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Internally Compensated, Externally Pressurized Gas Bearings

By A. L. CARPENTER, B.E.(Hons.), STup.L.LE.AusT. and ]J. Mawnnam, PH.D., M.LLE.Aust.*

Summary.—This paper discusses the theoretical and experimental
investigation of internally compensated gas bearings of the tapered land
type. The results of the theoretical analysis, which are closely confirmed
by experimental evidence lead to the conclusions that:

(1) The Reynolds equation for compressible flow can be used to evaluate
the pressure distribution in the clearance space (and hence the
load capacity and the leakage flow) for the range of operating
conditions considered.

(2) The effect of lubricant compressibility is to decrease the load-
carrying capacity and to increase the leakage flow.

(3) For the range of tests considered, isothermal conditions may be
assumed.

(4) For length /[diameter ratios in the range 0 to 2 the optimum taper |
clearance ratio is in the region of 1.

(5) At any given pressure ratio the load coefficient varies approximately
linearly with eccentricity ratio.

(6) The effect of length /diameter ratio on the leakage flow is negligible.

(7) Adequate information can be presented to enable bearings of the
tapered land type to be designed for any practical application.

LIST OF SYMBOLS
Variables:
Radial clearance at large end of land.
Nominal bearing diameter.
Eccentricity.
Elemental force or load.
Total force or load on one land.
Clearance at position (x, V).
Land length = } (bearing length).
Elemental righting moment.
Total righting moment on one land.
Pressure at position (x, ).
Supply pressure.
Discharge pressure.
Pressure drop through bearing = (p; — p,)-
Elemental leakage flow.
Total leakage flow past one land.
Nominal bearing radius.
Radial taper decrement over length of land.
x-component of fluid velocity.
Axial location co-ordinate.
Circumferential location co-ordinate.
Radial location co-ordinate.
Displacement.
Dynamic viscosity of lubricant fluid.
Density of lubricant fluid.
Angular position, measured from point of minimum clearance.
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Subscripts:

ife Force or load.
m Moment.

q Flow.

r Tilted,

%,y Location in xy plane.

Dimensionless Ratios and Coefficients:

A Angularity ratio = £n 2
c
C Load coefficient = L
i T gl
C, Flow coefficient = 9.l :
Ap.d.c
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C,, Moment coefficient = Wd :

sl . €
E  Eccentricity ratio = —.
¢

; h
H  Dimensionless clearance = —.
c

K  Constant in the isothermal equation.
2]
L Length ratio = — = —.

r d

P  Dimensionless pressure = KP_ &

£

a

PR Pressure ratio =
: t

T  Taper ratio = —.
c

X  Dimensionless axial location parameter — 7

: 5 . . 5 ¥y
Y  Dimensionless circumferential location parameter = o
wr

INTRODUCTION

Itis a now well-known fact that in the field of gas-film lubrication extern-
ally pressurised bearings are the type most commonly used. The reasons for
this are that they can support greater loads than can self-acting bearings,
they avoid the wear undergone by self-acting bearings during starting and
stopping and they exhibit stability characteristics that are superior to those
of the self-acting type.

Hitherto various workers in this field reported on investigations carried
out on externally pressurised bearings of a design now referred to as the
externally compensated type. These bearing assemblies (Fig. 1) consisted
essentially of a cylindrical journal and a bearing shell having a set of orifices
drilled into it. The orifices had to be carefully matched to the clearance
and difficulties were encountered in drilling the small sizes of holes necessary
to obtain the required load characteristics. Extremely accurate positioning
of these holes was also found to be necessary to avoid instabilities.
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217/ -

Fig. 1.—Externally Compensated Journal Bearing.

An investigation was initiated at the University of Adelaide to examine
the characteristics of a different type of externally pressurised bearing,
referred to in this paper as the internally compensated bearing. In this case
the journal has a central annulus (Fig. 2) and the flow through the clearance
is restricted by a taper on the lands. The degree of the restriction will
depend on the position of the journal within the shell.

