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ABSTRACT

A theoretical and experimental investigation of the behaviour
of a 6irn. diameter, 3-pocket hydrostatic journal bearing over a speed
range of 0-1000 rpm. and a load range of 0-4000 1b. is described.

A theoretical model for the steady state operating character-
istics of the bearing is presented. The effect of circulatory flow
in the pocket is incorporated into expressions derived for frictional
torque and lubricant temperature rise through the bearing.

The model also includes a quantitative assessment of the effect
of variation of lubricant film thickness resulting from normal machin-
ing tolerances. It is shown that this variation can significantly
distort the pressure profile in the bearing and thus affect related
bearing characteristics.

Experimental results corroborate the theoretical prediction of
the importence of circulatory flow and machining tolerances on bearing
behaviour and show that classical theory yields an inadequate descrip-
tion of actual operationel behaviour of high speed highly loaded

nydrostatic Journal bearings.



SUMMARY

An investigation of the operating characteristics of a 6in. die-
meter externally pressurized hydrostatic journal bearing is described.
The Journal was maintained in a position of zero eccentricity for the
tests which were conducted through a speed range of 0-1000 r.p.m. and
a load range of 0-L0OOO 1b.

An over-relexation process is used to obtain numerically the
theoretical Laplacian pressure distribution over the bearing pad.

Using this pressure distribution, expressions for the load capacity,
flow rate and static film stiffness of the bearing are derived.

Circulatory flow of lubricant in the high pressure pockets is
considered and en expression is developed for friction torque due to
lubricant shear in the bearing which accounts for friction losses in
the pockets due to the circulatory flow. It is shown that such fric-
tion losses in the pocket can be quite significant.

An expression for the temperature change of the lubricant through
the bearing is developed which also takes account of lubricant circula-
tion in the pocket. The reiglts indicate that the commonly used pro-
cedure of taking the average film temperature as the arithmetic average
between the inlet and ocutlet temperetures of the bearing can lead to
large errors. The theory snows that the temperature rise in the
poc?et can be significant especielly at low pocket pressures where the
dwell time in the pocket is high. This results in the average tempera-
ture of the lubricant being closer to the outlet terperature than the

aritametic average, especielly at low lutricent throughput.



The effect of machining tolerances upon bearing behaviour has
been analysed. It is shown that the T.I.R. of the test bearing has
values up to 25% of the film thickness. As predicted in the theory,
and corroborated experimentally, tne variation in film thickness pro-
duces hydrodynamic pressure peaks that are twice the magnitude of the
pocket pressure. This results in increased torque loss and distor-
tion of the temperature distribution in the bearing which significantly

limits the worth of predicted bearing behaviour.
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INTRODUCTION AND STATEMEX

A recent investigation of the nip mechanics in e system consist-
ing of twa cylinders of different modulus running together in loaded
rolling contact included measurements of rolling friction over a load
range of 0-4000 1b. and a range of rotational speeds of 0-1000 r.p.m.
The experimental method employed involved measurement of the total
friction torgue applied to the drive roll. This torque comprised
both the rolling friction and the friction losses in the support bear-
ings for the two rolls and it was found that the friction losses in the
tapered-roller support bearings employed was of the same order of magni-
tude as the rolling friction between the cylinders (1). To obdbtain
accurate velues of the rolling friction it was necessary to measure the
friction losses in the support bearings as a function of load and rota-
‘tionael speed by independent dynamometry.  Aazreement between the measured
values and those predicted from Palmgren's empirical equetions for the
friction losses in such bearings (2) was gquite poor, particulerly at low

rotetional speeds. This was not entirely surprising for although the

(o9

nature of the dissipative mechanism in a roller beerinz is well understood,
ro satisfactory quantitative theory for the prediction of friction losses
exists., It was concluded thet accurately predicteble velues of friction
losses in rolier bear;nzs coulé not be obtained. Thus, in continuing
studies of the type Cescrited, where interest centres around an accurate

measurerment of only part of the totel friction loss and that pert cannct

'3

te easily isolated, it would be necessary to resort to incdependent and

S 5 - $ I L ¥ Cang nd - Py o H e % <
sften inconvenient rmeasurement of the friction loraque o ihe suprort Learing



One possible alternative would be to use another type of support
bearing whose friction losses could be predicted with the requisite
accuracy over the full load énd speed range. Hydrostatic Journal bear-
ings seem attractive not only in this regard, but also for the epplica-
tion under investigation have the added attraction of high stiffness.

Hydrostatic bearings have been employed almost invariably for the
support of extremely heavy loads moving at low speeds and their use in
relatively high-speed applications has only recently been contemplated.
Thus, it was decided to conduct e study of hydrostatic journal bearing
behaviour over a range of loads and rotational speeds of 0-L00O 1b. and
0-1000 r.p.m. respectively in en attempt to satisfy the above requirements
and also for its own intrinsic value. The mein aspects of current theory
of hydrostatic journal bearing behaviour will first be examined and the
theory will be supplemented or modified where it does not adequately
explain the operational behaviour at high-speeds. The resulting theory
will then be tested experimentally.

A typical hydrostetic journal vearing, shown schematicelly in
consists of one or more hycérostatic thrust bearings arraneed in circular
array around a Jjournal.

The one shown consists of ihree beering peds syrmetrically disposed
at 120° around the inner circumference of the beering, Ezch pad hag three
main parts - a land or sill eres, e pocrket or recess arez Wnich actg 23 the
reservoir for nigh pressure lubricant ané a lubricant inlet. The pads mey
ve iso.ated from each other by axial pressure reliefs which separate adlacent
axianl lands. The land ares grcound the pocret, in thi

p 5 3 & am et 3 . 2 Oy P P s TaAle "
shatedl, ¢ nsists ¢ WO exial anl UWo CLrcunlererniial cesments. YRllaL



LUBRICANT
SUPPLY HOLE

AXIAL ~
PRESSURE RELIE SILL OR LAND AREA

PRESSURIZED POCKET

clearance between the jJournal and the lané is typically of the order of
0.001 - 0.017in. and the pocket deptr is zererally 50 - 100 times the
radial clearance. Pressurized fluid flows into the bearing throueh

a lubricant inlet which is centrally disposeé in the base of the pocket.
Proper operation of the bearins demands that a full-fluid film be main-
tained over the land area at all tires. Trnis renuires, amongst other
thinrs, a continuous supply of lubricant tc the nocret st a pressure
sufficiently high to support the radial loadins cof the journel. The
pressurized lubricent supply svster normally cemprises & pump, a lubricant
ccllection end recirculstion syster, filter systerm ancé =2 terperagture

ressulated lubricant cooling systez to ensure that lubricent is suppiied
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to the bearing at the desired temperature and viscosity.

Probably the earliest demonstration of the principles of hydro-
static lubrication was given in a2 novel and popular exhibit at the Paris
International Exhibition of 1878. These principles have, only recently,
been developed to any appreciable extent for use in practical bearings.
Fuller (3) published a series of articles in 1947 in which certein basic
principles of tearing design were established and several possible appli-
cations discussed. Since that time many hydrostatic bearings have been
desizned for a large variety of applications, mainly for the support of
large slowly moving loads, as for example, the support bearing for the
iiale 200in. optical telescope on Mount Palomer (k).

More recently, Rippel (5) published & desizn menual in which all
the salient operating aspects of low-speed hydrostatic beariness are
discussed. Rippel observes tnat little is known about the effects of
Journal rotation on the hydrostatic pressure field, and hence on the
resulting performance of hydroststic journal bearines, apart from the
fact that lubricent temperature will increase and lubricent viscosity
will decrease with increasing speed.

Royle, Howarth and Caseley-Hayford (6) describe an automatic flow

valve for maintaining the journal in a concentric ettitude in a hydro-




These results provided an encouraging stimulus to the solution of
tre dynamometry problem already outlined, the only question being whether
the predicted dependence of torque on load and speed remains unchanged at
loads of up to L0OOO 1b.

Thne authors did not anticipate any large change in friction torgue
when the bearing was required to support higher loads. However, they did
insert a note of caution to the effect that should surface irregularities
become significant in comparison with thé mean radial clearance, or should
tilt occur, causing the intrusion of hydrodynamic effects, large changes
in the pressure distribution in the lubricant film would occur and bearing
performance would be affected. In this latter regard Rippel (5) gives &
rule of thumb to be followed regarding allowable dimensional tolerances;
geometrical irregularities in the surfaces of the journal and the beering
should ve sufficiently smell that the variation in lubricant {ilm thickness
does not exceed 307 of the mean film thickness over the bearing land areas.

Shinkle and Hornung (&) have given a theoretical and experimental
analysis of the friction torque in e high-speed hydrostatic journal bearings

in which it is shown that a siznificant contribution to the friction toraue

[ N

can arise from shearing the lubricent in the beering pockets as the journal

[WH

speed increases. In the derivetion of the expression for the friction

.

torgue it is shown that a lirear pressure gredient, whose magnitude is
propertionel %o the journel speed, is set up elong the length of the pocret

n the circumferential direction. Tris gradient gives rise tc circulstion

(&2}

of lubrivant in the pocket, end ceuses pressure spiZzes at the ends of the
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pressure spikes is given. At high rotational speeds the friction loss
in the pocket is comparable to the friction loss over the land, and when
the flow in the pocket becomes turbulent the pocket friction loss may
exceed that over the land. Experimental data agree guite well with
theoretical prediétions though, as in the studies of Royle et al, the
load was quite low, veing only 75 lb. In developing the expression for
friction torque it was assumed that axial flow of lubricant from the
pocket was negligible compared with circumferential f;ow. This assump-
tion becomes less valid as the load, and nence the hydrostatic pressure
in the pockets required for support, is increased.

In all these studies it has been assumed that the pressure distri-
bution in the lubricant film is Laplacian, whatever the operating eccen-
tricity. Raimondéi and Boyd (9) present experirmental data relating load
and flow-rate factors to a bearing design parameter for a hydrostatic
Journal bearing operated at various eccentricities.  Agreement between
cxperiment and theory is poor, pointing to thre inacequacy of the assump-
tion of a Laplacian pressure distribution exisiing over the bearing land
arce for any but concentric operation.

A series of articles by O'Donoghue and Rowe (10) on nydrostatic
bearing design beased on an 'exact soluticn of the Leplace equation uncer
non-uniform film conditions' wes published shortly efter the experimental
phese of the present study was completed. Trne case of & four poczet
hydrostatic Journal vearing opereting at various velues of the eccentricity
is treated and the predicted shape of & typical pressure profiie set up in

filuid fiip is given. Unfortunately, it bears little resermtlance to

c*
o
2

the pressure profiles meesured in tzls study.
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Dickson (11) presents a simplified approach for the derivation
of load capacities in the turbulent flow regime, in which the possi-
oility of hydrodynamic effects due to journal rotation at eccentricities
above zero is ignored. The experimental data show deviations of about
30% from the theoretical predictionms.

Bearing performance is profoundly affected by small changes in
lubricant temperature and surprisingly, scant reference can be found in
the literature to investigations on the temperature distrioution in the
lubricant film in a hydrostatic bearing. The only reference to such
an investigation which could be found is one published recently by Kher
and Cowley (12). It deals with thé temperature effects in a 2in.
diameter hydrostatic journel bearing at Jjournal speeds of up to 1900 r.p.m.,
without externel loading. They measured circumferential and radial temper-
ature gradients in the bearing and the temperature of the oil film along
the bearing circumference. In the present study, where higher loads have
been employed, it may be expected that the temperature gradients in the oil
through the bearing would be larger and, in view of the large non-lineear
temperature coefficient of viscosity of normal lubricating oils (13), would
have a more pronounced effect on the bearing behaviour.

In the treetment of temperature effects in other fluid-film tearings,
including low-speed hydrostatic tearings, the assumption is often made that
the temperature of the lubricant is the average of the inlet and outlet
temperatures. If the difference between these twoc terperetures is small,
as is the case for tearings operated at low speeds, the assumption proves
to be reasonably good. iowever, when the temperature differcnce is large,

as may be expected in high-load, high-speed beerings, the assumption is of
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doubtful value, particularly when it is noted that a change of tempera-
ture of 1°F corresponds to a change of about 10% in the viscosity of the
lubricant in the normal operating temperature range. A useful guide to
the magnitude and nature of these changes may be obtained by reference
to papers by Cole (1k), Hagg (15) and Muscat and Morgan (16) who have
considered the temperature distribution in the lubricant film in a high
speed, nhighly loaded journal bearing.

