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LEGAL NOTICE

Thils report was prepared as an account of Government sponsored work .
Nelther the Unlted States, nor the Commission, nor any person acting
on behalf of the Commission:

A,

Makes any warranty or representation, express

or Implled, with respect to the accuracy, com=
pleteness, or usefulness of the Informatlon
contalned In this report, or that the use of any
Information, apparatus, method, or process
disclosed in this report may not Infringe privately
owned rights; or

Assumes any llabliitles with respect to the use of

or for damages resulting from the use of Information,
apparatus, method, or process disclosed in this
teport.

As used In the above, "person acting on behalf of the Commission® Includes
any employee or contractor of the Commission to the extent that such
employee or contracter prepares, handles, or distributes, or provides access
to, any Informatlon pursuant to hls employment or contract with the

Commission.
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ABSTRACT

SNAP |1 Is the deslgnation for a 3 kw nuclear auxillary power
unit to be used In a satellite vehlcle. This system consists of
a reactor heat source, a mercury Rankine engine and an olter-
nator. The alternator, mercury pump, turbine, and reactor
coolant pump are mounted on a common shaft supported by
mercury lubricated bearings. Design detalls and test results
of combined rotating unit (CRU) development are described in
this report. The work was performed under a subcontract to
Atomlcs International as part of the Atomlc Energy Commission

Contract AT (11-1) GEN-8.
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1.0 SUMMARY

Design objectives and features of combined rotating units (CRU) I, 1l, and il are described
and illustrated. In addition, a comparison of test results with design objectives is
presented for one CRU | and two CRU I units. Test results of CRU | and 1l units have
Indicated the feaslbility of operating a CRU for long periods of time at the required design
point. Preliminary environmental tests of CRU | have indicated that the rotating unit

can wlthstand the launch environments of vibration and shock.

Modifications and Improvements In the CRU components are currently under development
to more exactly meet performance objectives for the flight systems. The future CRU units
and the remainder of the power conversion system will be utilized for extensive system

development, Including nuclear and orbital start testing.
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2.0 INTRODUCTION
The SNAP 1l auxillary power unit for 3 kw of electrical output consists of a reactor heat
source and a power conversion system. The power conversion system Is a mercury Rankine
englne composed of:

A mercury boiler heated by NaK reactor coolant

An axlal flow impulse turbine, which extracts energy from the superheated

mercury vapor

A condenser which returns the vapor to a liquid state

A mercury pump which returns the condensate to the boller

The turbine directly drives the alternator, the mercury pump, and a permanent magnet
Induction NaK pump which Is designed to clrculate the NaK between the mercury boller

and the reactor,

At the Initiation of the SNAP || program, packaging of mercury environment CRU's had
already been accomplished for the SNAP | program (which preceded SNAP Il by approxi~
mately one year). SNAP | also employed a mercury Rankine engine for a 500 watt electrical

output using the heat energy from the decay of an Isotope.

Selection of the cycle conditions, which established the operating conditions for the SNAP
It CRU were reported In Topical Report No. 1 entitled "Design Point Determination®
(Thompson Ramo Wooldridge Engineering Report No. 3619, Document AE-61 A). These

Initial operating requirements are summarized in Table 1.



TABLE |
INITIAL SNAP [l OPERATING REQUIREMENTS

Alternator

Net Electrical Output
Frequency

Frequency Regulation
Voltage

Voltage Regulation
Power Factor

Shaft Power Required

Reactor Coolant Pump (Na Pump)

Operating Temperature
Flow
Pressure Rise

Shaft Power Requlrement

Mercury Pump

Maxlimum [nlet Temperature
Inlet Pressure

Outlet Pressure

Flow Rate

Shaft Power Requirement

3 kw

2000 cps

1%

110 volts

5%

1 to .8 lagging

3.88 kw

1000°F
45,2 |b/min
3 psi

443 kw

420°F

5.5 psla min
138 psia

37 Ib/min
.24 kw




Mercury Bearlings

Inlet Temperature
Flow Rate

Shaft Power Required

Mercury Turbine

Shaft Power Qutput
Inlet Temperature
Inlet Pressure
Outlet Temperature
Outlet Pressure
Flow Rate

Efficlency

TABLE | (continued)
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430°F maximum
20 lb/min

5,16 kw
1150°F
105 psta
600°F
6.5 psla
17 Ib/min

55%



Selection of optimum components to meet the SNAP || objectives has been described In

previous topleal reports. This component selection Is summarized as follows:

Altemator

A radlal gap permanent magnet alternator was selected because of the Inherent reltability
and light weight of such a machine. The stator was wound two phase to provide maximum
slot fill and efficlency. External connections provided the required single phase operation.
In order to Improve operating efficlency, the alternator output was later modified to two
phase operation. The rotor magnet of Alnico V was magnetized with six poles to provide

the required 2, 000 cycle operation at 40, 000 rpm.

Reactor Coolant Pump

A shafi-driven rotating magnet pump was selected as the method of circulating the

reactor coolant, With this pump, a shaft mounted pemanent magnet was used to induce a
flow of sodlum or NaK by electromagnetic reactions. Both radlal gap and axial gap~type
pumps were evaluated. In the radial gap design, the stator consisted of a coll of tubing
surrounding the magnetic rotor. Rotation of the magnetic rotor then induced a flow of

sodium In the stator coll. In the axlal gap design, rotor motion Induced a rotation of the
reactor coolant In a pumping annulus. The pumping action was then developed by centrifugal
means simllar to a centrifugal pump. The axlal gap pump was ultimately selected because

of improved efficlency and the ease of CRU Integration.

Mercury Pump

The mercury pump conslsted of a shaft-driven centrifugal pump and a et type booster pump.
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The jet pump utilized a portion of the centrifugal pump discharge to boost the condensed
mercury pressure. In this manner centrifugal pump cavitation could be avolded with the

high shaft speed and low net positive suction head of 6 psia.

Mercury Bearings

Several types of mercury lubricated bearings are currently being evaluated for the SNAP {I
application. Both the hydrosphere and the combination of two journal bearings with a
double acting thrust bearing were evaluated In the design evolution leading to the CRU |

and 1] unlts.

Mercury Turbine

A two-stage axlal flow impulse turbine was selected to best meet the SNAP [l requirements.
An Impulse machine was selected to avoid excessive shaft thrust loads. The turbine wheels
were shrouded to prevent tip leakage and to allow a deslgn whereln separable turbine blades
of optimum materials could be used. The 250°F of superheat at the turbine inlet avolded
excesslve mercury condensation and eliminated the need for complicated separation devices

between stages.
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3.0 CRU DESIGN EVOLUTION

3.1 Conceptual Design

SNAP |1 CRU design was developed on the foundatlon of SNAP | technology, which had
reached the point of conversion from specification to hardware at the time the SNAP i

CRU deslgn was Initlated. Figure 1 shows the basic design features of the SNAP | rotating
unit. The SNAP | program provided an understanding of turbine, alternator, mercury pump,

and mercury bearing performance while operating in an Integrated rotating unit,

The first step In SNAP || CRU development was the integration of Initial component designs
to attaln a package which could be converted to hardware. Seven design drawlings have
been selected from the drawlngs prepared during this perlod to Hlustrate evolution of the
SNAP 11 CRU. Design | (Figure 2) gave priority to optimum component design, deferring

the resolution of compromises dictated by component relatfonships to later development. The
turbine dynamometer test unit furnished the deslign for the turbine, Its Inlet and exit scrolls,
and the Interstage seal. The alternator design met the electrical requirements, the expected
stress capability of the rotor, and the dimensional lImitatlons of the gap. The SNAP |
program provlded the base lines for the bearings, the mercury pump design, and the rotating

unit configuration. The first sodium pump was a radlal gap design.

