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FOREWORD

Recognition is justly given to Mr. J. M. Epley for his
effort in the design of the bearing and to Mr. R. L. Ledford
for his work in developing the angular transducer.
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ABSTRACT

The results of a study of the load capacity and damping level of a
gas journal bearing are presented. Experimental data indicate that the
bearing is capable of supporting radial loads in excess of 300 lb and
that the damping parameter has some inverse relationship to frequency
which is determined by the radial load. It is shown that the damped
motion of the gas bearing can be approximated adequately with the
viscous~-damping equation.
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NOMENCLATURE

Distance from the center of rotation to the centroid of the
offset mass, in.

b = f(L), Fig. 7

Cy = f(L), Fig. 7, ft-1b/rad

Cycles to damp to a given amplitude ratio R, cycles
Bearing core diameter, in.

E = f(p), Ref. 2

Frequency, cycles/sec

Acceleration due to gravity, ft/sec?

Radial clearance, in.

Moment of inertia, slug-ft2

T

Radial load, 1lb

Length of the bearing outer ring, in.

Natural logarithm

Angular restoring-moment parameter = mga, ft-1b/rad

. . fi-l1b sec
Angular viscous-damping-moment parameter, Trad
Mass, slugs

Plenum pressure, psig

Critical plenum pressure, psig

Ratio of the amplitude of a damped oscillation after a given
number of cycles to the initial amplitude

Time, sec

Eccentricity, deflection per unit clearance Ap/h
Angular displacement, rad or deg

Maximum angular displacement, rad

Angular velocity, rad/sec

Angular acceleration, rad/sec?

Angular frequency of oscillation = 27f, rad/sec
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1.0 INTRODUCTION

During the past several years increased interest has been shown in
obtaining wind tunnel dynamic stability data at large model oscillation
amplitudes, particularly in the hypersonic speed regime. In order to in-
crease the oscillation amplitudes of dynamic stability balances, bearing
pivot systems have been used. Mechanical bear'ings, of the low friction
type have been successfully used at the von Karman Gas Dynamics
Facility (VKF), Arnold Engineering Development Center (AEDC), Air
Force Systems Command (AFSC), to obtain high amplitude, hypersonic,
dynamic stability data; however, their performance is not completely
satisfactory because of their unfavorable damping characteristics. The
use of these bearings in the free-oscillation technique restricts the
range of parameters obtainable and greatly complicates the data reduc-
tion process. Mechanical bearings used in a medium amplitude (£12 deg)
forced-oscillation balance at the VKF are completely satisfactory since
the necessary parameters can be measured outside the influence of the
bearings.

Gas bearings are known to have good load-carrying capabilities and
low damping and therefore are attractive for application in high ampli-
tude, free-oscillation, dynamic stability balances.

An evaluation of a gas bearing was made which consisted of deter-
mining its load-carrying capacity and damping characteristics. In
order to determine the bearing damping characteristics a device was
designed to measure the bearing angular displacement without intro-
ducing additional damping into the system. This was accomplished by
using an angular transducer which provides a continuous angular dis-
placement readout and which has no physical contact between rotating
parts.

20 APPARATUS

2.1 GAS BEARING

A gas bearing, shown in Fig. 1, was designed according to the pro-
cedure outlined in Ref. 1. Treatment of the design problem in this
reference consists of reducing the complex analysis of a gas journal
bearing to the study of a flat-plate model. Information obtained from

Manuscript released by author November 1962,
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this model is then used to develop a design procedure for a full journal
bearing. The equation for radial load,

Enidep

2 (1}

developed as part of the theory in the design procedure (Ref. 2), can be
used to predict the performance of a gas bearing.

L =

Because of the nature of the present application of the gas bearing,
its design deviated from that of Ref. 1 in the following ways: (1) the
plenum was located in the fixed center portion of the bearing to supply
gas through the orifices to float the outer moving ring of the bearing.
The design in Ref. 1 had a manifold located in the outer fixed portion of
the bearing to supply gas through the orifices to float the inner moving
core; and (2) plates were used at the ends of the bearing, whereas the
design in Ref. 1 was used with gas exhausting along the journal.