There is a large number of theoretical treatments in the litera-
ture which deal with the stability characteristics of low speed hydro-
static bearings. Admittedly, the inherent stability of a hydrostatic
bearing is its most attractive feature, but there would appear to be
little point in studying this parameter further in the present context
until other more basic operating parameters of the bearing such as the
variation of pressure and temperature in the lubricant film are accurate-
ly predictable. Existing theory of hydrostatic bearing behaviour has
not received adequate experimental confirmation for high speed, high load
operation.

The present experiments were performed on a 6in. diameter hydro-
static Journal beering. The bearing has three pocrets completely
surrounded by close clearance lands separsted from the adjacent pocrets
vy axial pressure reliefs as shown in Fig. 1.

Circumferential pressure profiles in the central plane of the
pearing were measured. Thnese show that the influence of normal machin-
ing tolerances on the pressure g}ofile is very marzed and that even when
tne tearing is running at zero eccentricity it cannot be assumed that e

Laplecian pressure distribution exists.
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Measured friction tergues display wide divergences from those
predicted by Petroff's ecuation. These divergences cannot be wholly
explained by making a correction for pocket friction losses, but appear
to result, in part, from the cressure profile distortion caused by
variations in the lubricant f£ilm gap due to dimensional tolerances.

Temperature measurements on the bearing indicate the inadequacy
of the assumption that the average temperature of the lubricant in the
bearing is the average of the inlet and outlet temperatures of the lubri-
cant. A theory is developed which considers the lubricant dynamics in
the pocket as well as over the lends and provides a much better estimate
of average lubricant termperature.

In conclusion, agreement of measured results with the predictions
of classical theory is poor. Improvements in the theory, made in this
study, provide a much vetter estimate of high speed, high load bearing
performance since they texe account of effects which occur in real bear-

ings.
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THEORETICAL

The first step to be taken in the theoretical analysis of hydro-
static bearing performance is to derive a fluid dynamic model for the
bearing pads from which the distribution of pressure in the support film
can be obtained. Load and flow coefficients describing bearing perform-
ance can then be predicted.

Continuous film lubrication is described by a particular form of
the Havier-Stokes equations known as Peynold's equation. Among the
parameters in Reynold's equation is the fluid-film thickness, and if this
is constant, as is usually the case for a hydrostatic bearing, Reynold's
equation reduces to Laplace's equation. There is no closed analytical
solution of Laplace's equation for the rectangular bearing-pad configura-
tion considered in this study end it is necessary to resort to a numerical
solution.

The load capacity is then determined for any arbitrary value of the
inlet pressure by numerical evaluation of the appropriate integral involving
the calculated pressure distribution at that inlet pressure and the bearing
pad area. This may be expressed as the product of the inlet pressure and
an effective bearing ped eree. Load capacity for any wvalue of inlet
pressure for this pad configuretion is determined as the product of thisz
effective bearing pacd area and the inlet pressure.

Flow rete is derived by numericel eveluetior of the resistance to

flew in the bearing pad, and is odbteined frorm an analysis of the pressure

Alsc included are theoretical Zerivaticns ¢f Tearins friction lozs
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due to lubricant shear, the temperature change of the lubricant as it
passes through the bearing, stiffness characteristics of the bearing
and the influence of bearing tolerances on the idealised Laplacian

pressure distribution.

Derivation of the Pressure Field

Schematic drawing showing part of a hydrostatic journal
pearing in the neighbourhood of a pressure ped. A volunme
element on the sill area is considered for the analysis of
the pressure distribution.

Consider e small arbitrary volume element, V, vetween the land
and the journal where the fluid is flowing from the pocret over the land

to the atzosphere as shown in Fig. 2. Let th

o
Ne}

occr.el pressure be Pg end

tne velocity of the Jjourngl surfece ve U,
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Assuming that the fluid behaves in a Hewtonian menner, pressure

and shear forces in the x direction of the fluid element are as shown

in Fig. 3.

§x
- — o)
dy
////
- - — —
e
(sz -18 1,4 dz) dx dy dx

2 6z

FIG., 3

Forces acting in the x direction on the surfaces of a

fluid element., All stresses are a function of position.

At the centre of the element the pressure is p and the

shear stresses Tyx and Toyx.

From e consideration of these forces, in addition to inertiel

and body forces, an equeticn of motion
x directiorn cen be obteined, Ceneral
lavier-Stoxes equations, for a viscous

written in the following form (17):

for the viscous fluid in the

eqguetions of zotion, the
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{-momentum
Du _ ép , 26 w [Su-gu
P T PE- Y 3w (Gx Gz)

L 28 v [su-gav) 8w [, &y - (1e)
3 éx 6x 8y Sy 8y 8x
8w [8w, fu
T (6x+62)
Y-momentum
Dv ép 2 6 §v - Su
—_— = -t = —— T
P T PY-H Y3 Y (Gy ax)
L28 w [ev-sw), 8w (v, b - (1v)
3 6y 8y 6z 6z 8z Sy
. L (__)
6x é oy
Z-momentun
D4 g%, 26 v (8-t
P TPl Y 3w (Gz éx)
L 286 w [sw-ev) 8w [ew , u - (1c)
3 6z éz oy éx P4 8§z
Pe (2. g
6y 8y é
.~.'e ,D—--_--é—q.ué—".‘ri—‘*'.é’_—
ner Dt ot 6x & dz

u, v, w are the velocity components of the fluid in the %, v, z
] b} -~ » S
density end p the viscosity of

and
cooréinetes resgectively, o is the
the fluid,
eft are the inertia terms anc those on the right are
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due to body force, pressure and viscous shear respectively.

These momentum equations can be greatly simplified for the present
application by making an order of magnitude analysis. Typically, the
fluid film thickness is three or four orders of magnitude smaller than a
land dimension, therefore, only derivatives of velocity gradients in the
y direction need be considered. Further, full-fluid film lubrication
generally operates in the region of laminar flow implying that v = o. If
l is a representative dimension of the bearing pad and h is the fluid film
thickness, the pressure gradient ép/d8y is h/l times smaller than the
pressure gradients in the x and z directions and may therefore be neglected.
Finally, if the effect of body forces, such as gravity, and acceleration
forces such as centrifugal forces associated with the movement of lubricant
along a circular peth are negiected, the Y-momentum equation is eliminated

and the X and Z -momentum equations reduce to:
o _ 6w (du
6x 8y oy

WS
¥ 8y

Assuming thet viscosity is e function of temperature only, equetions

o.lo.

(¢) may be integrated to obtain the velocity components. Substituting these
into the continuity equetion and assuming that the fluid density is constant

we obtain Reynold's equetion,

oxg

or example, the first of equations {2) mey be written:

OO
N ~N
I
"
<
———
oo
b3 £
e
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u=o0, u=U
y=o0, y=h.
u = .—l (éR) y (Y'h) + x U
2 \8x h

For w the boundary conditions are:

¥ =0, W=oO0.
y=o0, y=h.
) . o1 _§2>y (y-h)
Therefore: w = o (éz

Substituting in the continuity equation:

§(pu) Slow) _
sx " ez - 0°
where p 1s constant. Integrating between y = o + h we obtain:

§x h 8§z |2u \ &z

o [e]

o {" ¢ _1(§p_)y(y—‘n)+1'd.l dy+or6_ _1(§.p.)y(y-h) dy = 0
2u

which simplifies to Reynold's equation:

§ h3(§2)+_6_ n3(@)=6w9‘:§ - ()
éx §x 8z dx

Since this investigation deals mainly with the operation of a bearing
overating at zero eccentricity, the fluid film thickness, h, is constant and
dn/dx = o. Assuming additionally that u is the viscosity of the lubricant
at the everege terperature of the fluid film and does not vary in the direction

of flov, Reynold's equetion reduces to Laplace's equation:
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N
J
N

(k)

(3] Yo Y
%13
+

(=23
¥
N
1
(@)
]

In spite of these simplifications there is no closed analytical solution of
equation (4)for the generel case of a rectangular pad with a rectangular

recess,
The following numericel solution is relatively simple, economical and
can yield design curves for bearing characteristics for a wide range of pad

geometries.,

lHumerical Solution of Laplace's equation

A numerical solution is effected by superimposing on the pad geometry
a square mesh such as shoﬁn in Fig. L. Because of symmetry considerations
only one quarter of the pad need be investigated. An estimated pressure
value is inserted at each nodal point and these are modified to satisfy the

finite difference form of Laplace's equation:

PA+PB+Pc+PD-hPrj+O(82)=O - (5)
a
B
a
c 0] A
D
FIG. b

Pps Pz, Pe, Py and Py ere pressures et A, E, C, D and O and

2 is the mesh unit, Terzs in {a?) and those of nigher order are neglected,
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The problem is reduced to solving a set of simulteneous equations, one
for each nodal point. In general equation (5) will not be satisfied
exactly and there will be a residual given by

APO = PA + PB + PC + PD - hPO - (Sa)

The process of relaxation or, in this case, over-relaxation provides a

mechanism for reducing these residuals to zero.

After applying equation (5a) to point. 0, Po is corrected to a value

Pg = Pcn'*APOn « a

wnere a' is an over-relaxation constant and has a value between O end 2,

normally 1.6.

The inclusion of a relaxation fector is important when settling a
display on a rectangular bearing ped since the sharp corners give rise
to errors which propagate throughout the mesh and decey slowly. The
over-relaxation technique provides a method for over-correcting the
residual at every nodal point and can improve the settling time for the
display by a factor of 30. The optimum value of a' can be found from

the relationship.
el
a' opt. = 2/ [1+ (1 -A)7)
where A is the largest eigenvalue of the displey matrix.

Treatment of the Boundery Concditions

e

For the case of & hydrostatic pad the toundary conditions con the inner

and outer edges are usuelly constent. They are not corrected by equetio

(52) tut ere used in ccrrecting sdjlecent points. lodal velues on the s

Zines are not toundary values and therefore zre worzeé out wiih a sl
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modification. Taking advantage of syrmetry as seen in Fig. 5, equation

(52) becomes:

APo = P, + 2Pp + P - LP

AXIS OF SYMMETRY A 0 C
- - —_———

FIG. 5

Finally for the case where the grid cannot be made to fit the bound-

aries as shown in Fig. 6 we have for equation (5a):

APo = 2Pp/ £(1+£) + 2Pc/(1+£) + Py + Pp - 2(141/€)F,

4

1%:1

9 Z ZOUNDARY

e

e
[
.

(@2
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Fig. T, which is gi?en in Appendix 1, shows the computer programmes
used for settling the pressure fields for both the projected and developed
pads. Figs. 8 andlg show typical settled fields fo; one quadrant of the
projected and developed bearing pads respectively, computed for an inlet
pressure of 1000 p.s.i. It will be appreciated that the field for each
pad is geometrically similar for different values of the inlet pressuré

and differs only in magnitude.

Load Capacity

The load capacity of a hydrostatic journal bearing is a function of
inlet pressure and bearing pad geometry. It is an important parameter
of bearing performance since the primary function of a bearing is to
support a load. -

The load capacity, W, is defined as the integral of the pressure
over the total projected bearing pad area. It mey elso be defined in

terms of the pocket pressure as shown in the following equation:

W= P dA = Polo - (8)

where Ao is defined as the effective bearing pad area or thet area which

will support the seme load as the bearing, assuming the pressure to be

constant and equal to the pocket pressure acting over the effective erea.
Thus, the effective beering ped eree is a constant fraction of the

totel bearing pad eree for & given pad geormetry and
Ao = X & - (9)

¥ can e found by substituting (8) intc (€) es follows:
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Represents the Laplacian pressure distribution over one quadrant of the projected
bearing pad assuming a pocket pressure of 1000 p.s.i.g. and an exhaust pressure of

0 p.s.i.g.

tion is used to obtain the load capacity of the bearing pad.

The effective bearing pad area obtained from this pressure distribu-
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Represents the Laplacian pressure distribution over one quadrant of the developed
bearing pad, assuming a pocket pressure of 1000 p.s.i.g. and an exhaust pressure of
Three contour lines n;, n; and n3 are arbitrarily chosen to obtain three
independent values of the resistive constant, Cr, of the bearing pad.
is used to calculate lubricant flow rates over the land areas of the bearing pad.

O p.s.i.g.

This constant

-Ia—
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This can be evaluated numerically. Since the sclution to Laplace's
equation is computed on a grid of constant mesh length a, all area
elements dA of equation (9a) equal a? and can be teken outside the
sum. Further, A/dA is the total area of the pad divided by the unit
mesh aree, and is equivalent to the total number of grid squares.