Design I approached a solutlon to the critical speed problem created by the slze, position,
and need for thermal isolation of the radial gap sodium pump. As shown in Figure 3, Deslgn Ii
provided an overhung axial gap sodlum pump and increased shaft diameter. This change
Increased the alternator shaft diameter and the turbine interstage seal and required a shaft

extenslon from the hydrosphere bearing at the sodium pump end.
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The shaft extension required In Design |l Implled reduction of bearing surface, complex
fabrlcation and assembly, an Intensified seal problem, and an intricate arrangement for
providing bearing supply and drain. Design |ll, therefore, changed to a journal bearing
at the sodlum pump end, as shown In Figure 4. Deslign |V, Figure 5, using an overhung

radlal gap sodlum pump extended from a journal bearing, was also Investigated.

Further analytical efforts, coupled with initial component test data, provided more
Information about expected power losses, thermal effects and material requisites. In
addition, the seals and shaft geometry were modified to decrease power losses as well as
increase the critical speed of the rotating unit to 46,500 rpm. Initial calculations Indicated
a 38,000 rpm critical speed, which was extremely close to the desired operating speed of

40,000 rpm.

The CRU housing was modified to provide improved temperature controls, particularly in

the critical bearing areas. Deslgns V and VI (Figures 6 and 7) were a result of these changes.
These designs, however, were not completely satisfactory, since the comblnation of a hydro=
sphere and a journal bearing complicated the mercury pump assembly. Furthermore, this
bearing combination required a thrust balance between the hydrosphere bearing and the

other CRU components. To Improve CRU reliability for all possible thrust load requirements,
two journal bearings, combined with a double~acting thrust bearing, were designed, as shown

In Figure 8.

3.2 CRU | Design

Study of system characterlstics, thermal maps, stress, critical speed, rotating seals, statlc

R
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seals, flittings, materlals, cleaning processes, fabrication, assembly, disassembly, metal
treating, bonding, tolerances, clearances, balancing, Inspection, testing requirements,
and continued component study and experimentation followed Design VIl and constituted
the preparation for the CRU | design layout. Each CRU required Integration of the following

major components:

Housing Alternator
Shaft Mercury Pump
Bearings Sodium Pump
Turblne

Figures 9, 10, and 11 are views of CRU |. The primary objectives of CRU | were to provide
a foundation for further CRU development and to prove the feasibility of operating these

components with the required temperature extremes in a single rotating unit,

3.2.1 Housing

The CRU housing encompassed the pump, alternator bearing support, alternator, turbine, and
bearing support, and the sodlum pump. For CRU |, housings were machined rather than cast

to meet development schedules and design flexibility requirements. Parts were welded using

the Inert-gas~shielded arc method.

Pllot dlameters for the housing components were of short length and close to the inside flange
diameter, Dowels were used for greater accuracy. The housing flanges were sealed by metal
"O" rings selected for high temperature strength, resistance to creep, thermal expansion

coefficlent, and availability.

17
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TURBO GENERATOR PARTS PRIOR TO ASSEMBLY
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All tubes, the coolant ring of the turbine bearing, the heat shield between the alternator
rotor and bearings, and the plugs in the alternator bearing support housing were brazed in

place.

The high temperatures of the turbine at 1150°F and sodium pump at 1000°F which flanked

the turbine bearing, imposed a severe thermal effect on the lubricant. To overcome this
thermal problem, an inner housing, containing an annulus for bearing coolant flow, was in=-
corporated into the turbine bearing housing. Heat shields isolated the bearing discharge area
from direct impingement of the hot gases issuing from the high pressure seal and Na pump side.
A heat shield also isolated the alternator bearing discharge from the comparatively high

temperature of the alternator gap.

3.2.2 Shaft
Critlcal speed, heat transfer, weight, magnetic properties, thermal expansion, high-temperature
strength, corrosion resistance, mercury compatibility, rotating seal leakage, fabrication and

assembly influenced the shaft design.

One of the principle factors affecting the shaft design was critical speed. This design requirement
was further compounded when the requirements for the rotating components tended to lower the

critical speed.

The critical speed considerations penetrated every area of shaft design. A high modulus of elasticity
at elevated temperatures became a requirement for the shaft material. Desired length of the
alternator rotor required a compromise between critical speed limitations and electrical require~
ments. Critical speed also influenced turbine geometry, turbine rotor mounting and the sodium

pump. A hollow shaft was selected for CRU | to further increase critical speed and simultaneously
21
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minimize shaft welght and angular moment of Inertia.

3.2.3 Bearings

The high temperature environment at the turbine end complicated the CRU bearing housing
design. To minimize the journal bearing heat load at the turbine end, a flow of mercury
through an annulus surrounding the bearing housing was provided. Bearing coolant flow,
plus the lubricant flow and the housing structure previously described, helped to maintain

a safe temperature In the bearing annulus.

The lubricant flow to the CRU | Journal bearings was supplied through radial holes In the
stationary part of the bearing, One duct supplied both the alternator journal and thrust
bearings; the other supplied only the turbine bearing. Coolant flow through the hermetically

sealed annulus around the turblne bearing was in series with the mercury boller Inlet flow.

3.2.4 Turbine

Rotor blades and stator vanes presented the major turbine hardware problem. Materlals were
required to resist corrosion, erosion, high stress concentrations, thermal shock, and dimen-
sfonal Instabllity, Both rotors and stator were fabricated by cutting alrfoll strips of constant
sectlon to length to become the blades and vanes. These were Inserted into an intermediate
holding ring contalning holes of corresponding sections. The assembly was completed and
locked by Inner and outer rings. Rotors were held on the shaft by three pins fitted Into axlal
slots on the rotors and shaft, allowing disassembly and reassembly without disruption of balance.
The turblne rotors were retained by two nuts which locked agalnst each other, and fastening

torque was fixed slightly beyond retention requirements to preserve shaft balance after

reassembly.,

22
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3.2.5 Alternator

Achieving the optimum design cor;cept to satisfy the electrical, stress, and critical speed
requirements presented the major design problem for the alternator. To increase rotor length
and diameter ~ advantages from an electrical standpoint - meant, respectively, a decrease
In critical speed and an Increase in rotor stress. The ability of the rotor to withstand stress
was diminished by the 700°F temperature of the gap. To compound the problem, materials
having good magnetic properties lacked strength, compatibility with mercury, and ease of

fabrication.

To ease the rotor stress problem, the magnet was completely enclosed in a can assembled on
the magnet by a shrink fit. The can maintained the magnet tensile stress near zero at design

speed and temperature, and protected the magnetic materials from mercury corrosion.

Stator requirements for a very thin and precisely dimensioned insulating material at the gap,
withstanding high temperatures, and being impenetrable by liquid mercury or vapor also
created design difficulties. A sleeve of synthetic mica was initially used to prevent mercury
from entering the alternator windings. To keep the total axlal length of the shaft at a

minimum, the stator also served as part of the turbine exhaust scroll wall.

3.2.6 Mercury Pump

Fabrication and assembly of small intricate parts, high precision, and the arrangement of
inlet and outlet lines presented hardware problems in the mercury pump. The centrifugal
pump and the thrust bearings demanded tighter dimensioning than the relatively relaxed
axial clearances and tolerance for other shaft components; therefore, they were arranged
as close together as possible. The critical dimensions were then confined to the cold end.
Results were minimum stack~up where tolerances were critical, good control of thermal

expansion, and freedom from difficult design problems in accommodating axial shaft expansion
23



at the turbine end.

In CRU |, stationary parts of both the thrust and alternator journal bearings were assembled
directly Into the pump housing. The three~point contact of the pump volute plate with the

thrust bearing stator allowed the dralnage of mercury from the bearing.

