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ABSTRACT

The SNAP I power conversion system utilizes mercury
as the working fluid in a Rankine closed-cycle heat engine in
order to convert nuclear energy to electrical energy in space.
Utilization of the working fluids as the bearing lubricant in the
turbomachinery package eliminates the need for seals and pro-
vides a hermetically sealed package unit. The bearings were
required to operate continuously and unattended for sixty days
with a minimum power loss at 40, 000 rpm and 400°F. The
hydrosphere bearing, which is a mated spherical journal and
hemispherical socket, has both thrust and radial load capacity,
good dynamic stability, misalignment capability, and close
control of clearances for other rotating components. Analytical
expressions are presented for flow, torque, axial load capacity,
and pressure distribution for the hydrosphere bearing. Exper-
imental results of the bearing development program and a dis-
cussion of the liquid mercury bearing test rigs are included.
Satisfactory bearing life capabilities have been exhibited in a
2510-hour endurance test of the system prototype test package
with the 1/2-inch diameter hydrosphere bearings under simu-
lated ground operating conditions.

INTRODUCTION

Advanced closed-cycle space power systems will utilize liquid metals, such as mercury,
potassium, and rubidium, as the thermodynamic working fluid at elevated operating temperatures.
Specific bearing requirements for long life and unattended operation in space environments with zerc
leakage and maximum reliability dictate the use of the closed-cycle working fluid as the bearing lubri-
cant. Several critical problems associated with the use of liquid metals as the bearing lubricant are
indicated below:

(1) Corrosiveness or incompatibility ot the lubricant with system materials, resulting in
the contamination of the lubricant with its subsequent effect on bearing clearances and
system integrity.

(2) Viscosities of the liquid metals at the elevated temperatures are low as compared to
conventional lubricants at normal operating temperatures.

(3) In the case of liquid mercury, high dersity may result in turbulent bearing flow and
substantial inertia effects.

(4) Non-wetting characteristics alter the velocity profile and prevent easy handling in the
classical hydrodynamic equations.

Typical of Rankine cycle systems for space application is the 500-watt electrical output

SNAP Iturboelectric system which utilizes mercury as the working fluid. In SNAP I, which was initi-
ated and developed under a contract with the Atomic Energy Commission, a radioisotope is used as :
energy source to vaporize mercury in a boiler; turbomachinery extracts the useful energy from the
vapor and converts it into electrical energy; the exhaust vapor is condensed by rejecting the waste
thermal energy to space in a condenser-radiator. Current application of a portion of the system is
being conducted under the auspices of WADD. Figure 1 shows the SNAP I turbomachinery package,
which is a subminiature electric power generator containing a mercury vapor turbine, alternator, and
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FIGURE 2. HYDROSPHERE BEARING ASSEMBLY

unequal thermal distribution should be avoided. The more conventional journal and thrust bearings are
alignment-sensitive, whereas the hydrosphere does not require that the axis of rotation of the sphere
be coincident with the geometric axis of the socket. A factor in the hydrosphere selection was its small
radial clearance which tended toward high-speed stability. Inspection of the bearing cross section,
shown in Figure 2, reveals small equatorial clearances, and axial movement of the shaft does not
induce proportional changes in this radial clearance, The small radial clearance and low power loss

of the hydrosphere permit a minimum flow rate for absorption of the heat generated by the viscous
shear in the bearing.

A disadvantage of the hydrosphereis its precision three-dimensional fabrication requirements,
In addition, like most ressurized hydrostatic bearings, unless there is some device to increase
bearing socket pressure with increasing axial load the bearing will collapse, shutting off lubricant flow
and resulting in bearing seizure. Such a device may be a restricting orifice in the bearing inlet line.
The systermn then is essentially a dual-orifice system with flow being a function of lift; and a properly
designed orifice in the inlet line will cause the bearing pressure to increase as the bearing sphere
approaches the socket, thereby compensating for the load increase.
type lubricants were eliminated from consideration due to the high temperature, nuclear radiation
environment, increased complexity due to required additional lubrication system, and the unavailability
of positive rotating seals for 60-day operating capability. Utilization of the system working fluid, mer-
cury, as the bearing lubricant dictated a development program for high-temperature mercury-lubri-
cated bearings but eliminated the seal development.

HYDROSPHERE BEARING ANALYTICAL APPROACH

Backg: nd

-rly work on the hydrosphere bearing was done by M. C. Shaw and C. D. Strang with
con itional lubricants(}, 2{ Their attempts of math itical analysis based on development
pressure along a mean streamline resulted in a solution which was not completely practical due to
its complexity and its utilization of parameters which could not be determined experimentally.
Consequently, most of their work was of an empirical nature. The reported tests were made with
axially loaded bearings, although some mention was made of radial load tests.