Therefore:

K = LP - (9v)
5Xn

where P, is the pressure at the nth nodal point and n is the number of grid
squares.

It is only necessary to sum the pressures in a symmetrical quarter
of the bearing pad using half-velues on the symmetry lines and a quarter-
value at the centre.

Fig. 8 represents a typicel Laplacian pressure displey, on a (21, 21)
matrix, on a symmetrical guarter of one of the bearing pads in projected
area, for an inlet pressure of 1000 psi assuming the peripheral pressure
to be zero. Using equation (9b) and taking date from Fig. &, I Pp = 275,123,

n =20 x 20:

¥oo= 275,123 = 0.687
1002 x {20 x 20)

e offective area is therefore:

(44
'y

Py . ooy s .
ne true pad area is 16.497 sg.in, end

hg = YA = CLEET x 18.L0 = 12.65 s15.ir,
The peneral eguetion fcr the lcad capacity of the test Learing is:
W o= Pqx A = 12,65 x Py ik,
arnd for Py = 1070 nsi

“n A .
n Al T -
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Flow Rate

An essential requirement of a hydrostatic bearing is that a full
fluid film be maintained between the journal and the bearing sills at
all times., It is therefore necessary to know how much lubricant must
be supplied to the bearing to achieve this, Flow rate, Q, is defined
as the volume throughput of lubricant necessary to meintain a load
supporting film, It depends upon inlet pressure, film resistance and
the physical properties of the lubricant.

An expression for flow rate cen be derived by integreting equa-

tions (2) twice and observing the following boundary conditions

o
n

6o, uU=o0, W=o0. o

y=h, u="U, w=0.
to obtain the velocities u and w as previously derived, These express-
ions are then integrated again across the thickness of the fluid film and

the following expressions are obtained for flow rate.

3 - ;
Qx = "'h_. op a -
= éx) + 2w (10)

- 3
128 \6z
The term hU/2 is the shear flow due to journal rotation while the terms
conteining a pressure gredient represent pressure flow,

In the flow rate expression we are only interested in the pressure
flow, tnaet is the armount of flow which must be supplied to the bearing
ped by & pump. Shear flow cen be igncred. Cozbining equetions (10) we

getv for totel pressure flow
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where 6p/8l is the pressure gradient normal to any closed contour n.

Equation (11) is often written in the form:

0=h' | Po - (12)
Cp b
where
Cr= 12 Po - (13)
EB) én
61
n

where C, is termed the resistive constant of the bearinsg.

Fig. 9 shows a typical settlec pressure field on the developed pad for
an inlet pressure of 1000 psi and e peripherel pressure of zero. Three
suggested contour lines are shown for the summing procedure. Using contour
2, for example, pressure differences are summed along the contour using helf
values on the syrmetry lines. The value 223 at the inside of the corner is

used twice and the value 118 diaponally opposite is ignored. ¥e have then:

L x T |b&p
8Py - == 3 - 1
- lAl 5300 p.s.i. (1k)
Therefore:
Cyr = 12 x 1000 _
5300 0.5€¢

this coarse-

in Indication of the eccuracy ovteined by using 2 grid of

ness cean te seen by cormputing velues of Cyr from the other twc contours shown.

All values Ziffer onl

“
24

in the fourth decimal place.
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Stiffness

It has been implicitly assumed throughout the preceding analysis
that the externelly applied loed is quite steady. Although this is
often the intent, it is well recognized in practice that the bearing
may be subjected to.fluctuations of load, both in magnitude and
direction, which may be quite severe. It is a desirable trait of a
properly designed hydrostatic bearing that the fluid film can absorb
such load. fluctuations. Generally speaking, this requires that the
film can automatically provide the necessary reactive force due to a
counteracting build up of film pressure and at the same time retain
its integrity as 2 full-fluid film. This property of the film is
known as stiffness.

Stiffness is defined as (éW/6h) the partial derivative of the loead
cepacity with respect to the film thickness.

A proper appreciation of bearing stiffness requires consideration
of the lubricent flow through the supply system and the beering. Lubri-
cant is supplied from en external source at a pressure, Ps end is fed
to the bearing through a restrictor which offers e resistance, P to
flow; it enters the bearing at a pressure, Po ané the bearing itself
presents ean internel hydraulic resistance, r,to flow btefore the lubri-
cant is discharged to atmosphere for recirculetion. Since the flow

rate is constant throughout the whole system

=P = Ps - Po - (15)
r F
wrere
r = yC» - {36}

pos
w
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Rearranging equation (16)

Po = Ps . r ) - (16a)
§+I‘
Substituting Po in eguation (8) to obtain the load capacity
W= Ao.Po = Ao.Ps r ) - (17)
F+r

Differentiating this expression with respect to h gives an expression

for the bearing stiffness K.

K= 64 = - Ao.Ps 1 §(R/r) - (18)
éh 1+ R/r éh

Film stiffness can be obtained if the functional dependence of internal
and external hydraulic resistance on film thickness is known. As would
be expected, and as can easily be shown from equation (18), the film
stiffness disappears as the internal resistence becomes very small.

There are three main categories of externeal resistance:

(1) Leminar restrictors

(2) Pixed orifice restrictors, and

(3) Veariable servo-mechanism restrictors.
Laminar restrictors, such as capillaries, are characterized by the fect

that the external resistance is independent of both flow rete enéd film

thickness. Therefore:
§(8/r) B 1 34 - (19)
&h r r éh
6r/3n is obteined from equation (15)., Substituting in egustion (10):
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6(R/r)

sh

3
rh

and substituting this in equation (18)
.( Rr
R+r)?

3 Ao Ps
h

- (20)

)

Fixed orifice restrictors are characterized by the fact that the

external resistance is approximately linearly proportional to the flow

through the restrictor, and hence indirectly proportional to the film

thickness h. Therefore:

B
rh

3(R/r)

éh

|

" |-

ér
R

1

(3

- (21)

Using equations (15), (16), (16a) end the equation for resistance of

an orifice

R = DO

wnere D is a proportionality constant we get:

§(R/r) 3R 3R _O6R
on hr hr nr

Therefore the stiffness is

€ Lo Ps Pr
h(r+R)?

nis relationship is applicaeble to the present

- (22)

study where a Tiyed

orifice restrictor, & needle valve, was employec.

Servo mechanism restrictors have teen discussed

Howerth and Heyford { 6 ) who have shown that

-3 a0

Liiaeds

infinite s ess up to the full lcad

such restrict

in detai

O

capacity
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The Effect of Bearing Tolerance on the Pressure Field

Thus far, several important parameters of hydrostatic bearing
performance have been considered, based on the assumption that the
preséﬁre field is Laplacian. Early in the experimental progremme
it was found that film pressures measured in the central diametral
plane showed surprisingly large peaks which often extend over each of
the land areas and deviated considerably from the idealised Laplacian
predictions. Since such deviations, if real, affect the values of all
parameters examined so far it was decided to investigate their origin.

It was suspected that the pressure peaks might arise from hydro-
dynamic effects in convergent nips associated with very small bearing
tolerances, despite the fact that the design tolerence specifications
were felt to be both adequate and realistic. An analysis was therefore
nade to obtain an order of magnitude of the effect of bearing tolerance
on the pressure profile over the land area. This analysis was conducted
early in the experimental programme to ensure that there were no serious
instrumental faults. Although it does anticipate to some extent experi-
nental date reported later it is presernted at this stage for reasons of
continuity.

Assuming that the journal rotates sbout the true centre of the
bearing, which is a fictitious position, the verietion of redial cleearance
will be a function of mechining tolerances. A& nomirally round bvearing
shell can be non-circulaer and still show fluctuetions in diameter within
the prescribed tolerances, if such tolerances are obtained sclely bv
measurezent of the diaxmeter. towever, 1if the tolerances are measurec as

N

recdial devietions by a totel indicator reedin; - T.I.2., taeren

.

rc £S0rCe
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point external to the bearing shell, the deviations may exceed helf the
specified diametral tolerance as seen in Fig. 10, where the results of
a T.I.R. on the test bearing are given. A slight amount of wear was
visible in the bearing when these measurements were made. It is seen
that variations in radial clearance of the order of 25% were present
whereas variations of only 5% were expected according to the design
specifications of 0.004 + 0.0000in. in diametral clearance. In view

- 0.0002
of this, the applicability of Laplace's equation for the determination
of the pressure distribution becomes questionable and Reynold's equation,
which allows for variation in radial clearance, must be employed.

Since the pocket depth is fifty times greater than the radial
clearance at the lands, normal tolerances will not affect the pressures
across the pockets; the land areas are the only regions of concern.
Since it would be difficult to descrive the variation of radial clearance,
h, shown in Fig.10 as a continuous angular function around the circumfer-
ence, a linear angular variation is assumed over the axial lend areas as

follows:

=
"

Ho (1 + Bg') - {23)

where

G (2n/9 - o) - {(2L)

Ho is the nominel redial cleerance. B is & constent and reﬁresents the
fractional change in redial clearance per degree over a range of L0°, the
angle subtended by the centre points of adjecent lands, between which
points the T.I. reacdings were taker. in the present instence B cen have
values tetween zero and (0.25)/2%E/9. The ccnvention adopted for the
angles ellows for the fact thet as O increases in the directicn of rctation

of the lournal, 8' decreeses and the nip is convergent as seen in
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NOMINAL DIA. 6.004

FIG. 10

Total indicator readings over the land

areas in the central diametral plane of

the test bearing. All dimensions are
in inches.



Since the pressure profiles are considered only in the central

diametral plane and there is no pressure gradient normel to this plane,

Peynold's equation (3) mey be expressed as follows:
_9‘___(h359_ = 6yuUR [én - (25)

89 doe 80
is the radius of curvature of the bearing land.

R
a

where x = R Q8 and
- (26)

nd g =

Integrating this eguetion,
6uURh+C

Since the pressure goes continuously througn e cmaximum value for e con-

vergent nip at some value, hg, of the radiel cleerence:

ép = 0O wher h = Ihp
ds
dp = 6 uU2B (a- ng) - (27)
.2
33

Thus,
ég



Substituting h from equation (23), and using the relation d6' = - 30
obtained by differentiating equation (2h), in equation (27), and
integrating, the following expression is obtained for the pressure

over the lands:

p= - 6 Hy ho + C - {(28)

u UR )
Ho°B (1 + B0") 2(1 + Bo')?

This expression for the pressﬁre, expressed in terms of the total
indicator readings between the centres of adjacent lands can be applied
along each of these lands separately assuming that the rate of convergence
is constant. A more accurate estimate of the pressure distribution could
have been obtained by taking T.I.Rs over each land area.

Using boundary conditions over a single land from the pressure relief

et which P = O to the pocket where P = Po;

p =0, ' = o' = 1/9
p="Po, 0 =8 = 21/9
values for C; and hy cen be found,
C;=6uUR Ho - ho - (29)
HoB (1 +328,") 2(1 + 30,')2
o = Blg3Po/6uUR - Ho [1/(1 + B8p') - 1/(1 + B81')) - (30)

1/2(1 + 30;')2 - 1/2(1 + Bg,')?

Substituting these values of C; and h, into equetion (28) yields an expression
& 1 e} : J T
for the pressure at any point over the land area.

Blots of this functicr for various velues of T.I.B. are givern in Fig.l2.
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The distortion of the Laplacien pressure profile over an
axial lend due to dimensional tolerances in the bearing.
The dimensional tolerances are expressed in terms of dev-
iations in the radial dimension along each lend from the
T.I.R. It is assumed that the gradient of these devia-
tions is linear along the land. The totel gradient is
expressed as a percentage of the nominel radial clearance
and denoted % T.I.R. A significant hydrodynamic pressure
component, calculated in the above grapn for a journal
speed of 1000 r.pz.m., is superimposed on the Laplacian
pressure profile for even small values of & T.I.R.
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Friction Torque

The friction torque of a hydrostatic journal bearing may be
broken down into three components; that due to laminar shearing of
lubricant under the axial lands, that due to laminar shearing under
the circumferential lands and that due to shear in the pressurized
pockets.

When a hydrostatic bearing having relatively deep pockets is
operated at low'speeds the shear stress in the pocxet is only a small
fraction of the total shear and may be neglected. However, when the
bearing is operated at high speeds, as in the present study, a pressure
gradient is developed along the pocket due to the step bearing effect
(8), giving rise to circulatory flow of lubricant in the pocket.
$ypical pressure distributions and velocity profiles over various
sections of a bearing pad operating under these conditions are shown
in Fig. 13.