3.2.7 Sodium Pump

The sodium pump rotor submitted to straight forward design, fabrication and assembly techniques.
The stator, however, contalned a thin, poorly supported dlaphragm which was required to show
good stress resistance and malintaln position and flatness at high temperatures. A digital com=
puter controlled milling machine was used to machine the pump diffuser and collector housing.
This technique eliminated the use of castings In the critical sodium=-mercury diaphragm sectlons.
In CRU | the sodium pump rotor was mounted by a slip fit between the rotor bore and the shaft,
Drive was obtained by using the three-pin method used on the CRU | turbine wheels. The rotor

retalning nut was restrained from rotation by a key fitted into a slot at the end of the shaft.

3.2.8 Fabrication

Basic objectives were design for fabrication within standard machine limitations and manufac-
turing procedures and interchangeability of subassemblies. In order to maintain critical
dimenslons, machining of important mating parts was accomplished after processes such as
brazing or welding was completed. In all cases dimensloning took into account the entire
range of clearances at conditions ranging from room temperature to operating temperatures.
All parts were inspected agalnst chips, metallic stringers, olls, and foreign particles. X-ray

and leak inspections were applied for all hermetically sealed assemblies.

24
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3.3 CRU Il Design

The objectives of CRU [] were,
(1) design refinement, and
(2) performance Improvement
In CRU Il deslgn, the search for compatible materlals was Intensified and the housing

hermetic sealing problem was considered.

3.3.1 Housing
CRU [ embodied the Initlal welding development of the housing. Two of the four flanges
were welded together Instead of bolted, the goal being the elimination of all "O" rings as

external seals,

3.3.2 Shaft

To further Improve the critical speed, the CRU Il shaft dimensfons were modified. Rotating
component mounting techniques were refined to provide higher precision, greater facility
In balancing, and ease of assembly and disassembly. Dimensioning was modified as a result

of continued study of thermal expansions.

3.3.3 Bearings

Because launching conditions imposed upon the bearings were better understood, CRU Il
bearing design reflected the need for consistent flow of lubrlcant during launch. The lubricant
Inlet was placed tangentlally to the bearing in CRU Il rather than radially as in CRU L. In
additlon, flows to the thrust and alternator journal bearings were separated in CRU Il to provide
better flow control than that attalned with the common feed line used in CRU |. Mechanical

design, fabrication, and assembly techniques were Improved to provide poslilve location and
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higher precision. .

3.3.4 Turbine

In the CRU 11, the turbline pltch diameter was Increased to provide a larger ratio for better
performance. Profiles were changed In both the first and second-stage turbine blades and
In the second=-stage nozzle vanes. To accommodate the larger difference in blade helght
between stages, the approaches to the throat areas of both the second-stage nozzle and the

second-stage turbine rotor were tapered.

Labyrinth seals, similar to those over the turbine hubs, were added over the shroud rings
to lower axlal leakage across the turbine stages. In addition, the exhaust scroll diameter

was Increased to decrease vapor pressure drop Increasing turbine efficiency.

3.3.5 Alternator
Better protection for the alternator stator cofl ends was provided by Increasing the stator
can and corresponding housing length and Inserting Insulation disks between end plates and

coll ends, Mechanical design of both stator and rotor remalned essentlally that of CRU I.

3¢3.6 Mercury Pump
The CRU Ii mercury pump diameter was Increased to achleve the higher discharge pressures

required by altered system requirements.

3.3.7 Sodium Pump

The CRU Il sodium pump rotor differed from that of CRU | only In minor areas of mechanical

design. The pump rotor was concentrically fitted upon circumferential lands. For Improved

nut refention and assembly, a tab spot-welded onto the outside face of the nut was bent into .

the groove on the end of the shaft.
26



TAPCO a division of

Thompson Ramo Wooldridge Inc.

3.4 CRU Il Deslgn

The results obtalned from Intensive testing of CRU components, CRU l,and improved system

requirements dictated the design objectives for CRU lil.

The most significant change In the CRU 1l design resulted from the change of reactor coolant
from sodium to the sodium potassium eutectic (NaK 78). The system change was made to
simplify orbltal start requirements. The new reactor coolant pump required a larger rotor

and over 600 watts of shaft power. The pump flow rate was Increased to 72 pounds per minute
because of the lower heat capacity of NaK compared to sodlum. Efficlency of the pump was

reduced because of the Increased electrical resistance of NaK compared to sodium,

System changes also required modified mercury pump characteristics. Increased discharge
pressure was required to match both bearing and boiler pressure requirements. Pump flow

was also Increased to provide more turbine power and bearing lubricant.

Alternator power requlrements were Increased by 350 watts to provide necessary power for the

reactor and CRU speed controls.

In order to meet the added power requirements, turbine flow rates and Inlet pressure objectives
were modified. In addition, Inlet and discharge scrolls were improved for the added flow and
performance, Basic turbine geometry for the CRU Il, however, remained the same as for CRU
1. Many deslgn detalls of the CRU were also Improved as a result of continued analysis and

development as indicated in the following sections.

3.4.1 Housling

The CRU Il housing is a fully welded, hermetically sealed shell. A radial lip design at the
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flanges Isolated deformation due to welding from critical reference surfaces and bores.

CRU 111 also introduced alternator cooling. This was accomplished by brazing a coll of

flattened cobalt alloy tubing around the alternator housing in serles with the flow to the

boller inlet and the bearing coolant.

3.4.2 Shaft

The CRU 1} shaft assembly embodied the measures taken to increase ctitical speed with a

minimum compromise to rotating component performance as listed below.

Ce

€,

Haynes=25 cobalt alloy was chosen as the basic shaft material because of

its high modulus of elasticity at high temperatures.

Rotating seal labyrinths were cut Into bores instead of on the shaft.
Mounting surfaces were of constant dlameter wherever possible.
The second-~stage turbine rotor assembly employed the shaft itself as a hub,

thus allowing an Increase in shaft diameter.

NaK pump and first-stage turbine rotor were keyed by three axlal pins to

Increase shaft stiffness and minimize balancing problems.

Bearing to bearing centerline distance was decreased as far as possible.
Weight distribution for the overhung NaK pump rotor was designed to provide

a minimum mass moment.

Table Il charts weight, mass moment, and both calculated and experimental critical speeds

for CRU I, Il and 1. The graphical analysis method for calculating critical frequency, with ‘
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particular care taken In assuming distribution of masses, was used In determining theoretical
critical speeds of CRU 1l and CRU [l shaft assemblies. This method produced a close

approximation to experimental results.
TABLE i

WEIGHT, MASS MOMENT AND CRITICAL SPEEDS

'FOR CRU'S I, 1, AND 1Nl

Mass Critlcal Speed
Unit Welght Moment ~ Shake Table ~
Calculated Experimental
Total )
Unit Rotor Rotor Hot Cold Cold
ibs fbs lb~In-sec< rpm rpm rpm
CRU-| 22 A2 5.94x107° 44,400 46,500 39,600
CRU-11 30 4,62 6.12 x ]0~3 46,022 48,000 42,000 to 45,000
CRU-1II 27 574  7.53x1073
(cale) 3
7.44 x 107 49,100 51,500 43,200 to 49,800
(exp)

Figure 12 shows the curves plotted by this method for CRU Ill. A force polygon was derlved
from the bending moment diagram. The "EI" product for each shaft section then determined
the slopes for the funicular polygon which, in turn, produced the static deflection curve. The
data for typical curve Is shown in Table IlI. Thus, using"W" for weight in pounds, "y" for
deflection in inches, the following formula ylelded critical speed, "Ng;". The modulus of

. elasticity, "E", was corrected for temperature in these calcdations:
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N = 60 W
r Y
5‘.. Wy
TABLE 1

DISTRIBUTION OF CRU 1l SHAFT ASSEMBLY WEIGHT
AND CORRESPONDING STATIC DEFLECTION

FOR A TYPICAL CRITICAL SPEED DETERMINATION

w y
POUNDS MICRO-INCHES
1.334 2.8
0.204 5.7
0.267 10.2
0.232 12.4
1.559 12.4
0.309 1.7
0.160 11.3
0.174 11.0
0.195 9.8
0.320 9.4
0.044 8.3
0.169 3.4
0.966 22.4
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From Table |11,

