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ABSTRACT

The SNAP-8 program has developed the technology base for one class
of multikilowatt dynamic space power systems, Flectrical power is gen-
erated by a turbine-alternator in a mercury Rankine-cycle loop to which
heat is transferred and removed by means of sodlum-pota581um eutectlc alloy
.subsystems.

- Finel system overall criteria include a five-year operating life;
restartability, man rating, and deliverable power in the 90 kWe range.

The basic technology has been demonstrated by more than MOO 000
hours of major component endurance testing and numerous startup and shut-
down cycles., A test system; comprised of developed components, delivered
" up to 35 kWe for a period exceeding 12 000 hours. )

The SNAP-8 system baseline is considered to have achieved a level
of ‘technology suitable for final application development for long-term
multlkllowatt space m1331ons.
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FOREWORD

The work described in this final report of the SNAP-8 electrical
generating system program was performed by Aerojet-General Corporation,
Azusa, California from 1960 to 197l. The work was directed by NASA ILewis
Research Center under contracts NAS 5-417 and NAS 3-13458.
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SUMMARY

The SNAP-8 program has developed the technology base for one class
of multlkllowatt dynamic space power system. The final SNAP-8 system overall
criteria includes a five-year operating life, restartability, man rating, and
deliverable power in the 90-kWe range. Electrical power is generated by a
turbine~alternator in a mercury Rankine-cycle loop to- which heat is transfer-
red and removed by means of sodium-potassium eutectic alloy subsystems.

The predominant amount of SNAP-8 development effort was directed
toward establishing a 35-kWe system. The major system components have been
designed, fabricated, and tested under steady-state, transient, off-design,
and environmental conditions. The components include the turbine-alternator,
pumps, mercury boiler, mercury condenser, and electrical control system.
Requirements have been specified, preliminary designs prepared, and partial
development testing performed for other components including valves,
reservoirs, and heat exchangers. System analysis and design provided the
information that was used to establish component functional -and physical
characteristics as well as system and compoment test requirements, and
established the compatibility of the SNAP-8 power conversion system and
nuclear system during startup, shutdown, and steady-state operation. Designs
- for possible mission-applicable system configurations have been prepared. A
system state point and required component modifications have been defined for.
a 90-kWe SNAP-8 consistent with proven component capabilities.

The validity of the basic technology developed on the program has
demonstrated by more than 400,000 hours of major component endurance testing
at design conditions, and by numerous planned startup and shutdown cycles.
Component material barrier problems have been resolved including selection of
boiler containment and turbine structural materials for high-temperature and’
. high-pressure mercury. A test system comprised of SNAP-8 developed
components delivered up to 35 kWe for a period exceeding 12,000 hours. The
reference system start sequence was demonstrated by successful test system
bootstrap startups. Based on the technology established and the demonstrated
component performance, SNAP-8 systems producing up to 120 kWe of net output
power with a 20% overall system efficiency have been defined for operation
with a 600 kWt heat source.

As a result, the SNAP-8 system baseline is considered to have
achieved a level of technology suitable for final application development for
long-term multikilowatt space missions.
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1.0 INTRODUCTION
1.1 ' OVERVIEW OF THE SNAP-8 PROGRAM

At the inception of the SNAP-8 program, the U.S. space effort was
in the midst of a rapid expansion. Space power systems were projected for
use in deep-space instrumented probes and electrical power requirements were
projected at levels above the capabilities of systems then available. As .
one approach to meeting the anticipated space power needs, the decision was .
made to develop and extend mercury Rankine-cycle power plant‘technology for
eventual space-mission applications. At the initiation of the SNAP-8 project
in May 1960, mercury Rankine-cycle space power technology was embodied in the
SNAP-2 system which had a two-loop mercury Rankine-cycle power system coupled -
with a reactor. The net power output from SNAP-2 was 3 kWe; the SNAP-8 ini-
tial requirement, at this time, was for 30 kWe. The ten-fold extrapolation
in system net power output rapidly led to changes which brought mercury
Rankine-cycle power system technology from the SNAP-2 power level to the:
present SNAP-8 capability for multikilowatt applications.