It will be appreciated from the figure that when the bearing
is operated under conditions in which circulatory flow occurs in the
pockets, the shear stresses transmitted to the journal from the
lubricent film over the pockets and axial lands cannot be calculated
independently. Effects occurring in the pockets must be combined
with those occurring over the axial lands for the calculation of these
stresses. Shear stresses in the lubricant film over the circumferential
lanés are calculated separately.

Considering first the shear over the axial lands and the pockets
in a single bearing pad. Eech velocity profile is described by thne

following general eguation, wnich neglects end effects.
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FIG. 13

Lubricant velocity profiles resulting from combined hydrostatic and

shear flow over various sections of a developed bearing pad. The

resultant distortion, AP, of the Laplacian pressure profile due to
circulatory flow in the pocket is shown above. ~
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End effects are neglected since the circumferential flow paths in
the pocket and the axial lands are large compared with the respective film
thicknesses. Thus, it is assumed that the velocity profiles and the

pressure gradients do not change along the length of the bearing pad.

The pressure gradient along the pocket is,

AP - (32)

bp

g5
|

the pressure gradient along the exit land is,

dp _ Po + 4P - (33)
dx Ly,

and the pressure gradient along the entrance land is,

@ | P - (3h)
dx LL

Where L, and Ly are the circumferential lengths of the pocket and
exial lands respectively.

It is also assumed thet only a2 small fraction of the lubricant
entering the pocket through the feed hole escapes over the circumferential
land and thet this fractiorn is negligible compared to the total circulatory
low. This assumption is not Justified for very low Journal speeds but at

erge the assumption is wvelid.

s

higher speeds where the frictionel torgue is
It should alsc be noted that as the pocket pressure increeses, the hydro-

static flow increeses relative to the circulatory flow and a greater fraction
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of the lubricant escapes over the circumferential land.

In the interests of simplicity the flow will be treated as two
dimensional. To satisfy continuity requirements the net outflow from
the pocket must equal the net flow through eny cross section of the
pocket therefore:

h by, 59
udy = u dy + u dy - (35)
0 o o

pocket entrance land exit land

Substituting equations (31), (32), (33) and (34) into (35) and integrating

gives,
3 3 3
ST B B i IO B O
2 12y Lp 2 12y I 2 12y Ly,
net pocket flow entrance lend flow exit land flow
Solving for the pressure rise, AP, along the pocket.
#P = 6y | Un, - n;% Po
S Tt R ik - (36)
v Lp,
n 3 3
A
Ly, Ly

The pressure term in the numerator cen be neglected in comparison with the

other terms and rearrangement gives,

8P = 6 u ULy ¥y - (37)

n.?

i
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WP = 1 and ?L = LL ER 1
3 hy,
T +1 - .k
o L Ip bp®
The velocity profiles may be expressed as,
u B . h
pocket = Uy 1 - 3% (“n - y)

o

vd
g

&I

U entrance land

- (38)

=

% exit land =L Lo+ong . Fo (hL - v) + 30 Y (hL - y)

h 2

=)
=

2|

e

The ‘'shedr stress at the journal surface is given in general by,

T = pdu

' d}' y:h

and therefore the frictioral torague, TP’ expended over the pocket is

Tp = T5AD = uhpDU 1+ 39 - (ko)
2 2 hp

Similarly the frictional torque, TA’ expended over the combined eaxial landé

area is,



-39 -

is laminar the torque, T,, is given by,

Te = Te-heo D
2 - (82)
= Ue _L_I_ -Ac. P_
hy, 2

The expression for the total torque, T, expended over the bearing pad is

T = yUD Ap A 2—3hp‘<1’L + Ap _
2 %(“”P% AN N

The viscosity p in the above expression is dependent upon both temperature
and pressure. Over large ranges of pressure (0-10000 p.s.i.) the viscosity
pressure .relationship for most lubricating oils may be expressed as:

b= poe® - (Lk)

where a is a constant peculiar to each lubricant and up is the absolute
viscosity at the average film temperature over the relevant part of the
bearing pad.

For the bearing under test one pocket is maintained at atmospheric
pressure and the other two are meintained at a pocket pressure Po. The
expression for torque under these conditions becomes,

T = yo <l+2eapo) - U.D| 4 Ql+3‘?p) + AL (2-3np\¥p + Ac
2 | e np \ R hp, - (k3)

Bearing Temperature

The operating temperature of e hydrostatic beering is of critical
importance because of the lerge temperature dependence of viscosity of
L & T I "

rost lubricating oils. Por instence, the viscosity of normel S.L.E. oils
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drops about 50% for a 20°F temperature rise between 80° - 100°F. Thus,
the operating temperature of the bearing affects those characteristics
of bearing performance which involve lubricant viscosity.

The following analysis is concerned only with temperature changes
which occur in the bearing and it is assumed that the temperature of the
0il entering the bearing is known.

The temperature change of the oil passing through the bearing
depends on four distinct phenomena:-

1. The conversion of pressure energy to heat as lubricant passes from
the pocket across the lands to the exit. This 1s denoted as pad pumping

power, Hp, and may be expressed as
Hg = Po - Q - (Lke)

Substituting for @ from equation (12) we have

Hy = Po?nd - ()
Cru
2. Dissipation of the power, Hgy, required to overcome viscous dreg of
lubricant over the exial and circumferential land aree. This mey be
expressed as
Hep, = 1. U. Ap - (Lg)
= U2 A - (k9)
T

where AL is the total area of the exial and circumferential lands, and &,
-~
is the film thickness over the land area.

3. Dissipation of the power, ligp, required to overcome viscous cdrar of

lubricent in the pockets. This mey te expressec es



Hsp = u U2 4p - (50)
hD

where Ap is the total projected area of the pockets and hp is the film
thickness in the pocket area. This contribution is considerably smaller
than that due to shear over the land areas and is often neglected.

There is a second contribution to heat production in the pocket
which arises from circulatory flow of the lubricant in @he pocket. This
pumping in the pocket results from the pressure gradient set up in the
direction of journal rotation referred to in the previous section. Heat
is produced by dissipation of the power, Hpp, required for the pumping

which may be expressed as

pr = Q¢ &P - (Sl)

where O, is the circulatory flow rate obtained by integrating the expression
for the velocity profile in the pocket, given in equation (38), end 4P is
the pressure gradient across the pocket which is obtained from eguation
(36). Since the pressure gradient slong the pocket is much smaller than
that along the land, and is never greater then 10 p.s.i. in the experimental
vearing under the chosen operating conditions, it mey be expected at first
sight thet the contribution of the pocket purping power would be negligibvle
compered with the ped pumping power. In meny ceses, however, particularly
et high rotationel speeds and low pocket pressures, the circuletory flow
rate is sufficiently large to more than compensate for the relatively smell
pressure gradient. For instaence, when the tearing is operateéd at LOO p.s.i.
pocket pressure ancé 1000 r.rp.z=. the circulateory flow rete is 70 times higher

tnan the flow rate over the lands; when the pocket pressure is reduced to
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100 p.s.i. at 1000 r.p.m. this ratio increases to 280. This results
in a temperature rise in the pocket which is 2-8 times higher than that
resulting from pressure dissipation over the lands.

For the sake of completeness it should also be noted that there
is a very small contribution due to dissipation of pressure energy from
the pressure gradient in the pocket, acting over the exit axial land.

This has been neglected. |

L, Heat transfer from the lubricant to the bearing and the journal.
This can be appreciasble especially if the bearing members contain heat
sources and sinks. However, in general it can only be roughly estimated
since it is dependent upon many factors such as:

1) bearing member convection film coefficients;

2) heat sources and sinks - their locations and magnitudes;

3) thermal conductivity of bearing members;

L) bearing member masses and geometries;

5) whether or not thermal eouilibrium is established;

6) 1lubricant thermal conductivity, specific heat and flow rate.

No estimate of heat transfer has been mede since amongst other things
it would involve a numerical analysis of heat generation and transfer in the
roller bearing which are both sources end sinks in this assembly. Harris
(18) nas shown that such en analysis is quite complex even after much simpli-
fication. It would also involve eveluating the particuler test bed as a
neat sink and a further numerical enelysis of the terperature distributions
in the shaft and bearing. A solution to this problem would involve so meny
cpproxizations as to severely limit its practicel worth. Furthermore, it is

probable thet only e minor emount of the heaet genereted in the beering is lost
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through convection since the flow-rate is large enough to provide
excellent transport of the most of the heat produced when the bearing
has been operated for & time sufficiently long to establish thermal
equilibrium. Thus, heat transfer to and from the bearing lubricant
has been neglected.

The change in temperature across the bearing is expressed as

4T = (Tg - T1) = 1 Po? h3 . AP, Q¢ + AL U% (52)
Qpepd | Cru h

where p is the lubricant demsity, Cp is the specific heat of the lubricant,
J is the mechanical equivalent of heat, Tgp and Ty are the exit and inlet
temperatures respectively. Q¢ is the circulatory flow rate and Q is the
hydrostatic flow rate.

The viscosity u is expressed as

u=uo[l+2eapci] .
-3

where a correction has been made for pressure dependence. up is the vis-
cosity at the average témperature of the lubricant in the region where the
neat contribution is being calculated. Therefore, uo for the land and pocket
regions differ in magnitude.

This form of pressure dependence has been employed instead of the
general form, as given in equation (kkL), since in the test bearing only
two pockets are at a pressure Po and the third is at atmospheric pressure.

The solution to equation (52) is an iterative one since temperature

is implicitly defined in the viscosity terms on the right hand side.
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EXPERIMENTAL APPARATUS

Bearing

The test bearing, shown in part in Fig. 1k, is a mild steel
annulus 6.20in. I.D., 10.00in. 0.D. and L.0in. wide. Three oil
supply holes are drilled axially at 120° intervals on a b 1/1€ip.
radius into one side of the annulus. They are drilled to helf
the depth of the bearing and connect with radially drilled oil
inlet holes which enter the cavity.

The bearing surface configuration is machined into a 0.100irn.
thick phosphor-bronze sleeve. Three rectangula; pockets symmetric-
ally spaced at 120° to each other are cut through the sleeve; eech
nas a width of 3in. and extends over 60° of arc. Axiel grcoves are
rachined to a depth of 0.050in. along the full width of the sleeve
and extend over 20° of arc midway between each of the Tockets. Trese
grooves provide pressure relief between acdjacent bearing pads and
allow independent pressure control in each pad. The sleeve is press-
fitted into the steel annulus so that an oil inlet is centrelly located
in eacnh pocket. After assembly, the internal land surfece cf the tear-

ing is machined to a diameter of 6.00L0 in.
.0038

The test bearing is thern pressed into the inner rece of an S.7.F7.

vy

(23052) self aligning sphericel-roller beering and clamped.
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.
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snows the resulting beering asserbly mounted in the test rig. Tris
arrengerent allows & non exially-tiesed load to te arplied tc the test
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OIL SUPPLY TO INLET
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I

OIL INLET
POCKET AREA

-LAND AREA

AXIAL RELIEF

FIG. 14

Hydrostatic test bearing showing one of the bearing
pads, the oil inlet to the pocket and the oil supply
holes to the bearing.
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HOUSlNG BEARlNG
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FIG. 15

Bearing assembly in the test rig, showing the jJournal support bearings

and the spherical-roller housing bearing through which the loading force

is transmitted to the enclosed hydrostatic bearing. The microphonic,
r.p.m. counter is seen to the left of the drive shaft.
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Journal

Fig. 16 shows a photograph of the journal. It is machined from
4340 carbon steel to a nominal length of 25in. and a diameter of 6in.
and is supported at each end by a Torrington 120 S.D. 23 self aligning
spherical roller bearing as seen in Fig. 15. An eight inch width at the
centre of the journal is case hardened and ground to a diameter of
6 + 0.0000 in. with a surface finish of 8 microinches. This central
pa;t0;2222 the bearing surface of the journal and the radial clearance
between the journal and the bearing is 0,002 * 0.0002in. An annular
plug insert, ground to the contour of the journal, is centrally located
in the bearing section of the journal to accept a pressure transducer.
'Electrical leaeds attached to the transducer are threaded through a 3/8in.

diameter hole drilled axially along the centre of the journal from one

end and connecting with the radial hole in the insert.

Test Bed

The test bed is a framework of I-beams shown schematically in Fig.17
and in photograph, Fig. 18. A central portion of the flange of each of
the longitudinal members is cut away and the resulting web machined to
forn slide-ways on which the support bearings rest. The framework also
provides support for the drive motor and two pneumatic rams whicn form
part of the horizontal loading system. A reinforced angle beem bolted
to one end of the longitudinal I-beams provides reactive support for the
bearing assembly. Load is applied to the test bearing by the pneumatic
rams through a transverse I-beam, which slides along the ways of the
lcngitudinel members to contact the outside race of the test vearing

assextly.