3, Wy
5wy

6.38 x 1070

it

9.326 x 10710

i

Substituting irfo the equation for critical speed ylelds:

Ne = 60 386 x 6.38 x 1075 | /2
VAT
9.326 x 10710
N, = 49,074 RPM

Table 1V charts a set of representative shaft conditions and the consequent critical frequencles.
To satisfy the magnetic needs of the NaK pump In CRU Ill, an Insert of 17=4 stainless steel
replaced the non-magnetic L-605 of the shaft under the back iron of the pump rotor. Thus,
the shaft Is o three-piece weldment with the basic assembly Including the second-stage

turbine rotor.,

Using the mercury pump side of the thrust bearing as a reference plane, the axlal growth of
the shaft from room temperature to operating condittons is 0.0527 Inch. Axial growth of the
housing from the same plane Is 0.0463 inch. Thus, the total relative expansion of the shaft

with reference to the housing, Is 0.0087 inch.
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TABLE IV

REPRESENTATIVE SHAFT CONDITIONS AND CRITICAL SPEEDS

Bearing & Rotatlng Wt. Shaft (Ner)Hot
Length Mat'l.
1. 7.060 4,931 AMS 5643 .77 # NaK Pumpy CRU 1l Shaft 45,800
2, 5.20 (approx.)  AMS 5759 " 3 CRU 1} Shaft 48,100
3. 4,77 (approx.)  Kentanium E 3 CRU 11 Shaft 62,300
4, v 4,77 AMS 5759 .40 # Na Pump; CRU Il Shaft 46,000
5, " 4,552 AMS 5643 " 3 CRU 11 Shaft 43,400
6. 6,90 4,87 AMS 5759 .77 # NaK Pump; Large Bores In 40,500
Shafty CRU Il Shaft
7. 6.90 4,99 AMS 5759 .77 # NaK Pump; 1/2" Shaft Bore 43,700
8. 6.81 5.72 AMS 5759 .77 # NaK Pump; Integral Brgs; 57,800
Solid Shaft CRU 111
9. 6.81 5.72 AMS 5759 As above except removable brgs 51,400
CRU 111
10. 6.91 6.00 AMS 5759 1.1 # NaK Pump; Solid Shaft CRU 11l 41,800
1. 6.91 5.84 AMS 5759 .97 # NaK Pump (CRU 1) 49,100
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3.4.3 Bearings

The CRU [II thrust bearing design was Improved by the replacement of the three=point contact
of the volute plate with a continuous surface having drain holes drilled into the wall of the
plate, allowing full contact between the plate and the thrust bearing. The turbine bearing,
held axlally by a four polnt contact, was also modified to attain full contact to assure

flatness.

Finally, experimentation with the effects of whirl and loading resulted in selection of pad-feed

rather than annual~feed type journal bearings.

3.4.4 Turblne

For CRU I, additional Investigation dictated an Increase of turbine exit scroll minimum
diameter. A new turbine construction evolved, Increasing the shaft diameter toward Improved
critlcal speed. Also, the second~stage rotor hub was eliminated and the shaft was Integrated

with the rotor assembly. Thus, critical speed was substantlally Increased.

A new keying device was successfully developed to attaln a positive fix of the first=stage

rotor and yet allow easy disassembly and reassembly without disrupting balance. The rotor

was held In position by a shaft plloted retainer nut bearing precisely upon a rotor surface to
Insure an evenly distributed locking load. The nut thread was designed so that bearing of the
nut and rotor surfaces was accurate to the high degree of precision required for this application,

A second locking nut of similar thread and precise mating surface locked the retainer.

3.4.5 Alternator

Since the second-stage turbine wheel In CRU 11l was an Integral part of the basic shaft assembly,
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It was necessary to redesign the alternator rotor retainer to allow its removal from the shaft.
A split ring which axlally positioned the nut could be removed when the nut was loosened,
thus allowing disassembly of both the retainer and the rotor. To allow for balancing stock In
the heavlest section of the shaft assembly, a balancing lip was added to the rotor can. The
end conflguration of the rotor can was modified to relieve the combined stress and thermal

shock sensitivity of the CRU 1l rotor.

The problem of providing both a hermetic seal and support for the alternator leads was re~
solved by using a tube welded to the alternator housing. The external seal was made by

welding the alternator lead connector to the external tube.

3.4.6 Mercury Pump
The CRU Il pump required only minor refinements for use In CRU 1. The greatest change, -
Involving the pump plate, was dictated by mechanical design of the thrust bearing assembly

rather than by pump performance.

The pump volute plate, which fixed the thrust bearing axlally, was originally designed to bear
on the thrust washer at three polnts. In order to distribute the loading on the thrust bearing
uniformly, full contact replaced the three=point contact and holes were fabricated into the

wall of the volute plate to allow bearing drainage.

3.4.7 NaK Pump
The declslon to employ NaK Instead of sodium as the heat transfer fluld forced the change to a

larger rotor and a corresponding change in the volute and pump housing. A minimum rotor
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welght with no sacrifice of pump performance was required to attain a safe critical speed.

To provide an optimum magnetic path it was necessary to use magnetic stainless steel for
that part of the shaft which supported the rotor; the remainder was the non~-magnetic cobalt
alloy. The CRU Il shaft proper was made from cobalt alloy divided by a sectlon of stainless

steel ,

The NaK rotor was mounted on the shaft by a device Identical In principle to that of the
CRU [l first-stage turbine rotor. To reduce turbulence at the NaK Inlet, a 12=inch long

run of straight pipe entered the pump.
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4,0 CRU TEST AND DEVELOPMENT
Design, fabrication and Instrumentation of CRU test rigs, testing of CRU's, and data
reduction and analysis of test results accompanied CRU design. The test and development

of one CRU | and two CRU 11 units are described in the following sections.

4.1 Test Equipment

The Performance Test Rig, shown schematically in Figure 13, was designed for performance
and endurance tests of the CRU's, for evaluating procedures and techniques for startup,
shutdown, and operation, and for testing component performance and CRU control dynamlecs.

Figures 14~16 are photographs of rig components. Table V lists the capabllities of this rig.

The wide band of operating conditions available on the Performance Test Rig are listed
below:
1. Turbine inlet pressure and temperatures, as well as condenser pressure,
could be varied to establish a complete performance map of turbine

operation.

2. Alternator load could be infinitely varied between 0 and 5 kw to establish

any desired speed or load condition on the Combined Rotating Unit.

3. Mercury pump inlet temperature and pressure could be varied along with
pump discharge pressure to establish pump performance characteristics over

a wide flow range.

4, Bearing supply temperatures and pressures could be varied to determine

bearing performance at design and off-design conditions.
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Automatic controls on the test rig protected the development hardware from inadvertent
test rig malfunctions. For example, a device which closed the turbine inlet valve If the
frequency of the alternator output exceeded a set value or if the signal was lost, protected
the CRU from overspeed in the event of an electrical short or open clreult, Fallure of the

lubricant supply to maintain a pre-set minimum pressure would close the turbine valve.

Low turbine inlet temperature also would close the turbine inlet valve, thus guarding the
turbine against excessively wet vapor. Although the possibility of mercury contamination

by sodium was extremely remote, the consequences could have been serlous. Therefore, a
sodium=in-mercury detector would ring an alarm and divert any contaminated mercury to an
isolated reservolr. An over-temperature alarm would ring should the alternator stator exceed

a pre-set maximum temperature. Vibrations were amplified to both audibility and visibility,

so changes In sound or in the vibration pattern served as an indication of CRU status and warned
against impending fallure. The NaK loop was constructed to minimize fire hazard, and fire~

fighting and sodium disposal equipment were provided.