For proper operation it was necessary that the bearing be self-
centering; therefore, end plates were required to extend beyond the
outer rotating ring. End plates for centering the bearing would allow
the exhaust gas of the bearing to expand radially outward. Since the
bearing is to be contained within a model this characteristic is undesir-
able, and therefore provisions were made to cancel this effect. The
shields shown in Fig. 1 are part of the end plates; their function is to
direct the exhaust gas toward the center of the bearing, thus reducing
the radial flow of the gas. During the design it was anticipated that the
end plates would have some effect on bearing load capacity; therefore,
the bearing was designed with removable shims (Fig. 1) to allow varia-
tion of end clearance.

2.2 ANGULAR TRANSDUCER

An angular transducer, shown in Fig. 2 and described in detail in
Ref. 2, was developed to obtain a continuous time history of the oscilla-
tory motion of the bearing. The variable reluctance transducer (Fig. 2)
consists of a housing and an eccentric. The housing which contains the
two "E'" cores is mounted on the fixed portion of the bearing. The
eccentric, mounted on the outer movable ring of the bearing, has no
physical connection to any component of the transducer.

When the coils contained in the "E' cores are excited, magnetic
paths are established through the "E'" cores, their adjacent air gaps,
and the eccentric ring. As the eccentric is rotated the reluctance of the
magnetic paths through the "E" cores and eccentric remain constant
while the reluctance of the air gap changes. This change in reluctance
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produces an analog signal proportional to the angular displacement of
the outer ring of the bearing. The output is amplified by a carrier
amplifier system and recorded on a direct-writing oscillograph. The
present transducer output is linear over a +16-deg range, and with
minor modifications, this range can be extended.

2,3 CALIBRATION APPARATUS

To determine the load-carrying capacity of the gas bearing, radial
loads were suspended below the bearing by means of a loading bracket.
The radial clearance, plenum pressure, and gas temperature were
monitored by means of a dial gage, pressure gage, and thermocouple,
respectively.

Gas bearing damping level was determined with the aid of the "U"
bracket and the two radial arms, shown in Fig. 3. The "U'" bracket
connects directly to the bearing and supports the offset-mass and the
radial arms. Calibration weights can be attached at either the axial
arms or to the bolts located in the slots on the radial arms. The cali-
bration weights are arranged so that their weight vector acts through
the center of rotation regardless of the angular displacement, This
allows variation of radial load without affecting the restoring moment
of the system. Moment of inertia for the system may be changed either
by varying the distance to the offset-mass or by arranging the calibra-
tion weights at varying distances about the center of rotation. These
controls on the moment of inertia allowed the frequency to be varied or
held constant over a range of radial loads.

3.0 PROCEDURE AND RESULTS

3.1 STATIC LOADING

The load-carrying capacity of the bearing was determined by varying
the end clearance and plenum pressure over a range of radial loads.
For each particular end clearance the plenum pressure was raised to the
design maximum pressure of 500 psig, the dial reading was recorded,
and the bearing was loaded. The plenum pressure was then slowly
reduced until the critical pressure was reached, i. e., the dial gage indi-
cated an eccentricity, €, of approximately 0.5. This procedure was
repeated over a range of total end clearances from 0.002 to 0,010 in. for
loads in increments of 25 lb up to a load of 300 lb.
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A family of curves of critical pressure versus radial load showing
the effect of end clearance and the theoretical capacity of the bearing
are presented in Fig. 4. The experimental results show that optimum
performance of the bearing in terms of static load capacity was obtained
for total end clearances of 0. 005 and 0. 006 in. It is also interesting to
note that even though the bearing design as used in the theory was modi-
fied to incorporate end plates, the theoretical performance closely
agrees with the optimum performance obtained.

3.2 DAMPING MEASUREMENTS

The free-oscillation technique using an offset-mass was employed
in this investigation because it is the most accurate method for obtaining
the gas bearing damping coefficient, The damped oscillatory trace
resulting from this technique is conducive to siudying the character-
istics of the damped motion.

The test procedure was to displace the offset-mass from its equilib-
rium position and release it. The resulting motion was recorded by a
direct-writing oscillograph used in conjunction with the angular trans-
ducer.

By controlling the moment of inertia of the system as outlined
previously, trends of bearing damping were obtained at constant radial
load with varying frequency and at constant frequency with varying radial
load. Results obtained in this manner are shown in Figs. 5 and 6. For
both the static loading and damping measurements nitrogen was used as
the working gas.

Oscillograph traces showing the damped motion of the gas bearing
revealed that the frequency for a given oscillation remained constant as
the motion damped out and that a plot of the natural logarithm of the
envelope curve against cycles of oscillation was approximately linear
over a range of amplitudes, For the amplitude variation to be exactly
linear, the motion must be damped exponentially. In some casea, non-
linearities were observed over larger amplitude ranges, confirming
deviations from true exponential damping; however, for the smaill ampli-
tude range of concern, the amplitude variation could be approximated
adequately with a linear curve.