This paper discusses the results obtained from the theoretical and
experimental investigation of internally compensated gas bearings of the
tapered land type. The effect of taper /clearance ratio, length /diameter
ratio and eccentricity on the load carrying capacity and leakage flow are
presented.
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Fig. 2.—Internally Compensated (Tapered Land) Journal Bearing.

THEORETICAL CONSIDERATIONS

Fig. 2 shows the configuration of an internally compensated bearing.
The assembly consists of a cylindrical shell and a journal of dumb-bell
form, tapered to produce a converging clearance in the direction of flow.
High pressure air is fed to the central annulus at P, and is allowed to leak
through to clearance to a pressure P,. If the journal is concentric with
the bearing the pressure in any plane perpendicular to the axis will be con-
stant around the clearance and no out of balance force will exist. However
if the journal is displaced radially in the bearing then the pressure in a
plane perpendicular to the axis will no longer be equally distributed around
the clearance, and an out of balance force will be created tending to central-
ise the journal. For a given delivery pressure P, the magnitude of this
force will depend on the position of the journal and will be a maximum
when it contacts the bore.

It should perhaps be mentioned that the same effect will be produced
if the tapers were provided in the bearing and the journal was made cylin-
drical. However, practical considerations would favour the former arrange-

ment.
The governing equation for the pressure distribution in the clearance

space is given by

2 /ph® 9 _La ph® Op

Ll = )=

dx\ p  Ox "ay\ p oy

Previous investigators (Ref. 1) have already established that the flow in the
clearance may be assumed to be isothermal. Therefore, over a wide range

of operating conditions the viscosity can be taken to be constant. Further-
more, the isothermal equation
B e ot e v s A @
P
may be used, and combining this with Eq. (1) yields:—
3/ . &pt } ap?
S e ;
ax(t Ox i oy dy 3

The load capacity may then be determined by solving Eq. (3) for the
pressure and substituting in the following equation,

2T R 1 ¥
= f j P cos(——) FPAE I aahohaatmrtooeconion (4)
0 0 r
The leakage flow is obtained from
1 @R 9
=i e R o e oo tnd 5
Q 12#];, ox ym_uorl ()
The solutions of Egs. (3), (4) and (5) are given in Appendix 1.
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Fig. 3.—Load Gosfficient against Taper Ratio (for L = 0.1 t0 4.0, E = 1.0,
PR = 4.4).
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Load Carrying Capacity :
The relationship between the load coefficient and the taper ratio for

several values of the length ratio is shown in Fig. 3, where the load carrying

capacity of the bearing is represented by a non-dimensional load coeffi-

cient, given by

At B

~ Ap.l.d

It will be noticed that for any given length ratio the load coefficient reaches
a maximum at a particular value of the taper ratio. For length ratios in the
range 0 to 2 this value is in the region of 1, and increases as the length ratio
is increased. It will also be seen that, for a given taper ratio, the load
coefficient decreases as the length ratio increases. This may be explained
as follows.

The friction path of the fluid in long bearings will be greater in the
axial than in the circumferential direction. For this reason short circuiting
(circumferential) flow will take place which will have the effect of reducing
the load carrying capacity. This phenomenon is at the present under
investigation.
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Fig. 4.—Load Coefficient against Eccentricity Ratio (for L = 2.0 and 1.0,
T = 1.0, and PR = 4.4).

LOAD COEFFICIENT C'

°

Fig. 4 illustrates the way the load coefficient varies with eccentricity
for the two cases L = 1 and L = 2. The general trend of these curves
indicates that the stiffness of this type of bearing increases with increasing
eccentricity. This result is at variance with the stiffness characteristic of
the externally compensated type of bearing where stiffness falls off con-
siderably with eccentricity ratios above 0.6.