Instrumentation for the Performance Test Rig was designed to record performance without
compromising design and to allow easy separation and reduction of meaningful data. Wherever
possible, primary elements were placed outside the rotating package. This eased probe require-
ments, removed additional design variables, and assured greater facility in handling rotating

units in the test cell,

To minimize duplication of data and quantity of instruments, individual component test records

were included in the body of data whenever pertinent.
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TABLE V

PERFORMANCE TEST RIG CAPABILITIES

Mercury System = vapor capacihty 25 Ib/min
pressure 300 psla
temperature 1300°F

NaK System = flow 85 lb/min
pressure 100 psla
temperature 1400°F

NaK or Mercury System Input Power 100 kw maximum

Condenser Water

Instrumentation

Pressures

Hg Flow

NaoK Flow
Temperatures
Speed

Alternator Qutput

Controls

44

40 gpm

Statle: Bourdon gages, manometers
Dynamle: strain gage transducers

Manometer and differential
pressure transducers

Electromagnetic Flowmeter
Logger type potentiometers
Digital counters

Volts, amperes, and watts from
25 to 2000 cps (2 phase)

System Pressure Controller

Rig Boiler Liquid Level Controller
Condenser Liquid Level Controller
Auxillary pump discharge pressure
controller

NaK Boiler inlet temperature
controller



Figure 17 is an example of initlal test rig instrumentation. For CRU |, chromel alumel
thermocouples were used for all temperature probes. Pressures were read out on dial gauges
and manometers, and fluld flows were recorded by manometers and flowmeters. CRU |
internal probes were limited to turbine Inlet and exhaust temperatures and pressure, turbine
Interstage static pressure, alternator stator can temperature, and alternator windings

temperature,

The CRU iInstrumentation, outlined as data columns in Figure 18, Indicated that the instru=-
mentation was separated according to component designation for ease of data collection

and correction. Figure 18 also shows the data categorles for rig performance.

Extensive vibration tests were conducted on an MB Electronics C~10D Exclter with power
capablilities of 1200 g-~lb force for a frequency range of 5 to 3000 cps with a maximum peak=

to-peak displacement of one inch.

4,2  Data Analysis Techniques

Performance tests were evaluated during and after actual test. Performance estimates based
upon design criterla were calculated to serve as a comparison for generated data. From
inspection of fabricated parts, actual dimensions were tabulated to provide an exact basis
for analysis. During test, evaluation of results served to malntain safety, determine patterns
of behavior, and suggest changes In test procedure and objectives. After each test, overall

CRU performance, as well as component performance, was determined from the reduced data.

A heat balance and a power balance were made to verify component performance estimates.

The heat balance was based on temperature difference across each fluid line.
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Heat loss from the housing was estimated by analysls. The power balance utilized spindown
data, previous component test results, and CRU operational data. Spindown eliminated the
turblne as a power source, wherein the component drag torques must equal the product of
the angular deceleration and the shaft moment of Inertla. Removing flulds or loads from
any selected set of components produced an accurate power determination for those com-
ponents which were operating with flulds or loads. Thus, by testing varlous comblnations,
a set of simultaneous equations was obtained. Solution of the simultaneous equations,

component data, and heat balance data provided a good analysis of component performance.

The sigma Hmit method of data analysls was used in data reduction for the CRU | test. The
sigma limit assumed that the data fell Into a Gausslan distribution (Bell curve), with the
number of observations on the high side equal to the number of observations on the low side.
Thus the # 1 sigma limit Included 68.26% of the observations, the % 2 sigma limit included
95.46% of the observations and the 4 3 sigma limit Included 99.73% of the observations as

shown below.

e+ 1 sigma limit —seu

e + 2 sigma limit P

* 3sigma limit -

A
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The shape of the above curve or sigma limit range depended upon the accuracy and number
of observations, Errors might be introduced through instrument resolution, reading repeata-
bility, hysteresis, human error, Instrument location error, fluid and thermodynamic error,

An overall accuracy of ¥ 5% was an Instrumentation objective.

To decrease the deviation band caused by instrumentation inaccuracies during the analysis

of test data, statistical approaches were used. First, instrumentation was required to measure
each parameter with an accuracy ranging between 0.5 and 3%, depending on the parameter
being measured. Then, after a test had been performed, a statistical model (as shown In Figure
25, Sectlon 4.3) was prepared for the Input parameters, Because the possible errors mentioned
earlier caused devlations much greater than normally desired If the 3 sigma limit (approximately
99%) was used, the statistical model was based on that data which fell within the 1 sigma limit
of the statistical model. This reduced the total deviation band by two=thirds and the number

of observations by one~third.

4.3 CRU | Tests

Figure 19, a schematic drawing of the CRU | test package, shows the paths of fluld flow through
the system. This package was Installed In the CRU test enclosure (Figure 20), which had been
designed to provide ease in Installing and removing the turbomachinery portion of the system.
The enclosure Insulated the CRU, thereby permitting accurate determination of housing

temperatures.

Figures 21 and 22 are cross=sectional and external views, respectively, of the CRU I. During

test, temperatures were recorded on the drawing at each point Indicated to provide a CRU ‘

temperature profile.
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VIEW OF CRU TEST ENCLOSURE
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4.3.1 Critical Speed Test Results

The most significant early test result from CRU | was the indication of a shaft critical

speed nearly coincident with design speed. These data were obtained by plotting CRU
vibration (measured in a plane perpendicular to the shaft axis) versus shaft speed. Although
an absolute value for shaft vibration amplitude was not obtained, relative vibration amplitude
(Figure 23) conclusively showed the existence and point of critical speed. Had there been no
critical point, the vibration amplitude curve would have simulated the dotted line In Figure

23,

CRU | testing also uncovered magnetic asymmetry in the permanent magnet material for the
alternator rotors. This asymmetry caused CRU shaft radial loads large enough to prevent

normal CRU startup. Rigid specifications and quality control measures were Instituted to
overcome this difficulty. One further result of the early CRU 1 tests was excessive heating

In the area of the sodium pump mounting flange. Review of the data revealed that eddy=-current
heating was being induced by the flux leakage from the sodium pump rotor. This energy loss

was reduced by using a non-magnetic material for the affected part.

An exiremely significant CRU | test was a continuous 483 hour test, initiated in December,
1959. This 20-day endurance run made on CRU | most closely approached design operating

conditions. During the test, operating conditions were as follows:



TABLE VI
OPERATING CONDITIONS

CRU | 20-DAY ENDURANCE RUN

Parameter Tested Design Conditlon
Turbline
1. inlet pressure 94.7 psla 105 psia
2. inlet temperature 1145°F 1150°F
3. exhaust pressure 9.6 psia 6 psia
4. turbine flow 15.0 Ib/min 17.0 Ib/min
5. turbine efficiency 44% 55%
6. turbine speed 35,000 rpm 40,000 rpm
Alternator
1. OQutput watts 2127 watts 3100 watts
2. Voltage 89.0 volts 110.0 volts
3. Current 25 amps 28.0 amps

The primary design operating conditions which were not fulfilled during this test were those
of turbine speed, inlet pressure and exhaust pressure, but turbine speed and inlet pressure
were only 10% away from design. Turbine exhaust pressure was more than 50% away.
System speed was limited by the short span between critical speed and design speed. The
accumulation of non-condensables in the condenser prevented maintenance of the design

point of & psia in the condenser,
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VIBRATION AMPLITUDE VERSUS SHAFT SPEED

RELATIVE VIBRATION AMPLITUDE
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Alternator output of CRU | at deslign speed and turbine pressure, based upon extrapolated

test data, was 2900 watts.

A plot of significant data taken during this test Is presented in Figure 24. This plot shows
that the performance of the CRU during this test remalned constant, except for known
external disturbances. Over 30,000 data observations were made during this test period.
This large quantity of data at constant turbine speed and inlet conditions allowed use of the
standard deviations (sigma limit) program. This program was put on a Burroughs 205 digital
computer, The results of some 46 different parameters are shown in Figures 25 and 26, and

In Table Vii.