As can be seen from Figure 2, the lubricant film is crescent-shaped in any plane thro the
axie of rotation, if the ball center is axially displaced outward from the socket center. Since this
w 1e shape is not in the direction of motion and since the density and viscosity of the fluid are



assumed constant throughout the film, the manner in which hydrodynainic pressures are oped
to support axial loads is not immediately apparent. A rigorous mathematical analysis of the hydro-
sphere is com' cated by the three-dimensional film which cannot be simply described. Moreover,
in the present application, the nonwetting and high-density characteristics of mercury cannot be
easily handled in the classical hydrodynamic bearing equations. Because of these complexities and
the necessity to formulate parametric relationships at an early date, analytical development was
supplemented by experimental tests.

Parametric Relationships

Parametric relationships were obtained by considering only the axi-symmetric co guration
of the hydrosphere, with the variable geometric parameter being the axial displacement of the ball
out of the socket. Ball rotation effects were ignored, except in the analysis of bearing power. In
addition, the classical assumptions of a wetting, Newtonian, constant-viscosity, low-dens r fluid
were assumed. In this manner first-order parametric relationships were derived. By analogy to
cylindrical journal bearings and by test results, these approximate relationships proved useful in
design and in prediction of hydrosphere performance.

The axi-symmetric configuration greatly simplifies the mathematical description of the film,
although it is valid only in the ''no radial load' condition. The clearance space between the spherical
ball and the slightly larger hemispherical socket constitutes the film as shown in Figure 2. The film
geometry is a function not only of the difference in ball and socket radii, but of the axial displacement
between their centers. Zero displacement is defined as the concentric position and only ¢ ward
displacement is considered.

Pressure Distritntion The axi-symmetric pressure distribution in the film was derived
assuming laminar flow .u the axial direction only The effects of ball rotation were ignored. With
these assumptions the expression for film pressure was derived to be:

e
P -Pos == (Kp - K 1
°% "R3 (Kp pPo) (1)
where
Kp - Kpp = f (geometry, lift)
Flow. ssentially, the hydrosphere is a variable-flow restriction coupled with a fixed restric-

tion. Thus, lubricant flow is an important parameter directly related to pressure distribution,
which, in turn, is related to axial load capacity. Rearrangement of Equation (1) and substitution of the
conditions at the equator or discharge area yields:

RrR3
Q= “6“ (P - Pm) Kq (2)

where
Kq = f (geometry, lift)

A

*-' T ~-4 Capacity. The axial load capacity of the axi-symmetric hydrosphere is obtained
by integ:ratiun va wue pressu forces acting on the ©~ L y integrating the axial compor its of the
pressure forces, the axial load capacity can be shown to be:

WT = mR2(Po - Pm)KA (3)
where

Ka = f (geometry, lift)
Consideration of the order of magnitudes for several terms of the equation for Kpa for practical range
of values show that KA = 1 for hydrostatic operation. Some increase ( = 10%) in axial load capacity

with speed has been observed experimentally,

y. To sustain a radial load, the hydrosphere must have a fi ‘essure
itr metrical about its axis. Unfortunately, tI mathematical d. oti
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FIGURE 7. TYPICAL DUAL HYDROSPHERE
BEARING CHARACTERISTICS

pressure decreases. The lower socket pressure and increased clearances of the unloaded bearing
reduce the radial load capacity of this bearing. Variations 1 effective flow areas of the bearing or of
the flow restriction, and changes in supply or drain pressures, would complicate the above relation-
ships.

Hydrosphere Bearings in Test Packages.

Incorporation of the hydrosphere bearings in subsystem and system test packages followed the
successful development of the hydrosphere bearings in component tests. Extended shaft tests were
necessary to obtain a satisfactory configuration and bearing characteristics prior to incorporation of
the jet-centrifugal pump. These tests were followed by subsystem tests of the hydrosphere bearing-
jet centrifugal pump combination in order to simulate final package configuration and to insure satis-
factory bearing and pump operation while coupled. Integration of the bearings in the system test
packages represented the culmination of a successful hydrosphere beari: development ‘ogram.

Materials Development.

Several bearing materials and platings were evaluated in actual hydrosphere bearing operation
during the experimental development program. Additional anti-scoring tests of a roller on a flat plate
with liquid mercury as a lubricant were conducted by New Departure Division of General Motors to
determine the relative anti-scoring qualities of ten promising materials pairs selected by TRW.
Mercury materials evaluation capsule tests were also conducted to check mercury compatibility with
the bearing materials pair.

The majority of the experimental development bearings consisted of a tungsten alloy high-speed
tool steel as a base material for both the ball and socket. A tungsten-titanium carbide combination
ap red iper the tool s combination for wear and scoring resistance, althou t! carbides
ex. ted brittl and ° : s .ce to mercury corrosion. The final materials selection of a high-
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