FIG. 16

Photograph of the journal showing the support bearing seats, the
test bearing surface and the central hole in this surface in which
the pressure transducer is mounted.



FIG. 16

Photograph of the Jjournal showing the support bearing seats, the
test bearing swrface and the central hole in this surface in which
the pressure transducer is mounted.
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FIG. 17
assenbly.

Schematic shoving plan and elevation views of the bearing

The support system and method of load applica-
tion to the test bearing are illustrated.
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FIG. 18

Photograph showing bearing assembly on test bed, method
of load application to test bearing and Journal drive.

L

Al [ R R i
< PNEUMATIC RAMS TORQUE ARM [SEH| 30 HP DC MOTOR |

_og_



J PNEUMATIC RAMS | TORQUE ARM

n
)

F1G. 18

votograph showing bearing assembly on test bed, method
o lond application to test bearing and Journal drive.
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Load System

The loading system, shown schematically. in Fig. 19, consists of
two alternate sources of air pressure, a compressor or a compressed
air bottle, two pneumatic rams each with a 6in. diameter piston and a
pressure balancing system to ensure equivalent loaeding by each ram.
Pressure to each ram is monitored roughly by a 0-1000 p.s.i.g gauge.
A master gauge with a range 0-750 p.s.i.g, an accuracy of better than
0.1 per ceﬁt of full scale and & resolution of 0.5 p.s.i. is used for
accurate pressure measurement. The system can deliver loads through
the range 0-42,000 1b. It was built previously for another applica-

tion and was more than adequate for use in this study.

Drive System

The drive system consists of a 30 H.P. continuously veriable
speed D.C., motor coupled to a Ward-Leonard speed control system. The
Journal is driven through a universal joint assembly connected by a
floating sheave keved to the motor shaft. Rotational speeds through
the range 50-1200 r.p.m. and controllable to * 0.075 R.P.M. can be

obtained.

Hydraulic System

A type P/ TE-TOOl Pacific Air Motive Corporation fluid static
test machine was modified for use as e hydraulic supply system to the
test bearing. t consists basicelly of & five gellon reservoir, a
vene-type hvdraulic pump driven by a 3 E.P. 1200 R.P.Y. rmotor, a microric
filter unit, a heat exchenger, temperature and pressure gaugzes. The unit

is rated to deliver 3 g.p.m. at TG0 p.s.i.g, thus ellowing an external loced
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FIG. 19

Flow diagram of pneumatic loading system
showing control valves and gauges.

-2



- 53 -

application through the range 0-8000 1b. Due to overheating the maximum
practical working preésure was limited to 500 p.s.i.g and the external
load application to a range of 0-K000 1b.

Hydraulic pump pulsétions are damped by connecting e Hale five
gallon capacity nitrogen-oil accumulator in the delivery line. S.A.E.

30 o0il is pumped through the accumulator to a four-way manifold where

it splits into three lines, one for each bearing pocket. A needle
velve restrictor and & 0-1000 p.s.i.g pressure gauge is incorporated
into each line and the oil flows to the bearing annulus through flexible
pressure hoses. After the oil emerges from the bearing it is tripped
in a non~-contact thread flinger type seal, shown in Fig. 20, from which
it flows to the rate measuring equipment.

Flow rate is measured by catching the 0il emerging from the bearing
in a catch pan on a weigh scale. 'When a given weight of o0il has flowed
into the catch pan a pump motor is activated and the oil is pumped back
to the hydraulic unit. The system is calibrated so that a knowledge of
th? off-on time interval between pumping gives a direct measure of the

flow rate.
INSTRUMENTATION

0il Film Pressure Measurement

The oil film pressure in the central diametral plane of the bearing
is measured by & Kistler, type 203A, piezoelectric pressure transducer
with & built in charge amplifier es shown ir Pig. 21. This is a rela-
tively new type of piezoelectric transducer conteining a miniesturized
explifier which allows the signal to be teken through siip rings without

being mesked by noise.
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OIL:EXIT CHANNEL

FIG. 20

Hydrostatic test bearing showing mounting configuration of
proximity gauges, oil flinger seal and lubricant exit.
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FIG. 20

liydrostatic test bearing showing mounting configuration of
proximity gauges, oil flinger scal and lubricant exit.
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The transducer is screwed into the removable insert in the journal
so that the plane of the sensing face is between 0.000-0.00lin. below
the surface of the journal. Attempts were made to apply a thin coat of
epoxy cement on to the exposed head of the transducer and contour the
resulting surface with that of the adjacent surface of the journal.
However, owing to poor bonding between the cement and the transducer
head this idea was abandoned.

The charge amplifier is powered by a D.C. battery-coupler which
sits on an axially mounted holder at the end of the journal. The circuit
diagram of the system is shown in Fig. 22. Preséﬁre induced signals
proceed via coaxial cable through N.P.L. type 900 150/1 slip rings and
are displayed on a storage type oscilloscope where they are photographed.

The pressure transducer has a full-scale range of 0-1000 p.s.i.g.
and a sensitivity of 1.07 mv./p.s.i. It is linear to within 1 per cent
of full-scale reading and has a rise time (0-90% full-scale) of one
microsecond, hence it is easily able to follow the pressure profile

quite faithfully over the speed range employed.

Journal Location

Inductive type proximity gauges, manufactured by Mechanical
Technology Inc., are used to monitor the displecement of the centre of
the shaft relative to that of the bearing. Since the gauges are
temperature sensitive eand are mounted on the radial face of the beering
housing which heats up during operetion two pairs of active gauges eare
used to provide for temperatu*e compensation. The gauges in each pair
ere carefully metched and ere located in diemetricelly oppogite positions

on each side of the journal. Each peir of peuges forrc oprosite arms of
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FIG. 22

Circuit diegram for Piezotron trans-
ducer and associated charge amplifier.
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two separate A.C, bridge networks and fixed inductances, of approxi-
mately the same value as the inductance of the probe, are inserted
in the other two arms of each bridge. Both bridges are energized
by a common 25 k.c. oscillator.

Each gauge is moﬁnted in an Allen screw through which a longi-
tudinal hole is drilleéd to accommodate electrical leads. The screws
are threaded into steel blocks mounted at 90° intervals on the bearing
flinger ring as shown in Fig. 20, and the active face of each gauge
can be offset a desired distance from the journal surface and held in
position by a lock nut.

Both bridges are balanced when the centre of the journal coincides
with the centre of the bearing. Any displacement of the journal from
this position gives rise to an out of balance condition in one or both
of the bridges. These output signals are demodulated, and the result-
ing D.C. signals from both bridges are fed to the X and Y plates of an .
oscilloscope. In this menner the position of the journal is constantly
monitored and the measurements are independent of the bearing tempera-
ture provided there is no appreciable circumferential_temperature gradient
around the bearing.

Fig. 23 shows a typical calibretion curve of an inductive gauge.
It is seen that the sensible range extends 0.030in., bu§ that the
response is non-linear througﬁ the range 0.0075-0.030in. The gauges
are offset 0.002in. from the journal surface et the position of closest
approach and operate in the linear range 0.002-0.006in. Under these
conditions the system is cepeble of detecting e journal movement of

25 microinches.
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0il Temperature and Angular Velocity of the Journal

0il temperature is measured by iron-constantan thermocouples, one
inserted in the oil inlet supply line and two others inserted inside the
flingefeseal at the oil exit channel to measure the temperature of the
oil leaving the bearing. Thermocouple signals are fed into a Hewlett-
Packard Dymec 2010B data acquisition system and pfinted out at short
prescribed intervals.

Rotational speed is measured by a magnet and coil assembly sensing
the passage of individual teeth on a gear attached to the drive shaft.
As each gear tooth passes the sensor the magnetic field is disturbed and
a voltage signal is produced; this signal is fed into the Dymec and
printed out.

Fig. 2b is a photograph of the complete test system.



"UN }
SURE CONTROL SYSTE

DATA ACQUISITIO
S 178
_J PRES

|
}
- [

VE

1 |y ogemey

Boiwonit!

FIG. 2h

Complete test facility, showing the hydraulic delivery system,
the load control system and the amplifiers and oscilloscope for
monitoring bearing eccentricity.

-'[9-



\ o
PRESSURE CONTROL SYSTEM

DATA ACQUISITION UNIT !-\ l I

HYDRAULIC

g ra =\

-} <
RY SYSTEM pm

DELIVE OR|,

OIL ACCUMULAT

~ p S

Wi *l
Complete test facility, showing the hydraulic delivery system,
tihe load control

systenm and the amplifiers and oscilloscope for
monitoring tearing cvecentricity.



- 62 -

EXPERIMENTAL PROCEDURE

The main part of the expérimental program consisted of meking
measurements of friction torque, the circumferential pressure profile
in the central diametrael plane, the temperature of the lubricant
entering and leaving the bearing, the journal speed and the lubficant
flow-rate at loads of 1000, 2000, 3000 and 4000 1b. respectively. At
each test load, runs were conducted at journal speeds through the
range 100-1000 r.p.m. in steps of 160 r.p.m., maintaining the journal
in a position of zero eccentricity. The bearing temperature was
allowed to equilibrate before taking any measurements and the bearing
temperature did not change more than 1°F during any set of measure-
ments.

A small number of experimegts was conducted at a later stage
employing non-zero values of the eccentricity.

It was necessary to calibrate the proximity gauges prior to
each series of runs at any particular loeding. 0il was supplied to
each of the three bearing pads at a pressure previously determined to
support the relevant test load. The Journal was then rotated at
1000 r.p.m., with no external loading, for & sufficiently long time
to allow temperature equilibration, so thgt the proximity gauges
atteined the operating temperature of the bearing and any drift of
gauge output due to temperature change was minimized. The external
loading was simulated by epplying pressure to pocket 2.

Tne journel was thnen stopped end oil pressure wes releesecd from

the poczets prior to celibration of the gauges. The bearing wes
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rotated until éne pair of gauges lay along a vertical axis. Usihé a
serev jack the bearing was moved-in a vertical direction through the
range of the film clearance gap and the centre of the range of the
gauge output was centered on the oscilloscope. This operation was
repeated several times before making the final adjusﬁment on the scope.
The bearing was then rotated through 90° so that the other pair of
gauges lay along the vertical axis, the procedure was repeated, and
the range of the gauge output was again centered on the scope. From
an X-Y plot of the outputs from the two pairs of gauges the centre of
the bearing can be located.

The test load was then applied and balanced by adjusting the oil
pressure to bearing pads 1 and 3, as shown in Fig. 25, tb centre the
Journal. The journal speed was.adjusted to 1000 r.p.m. and the lubri-
cant temperature, as measured by the exhaust temperature, allowed to
equilibrate. A set of measurements was then made. The journal speed
was reduced in steps of 100 r.p.m., to a final setting of 100 r.p.m.,
measurements being made at each speed setting.

The load was then increased in steps of 1000 1b. to LOOO 1b. and
the procedure repeated at each loading after calibration of the proxipity
gauges ;t the start of each new load test.

The friction shear is measured by resisting the torque on the test
bearing with a spring valance. As mentioned previously the test bear-
ing is fixed to the inner race of a spherical roller bearing which allows
the test bearing to rotate and torque to be measured. The roller bear—-
ing has associated vith it a certein amount of starting friction which

acts to oppose the rotation of the test bearing and therefore the spring
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FIG. 25

Schematic of hydrostatic test bearing showing the various parts of the
bearing including the lubricant inlet holes and the directionlﬁ-}of load
application relative to the designated pockets.
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balance measures a net torque which is made up of contributions from
both the test bearing and the roller bearing. 1In order to eliminate
the starting friction component the torque is measured twice, once
allowing the bearing to rotate siov;y in the direction of Jjournal
rotation, and secondly in a direction opposing journal rotation. Upon
adding these two results and dividing by 2 we obtain a value of fric-
tional torque for the test bearing alone. The method is illustrated
schematically in Fig. 26.

A series of experiments was conducted to measure the temperature
change of the lubricant as it passed through the bearing with no
external load, but with the oil pressure in all three pockets adjusted
to values of 150, 280 and 400 p.s.i.g. These pressures almost cover
the range of load bearing capacity used in the previous experiments.