The 483 hour CRU 1 test was terminated by o short circuit in the alternator output Instru=~
mentation. As a result of the short clrcuit and the use of manual speed control instead of

the automatic frequency control, the CRU speed increased to the critical speed with excessive
bearing loads estimated at 400 pounds. Subsequent bearing selzure stopped the CRU 40 seconds
after the short circult was applied. Disassembly inspection of the hardware revealed no
excessive erosion or damage from the hot mercury operation. CRU damage was limited to

the turbine bearing which was scored and the alternator bearing which was scored and welded

following lubricant film breakdown.

4.,3.2 Vibration Testing
As a first step In qualifying the CRU for satellite launching, a program to evaluate the effect
of vibration on the CRU | was next undertaken. The shaft assembly, bearings, and alternator

stator bore seal were independently analyzed. Vibrations resulting from sources such as engine
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TABLE VI
SUMMARY OF CRU "-"3 7 TEST RESULTS

Parameter Mean t 1 Sigma
Turbine Bearing Lube
Supply Temperature, OF 267.6 13.7
Alt, Bearing Lube
Supply Temperature, °F 313.9 17.3
Alt, Bearing Lube
Drain Temperature, °F 323.6 1.9
Hg Pump Sump 284.2 10.0
Temperature (Inlet), °F *
Turbine Bearing Coolant
(Out) Temperature, °F 391.9 17.6
Bearing Coo’!cmf Inlet 248.8 35
Pressure, Psia
Alt. Drain Vac.
Pressure, Psia 5.45 0.28
Turb. Brg. Lube Drain
{Na Pump) Temp., °F 456.5 14.1
Turb. Brg. Cavity
(Na Pump) Temp., °F 400.9 20.6
Turb. Brg. Coolant
Inlet Temperature, °F 349.4 20.1
Bearing Cav.xfy (Na Pump) 5.98 0. 54
Pressure , Psia
Turbine Bearing Cavity 308.1 1106
Temperature, °F . .
Turb. Brg. Lube Drain 561.2 6.7
Temperature, SF ’ :
Alt, Winding
Temperature, °F 368 2.3
Bearing Coolant
Qutlet Pressure, Psia 241.7 3.8
Drain Manifold
Vac, Pressure 6.03 0.176
Turbine Bearing

2.89 0.08

Flow, Lb/Min
Alt. Bearing Flow, 15.5 0.50

Lb/Min
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Parameter Mean t Sigma
Turbine Speed, 35000 1414
Rpm
Boiler Inlet Flow

15.03 1.2
Lb/Min
A“’. OUprf, WC‘H’S 2]27 268
Turbine Inlet 947 | g
Pressure, Psia .
Turbine Discharge
Pressure, Psia 9.6 0.53
Turbine Interstage
Pressure, Psia 24.8 1.0
Turbine Inlet
Temperature, °F 1145.8 14.5
Turbine Exhaust
Temperature, ©F 643.7 36.7
Hg Pump Flow, 9 )
Lb/Min 33. 1.
Bearing Cavity
Turbine Pressure, Psia 5.78 1.0
Hg Pump Sump
Pressure, Psia 16,37 0.34
Alt. Bearing Lube
Pressure, Psia 234.1 28.4
Hg Pump Discharge
Pressure, Psia 92.0 3.4
Turbine Bearing
Lube Pressure, Psia 150 6.43
Hg Sump (Pump Outlet)
Temperatuyre, °F 278.1 9.4
Turbine Inlet
Skin Temperature , °F 1133.6 12.9
Turbine Casing .

7 10.7
Skin Temperature, °F %
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TABLE Vi {Continued)

Parameter Mean t 1 Sigma
Bearing Coolant
Flow, Lb/Min 16.2 0.4
S
?g Pump Sump N2 1.64 0.479
ressure, Psia
F():?ndenser Pressure, o 1 0.57
sia
Booth Room
Temperature, °F 1.8 6.38
Alt, Drain
Temperature, °F 440.7 14.5
Na Pump Skin
Temperature, OF 629.5 177.2
Alt, Skin
Temperature, °F 623.5 9.98
Alt, Volts 89.4 0.5
Hg Pump Skin
Temperature, °F 279.6 7.4
Turbine Val}/e N> 16.12 0.134
Pressure, Psia
Alt. Current 24.8 0.56
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and equipment operation on the ground and in flight were considered In arriving at the
specified sinusoidal vibration level. The specified vibration program Is shown in Figure
27. In addition, components having resonant frequencles between 5 and 24.5 cps were
required to withstand sinusoidal vibration at such resonant frequencies for a period of 15

minutes at amplitudes of 0.5 Inch (peak to peak).

Durlng testing, the non-operating CRU | was exposed to sinusoidal and random or white
noise vibration with the use of an M. B. Electronics C~10D Exciter for a frequency range
of 5 to 3000 cps with a maximum 15 G vibration or 0,5 peak to peck displacement. The
sinusoldal or random nolse signal was produced by an M.B. console as pictured to the right
of Figure 28. The exciter Is in the left foreground. The amplified accelerometer outputs
were recorded during test with a 12-channel Century recorder, and the control console
frequency output was monitored on the Century recorder as a DC shift with the use of a

converfer, This test recording equipment Is shown In Figure 29.

Speclal fixtures were designed and constructed to accurately locate the CRU on the vibration
exclter In both the lateral and longitudinal planes. Figures 30-31 indicate the fixturing

required for the CRU | lateral and longitudinal vibration tests.,

Inspection checks were made on the hardware prior to and after vibration testing. Durlng
the vibration test, the unit was vold of mercury and not rotating to simulate the non-operating
launch requirement. Inspectlon of tested units adhered to the following procedures:
1. Shaft Assembly
a. All mating parts were scribe lined.

b. Critical areas were photographed ten times actual size.
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VIEW OF MB CONSOLE AND EXCITER TEST FACILITY

FIGURE 28
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LATERAL FIXTURING REQUIRED FOR CRU |
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c. Indi Ron charts were made as an indication of bearing roundness.
d. Static and dynamic balance of assembly was checked for variations

from initlal balancing.

2. Assembly and Disassembly of CRU
a. All dimensions were checked.
b. Any parts or welds were zyglow tested for fatigue.
¢. Axial and radial shaft assembly clearances with respect to housing

were recorded,

d. In the alternator stator assembly, the resistance of stator windings

was checked and the stator can  assembly tested for leakage.

Figure 32 presents a historical summary of CRU | vibration testing.

Three control accelerometer points were used for the CRU | In the following locations:
1. Directly to the housing shaft on the centerline of the CRU | over the

center of gravity of the packoge.

2, On the bracket mounting leg adjacent to the alternator stator flange,

3. On the center of gravity of the bracket adjacent to the exciter table.

These locatlons were used to differentiate between the imposed "G" load of the exciter and
the actual "G" level of the specimen, as the system under test progressed through its resonant
frequency points. The accelerometer outputs also served as a basis for locating the portion of

the system which is subjected to extreme resonance for future flight mounting vibration Isolation.
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HISTORICAL SUMMARY OF CRU |

January February March April May June
N\

ENVIRONMENTAL TEST D
i i |
i ! i ]
ASSEMBLY : : !
1 1
Y
DISASSEMBLY W

PREPARATION

A -~ Unit to be assigned to environmental testing. Center of gravity determined,
special fastening brackets for tube ends fabricated, mounting fixture reworked,
straps designed and fabricated, and vertical positioning bracket for vibration
tests designed.

B -~ Unit disassembled for inspection prior to sinusoidal vibration tests, Bearing
photos, indi-ron maps, geometry recorded.

C - Unit reassembled -~ no modifications to assembly “C". New unit designation CRUI-D,

D = Unit subjected to 1G sinusoidal vibration, 5 to 300 cps for 30 minutes.
E - Unit disassembled. Not affected by 1G vibration.
F - Unit reassembled. Now CRUI-E,

G - Unit subject to engine phase in horizontal position for 30 minutes. No damage
during test.