Leakage Flow :

Fig. 5 shows the effect of the taper ratio on the leakage flow for several
values of the length ratio. The leakage flow is represented by a non-
dimensional flow coefficient given by
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Fig, 5.—Flow Coefficient against Taper Ratio (for L = 0.1 and 4.0, E = 1.0,
PR — 4.4).

It will be observed that the effect of length ratio on the flow coefficient is
neghgﬂale. However the flow coefficient increases substantially with taper
ratio. Fig. 6 shows the effect of eccentricity ratio on the flow coefficient.

The Effect of Pressure Ratio :

It should be pointed out that the curves presented in Figs. 3 to 6
were computed for an inlet pressure of 50 1b. /sq. in. g., and an outlet pressure
of zero Ib. [sq. in. g. In previous work (Ref. 2) with incompressible fluids
the non-dimensional load coefficient C, and flow coefficient G, were found
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to be independent of the pressures at the inlet and outlet boundaries of the
bearing. However, for a gas lubricated bearing this condition no longer
holds.
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Fig. 6.—Flow Coefficient against Eccentricity Ratio (for L = 1.0 and 2.0,
T = 1.0, PR = 4.4).
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Fig. T.—Load Coefficient against Pressure Ratio (for L = 0.1 10 4.0, T = 1.0,
= 0%

The effect of pressure on the load coefficient can be seen in Fig. 7.
It will be noticed that at high pressure ratios the load coefficient is virtually
constant, but increases sharply at low pressure ratios. The curves of Fig. 7
may be extrapolated to the ordinate for a pressure ratio of 1. The inter-
cepts will yield values of the load coefficient C, which are in close agreement
with those obtained for incompressible flow (Ref. 2). This is to be ex-
pected, since at very low pressure ratios the behaviour of the gas approaches
that of an incompressible fluid.

Angular Stiffness :

In many practical applications a gas lubricated journal bearing may
not only be required to support a radial load, but also to keep angular mis-
alignment of the journal and bearing axes within certain design limits. A
knowledge of the bearing’s ability to resist these angular deflections (called
here the angular stiffness) is therefore of considerable importance. For this
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Fig. 8.—Fully Tilted Tapered Land Journal Bearing.
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reason it was decided to examine the effect of the taper ratio and length
ratio on the angular stiffness of the tapered land bearing.

For a given journal /bearing configuration the value of the angular
stiffness will depend on the angle between the journal and the bearing axes.
This will be a maximum when the two lands of the journal contact the bear-
ing shell as shown in Fig. 8. This position was therefore chosen for the
analysis.

An expression for % describing the local clearance under the tilted
condition was first derived as shown in Appendix II and then Eq. (3) was
solved for pressure as before. The righting moment was then determined

from
2TR 5 y
M:f J'pcos(h).(lux).dx.dy
i [ r

The solution of Eq. (7) is given in Appendix II.
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Fig. 9.—Moment Coefficient against Taper Ratio (for L = 0.1 to 4.0,
PR =44, E = 1.0).

The relationship between the righting moment and the taper ratio for
various length ratios is shown in Fig. 9, with the righting moment pre-
sented in the form of a non-dimensional moment coefficient, C,, , where,

M
AP. 2. d

It will be noticed that the max. moment coefficient for a given length ratio
occurs at the Taper Ratio = 0—i.e., for a parallel land journal.

Cm =

EXPERIMENTAL APPARATUS AND TEST PROCEDURE

The apparatus (Fig. 10) consisted essentially of the bearing (1) which
contained the journal (2) rigidly fixed to the base plate (3). The bearing
was held in a cradle (4) which was suspended from one end of a counter-
balanced lever (5). A spring balance (6) attached to the other end of the
lever measured the load which was applied by means of a geared capstan (7).
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Fig. 10,—The Experimental Apparatus.
Conference on Hydraulics and Fluid Mechanics, 1968
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Air under pressure was supplied to the central annulus from an air
bottle (8). A set of pressure tappings (9) arranged around the bearing
surface enabled the pressure distribution in the clearance to be determined.
The leakage through the clearance was measured with a flowrator (10),
and thermometers (11) were used to measure the air temperature at inlet
and outlet. Induction type displacement transducers (12) positioned at
each end of the bearing assembly gave a continuous and accurate indication
of the relative position of the bearing and journal during the tests.