One of the significant changes was to employ a compact mercury con-
denser in conjunction with a liquid metal heat rejection loop rather than to
extrapolate the condensing radiator design used for SNAP-2. The basic system
output power level was increased to 35 kWe when the compact condenser, llquld
metal heat reJectlon loop approach was adopted.

The present SNAP-8 capability has evolved from a single start,
instrument-rated SNAP-8 system operating at 35-kWe output with 10,000 hour
life, to a restartable man-rated system operating at 90-kWe output with five-
- year life. The SNAP-8 electrical generating system consists of a nuclear
system, power conversion system, and flight radiator system. Heat is trans-
ferred to the mercury loop from the nuclear heat source by means of sodium-
potassium eutectic alloy (NaK) subsystems. Heat is rejected from the mercury
loop to another NaK subsystem which, in turn, radiates the system waste heat
to space. The heat source is required to produce power at levels up to 600
thermal kilowatts, depending upon the system electrical power output.

To establish the present SNAP-8 technology, extensive efforts were
directed toward system analysis and design; component design, development,
fabrication, and testing; materials evaluation; and design and erection of
suitable test facilities. As the overall national space program became more
clearly defined, consideration of lunar landings, space stations, spacé bases,
as well as deep-space probes had an impact on. potential SNAP-8 mission pro-
files and therefore system design. Consequently, in parallel with the develop-
ment of the technology required for component design, a continual review and
updating of component and system requirements was maintained by system analysis
and design efforts. As a result, component designs and design approaches have
been proven for major liquid-metal Rankine-cycle power system components
including the mercury-vapor driven alternator, mercury pump, mercury boiler,
mercury condenser, NeK pumps, valves, coolant-system pumps, instrumentation,
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and electrical controls. Over 400,000 component test hours have been accumu-
lated including more than 12,000 hours of system test operations. During this
time, all material barrier problems were resolved establishing the feasibility
of operating SNAP-8 systems for the long lifetimes specified.

System and component modifications have been defined for a system
capable of producing up to 90-kWe output at an overall efficiency of 15%.
‘Meny existing components can be used in their basic form for the various power
systems in the 35-to0-90 kWe range. ‘A product improvement program initiated
from the 90-kWe system baseline would lead to a SNAP-8 system capable of pro-
-ducing 120 kWe at an overall system efficiency of- 20% when provided with a
600 kWt heat source, without the need to introduce new technologies. Based on
corroboration of designs through testing and validation of systems and compo--
nent analytical models, SNAP-8 technology has been brought to readiness for
mission application.

1.2 OBJECTIVES OF FINAL REPORT

Thie SNAP-8 final report has been prepared with the folloving objectives:

(1) To define the development status of SNAP-8 system and components
- at the completion of the current phase of activity.

(2)" To record the detailed technology developed in the various pro-
" gram disciplines; namely, systems analysis and designh, component
design, materials engineering, and test operations; and to re-
cord the significant program achlevements._

(3) To 1dent1fy the technology developed on the SNAP-8 program which
would be of consequence for other governmental and industrial
progects.

(¥) To preserve the status of SNAP-8 technology in a manner ‘enabling
continuation of development. of mercury Rankine-cycle power
systems for space missions.

In sumary, this report presents the development status of the 90-kWe

and 35-kWe SNAP-8 systems and the camponents designed and/or developed for these

systems. Contained within the report are the significant design criteria and

requirements, steps in the development, and an evaluation of performance charac--

teristics for all components and the overall system functions whlch were under
the cogn1zance of the AerOJet-General Corporation.