H - Unit disassembled. No mechanical damage.

I - Unit reassembled. Now CRUI-F in vertical fixture for engine phase test, No
modifications to unit.

J -~ Component testing preparation - termination of CRU | environmental testing.

K - Subassembly testing. Alternator stator unit subjected to engine phase in vertical
position for 30 minutes, Loose line damage.

"\T“'m/




TAPCO o division of

Thompson Ramo Wooldridge inc.

A visual examination of the disassembled CRU | was made after both lateral and longitudinal
tests were completed. Photographs of the shaft assembly, such as Figure 33, an enlarged
view of the turbine bearing surface, indicated only minor dullness on the bearing In the
areas under surface contact, The bearing dimension remained intact in spite of the severe
contact pressures. Dimensionally, the remainder of the package showed no deviation from

the original.

4,3.3 CRU Component Testing - (Alternator Stator Assembly)
An alternator stator assembly, a CRU component, was tested in accordance with the proce=
dures outlined earlier in Figure 27. The purpose of this testing was to determine:

1. Whether vacuum seal of the assembly was susceptible to any given

frequencles, and

2. The effect of sinusoidal and random "G" loading on the sealed windings

contained In the package.

To determine when and where damage occurred, a constant 20 micron vacuum was maintalned

In the assembly during testing.

Figures 34 and 35 show the alternator stator assembly mounted to the exciter table In the
lateral fixtures. To simulate actual conditions, the internal bracket dimensions were the

same as those of the CRU housing.

Two accelerometers were mounted to the fixture and stator assembly to indicate the actual
applied "G" levels. The alternator stator retained its seal throughout the vibration test.
Electrical and dimensional properties remained unchanged although the assembly was sub=

jected to 20 G's at critical frequencies.
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4,3.4 Shock Testing = (Alternator Stator)
Preliminary shock tests were conducted on the ceramlc materials used In the alternator

stator,

Initlal specifications required a boost phase shock of 40 G's with a dwell time of 6 x 1073
seconds and an engine phase shock of 30 G's with a dwell time of 2 x 1073 seconds. In each

of the above tests, the rise time was 2 x 10“3 seconds.

The alternator stator was mounted In a fixture representative of the CRU housing and subjected
to shock to meet the specification. In the course of testing, shocks In excess of 40 G's and
6x1073 seconds were achleved. A typlcal shock test trace pattern Is shown In Figure 36.
Although the stator was able to withstand Initial shock tests, repeated testing resulted In hose
seal fractures. In order to Improve the shock capablility, the alternator stator mounting was
redesigned to provide a friction damping device within the CRU housing. During the perfod
thls modification was In process, the shock test specifications were reduced because of an

altered vehicle configuration,

The alternator stator with the Improved mounting was shock tested to the following revised
specificatlions;

Longltudinal shock

Peak G Level 8G
Shock wave form 1/2 sine wave
Dwell time (1/2 sine wave perlod) 6 x 103 seconds
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Lateral Shock

Peak G Level 2.5G
Shock Wave Form 1/2 sine wave
Dwell time (1/2 sine wave period) 6 x 1073 seconds

No damage to the stator could be found after the longltudinal and lateral tests, which

equalled or exceeded the maximum G=level or the dwell time. The shock test fixture

Is shown in Figure 37,

4,4 CRU I Tests
CRU I was also tested in the SNAP |l Performance Test Rig described In Section 4.1,

The objective was twofold:
1. Evaluation of the improved CRU package design, and
2, Establishment of direction and scope of additional component

performance improvements.

The need for Increased alternator output to meet additional electrical control requirements
and Improved component performance estimates altered the CRU |1 input parameters as
Indicated In Table VIII.

In testing and data analysls, the turbine performance was the most difficult measurement
problem. In order to derlve turbine shaft power from total electrical output, It was
necessary to know the performance characteristics of the other CRU components. Extensive
component testing at design and off-design conditions was performed to provide the required

data for CRU analysls.
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TABLE VIi

CRU Il ALTERED INPUT PARAMETERS

Parameter CRU | Requirements CRU H Requirements
Turbine inlet pressure 105 psia 115 psia
Turbine inlet temperature 1150°F 1150°F
Turbine exhaust pressure 6 psia 7 psia
Turbine flow 16.7 lb/min 18.6 Ib/min

The component power losses at varlous speeds are shown below for the CRU 11=2 unit:

TABLE 1X
COMPONENT POWER CONSUMPTION

Component 10,000 rom 20,000 rpm 30,000 rpm 40,000 rpm

1. Alternator losses

(including windage

and friction) 40 watts 90 175 275 (unloaded) 383 (loaded)
2. Bearings 35 138 309 550 550
3. Pump (Hg) 2 14 46 111 111
4, Na Pump

a. Shell Losses 4 13 34 60 60

b. Windage and

friction 1 4 13 30 30

Total 82 259 577 1026 1134
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As Indicated In the above table, the mercury pump was operated at an off-design condition,
thereby consuming only 111 watts as compared to 140 watts estimated at design, The sodlum
pump during the test was demagnetized, accounting for the low power consumption of 90

watts, Figure 38 shows the results of the above table plotted in an unloaded condition with

and without the alternator power consumption.

To verify the power consumption of the components, the spindown technique was agaln
employed. Spindown testing procedures with the CRU, although simple In principle, were
difficult to accomplish In operation. The assumption that Input energy was removed from the
turbine during the spindown process was not entlrely accurate under actual operating conditions,
For example, liquld mercury In the cooler portions of the turbine Inlet pressure line would
vaporlze as the pressure decayed, thus providing flow to the turbine after the turbine inlet valve
had closed. It was also difficult to obtain immediate closure of the valve in the turbline Inlet
line at the required high temperatures. For thls reason, most of the successful spindown testing
was accomplished with nitrogen as the working fluld. With the CRU preheated to design tem=
peratures, the error Introduced by using a different working fluld was negliglble, and experi=~

mental results of much greater consistency and accuracy were obtained,

Additional correlation on componeht power consumption was made using the Willans method. (Ref 2)
Using thls method, data taken at constant turbine speed, turbine inlet temperature, and turbine
back pressure was plotted to obtain a turbine inlet pressure vs alternator output curve. Extra=
polation of this curve to the abscissa ylelded the total parasitic shaft power. Figure 39 shows

three data polnts of alternator output versus nozzle Inlet pressure plotted for a turbine speed

of 40,000 rpm, exhaust pressure of 7,36 psia, and Inlet temperature of 1050°F. Extending the ‘
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curve passing through the three points to the absclissa Indicated that total parasitic power

requirements equal 1330 watts @ 40,000 rpm, Including turbine windage losses.

Summarlzed below are the parasitic power requirements (excluding turbine viscous losses),

determined by the three methods.

NO-LOAD LOSS AT 40,000 RPM

Component Power Estimates Spindown Power Using Willans Line
Alternator Callbration
Curve
1134 watts (loaded) 1089 watts (loaded) 1135 watts (loaded)

Extracting the alternator no~load, windage, and frictlion power as listed earlier from the
component power losses at speeds of 10,000, 20,000, 30,000, and 40,000 rpm enabled the
formulation of a general component power equation for the bearings, mercury pump, and

NaK pump.
= 13,33 x 100 (2,12

It was deslrable to obtain the above relationshlp without the Influence of the alternator

slnce normally, alternator callbration curves contalned windage and friction,

Inftlal tests for CRU 1f were at turbine Inlet conditions of 75 psla pressure and 1150%F, In
order to determine what would be expected at the design conditlons of 115 psta and 1150°F,

a performance map was constructed,

Figure 40 shows the flow diagram used In preparing the program for the Burroughs digital

computer, Alternator output was obtained for speeds between 20,000 and 60,000 rpm in
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Increments of 2000 rpm, for turbine Inlet pressure of 30 to 140 psia In Increments of 10 psi,
The results of thls program were plotted as a performance map (Figure 41). The program
also determined the turbine shaft power as a function of speed and turbine Inlet pressure
(Figure 42). Although a limited range of performance data was avallable when the per~
formance map was prepared, later test data at design turbine inlet condltions verified the

performance map.