The three pockets were fed with pressurized lubricant and the
pressures were adjusted to centre the journal. The Jjournal was rotaet-
ed at constant r.p.m. until thermally steady state conditions were set
up as indicated by a constant temperature differential across the bear-
ing. Measurements of inlet and outlet temperatures were made at four
Journal speeds for each pressure.

The results were used to evaluate the theoretical prediction of

temperature change of the lubricant in the bearing.



LUBRICANT FILM

HYDROSTATIC BEARING
FIG. 26

Schematic showing principle of method for measuring friction torque of hydrostatic
bearing. wg — direction of shaft rotation, wp - direction of bearing rotation,
Tr - resisting torque produced by spring balance, Tg - torque due to starting fric-
tion opposing wp, Tp - torque due to shear in film in direction of wg.

TR1=TD—T3 TR2=TD+TS
Ty = T + 7T
p=Tg, * Tg,
2
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RESULTS AND DISCUSSION

Circumferential Pressure Profiles

Typical examples of pressure profiles measured in the central
diametral plane sf the bearing, at varioué load-speed combinations
over a load range of 1000-4000 1b. and a speed range of 200-1000 r.p.m.,
and photographed on a storage-type oscilloscope are given in Figs. 27-30.
Each profile may be matched to the developed bearing configuration by
reference to the fact that in all experiments no lubricant was fed to
pocket 2, whereas pockets 1 and 3 were always pressurized as shown in
Fig. 25. |

Inspection of these pressure profiles shows that they differ quite
markedly from the shape of the corresponding theoretical Laplacian pro-
files. Possible reasons for these differences may arise as a conse-
quence of the three following phenomena which were not considered in the
derivation of the Laplacian profile:
1. The bearing has a certain diametral machining tolerance. In the
bearing under study, assuming the journal to be perfectly round and con-
centric with respect to the bearing, the measured variation in radial
clearance can be as much as 25% as may be seen from Fig. 10. It was
shown in Fig. 12 that if the resulting nips between the journal and the
‘bearing iands are convergent with a T.I.R. of 25%, hydrodynamic pressures
are generated with peak values that may be twice as large as the corres-
ponding pocket pressure. " These peak pressures will decrease with
decreasing rotational velocity of the journal.

2. Circulatory flow of lubricant occurs in the pockets and, to a lesser
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(v)

PIG. 27

(a) upper, (b) lover, are circumferential pressure profiles measured

in the central diametral plane of the bearing. The pocket pressure

is 90 p.s.i.g. (bearing load = 1000 lbs.). The journal speed is

1000 and 500 r.p.m. for Figs. (a) and (b) respectively. The ordinate

scale is 46.7 p.s.i.g./cm in both cases and the abeissa is 20 ms/cm
for Fig. (a) and 10 ms/cm for Fig. (b).
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(a)

(v)

FIG. 28
(a) upper, (b) lower, are circumferential pressure profiles measured
in the central diametral plane of the bearing. The pocket pressure
is 180 p.s.i.g. (bearing load = 2000 lbs.). The journal speed is
1000 and 500 r.p.m. for Figs. (a) and (b) respectively. The ordinate
scale is 93.L p.s.i.g./cz in both cases and the abcissa is 20 ms/cm
for Fig. (2) and 10 ms/cm for Pig. (b).-
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(v)

FIG. 29

(a) upper, (b) lower, are circumferentiel pressure profiles measured

in the central diametral plene of the bearing. The pocket pressure

is 250 p.s.i.g. (bearing load = 3000 lbs.}.. The journel speed is

1000 and 40O r.p.m. for Figs. (e) and (b) respectively. The ordinate

scale is 93.L p.s.i.g./cn in both ceses and the ebeisse is 20 ms/enm
for Pig. (&) and 10 ms/cm for Fig. (b).
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(b)

FIG. 30
(a) upper, (b) lower, are circumferential pressure profiles measured
in the central diametral plane of the bearing. The pocket pressure
is 380 p.s.i.g. (bearing load = LOOO lbs.). The journal speed is
900 and 200 r.p.m. for Pigs. (a) and (b) respectively. The ordinate
scale is 186.8 p.s.i.g./cm in both cases and the abcissa is 20 ms/cm
for Fig. (2) and 10 ms/ce for Pig. (b).
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(v)

FIG. 30
(a) upper, (b) lower, are circumferential pressure profiles measured
in the central diametral plane of the bearing. The pocket pressure
is 380 p.s.i.g. (bearing load = 4000 lbvs.). The journal speed is
900 and 200 r.p.m. for Pigs. (a) and (b) respectively. The ordinate
scale is 186.8 p.s.i.g./cm in both cases and the abeissa is 20 ms/cm
for Fig. (a) and 10 ms/cm for Fig. (b).

A
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extent, in the axial reliefs. This flow results from pressure gradients
set up in these regions in the direction of rotation due to the step-
bearing effect previously described. The magnitude of the pressure
gradient along the pocket due to the presence of the step, may be calcu-
lated from equation (37). From the equation it is seen that the value
of the gradient is a lineer function of journal speed and is independent
of pocket pressure. Fig. 31 is a plot of the pressure gradient predic-
ted by this equation as a function of journal speed for the test bearing,
assuming the temperature of the lubricant to be 100°F. At the highest
Jjournal speed, 1000 r.p.m., the predicted pressure gradient along the
length of the pocket is 10 p.s.i.

Inertia forces associated with reversal of the flow direction of the
circulating lubricant will give rise to a small negative pressure spike
at the entrance to, and & small positive spike at the exit from, each
pocket and axial relief. These spikes will be most noticeable at high
rotational velocities of the Journal and low pocket pressures. Increas-
ing the pocket pressure at constant journal speed, and hence the hydro-
static flow component relative to the circulatory flow component, will
reduce the size of the pressure spikes.

3. Lubricant flow conditions over the two axial lands adjacent to any
pocket are generally different. The pressure gradient over either land

is composed of three components: e linear gradient resulting from the
nydrostatic pressure difference between the pocket pressure and the
pressure in the adjacent axigl relief, a smaller linear gradient result-
ing from the hydrostatic pressure difference between the pressure generated

by the step in the axial relief prior to the entrance land and the pocket,
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FIG. 31
Pressure gradient set up in pocket, as a result of the step
bearing effect, as a function of journal speed. This

gradient gives rise to lubricant circulation in the pocket.
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or.alternatively between the pressure generated by the step in the
pocket prior to the exit land and that in the adjacent axial relief
and finally any hydrodynamic pressure gradient arising from machine
tolerances. The exact magnitude of the latter contribution at each
land cannot be predicted with any degree of certainty since the
geometry of the converging nip under the running conditions is not
known. However, it may be observed that, as a useful corollary, the
geometry of the nip may be estimated from the size of the measured
pressure peak.

The flows associated with these components are in the same direc-
tion over the exit land, whereas over the entrance land the direction
of flow associated with the first and second components are opposed.
Hence, the flow rate over the exit land is always greater than that
over the entrance land. In fact, the flow pattern over the entrance
land can be complex and the direction and amount of the net flow over
this lend is determined by the relative values of the rotational veloc-
ity of the journal and the pocket pressure.

If there is a net flow out of the pocket over the land the lubri-
cant is accelerated owing to the constriction in the flow path, and
this will give rise to a pressure drop, or head loss, due to & Bernoulli
effect at the entrance and exit steps of the pocket. Constantinescu (19)
has recently shown thet inertias forces associated with the acceleration of
lubricant over such a step can often be quite significant.

In the light of these three additional effects it is now possible to
describe in detail a typical measured profile. Pig. 32 shows a copied

enlargement of the profile obtained at a pocket pressure of 90 p.s.i.g.
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Pressure profile in the lubricént film, measured in the

central diametral plane of the bearing at 1000 r.p.m. and

1000 1b. loading, superimposed on the developed bearing
profilc. ‘
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and & Journal speed of 1000 r.p.m. superimposed on the developed
bearing configuration.

Starting at the left-hand side of the figure, it is seen that
a large positive pressure peak extends over the full length of the
entrance land to pocket 1. The origin and magnitude of this peak
is consistent with the presence of a convergent nip between the
Journal and the land as measured in the T.I.R. diagram shown in
Fig. 10. The sharp negative spike at the interface between the
exit of the land and the entrance to the pocket is most probably
due to inertia effects. A contribution to the spike may also
arise from a change in the geometry of the nip from convergence to
divergence just before the end of the land due to & slightly chamfered
edge. In a 360° journal bearing large decreases in pressure cannot
be sustained in the divergent nip since cawitation normally occurs,
but in the present instence vhere a divergent nip would contain lubri-
cant at a pressure slightly lover than that in the pocket, but above
atmospheric, a pressure drop could easily be sustained. Following
this spike a constant positive pressure gradient extends over the full
length of the pocket indicating the presence of circulation. This
pressure gradient across the pocket is of the expected order of magni-
tude. At the pocket exit, the small negative spike resultg from the
algebraic sum of the negative spikes due to head loss and the positive
spike due to flow reversal. Pressure peaks over both lands between
pockets 1 and 2 are consistent with the presence of convergent nips
between these lands and the journal. In the axial relief between these

lands the pressure drops substantially to atzospheric with some evidence
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of circulation. This arises from the fact that although lubricant
flow in the relief is predominantly axiel a small amount of circula-
tion may be expected in the central region and this would fall off
rapidly toward the circumferential ends.

| Pocket 2, which is not pressurized, apparently contains lubricant
at a pressure slightly in excess of atmospheric. This lubricant must
be carried bver from the adjacent relief by shear flow, and circulate
in the pocket. The absence of hydrodynamic pressure over the exit
land indicates that this bearing land and the Jjournal are concentric.
Over the succeeding land there is evidence of a convergent nip. Cir-
culatory flow occurs in the axial relief between these two lands.

The profile in pocket 3 is qualitatively similar in all respects
to that in pocket 1. However, it will be noted that the pressure in
pocket 3 is somewhat higher than that in pocket 1 due to the individual
adjustment of the pressures in these two pockets required to maintain
the journal centrally located in the bearing. This higher pressure
will tend to reduce the circulatory flow component relative to that in
pocket 1 but the magnitude of the actual pressure gradient across
pocket 3 is, for some unknown reason, somewhat less than that expected
though the reduced circulation does té some extent account for the
changes in the relative magnitude of the negative pressure spikes
between the pockets 1 and 3. Both spikes appear to occur just iﬁside
the pocket, and if so the origin of the major component is unknown,

The trends in the profiles, shown in Figs. 27-30, are explicable
in terms of the effects descrived above. Certain expected features

are apparent.
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For instance, the pressure gradients along the pockets are found
to decrease with decreasing rotational velocity of the journal at a
given load. As these gradients decrease, the size of the pressure
spikes due to reversal of lubricant flow alsoAdecrease, leading to a
smaller negative spike at the entrance to, and a larger negative spike
at the exit from, the pocket.

Increasing the load, or pocket pressure, at constant r.p.m.
produces a similar effect owing to the increased hydrostatic flow com-
ponent. In the 3000 and L0O0OO 1b. load tésts the pressure gradients in
the pocket appear to be negative. Actually, the circulatory flow com-
ponent at these loads is so small that the pressure along the length of
the pocket may be considered to be constant. The piezoelectric pressure
sensor characteristically leaks charge when there is no change in press-
ure and therefore the signal drops off.

Hydrodynamic peak pressures over the axial lands should, at constant
load, show a linear variation with rotational velocity. Cursory examina-
tion of pressure profiles obtained at equal pocket pressure and different
rotational velocities shows that the variation of the size of the pressure
peaks with r.p.m. is not as lgrge as expected. For example, Fig. 28
shows pressure profiles around the bearing obtained at a pocket pressure
of 180 p.s.i.g. for journal velocities of 1000 and 500 r.p.m. The peak'
pressure over the exit land of pocket 3 is only 12% less at 500 r.p.m.
than at 1000 r.p.m. whereas a 50% reduction would have been expected.
This apparent discrepancy arises from the fact that the average film
temperatures during the two tests were not the same, hence the two meas-

ured profiles refer to pressure measurerents in films of different
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viscosity. Strict comparison of such profiles for the effect of
Journal speed requires that the measured pesk pressures be corrected
to equivalent film viscosity, from a knowledge of the average film
temperature and the viscosity-temperature behaviour of the lubricant.
A comparison of calculated and measured reductions in peak pressures
over a range of loads and speeds corrected to equivalent lubricant

viscosity at 100°F is given in the following table:

Load |Percentage Reduction of | Percentage Reduction of Pressure
1b. |[Speed from 1000 r.p.m. Peak

‘ Calculated Measured
1000 50 50 41.5
2000 50 50 k1
3000 50 50 k2.5
4000 70 70 55

The agreement between measured and calculated values is quite good.