1.3 ORGANIZATION OF FINAL REPCRT |

The SNAP-8 program final report describes the 90-kWe and 35-kWe
systems and component design and operational characteristics. - Each major
component is described in a separate section discussing function, description,
-development background and performance characteristics. The 90-kWe system is
considered to be the baseline for subsequent development of mercury Rankine-
cycle space power‘systems; however, the 90-kWe system is an extension of -the
technology developed for the earlier 35-kWe system:. All component development,
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performance demonstretion,"and endurance testing was accomplished with compo-
nents designed for the 35-kWe system. Therefore, a detailed description of

the 35-kWe system is presented to provide a proper background for the 90-kWe
system design and analysis.

References are listed at the end of the report. Each reference is
available from the National Aeronautics and Space Administration Scientific
Technical Information Facility, P.0. Box 33, College Park, Maryland 20Th4O.
Data from the Aerojet technical files for the SNAP-8 program will be stored
in archives at the NASA Lers Research Center, Cleveland Ohlo.
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2.0 SNAP-8 PROGRAM DEVELOPMENT
2.1 " PRESENT STATUS

In its original concept, the SNAP-8 electrical generating system
was a two-loop Rankine-cycle unit with a nuclear reactor heat source provid-
ing 30 kW of 1000 Hz electrical power for 10,000 hours for instrument-rated
(unmanned) space missions (including power for electrical propulsion). This
concept evolved to the latest system design for a multiple-loop Rankine-cycle -
system providing 90 kW of 40O Hz electrical power for up to five years for
either man-rated or instrument-rated space missions, or operation in a ground
test facility. The original concept was based on providing 30 kW of electri-
cal power when supplied with 300 kW of thermal power from a nuclear reactor
heat source. The reactor was designed to provide 600 kWt so that, by combin-
ing two power conversion systems, a total net electrical output of 60 kW
would be available. A basic change in system concept from the original two-.
loop unit to a multiple loop system, incorporating a compact mercury condenser
and liquid metal heat rejection loop, was accompanied by a change to 35 kW of
400 Hz electrical power. The latest system design could provide 90 kW of
useful electrical power when supplied with the full 600 kW of thermal power
avallable from the nuclear reactor.

This latest system was in the preliminary design stage at the time
of program termination and represents an improvement in the capability and
performance of the SNAP-8 system for potential use in a wider range of more
demanding space applications. This system is an outgrowth of one designed
to provide 35 kW of useful electrical power which represented the major de-
sign, development, and test efforts expended on the overall SNAP-8 program.
The 90-kWe system design had reached a point where system state-point condi-
tions and major component requirements had been defined, the general system
conflguratlon and conponent arrangement had been determlned, pliping layouts
had been initiated in preparation for hydraulic and stress analyses, plans
were being formulated for a combined nuclear system/power conversion system.
test at the NASA Plum Brook Space Power Facility, and a mockup frame (suit-
able for use in the combined systems test) had been fabricated. Many of the .
ma jor components to.be incorporated in the 90-kWe system are either identical
to, or minor modifications of, components proven during the development of
the SNAP-8 35-kWe system. The most notable exception is the turbine assembly
which requires a néw design, but one that is based on the mercury turbine
technology developed on the SNAP 8 program.

‘The SNAP-8 system, as presently conceived, could provide 90 kW of
400 Hz useful electrical power when 600 kW of thermal power are provided with
a heat source nominal outlet temperature of 1220°F. The system can be uti-
lized for either man-rated or instrument-rated space missions,. and can operate
unattended, continucusly for periods up to five years. The 90-kWe system de-
sign provides a base point for planners of future space missions from which to
evaluate electrical power availability against power requirements; furthermore,
it provides a technology base for reactivation of.the development of multi-
kilowatt mercury Rankine-cycle space power systems.
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2.2 EVOLUTION OF THE MULTIPLE-LOOP SYSTEM