The CRU Il tests Indicated Improvements In the following areas of the CRU package:
1. Alternator roter magnetic symmetry.
2. Turbine Inlet scroll.
3. Turbine exhaust scroll.
4, Turbine output power,
5. Critlcal speed.
6. Alternator bore seal Integrity.

7. Alternator efficlency.

4.5 CRU Test Summary

A complete summary of tests conducted to August 1, 1960 on the CRU | and two CRU I units
Is provided In Table X. Endurance testing of CRU Il was not conducted In this test serles

because of the system change from sodium to NaK and the avatlability of CRU HI units by

August 1, 1960,

Table XI compares the objectives for CRU I, Il, and 1Il. Representative performance for the

CRU § and CRU 1l units were also tabulated for comparison. Na pump test results were not
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shown for CRU | and CRU Il unlts, since the sodlum pump was not operative for these tests.
An electrically heated end cap was used to simulate the 1000°F sodium influence on the

CRU, and In some tests the sodium pump rotor was magnetized to provide some of the power

loss assoclated with the pump.
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TABLE X
CRU 1 -1

SUMMARY OF TESTING

TEST DATE TEST OBJECTIVE RUN MAX MAX ALT REASON FOR
NO. TIME SPEED OUTPUT SHUTDOWN
CRU [=-1~1 8-3-59 Cold Gas Performance 0 ) 0 Nak Roter Interference
CRU {-1-2  8-4-39 LA 0 ¢ 0 Rotor Assymetry
CRU [=1=3 8=5-5%9 " woou 1 br 21 min 35,000 rpm 500 watts Turb. bearing heat shield
overheating due to Na Rotor
leakage flux
i-18-1 9=d59 Cold Gas Critical 2 hr 36 min 41,000 500 Operation at critical speed
° Speed Search resulted in bearing failure
o
[=1C=1  12=19-59 Hot Vapor Test 483 hr 43,500 2,100 Alternater instrumentation
short cireuit
i-1D 5=16-60 Non=-operating shake - - - Continuous test effort thru 1960
and shock tests
H=1-1  11-2-59 Cold Gas and Hot Vapor 4 hr 40,000 684 Superheat low temperature
Performance shutoff with alternator seal
distortion
fi=-1A-1  11-20-59 Hot Vapor Performance 10 hr 40,000 600 Turbine labyrinth rub
H=1B=1 6-20-50 woo® “ The 30,000 2,520 Turbine 2nd stage whes! rub
H=1C=1 7-6-60 Perf with Prototype 12 min 30,000 600 Turbine inlet pressure
Boiler fluctuations
H=1C~2 7-8-60 Perf with Prototype 14 min 30,000 600 Turbine inlet pressuwre
Boiler fluctuations
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TABLE X (Continued)

TEST DATE TEST OBJECTIVE RUN MAX MAX ALT REASON FOR
NO. TIME SPEED QUTPUT SHUTDOWN
H-1C-~3 7=9=460 Hot Vapor Performance 21 hr 40,000 rpm 3,480 watts Automatic shutdown
due to instrument
malfunction. Thermal
shock cracked alt
rotor can
{1-2-1 4-26-60 Start Stop Tests and 1 hr 15 min 40,000 1,600 Test rig turbine inlet
CRU operation with valve inoperative
speed conirol after 3 start stops
1}-2-2 5-4-60 Start Stop Tests and 7 hr 50 min 40,000 1,600 Alt rotor fracture

CRU Performance

after 6 start stops
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TABLE Xi

CRU I-HUH-1

SUMMARY OF TESTING

CRU NO. 1 CRU NO. 2 CRU NO. 3
COMPONENT
Actual or
Objective Experimental Objective  Experimental Objective
CRU-{~1B~1] CRU 11-1C-3
MERCURY TURBINE
Speed (rpm) 40,000 35,000 40,000 40,000 40,000
Mercury Vapor Flow Rate  (Ib/min) 15.2 15.03 17.0 17.9 18.6
Power Qutput (kw) 4.39 3.46 5.16 4.63 5.67
Turbine Shaft Efficiency (%) 55 48.7 55 46.8 55.0
Exhaust Pressure (psia) 6.2 9.6 6.2 7.0 7.0
Idet Pressure (psia) 105 94.7 105 115 115
Inlet Temperature (°F) 1150 1146 1150 1150 1150
ALTERNATOR
Speed (rpm) 40,000 35,000 40,000 40,000 40,000
Electrical Qutput  (kw) 3.10 2.13 3.40 3.30 3.40
Frequency (cps) 2000 1750 2000 2000 2000
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TABLE XI (Continued)

CRU No. 1 CRU No. 2 CRU No. 3

Voltage (volts) 115 89.4 115 115 115

Voltage Variation with

Freq. Regulation of + 1% (volts) 115 £ 5% - same - same

Load Power Factor 1.0to0 .8 1.0 same 1.010 0.8 same

lagging lagging

Efficiency (%) 80 73 80 85 80
SODIUM PUMP NaK Pump

Speed (rpm) 40,000 - 40,000 40,000 40,000

Flow Rate (lb/min) 45,2 - 45.2 - 71.5

Shaft Power Req'd = Less Windage (kw) 0.143 - 0.143 0.90* 6.00

Pressure Rise (psi) 3 - 3 - 3

Efficiency (%) 6 - 6 - 2.5
MERCURY PUMP

Speed (rpm) 40,000 35,000 40,000 40,000 40,000

Shaft Power Required (kw) 0.12 0.085 0.140 0.1 0.120

Net Flow Rate (lb/min) 37.0 33.¢9 37.0 37.0 40.0

Inlet Pressure (psia) 5.5 16.4 6.0 7.0 6.0

Qutlet Pressure (psia) 138 92.0 240 120.0 175.0
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TABLE X! (Continued)

* Estimated power with magnets at part strength

CRU No. 1 CRU No. 2 CRU No. 3

Efficiency (%) 15 15 25 15 35

Inlet Temperature  (°F) 420 284 420 385 420

Outlet Temperature (°F) 430 278 430 395 430

BEARINGS

Speed  (rpm) 40,000 35,000 40,000 40,000 40,000
Mercury Lubricart Flow  (lb/min) 16.0 17 4 16.0 18.4 16.0
Lubricant Supply Pressure (psia) 138 105 240 234 175
Lubricant Drain Pressure  (psia) 6.5 6.03 6.5 7.0 6.5

Shaft Power Consumption  (kw) 0.60 0.425 0.600 0.550 0.600
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5.0 CONCLUSIONS
As a result of the CRU design and test efforts conducted to date, the following conclustons
were drawn:
1. Operation of a combined rotating unit contalning a mercury vapor turbine,
an alternator, a mercury pump and a primary fluld pump on a common shaft

has been demonstrated.

2. Bearings utllizing the working fluld mercury have been satisfactorily employed

to support the CRU shaft.

3. Component performance In the CRU configuration, at varlous speeds and loadings,
has been found to have a reasonable relatlonship to the performance achleved in

the component test rigs.

4. Component performance improvements of the turbine, altemator, and pumps are

required to achieve overall CRU performance design objectives.

5. Continuved CRU development is required to Increase reliability of both the
rotating unit and the assoclated system. The 483 hour run of the first SNAP i

CRU design and the 2500 hour run of the SNAP | CRU, however, demonsirate

the endurance capability of this type of system.

6. Environmental tests on the initial design offer reasonable likelihood that the CRU
can successfully withstand the vehicle launch. Following establishment of the
final design, additional test work will be required for verification of operability

after launch.
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