The bearing and journals were made from dimensionally stable oil
hardening steel, and the surfaces were finished ground. Fig. 11 shows the
salient dimensions of the test pieces. The variations of the bearing and
journal from true circularity (given in Fig. 11) are significant only in a small
region near the contact point. The pressure distribution in the clearance
space in this region could be slightly affected, but it was considered that
the overall effect of these dimensional variations on the load and flow
characteristics would be negligible.

- B

BEARTING.
(Nominal I.D.-= 3.0000)
ariation from true circularity
= .00007

surface finish of bore varies
from 23 to 27 micio-inches CLA

5.00
2.99943

(o]
2.99941

LI EI1L,

JOURNAL No., 1
(Nominal L =2, T = 1)

i 1 = 2.0 (both lands)
T = 1.0 (right land)
T=1.1 (left land)

surface finish of lands
varies from 10 to 12
] micro-inches CLA

2.99579
2.99580

2.99781
2.99760

Variation from true
circularity + .00007

3.005 3,007

JOURNAL No.2
(Nominal L =1, T =1)

1 L = 1.0 (both lands)
- T = 0.9 (right land)
T=1.0 (left land)

2.99765
2.99564

Surface finish of lands
varies from 10 to 12
micro-inches CLA

2.99567
2.99737

Variation from true

ERAL bl circularity + .00009

9.00

Central grooves .25 wide by .10 deep

Fig. 11.—Dimensions of the Test Bearing and Fournals.

NOTES :
1, All dimensions in inches.
2. Measurements refer to a basic temperature of 68°F.
3. Accuracy of determination
Linear -+ .000 04
Surface finish + 109%,.
4. Metrology service was supplied by the Metrology & Standards Laboratory of
W.R.E., Salisbury.*
*Registered with the National Association of Testing Authorities, Australia.

The accuracy of determination of the parameters measured in the
experimental work is given below.

(1) Eccentricity 4+ 19
(2) Load + 2%
(3) Pressure + 2%
(4) Flow +2%
(5) Temperature + 29,

These figures were taken from the instrument manufacturers’ specifications.

The whole apparatus was enclosed within a rigid framework mounted
on a vibration isolated section of the laboratory floor.

For the tests, air was supplied to the central annulus at the required
pressure. The bearing was then loaded until it just made contact with
the journal—the fully eccentric position—and the load and flow were
recorded. The load was then reduced in equal decrements, and at each
load the eccentricity and flow were noted.

These tests were conducted for each journal with supply pressures
ranging from 5 to 150 Ib, /sq. in. g.

Pressure distribution tests were also carried out at a number of eccen-
tricities.

Conference on Hydraulics and Fluid Mechanics, 1968
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Fig. 12.—Pressure Distribution ( fa};‘ L =} 210; B =1'0,VE = 1.0, P,.=50,
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e
e

2

v

— THEORETICAL CURVE /
® EXPERIMENTAL POINT

LOAD F (Ib)

/"/ L-'V‘

—

°g 3 o4 S% o o
ECCENTRICITY -RATIO E

Fig. 13.—Load against Eccentricity Ratio (for L = 1.0 and 2.0, T = 1.0,
E = 1.0, P; =50, P, = 0).
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Fig. 14,—Leakage Flow against Eccentricity Ratio (for L = 1.0 and 2.0,
T—1.0,E =10, P, =50, P, = 0).
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Fig. 15.—Load against Pressure Ratio (for L =1.0 and 2.0, T = 1.0,
and E = 1.0).
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TEST RESULTS

The experimental tests were designed to establish the validity of the
theoretical findings.