2.2.1 Two-Loop System

The SNAP-8 development program, started in May 1960, was based on
an initial concept for a simple two-loop system as shown in Figure 2-1. The
initial system concept consisted of a primary loop in which the reactor cool-
ant fluid was -circulated by a motor-driven centrifugal pump through the reactor
to a boiler. The second (Rankine-cycle) loop consisted of a boiler which
utilized heat from the primary loop to boil and superheat mercury, a turbine to
convert thermal to mechanical power, a tube-and-fin condensing radiator, and a
jet-centrifugal mercury pump to circulate the working fluid. One of the
major features of the system was the power drive assembly which included the
turbine, alternator, and mercury pump mounted on a common shaft with mercury-
lubricated thrust and journal bearings. The electrical power generated by
the alternator was distributed internally to operate the power conversion
system electrical components, and to the vehicle load with any excess electri-
cal power being dissipated in a parasitic load resistor located in the primary
loop.

" Analysis, design, fabrication, and initial testing of components for
the two-loop system proceeded to the point where design and operational diffi-
culties were becoming apparent. The primary difficulties were associated with
the power drive assembly where: (1) thermal distortion and external loads
caused rubbing between the turbine and turbine case, (2) operational diffi-
culties with the mercury-lubricated journal and thrust bearings resulted in
. bearing failures and abrupt turbine stoppages, and (3) evidence of seal leak-
age became apparent. 1In addition, problems associated with corrosion and
erosion of the mercury and NaK containment materials were uncovered.

In view of these difficulties and potential problems with stable
operation of an extended condensing radiator during vehicle maneuvers, a
major reassessment of program objectives and accomplishments was undertaken
during the latter part of 1962. The reassessmént resulted in an extensive
redirection of the overall SNAP-8 program with -emphasis on reliable operation
for 10,000 hours and greater assurance of successful development by adopting
component designs more closely associated with the existing state-of~-the-art.

2.2.2 Four-Loop, 35 kWe, Instrument-Rated System

The program reassessment culminated in the definition of a revised
system with four basic fluid loops and new component requirements based on
state-of -the-art technology. A simplified flow schematic for the four-loop
system is shown in Figure 2-2 from which a number of the system and component
changes are readily apparent. The addition of the heat rejection loop was
made necessary by the adoption of a compact mercury condenser to eliminate
potential problems associated with variations in gravitational and accelera-
tion forces. All pumps were driven by separate motors to facilitate indepen-
dent dévelopment and testing. The turbine and alternator were separable and
connected by a flexible coupling with each assembly mounted on its own bearings.
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Initially, bearings for all rotating components were to be state-of-the-art
rolling contact, oil lubricated types. The only exception was the NaK pump
for which NaK-lubricated Jjournal bearings were adopted. A lubricant-coolant
loop was incorporated to provide the circulation system for the bearing lubri-
cant and to provide a low-temperature coolant and heat rejection system for
temperature-limited electrical components. This lubricant-coolant loop also
provided cooling for the alternator and pump motors, eliminating the need to
develop high-temperature electricsl insulation systems for these components.

. The output power requirements were changed to provide a net output
of 35 kW of 400-Hz, 208-Vac (line-to-line voltage) electrical power. The
L0O-Hz power was selected to permit the use of more standardized aerospace
state-of -the-art electrical equipment and design practices.

General system requirements remained relatively unchanged; specifi-
cally, the system was to operate unattended for 10,000 hours in a shadow-
shielded,* instrument-rated configuration and was to be capable of one auto-
matic startup in a space (zero-g) enviromment. Design priority was placed on
reliability, performance, and weight, in that order.

