the

Boundary of the Cavitation Rég’on

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 (Qr ?2;31« %12 ) will apply to either bouhdary

in general. The R.H, boundary will differ from the L. H, in the allowable
> O as with the L. H,, and

s—

values of Q . For the R. H. boundary Qv
) O  in the normal lubricant to satisfy p ) D, - It follows that
Qv and g% may have finite values in the normal lubricant and therefore
that there may be a discontinuity in g_% at the bqundary.
This would be the case for example if a number of eylindrical
surfaces such as shown in Fig. 8.3 were joined consecutively as shown at A
in Fig. 8.4. ’

T 6Nt oi?

B ):‘00.
P —>U pig v
O

The discontinuity in 9_2 is not necessarlly associated with a discontinuity in
—'3' as in Fig. VII. 1. For example any surface shape in the cavitation region
(e. g. that shown dotted) would give the same pressure distribution, the only
necessary condition being that 2/ >2%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 Vy at the R, H. boundary, such as at A in Fig.

8.4. would also be discontinuous

A, A
S
RN
S ar AW ard —r 8 _r_;‘)»x.
y VII. 2
I b \———»Vx
A{ A AtAr

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 bou_ndary, ‘ St_1ch 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

L' and after it is

2
Ze
U c dp
‘z “ize ) (11.11)

where 7 is the clearance at the R. H. cavitation boundary, or and

e, 2
“ b I-I , after V.9 and V. 10 have been subsﬁtuted In this subshtution
S’b ’ the 13 at the L. H, boundary, is equivalent to h' in V.9 because of

the condition in both cases that %?c O

The average step in pressures is therefore

Ap = ./°L VLAV
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_p (22)(, 2\
/OL(zz'c)(l cn) 3
U

L y-

where Y = _g’_b7 (° is density, and the subscript L refers to the
c
liquid phase.
In our case
¥ = .8
in units of:
r L R 1 foot
U = 75 pound force (mass-slugs),
second
and Ap & 2 p.s.i.

This is not considered damaging to the small trailing edge strip

exposed to impulses.



APPENDIX VIII

General equation for pressure b'etvéeen an infinitely long

cylindrical surface and a moving pla;ne surface

Centre

A

b

S

X
— VU

‘The equation for the cylindrical surface may be
approximated by a parabola for small arc angles as discussed in

Section 8.
. ox?
me  (g- %) = =

"

or ‘2 - §1= ?:

g
where g /;_Y 33
Equation 9 in Appendix V is the general equation for two

dimensional flow,

3
w B @ U
Vit e - z (B-R)
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8.1

8.2.



This may be written
2
h 1
—— gﬂ = g ( 1 _L
12 /w dx 2
or in the present terminology
2
Lip - — - e \
igp ax - 2t '§7)

where

]

366

Equation 8. 1 above may be substituted in V1. 1 to give

3{\& , the value where (—;E-c O

dp _ 6uU (1"'";%
dx ‘8»02 ' 2
<1+§>
or substituting 8.2
2
S o) [T s
1 +§ )

where K is an arb1tra;'y constant.

The solution of the integral, which we have called 3“

+§ | 4(1+§ 2

p = eﬂu/é% xg(e,g) + K
(o]

3‘ is plotted against g for various values of 6 in Fig. 8.4.

J =

1 3¢ -1
2 - g) tan € 1

Hence
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V1.2,

V1.3.

V1.4,



Two views of the homopolar generator during construction.
Rotors and bearings are in place and the outside shell is being built up

The top half of the shell has been built and the bottom

around the rotors.

half commenced.

©® ® NP o op e N

10.
11.
12,

Two discs of lower rotor.

Busbar connections to outer jets.
Pipe connections to outer NakK jets.
Fibre-glass NaK deflecting baffle.
NaK collecting tray.

Hydraulically controlled NaK control valves.

NaK collecting tanks.
Magnet yoke.

Upper magnet field coil.
(Lower coil under floor).

Upper pole.
Lower pole.

Rail for rotor assembly trolley.
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The small bearing complete with piping and instrument wires. Due to the
bearing being on the bench in a horizontal position, a temporary support

ring (labelled 1) is required.

View of large bearing from the rotor position.
The shaft, oil flinging ring and oil "{ray" are removed.

This photo also shows the inner NaK jet of the Homopolar Generator.

1, Large pads.

2. - Dynamic oil seal.

3. Static oil seal -pneumatically operated positive
} seal during shut down. ' :

4. . Oil lines to pad rams.

5. Lubricating oil drain -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 thg_e gide of the ram. The secohd pipe supplies a small pad.

Large pad "cylinder". |
Large pad. |
Stabilizing surface.

' Large ram oil supply line.

o pw oo

Retaining spring.

Large pad showing thermistors in pad face. These were included mainly
as a safety precautibn to give warning of any impending breakdown. They

were also intended to thrdw lirght on the tilting behaviour of the pé.ds.

Thermistors in "ferrobestos" pad facing material.
Thermistor leads. 7

Lubricating oil entry hole in plenum.

o e

Insulating skirt over r'etaining springs.






« ~ 138

Small Bearing pads in housing but all removed from pole piece.

View from oil space befween bearings.

Small pad.
Stabilizing surfaces.

Retaining springs.

1
2
3
4, Insulating guard over refaining springs.
5 Small ram "cylinder".

6 : Make-uf; segments.

7 Inlet oil line to plenum with non—return valve
in series.

- 8. - - Qil lfne to ram. -

Small bearing pads in housing which in turn is in the pole piece.

View from oil space between bearings.

1. Lﬁbricating oil lines to large bearing.
All lubricating lines entered from the
vicinity of the thrust bearing, through
the hole in the pole piece, and past the
small bearing. ,

2.  0Oil lines to small rams. Supplj lineé to
both small and large rams enter from
écross the pole face and pass through the

large bearing.







139

The guide bearing shaft being removed from lathe.

Bearing surfaces.

Connecting pipes between the two bearings with shaft in place.

1
2
3.
4

Large bearing.

Small bearing.

Shaft.

Insulatiﬁg pipe couplings.

Note pipes are electrically insulated
up to couplings.
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