Fig. 12 compares the experimental and theoretical results of the
pressure distribution in the clearance. It will be observed that good
agreement was obtained between theory and experiment. In Fig. 13 the
experimental variations of load with eccentricity for the two bearing con-
figurations are compared with the corresponding theoretical values. Simil-
arly the experimental and theoretical variations of flow with eccentricity
are compared in Fig. 14. The close agreement between theory and experi-
ment is apparent.

— THEORETICAL CURVE

@ EXPERIMENTAL POINT

—
=
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Fig. 16.—Leakage Flow against Pressure Ratio (for L = 1.0 and 2.0,
T=2110,"E ="1.0).

LEAKAGE FLOW (scim)
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o

Figs. 15 and 16 show the effect of pressure ratio on load and flow
respectively. In each case good agreement between theory and experiment
will be observed.

CONCLUSIONS

The results of the theoretical analysis, which are closely confirmed by

experimental evidence, lead to the conclusions that:

(1) The Reynolds equation for compressible flow can be used to eva-
luate the pressure distribution in the clearance space (and hence
the load capacity and the leakage flow) for the range of operating
conditions considered in this paper.

(2) The effect of lubricant compressibility is to decrease the load
carrying capacity and to increase the leakage flow.

(3) For the range of tests considered, isothermal conditions may be
assumed.

(4) For length ratios in the range 0 to 2 the optimum taper ratio is
in the region of 1.

(5) At any given pressure ratio the load coefficient varies approximately
linearly with eccentricity ratio.

(6) The effect of length ratio on the flow coefficient is negligible.

(7) Adequate information can be presented to enable bearings of the
tapered land type to be designed for any practical application.

FURTHER WORK
(1) It is proposed to examine the pneumodynamic characteristics of
the tapered land journal bearing.
(2) Modifications to the bearing configuration to improve unidirectional
load carrying capability will be investigated.
(3) The effect of high pressure ratios on the load carrying capacity
and leakage flow will also be examined.
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APPENDIX I
Calculation of Film Thickness :
From Fig. 17:
(@A) AR — () B ) i 9
_therefore
2
(rcos9—e)2+(sine)=(r—’-:z—c+h) ............ (10)
Neglecting second-order terms in ¢, e, # and 6 yields:
h:c—i—;—ct—ecosﬂ ........................ (@85

Dividing Eq. (11) by ¢ gives the film thickness in non-dimensional form:
H=1+ XT — Ecos (27Y)

Fig. 17.—Diagranunatic: Representation of the Fournal and Bearing.

Difference Solution of Reynolds Equation :
The form of Reynolds Equation to be solved was given in Eq. (3), i.e.,

ap d op?
h* —(ht——) =
Bx( ox i ay (h ay 0

To obtain a generalized solution, Eq. (3) can be converted into non-dimen-
sional form, giving

== T @)
X aX o a7 ey ) =0 e
Using an identity given by Southwell (Ref. 3), namely
H? p* d2 (P2 22 (H®)
H3 =193 H3 — p2
aX( aX) ox*® o ox*: 0.X2 (L
Eq. (13) transforms into
e (S B G
[8X3 27 0.X* 211) aY*]( )
P 3y —
pl= (217) aye] G =0 5)

Eq. (15) expressed in finite difference form using a square mesh yields:
L 2
(B3 + 2H + H) + (52) (LF + 25, + HyY) Pt =
T
= (H\® + Hy®)P,? + (H,® + Hy®)Py* +

5N X
el (2—-) (H;® + HP;® + (H® + HP®)P,? ...(16)

T
This equation was applied by dividing the XY area into an effective 10 x 20
grid and the numerical solution obtained by a cyclic sequential relaxation
of the Gauss-Seidel type using up to 40 per cent over-relaxation to increase
the rate of convergence (Ref. 4). The assumption of a pressure distribu-
tion symmetrical about the load line reduced by half the field over which
the relaxation was applied.