The program development efforts emphasized the analysis, design,
and fabrication of the four-loop system ccomponents, test loops, and bread-
board test systems. Several test facilities were planned and built for both
component and system testing including the following:

° A low-power loop for evaluating the effects of mercury-vapor
corrosion and erosion on various materials

° Two rated-power loops for performance and endurance testing
of components (primarily the boiler, turbine-alternator, and
¢ condenser) and subsystems

° Liquid mercury loops for performance and endurance testing
of mercury pumps and other components associated with the
liquid  portion of the mercury loop

° Ligquid NaK loops for performance and endurance testing of
NaK pumps and minor NaK loop campqnents ’

° Seal test rigs for evaluating mercury and lubricant-coolant

fluid dynamic seals, molecular pump and visco pump designs,
and measuring leakage rates

% Although the nuclear reactor emits radiation omnidirectionally, it is
necessary to protect only system components for an instrument-rated mission.
Consequently, a nuclear radiation shield is interposed between the nuclear
system and the balance of the electrical generating system. In effect, the
nonnuclear sections are located within the "shadow" of the nuclear shield,
hence, the term "shadow shield" introduced above. Any point in space not
within the shield shadow is exposed to reactor radiation.
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) An electrical component test facility for evaluating alternator
performance, speed control system capabilities, and other elec-
trical component characteristics

e ~ Small-scale test loops (located at Aerojet Nucleonics Co., San
Ramon, Calif.) for investigating boiler tube configurations
and materials compatibility with working fluids

o .System test loops for performance and endurance testing of
components and complete power conversion systems.
{

These test facilities played important roles in the development of
SNAP-8 components and subsystems by providing performance and endurance data.
Equally important, operating procedures were developed and many design and
operating problems were uncovered during various test phases. However, the
system test loops were never fully utilized for their intended purposes. The
introduction of the SNAP-8 phaseout program in late 1964 resulted in a sharp
curtailment of development and test activities. Fabrication of a second
system test facllity was halted, and operations in the initial systems test
loop were curtailed and eventually halted before a breadboard system was
fabricated. Instead, the rated-power loop facility was modified and upgraded
to a complete breadboard system and remainéd as the only SNAP-8 system test
facility at Aerojet until the final termination of the SNAP-8 program.

During the phaseout program, a significant amount of component and
breadboard system testing was accomplished which improved confidence in the
feasibility of the system concept. Performance potential and mission appli-
cation studies, separately funded by NASA, indicated greater potential usage
for space power systems with power levels of the magnitude projected for
SNAP-8. These studies also indicated the desirability of incorporating
system changes which would help to meet newly defined long-range goals for
SNAP-8.

2.2.3 35 kWe Man-Rated System

' - An important aspect of the newLy'defined goals was a system that
was both instrument-rated and man-rated. The main impacts of man-rating the
system were as follows:

° Necessity to protect the crew from reactor nuclear radiation
e Necessity to protect the crew from NaK-activated gamma
radiation
° .Cohsideration of crew access for maintenance
. Consideration of system restartability
e  Consideration of system redundancy and assoclated sw1tchover

to prOV1de greater system rellablllty
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Crew protection dictated a major change in configuration and shield
design. The reactor, which had been at the "top" (in relation to the gravity
vector) in the instrument-rated system, was moved to the "bottom" to place
the reactor as far from the manned core of a space station as possible. 1In
addition, studies for a lunar base application showed that it would be desir-
able to have the reactor "down," that is, on the lunar surface where it could
be more readily shielded. The changes in position and the relative locations
of the various portions of the system are illustrated in Figure 2-3. A typi-
cal concept for the 35-kWe system in a flight configuration is shown in
Figure 2-<4, and in a typical ground test configuration with a nonnuclear heat
source in Figure 2-5.

The shielding method which resulted was ah extension of the shadow-
shield concept. Since the activated reactor coolant gamma levels were well
above human tolerance, all reactor NaK components and piping were located
near the instrument-rated shadow shield. This included the boiler, NaK pumps,
expansion reservoir, and auxiliary heat exchanger. A second shadow-shield
(the biological shield) was installed between the reactor coolant loop and the
rest of the power conversion system to reduce the gamma and neutron radiation
from the reactor primary loop to man-rated levels. This man-rated configura-
tion could be modified for 1nstrument-rated m1s51ons by removing the biologi- -
cal shield.’