These variations are significant since they indicate that the bearing
damping characteristics over small amplitude ranges may be approxi-
mated with the basic viscous-damping relations. This becomes apparent
in observing the solution of the basic differential equation describing
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one~-degree-of-freedom viscous-damped motion which is given by
16 - Mjf ~ Mgh = 0 (2)

For damping less than critical, the roots of the characteristic equation
for the motion defined by the above differential equation are

) - G

The damping parameter of the system is -Mg/2I, and the frequency
of oscillation, w, is

2

The quantity (-Mg/ 21)2 in the frequency term is negligibly small
relative to the quantity (-Mg/I); hence the frequency is adequately given

by ,f—Mg/I. From the above pair of complex roots a solution of the
viscous-damped equation can be written as

- (51) =
8 =0 e [(sin ‘16 t)} (3)

The above solution for the viscous-damped system confirms that the
envelope curve of a damped oscillation varies exactly exponentially with
time and that the frequency is constant.

The coefficient of the damping term (Eq. (2)), the angular viscous-
damping-moment parameter, can be wriiten as
. (20 R) (~Vg)}
Mg = S ——— 77
] oot Cop | (4)
Therefore, for equivalent viscous-damped motion, it is only necessary
to determine the frequency of oscillation and the cycles to damp to a
given amplitude ratio to evaluate the damping parameter.

In true viscous-damped motion, the damping moment (Mg8) is
defined as a moment proportional to the angular velocity of motion;
therefore, Mg is constant for all values of amplitude and frequency. One
would expect the damped motion of the gas bearing to be defined exactly
by the viscous damping theory; however, this is not the case. The
damping parameter for damped motion of the gas bearing deparis from
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true viscous damping because there exists some inverse relationship
with frequency, as demonstrated in Figs. 5 and 6. At a constant

radial load this inverse relationship of damping with frequency remains
approximately fixed; however, changing the radial load causes a marked
change in the relationship between frequency and damping.

The effect of radial load on the relationship between the damping
parameter and frequency is best demonstrated by the following empirical
equation:

Mj = Cy () (5)

Figure 7 shows the dependence of C1 and b on radial load, thus exhibiting
the effect of radial load on the relationship between the damping param-
eter and frequency.

The offset-mass technique used to evaluate the damping has the
digsadvantage that the frequency range is restricted; however, it is the
only technique that can be successfully used to measure the low damping
level of the bearings. Any effort to extend the frequency range to in-
clude higher frequencies would necessitate the introduction of an
external resioring moment into the system. The damping contribution
of this restoring moment, being at least an order of magnitude higher
than that of the bearing, would certainly tend to mask the damping
levels and/or trends of the data. The frequencies obtained were lower
than the anticipated operating range in the wind tunnel; therefore,

Eg. (5) may be used to extrapolate existing data to the desired frequency
range.

The following table, used to demonstrate the expected performance
of the gas bearing, shows that for two typical re~entry configurations
at Mach numbers 8 and 10, the bearing damping is negligible compared
to the aerodynamic damping. Values of aerodynamic damping are based
on Newtonian flow (Ref. 3), and values of bearing damping were deter-
mined using Eq. (5).

Mach Mé MG Frequency, f,
Configuration | No. | (Aerodynamic) (Bearing) cps
-2 -4
] 10 | -0.72x 10 -0.55 x 10 3.65
] 8 | -1.75x 1072 | -0.28x 1074 6. 75
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4.0 CONCLUSIONS

A gas bearing has been developed for use in free-oscillation dynamic
stability balances. Based on data obtained during the evaluation of the
bearing, the following conclusions were reached:

1. End clearance has an appreciable effect on the load-carrying
capacity, with the 0.005 and 0. 006 in. total end clearances
giving the optimum load capacity.

2. The load-carrying capacity for the 0.005- and 0, 006-in.
total end clearances agrees well with theory, and the
bearing is capable of satisfactory operation at loads in
excess of 300 lb.

3. The damping parameter of the gas bearing varies inversely
with frequency, and the magnitude is determined by the
radial load.

4, The damped motion of the gas bearing can be approximated
adequately with the equation for viscous-damped motion.

5. The performance of the bearing indicates that it can be
successfully applied in a dynamic stability balance.
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