There is a noticeable difference between the pressure profiles of
the 3000 and 4000 1b. load tests and those of the 1000 and 2000 1b.
tests insofar as some of the hydrodynamic peaks have disappeared in the
high load tests.

Examination of any one of the pressure profiles obtained at 3000~
LO0O 1b. shows thet over the entrance land to pocket 1 the pressure is
zero indicating the presence of a divergent nip in the lubricant film,
whereas over the exit land the pressure profile is close to the Laplacian
prediction indiceting that the surfaces of the land and journal are pare-
liel. The profile in pocket 2 nas not changed qualitatively from the

lighter load tests although the magnitude of the hydrodynamic peaks hes
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changed. Pocket No.3 shows a suppression of the pressure over the en-
trance land similar to that at the entrance to pocket 1 but a hydro-
dynamic peak occurs over the exit land.

It is possible that a slight amount of wear which océurred in the

bearing prior to the higher load tests was responéible for these changes.

.Friction Torque

Friction torque was measured at selected combinations of journal

speed and load through a range of journal speeds of 100-1000 r.p.m.

and loads of 1000-4000 1b.

Owing to the inadequacy of the cooling system in the lubricant
supply unit it was not possible to maintain the average film tempera-
ture of the lubricant at an arbitrary standard value for all combina-
tions of values of journdl speed and load employed in the tests. There-
fore, the measured values of friction torque were corrected to an
average film temperature of 100°F in order that a comparison of experi-
mental and theoretical values could be made. The average film
temperattre recorded is the mean of the measured temperatures of the
lubricant into and out of the bearing.

From equation (L45), friction torque is related to temperature solely
through the viscosity, being directly proporticnal to the viscosity. The

torque at 100°F is:

where T(x) is the measured torgue at an average film temperature of x°F.

The adjusted torgues are given in Table I. Fig. 33 is a plot of friction
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TABLE 1
Load R.P.M, Average Viscosity x 1078 | Torque (100°F)
1b. Temgerature 1b. - sec/in? in. - 1b.
F

1000 1000 108.5 1.7 115.2
900 109.0 11.5 1k7.0
800 108.5 11.7 136.0
700 107.5 12.0 113.0
600 106.0 12.5 101.5
500 104.0 13.2 83.0
Loo 103.0 13.6 68.2
300 102.0 1h.1 61.0

2000 1000 104 13.L 195
900 105 13.0 193
800 105.5 12.8 189
700 10k4.0 13.4 162
600 103.0 13.8 150
500 101.0 14.5 134
Loo 99.0 15.5 119
300 97.0 16.8 99.5
200 ok, 18.k 71.0
100 92.0 19.8 57.2

3000 1000 111.0 10.7 276
900 110.5 10.8 264
800 109.0 11.3 230
700 108.0 11.8 23h
600 106.5 12.2 213

k000 1000 - 115.0 9.5 346
900 115.0 9.5 365
800 11k.0 9.8 338
700 112.0 10.h4 307
600 109.5 11.2 262
500 107.5 12.0 238
kco 105.5 13.0 215
300 103.0 13.7 192
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FIG. 33

Measured friction torque vs. Journal speed at four pocket pressures
for the test bvearing. The following theoretically predicted curves
are also shown. A prediction according to Petroff's equation for
friction torque, and the range of Petroff predictions using a correc-
tion for viscosity dependence on pressure. A prediction for friction
torque allowing for pocket friction and the range of friction torque
with the pressure-viscosity correction. A prediction which includes

an estimate for pumping lubricant over the lands.
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torque corrected to 100°F as a function of journal speed at various
pocket pressures.

The same plot shows two predictions of friction torque, according
to Petroff's equation, through the range of journal speeds used. The
lower Petroff curve predicts the friction torque due to shear over the
land areas only, according to equation (42), for the lowest pocket
pressure used during the tests. The average film temperature for this
calculation is assumed to be 100°F. The higher Petroff curve takes
into account the influence of pressure on lubricant viscosity and
predicts friction torque as before for a pressure of 380 p.s.i.g., the
highest pocket pressure used during the tests. The average film tem-
perature is again assumed to be 100°F.

Friction torque is then calculated according to equation (45)
which takes into account the friction loss in the pockets. Predicted
values also include a pressure - viscosity correction and curves are
given for pocket pressures of 90 and 380 p.s.i.g. Calculations are
based on an average film temperature of 100°F. Since equation (45)
accounts for the friction loss in the pocket the lubricant temperature
in the pocket must be derived from equation (52), where it is assumed
that the average film temperature is 100°F.

Comparison of the two predictions of friction torque shows that
the friction loss in the pocket is auite significant, being approximately
27% and 38% of the land friction losses as predicted by the Petroff
equation, at pocket pressures of 90 and 380 p.s.i.g. respectively. The
differencé betwveen the two predictions is independent of journal speed

as equations (42) and (45) indicate. However, the difference depends
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on pocket pressure since the latter is implicitly defined in the
viscosity term. -These results are in close agreement with those
obtained by Shinkle and Hornung (8).

Even after making allowance for fricf:ion loss in the pockets and
the effect of pressure on lubricant viscosity, the variation of fric-
tion torque with pocket pressure is greater than that predicted by
this theory.

Part of the reason for this unpredicted dependence of friction
torque on pocket pressure can be explained by reference to the measured
pressure profiles. The hydrodynamic pressure peaks over the axial
lands are adverse pressure.gradients which the normal circumferential
flow of fluid, caused by journal rotation, must overcome. Flow of
fluid through these high pressure regions is promoted by a pumping
action and the work involved in the pumping must come from the shaft
and hence it contributes to the friction torque.

The order of magnitude of this pumping work can te found by
multiplying the peak pressure by the corresponding flow rate of lubri-
cant over the land arees. If this quantity is then equated to the
product of a force tangential to the journal surface and the peripheral
Journal speed

IPxQ=FxV
Land

the torque, Tp, resulting from the pumping is
I(PxQ) xR

Land
v

m - D -
Tp, =Fx R =

The torque due to the purmping work when added to the theoretical prediction
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for the pocket pressure of 380 p.s.i.g. should form an upper limit for
the measured torques. This is seen to be so.

It will, of course, be noted that the size of this correction will
vary with the dimensional tolerance as well as with the operational
parameters of the bearing.

It is also seen that the measured torque data for each pressure
appear to increase at a decreasing rate with increasing journal speed.

A common assumption made when modelling the dynamics of film lubrication

is to consider that the lubricant temperature across the film is constant.
Hagg (15) has shown that for a journal bearing running at zero eccentricity
there is a temperature variation across the film which must also be reflec-
ted in a variation of film viscosity. 1In turn, this variation of visg-
cosity affects the velocity distribution and thus the shear. Such an
analysis for the configuration of bearing used in this work was not attemp-
ted due to the complexity of the problem. However, Fig. 34 shows the
qualitative effect on torque with journal speed, when Hagg's prediction is
compared to Petroff's prediction for a concentrically running journal bear-
ing with a film area equal to that of the test bearing.

There is a marked decrease in predicted torque from the Petroff pre-
diction as the journal speed increases. Thus, it is postulated that the
decrease in torque from the Petroff prediction at higher journal speeds
is due to the radial variastion of lubricant temperature across the lubri-

cant film.

Minimum Torgue

During the course of the experimental investigation it was found,



- 86 -

33

5

TORQUE IN-LBS
3

FIG. 34

Friction torque loss vs. Journal speed illustreting

the difference between the predictions of Petroff

and Hegg for a concentrically running journal bveer-

ing of the same bearing area as the hydrostatic
bearing used in this study.
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quite unexpectedly, that the friction torque fell to about hO-Sb
percent of its value at zero eccentricity by allowing the Journal
to adopt an eccentric position.

This was achieved by systematically lowering the hydrostatic
pressure to pockets 1 and 3 by the following procedure. The journal
was rotated at 1000 r.p.m. and brought to a position of zero eccen-
tricity and the temperature allowed to equilibrate. The pressureg in )
pockets 1 and 3 were then adjusted so that the journal took up a
position bf minimum torgue.

Results for some of these tests, which cannot be regarded as
exhaustive and require further investigation, are shown in Table 2.

It would appear that the friction torque may be reduced by as much

as U0 percent from the value at zero eccentricity by slowly decreas-
ing the pressures in pockets 1 and 3 to zero and allowing the journal
to approach a position of unit‘eccentricity. Though the torque can
be substantially reduced, operation under these conaitioné is neither
stable nor to be recommended since it involves continuous change of
direction of application of the external ioad wnich would ultimately
lead to contact between the journal and bearing, and possible seizure.

It is fully recognized thet this somewhat surprising result requires
further investigation, particularly the measurement of the relevant press-
ure profiles and a complete theoretical consideration of eccentric opera-
tion. For this reason there was some hnesitation regarding its inclusion
in this thesis. lowever, it is a reel result obtained on a reel bearing
and, whatever reason lies tehind its explenation, it was felt that some

zention of it should be rmade.



TABLE 2

Minimum Torque

Load Torque + Torque - Torque Eccentricity 4
1b.- Starting Friction Starting Friction in.1b (x,y) Reduction

in.1lb. in.1lb. of Torque
1000 205 167 186 (0,0')

159 139 149 C(.75,.4) 20%
2000 227 156 191 (0,0)

155 128 1h1 (1,.25) 26%
3000 258 200 229 (0,0)

161 123 1k2 (.95,.05) 38%
Looo 280 205 22 (0,0)

166 133 149 (1.0) 38.5%
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Temperature Change Through Bearing

Measurements of the temperature change of the lubricant as it
passes through the bearing, as a function of journal speed through
the range 200-1000 r.p.m., at pocket pressures of 150, 280 and 400
p.s;i.g., are presented in Table 3 and graphically in Fig. 35.

The three sets of points given for each pressure represent:-

1) The measured difference between the temperature of the
lubricant entering and leaving the bearing.

2) Calculated differences using a viscosity based on the
average of the inlet and outlet temperatures of the
lubricant ignoring the fluid dynamics in the pocket.

The inlet temperature is the measured inlet tempera-
ture and the outlet temperature is found by an iterative
solution of the heat balance equations (47) and (L49).
These are shown under calculation 1 in Table 3.

3) Calculated differences using a viscosity corrected for
pressure. The viscosity is based on the inlet tempera-
ture to the film for the term in equation (52) that
applies to the pocket, and on tne average of the inlet
and ouﬁlet temperéture of the film for those terms in
equation (52) that apply to the land areas. The inlet
temperature to the bearing is the measured value and the
outlet temperature is found by an iterative solution of
equation (52). These are shown under celculation 2 in
Table 3.

In general, the average film temperature of the veering is tazen



g

TABLE 3
Pocket Pressure 150 p.s.i.g. Pocket Pressure 280 p.s.i.g. Pocket Pressure 400 p.s.i.g.
T °F AT °F AT °F
RPM Meas. | Calc.I | Calc.2 || RPM ‘Meas. | Calc.I | Calc.2 || RPM Meas.|Calc.If Calc.2
1000 40.0 76.0 49.0 1000 38.5 54,0 38.0 | 1000 28.0 | 26.0 |- 2h.0
750 35.0 | 64.0 | k2.0 650 33.0 | 4.0 | 31.5 || 750 24.0 | 30.0 | 25.0
500 27.5 48.0 32.0 500 28.0 30.0 25.0 500 22.0 | 24.0| 21.0
250 1k.s 2.0 20.0 300 21.0 18.0 16.5 250 4.0 | 12.0{ 1k.0

Measured and calculated temperature change of lubricant through the bearing as a
function of pocket pressure and journal speed.
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FIG. 35

Measured and predicted values of the increase
in lubricant temperature as it passes through

the bearing.
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as the average of the measured inlet and outlet temperatures of the
lubricant. This assumption is a good one when the shaft speed is
low or the hydrostatic pressure is very large. As circulatory flow
in the pocket increases, lubricant entering the pocket is subjected
to a significant amount of shear before entering the bearing film.
This raises the temperature of the lubricant entering the bearing
film to a value above the inlet temperature to the pocket and results
in an average lubricant temperature in the bearing film which is
higher the average of the inlet and oﬁtlet temperatures.

Referring to Fig. 35, it can be seen that the calculated value
of the temperature rise through the bearing based on phe average of
the inlet and outlet temperatures is in very poor agreement in the
low pressure test. In this case the circulatory flow component
accounts for 90% of the flow in the pocket and the temperature rise
of the lubricant in the pocket alone is 28°F. The prediction improves
considerably in the higher pressure tests where the flow in the pocket
becomes more hydrostatic in nature.