Load Cofficient :
The load carried by an element of area Ax by Ay is given by:
f =0z y.cos 8.Ax.Ay.
Conference on Hydraulics and Fluid Mechanics, 1968
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The total load carried by one land of the bearing is given by:

S
F=J. J.p.cosﬂ.dxdy .................. (17
Introducing dimensionless ter;ns ;
e f ' J "P.(Ap). cos@nY). dX . DAY .20R) ... (18)
Hence the load couefﬁ::ient can be defined as:
C,-=F?E=wf:f:P.cos(2wY).dXdY ......... (19)

The integral was evaluated by Simpson’s rule and was found to be suffi-
ciently accurate.

Flow Coefficient :
The side leakage flow through an element of the exit annulus x = 0
of width Ay and height Az is given by:

g, =u.Ay.Az

z=0

The velocity of flow through the annulus in the x direction # can be shown
(Ref. 5) to be:

whence g, can be expressed as:

i
'x

g = LAy fn (2® — zh) dz

1
2p
hE D

The total flow through the annulus is then given by:
2mr
Q=f g. dy
0

1 2mr ?
T e A
mpfo B

Using dimensionless forms,
L a :
Q=—fH“ RICVERD)
12ud, a(X1)

Ap.m.dc® oP

_— = HE =
12ul f 0 [):¢ g

Hence the flow coefficient can be defined as
s
¢ Apde®

a=0

. d(2mr Y)i

X =0

XNap

1. 9P
=— | H'—d
12f0 P

Xm0

P
The term X appearing in Eq. (25) was evaluated by using the five-point

formula (Ref. 5) given in Eq. (26), which was chosen for compatibility of
accuracy with Simpson’s rule for integration.

1
Fo= 0 (= 25y +48f, = 364, + 16/ — 31 + gf“(f) ...... 26)

The computation was programmed in FORTRAN compiler language for
a CDC 6400 computer. The input data for each problem were the bearing

radius, lt;ngth, clearance and eccentricity, the gas density, and viscosity,
and the inlet and outlet pressures.

The program produced the pressure distribution, load and flow
coefficients, actual load and flow, and velocity and Reynolds number
distributions.

APPENDIX II
With reference to Fig. 8, the displacement § at a distance x from the

exit end of the land is given by
§=(—x).tané

The displacement at a. circumferential location 6° from the position of
minimum clearance is given by:

=( —x).tan¢.cos ¢
The film thickness for non-tilted, concentric conditions % is given by:

Hieie %‘ T L A e (29)
The film thickness for tilted conditions (%) is given by:
hy—h—5
=c+§.t—(l—x).tan¢.cosﬂ ............... (30)

Defining an angularity ratio, A4, as
é
A==
c
where ¢; is the eccentricity at the end of the land for the tilted condition

(see Fig. 8), then

tan ¢ = ﬂ
I
and Eq. (30) becomes
l—x).4.
i B ) Sl R (1)
I I
In terms of the dimensionless groups previously used this becomes:
Hy=14+ X.T — A1 — X). c0827Y) seeerrsrrvainns (32)

With H defined by Eq. (32) above, Eq. (3) was solved for pressure as shown
in Appendix I.

The righting moment M was evaluated by summing the elemental

moments ., , , where m,, , = p., ,.co8 0.dx.dy.(I — x).
Then
27r ¥
M:J. f(l—x).px,v.cosﬂ.dxdy ............... (33)
0 0
Expressing Eq. (33) in dimensionless terms yields:
1 1
M= f f 0 — X). Ap. P . cos(n¥) . d(XI) d@nr ¥)
0 1]
i 1
=Ap.l".dwj f T S T s (34)
0 0
Defining a Moment Coefficient Cys as
M
G = Cin i e
YT Ap.d &
yields:
1 1
Ciiiir J' f U — XOP.cos(n¥)dXAY  ooviiennn. (36)
0 0

The integral of Eq. (36) was evaluated by the use of Simpson’s rule.
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