The theoretical prediction accounting for both circulatory flow
and pressure-viscosity dependence is in much better agreement with the
measured values. The théoretical predictions for the 150 p.s.i.g.
test are consistently higher than the measured velues while those for
the 280 and 40O p.s.i.g. tests fall a little below the measured data.

These discrepancies are believed to be due to two separate pheno-
mena. First, a quantity of neat is absorbed by the lubricant film
owing to the pumping action, discussed previously, which has not been

allowed for in the calculstion. Values of the measured exhaust
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temperature can te adjusted to allow for the temperature increase due
to the pumping action. Calculations show that rises of 4°F and 1°F
would be expected at 40O and 150 p.s.i.g. respectively. If these
quantities are subtracted from the respective measured values of
temperature rise to obtain adjusted values for no pumping the discrep-
ancies, in generél become positive, the overall discrepancy being
larger at lower pressure.

Secondly, the calculations of lubricant temperature rise do not
allow for transfer of heat from the lubricant to the bearing members.
Thus, the calculated values of temperature rise would be higher than
the measured values since it is assumed that all the heat developed
in the lubricant remains in the lubricant as it leaves the bearing.
Differences between measured and calculated values, as seen in Fig. 35,
may be explained qualitatively on this account. Relatively more heat
is transferred from the lubricant to the bearing member at lower pocket
pressure owing to the longer dwell time of the lubricant in the bearing.
Thus, the divergence between the calculated and measured values should

be greater at lower pocket pressure as is found.
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CONCLUSIONS

The main conclusion to be drawn from this study is that the
practical behaviour of a hydrostatic journal bearing, designed to
carry loads of up to 4000 lb. at journal speeds of up to 1000 r.p.m.
and machined according to standard machine tolerances of * 0.000lin.,
shows a marked discrepancy from that predicted by existing theory.

An analysis of the origin of these discrepancies has been enorm-
ously facilitated by the experimental measurement of the fluid pressure
distribution in the bearing, a measurement which has never before been
made.

It may be remarked that machining to closer tolerances, such as
is demanded in the manufacture of gas bearings where tolerances are
held to 0.1% of the film thickness, would eliminate much of the dis-
crepancy as would operation at increased radial clearance. From a
practical viewpoint, however, where one might have to assess the rela-
tive economics of different types of bearing for operation under the
conditions described, which pertain to the requirements of most indus-
trial machinery, more sophisticated machining techniques and the
necessity for larger capacity lubricant supply systems required for
operation at increased radial clearance, would probably be unattractive.
Each possible application would have to be judged on its own merits.

The importance of a quantitative knowledge of the temperature
distribution of the lubricent in the bearing cannot bte overstressed.
Present methods of assessment of this factor are quite inadequate and

leed to large errors in the estimation of friction torque.
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Consideration of the various alternatives which would give a
preferred solution to the pfbblem which led to this study, leaves
little doubt that the construction of a bearing in which the effect
of machining tolerances ;re negligible would be best. The uncert-
ainty of obtaining a satisfactory estimate of friction torque is
obviously precluded by the quantitatively unpredictable effects of
machining tolerance.

Certain improvements in the experimental arrangement could be
suggested, as a result of this study, for consideration in any future

work on this subject. These are listed later.
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CLAIMS OF ORIGINAL COKTRIBUTION

A theoretical model for a high speed highly loaded hydrostatic
bearing has been developed, which includes the influence of
machining tolerances in the bearing on the circumferential
pressure profile in the lubricant film. The model provides a
satisfactory explanation of the experimentally measured pressure

profiles.

A method of continuously monitoring the pressure profile around
the bearing has been developed, the results of which show that
the Laplacian prediction of pressure distribution for a nominally
concentric operating position is wholly inadequate for the bear-

ing tested.

A theoretical model of lubricant temperature change as it passes
from the pocket source to the axial reliefs has been developed
which allows for the effect of lubricant temperature change in

the pocket due to lubricant dynamics there. This model adequately
describes the total temperature rise of the lubricant as it passes

through the bearing.
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SUGGESTIONS FOR FURTHER WORK

The test bearing should be supported by and loaded through a
second hydrostatic bearing to enable direct measurement of

friction shear losses in the test bearing.

Allowance should be made for the test bearing to be moved in
an axial direction during operation to enable complete mapp-

ing of the pressure field over the whole bearing pead.

Development of a technique of scanning the temperature distri-

bution in the lubricant film.

Design of a system to control the temperature of the journal
and bearing to facilitate an assessment of heat losses from

the film to the bearing members.
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APPENDIX I

COMPUTER PROGRAMS
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FOUTRAN IV G LEVEL 1, #UD 3 MAIN  DATE = 69030 13/52/08

0001 DIMENSION A(21,2T7)
¢ SOLUTION TH LAPLACES EQUATION FOR RECTANGLUAR PAD ZDEVELOPEDKL
0002 READ(S, 1YL A(T,0)4d=L1,y27),y[=1,21)
0003 1 FORMAT(16F5.0G/11F5.0)
0004 KOUKT =0
0005 ALFA=1.6/4.
0006 E=0.2
0007 F=0.5
0008 11 BIGEST=0.
0009 03 7 1=2,20
0010 IF(1.GE.6)G0 T2 2
0011 MIN=2
0012 RES=2.,%A(I 2V +A(T-1, L)+A(I+1,1)-4,%A(I,1)
0013 BIGEST=AMAXL{3IGESTLABS(RES))
0014 A(Ly L)=A(T,1 )Y +ALFAZRES
0015 3 DO 8 J=MiH,25
0016 RES=A{T,,Jt1) v Al J-1)+A(T+1,J)+A(I=14J)-4.%A(1,J)
0017 BIGEST=AMAXL{8IGEST, ADSIRES))
0018 8 All,J)=A(1,J)tALFA%RES
0919 PESL=2.%A{1 427V /{Ex{1.+E))+2.%A([425) /(1. +EV+A(I-1,26)+A([+1,26])
0020 RES2=2.%(1atLa/E)%=ALT,26) '
0021 RES=RES1-KES2:
0022 BIGEST=AMAX Y (HIGEST,ABS(RES))
on23 AlTy261=A01,2A)+ALFASRES/(Lo+1,.,/E)
0024 G 10 7
002% 2 MIN=17
0026 00 17 J=M14,24
0027 [F{J-1T7)5,6,%
0028 6 RESI=2.#A(1,16)/(F=(l.tF1 14203019130/ (La+FI+ALTI-1417)+A0I+141T)
0029 RES2=2,2( a4+t /F)Y%A([,17)
0030 RES=RcS1-2ES52
0031 BIGFST=AAX] (S IGEST,A3S(2ES)H)
0032 AT, L7)=A0T, L7 +ALFA=RES/{Lla#]l,./F)
00313 GJ TO 17
0034 5 IF{J=-26)9,10,44
00135 10 28S1=2.5A0L 2TV /(Cx(1.+0) ) 42.=A (1, 25) /(1. +c ) #ALI~1,26)+A(1+]1,26)
0036 27S2=2%(1a+l /)58 1426)
w037 RES=RES1-RES?
0134 BIGEST=AYMAXL{DISISTy22S(RES))
039 A{E426)=A01,20) ¢ALFASRES/(1o+1./E)
0949 S0 123 17
0041 9 PCS=A{l Jel) vl T, =10 A0 T4, J) eI -1y d) =070y J)

0042 AIGEST =AMALLIAIHEST, 435S (2ES))
00643 AT ) =ALT, ) PALEARRES

0046 1T CGNTINUE
0965 T CUNTINYF
034k 03 1S J=17,24

0367 [E(3=17117, 14,19
D4R 15 2881224068021, 140/ (e (L +F 1 82,580 21, 150/ (1a0F)e2, 28020, 7)
Ji 4 RES222 .51 4L /R ER(2, 1)

6 € LR TE A S DU

0351 AIGEST=AAZ(SIGTST, 2 5(2E5))

0752 AU 712502 L) #ALFA2ES/( La bt o /F)

Jon? f,o T 15
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FORTRAM IV 6 LEVEL 1, 40D 3 MAIN DATE = 69080 13/52/08

0054 15 [F(J=25)23,22,23
0055 22 RESL=20%A{21,27T)/LE*( Lo +E))#2,%A(21,25) /{1 4+E)
0056 RES222.%A120,26)=24%{ 1o+ 1. /EVEA(21,526)

0057 RES=RESL+RES2

0958 BIGEST=AMAX1(BIGEST,ABSIRES))

0059 Al21,25)=A(21,25) +ALFAXRES/(1a+14/E)

0060 GO TO 15

0061 23 RES=2.%A(20,3)+#A121,J+1) +A(21,J-1)=44%A(21,J)
0062 BIGEST=AMAX1{BIGEST,ABS(RES) )

0063 Al21,J)=A(21,3) +ALFA%RES

0064 15 CONTINUE

0065 KOUMT=XOUNT+1

0066 IF{KOYNT.E0.100)30 TO 30

0367 [FIAIGEST.GF.1.0)60 TO 11

0068 30 WRITE(S6,12)((ALLsd)1=1921)4J=1,27)

0069 12 FORMAT(1HL,/(1H ,21F6.0/))

0070 34 WRITE(6,35)KCUNT (

0oT1 35 FNRMAT(IHLs10X, L2HKOUNT EQUALS,2X, I5)

0072 WRITE(6936)A05,15),A(5,23),A03,21) 4A(8,20),A(3,10)
0073 36 FORMAT(/,F10.73)

0074 , Sigp

0075 END

TUTAL MEMORY REQUIREHENTS 00124F 3YTES



FORTRAN IV G LEVFL 1, MOD 3

0001

3002
0003
0004
0005
nnoe6
0007
0008
0009
0019
0011
0012
0013
0014
no1s
0016
2017
n018
G019
00206
0021
nNG22
3023
2024
0025
na26
0027
n023
"N029
0030
N3l
Q032
N033
073%
Nn935
0n3e
0937
nn33
0039
no4n
N141
€042
6043

TOTab

(e —

o

4

N

-

o

[ Rt

Appendix I - p.3

BISENSION A(21,21)

SCLUTICH TGO LAPLACES EQUATICN FUK A RECTANGULAK 38k

REZDIS 10 00AalTsu)9d=14210yi=1,21)
FGRAAT(16F5,9/5F5%,.C)

na 4 1:2'8

Co ¢ y=2,20

SI=A0I-1,0)#A( T 0=-1)+all4]1,0)4A(1,J+1)
SZ=2(1-1yJd-L1+ALI+1,J=1)+A(1+1,J+1)+A(I-1y0+))
AlT2d)=(4%51+S2)/20

CUNTINUE

DT 5 122,29

DG 5 J=17,29
SI=ALI-1od)+2(TJ-1)4A(1+1,J)4A(1,J¢1)
S2=A0T1-19J-1 ) +A( I+ 1y J-1) +A{1+1yJ+1)42(1I=1,J¢1)
All,d)=(4%S51+52)/29

ONYTINUE

R2ITE(E,15) (LA(T4d)9d=1,21),1=1,21)

FOHMAT (1X921F6.7)

aCunT=9,

ALFA=1 04 /4,

B8IoeST=0.
20 € 1=z,29

IF(1oGEaGIGT TO 2
HIN=2
RES=22 %01 2)+A(1-Ly D) #alI¢lyl)-0a®il1,1)
ZIGEST=aMAX IS TGEST ABSIRES))
Al1s1)Y=4(1,1)+ALFA=EES

GL 7O 2

=17

ST g JEU i, 20

Fes=all, J+1)*—(LoJ R RN ST RPE B EDEINE EIE VY S
SIHZST=2uax1(E16eSTyABS(RES))

AUIe =2y J) AL A*RES

os 1 4=17,20

FESELEALZ0d ) 4al ey d=1 ) +al 2 4 1) =beil 21 ,4)
iRt ST=AYALLISIGESTyABSIRES))
;:(22vJ)'—'—\((_Ly.J)fL-LFA‘Fr'\LS

KUULTERIUNT+ 1

1R ENGLEL (FS ST KA EEYVI N 0T B

l:(:‘ifi";l.}:.l.')(u T35 11
f-:;!:‘({ylg){(-('yu)vj Tyellyl=1421)
Fo2viTin L /LI e lFn,it/})

svee

LY

SN RTUGITLCELTL COOCRL S YTLS

MATM DaTE = 66071 17722751

ING PAD