Consideration of a man-rated SNAP-8 system for space missions led
to the reactivation of SNAP-8 activities in late 1966. The revised program
placed increased émphasis on the definition and design of a power conversion
system to be used in ground prototype system testing with both nonnuclear
and nuclear heat sources. This effort formed the basis for system configura-
tion studies and designs for both flight- and ground-test applications.

2.2.4 4h-pi* Shielded Man-Rated 35-kWe System

As the preliminary design of the 35-kWe shadow-shielded system
neared completion, several additional mission-related factors appeared.
First, by definition, a shadow-shielded nuclear system provides personnel
protection only within the envelope of the shadow. A shadow-shielded system
would unduly affect earth-orbiting missions by restricting access to the
electrical generator system for crew recycling and system and component
replacement. For a lunar base, the reactor would have to be located below
the lunar surface, this could require an unreasonable amount of excavation
or additional shielding to permit personnel to operate at ground level near
the system. It was decided to incorporate L-pi shielding with the nuclear
system to permit the SNAP-8 system to better accommodate these potential
manned missions. A concept for the 35-kWe system with test support h-pi
shielding for a combined nuclear system/power conversion system test is
shown in Figure 2-6.

* L-pi shiél&ing refers to:shielding which completely surrounds a nuclear
source (a sphere in space subtends a solid angle of 4-pi steradians
about its origin).
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The size (and, therefore, weight) of the 4-pi shield (Figure 2-T)
is significantly affected by the height of the gallery section (the section
of the electrical generating system located between the instrument-rated
shield and the biological shield seen in Figure 2-3). Since the boilers in
the gallery were the main contributors to gallery height, an attempt was made
to reduce the gallery section height by removing the boilers from the gallery
and introducing a NaK loop (referred to as the intermediate loop) between the
reactor coolant loop and the mercury loop. An intermediate loop heat ex-
changer was located in the gallery section, and the boilers were relocated
to the main section above the biological shield.

While the intermediate loop was under consideration, the nominal
allowable reactor outlet temperature was reduced from 1300 F to about 12000F.
This change meant that a new overall system state point had to be established.
A significant increase in turbine output power was required to maintain the
net electrical output of 35 kW. The solution was to modify the turbine design
to accommodate a lower exhaust pressure (frqm the previously established value
of 14 psia) and to take advantage of the higher turbine efficiency available
by operating at the higher volume flows associated with lower turbine inlet
pressure and temperature. From the studies conducted to determine new state-
point conditions, it became evident that a substantial increase in net elec-
trical output was achievable. The incregse in usable power was consistant
with apparent increasing space power demands. A man-rated system with in-
creased net electrical output, an intermediate loop, and redundant components
and power conversion systems evolved from the performance and design studies.

2~ L L4-pi Shielded, Man-Rated, 90-kWe System

The final phase of the SNAP-8 development program was to consider
ways to significantly increase overall system performance and efficiency.
These improvements would better align the system capabilities with the power
level and operating requirements emerging from the phase B space station/
space base studies currently in process. Since the key element of the elec-
trical generating system is the turbine-alternator, emphasis was placed on
improving this component. By decreasing the turbine back pressure to 2.5 psia
and by redesigning the turbine, system output was increased to 90 kWe.
Decreasing the turbine back pressure to 2.5 psia results in increased radiator
weight and area. However, the weight associated with a L-pi shield requires
the use of a larger booster vehicle for space missions so that the increases
in radiator weight and area become secondary factors. The turbine-alternator
was modified to incorporate a straddle-mounted, dual-path, reaction turbine
with five stages on each path, and with an alternator (identical to the alter-
nator developed for the 35-kWe system) attached to each end of the turbine by
means of a quill shaft. Bearings and seals associated with the turbine-
alternator are of the same design as those used for the 35-kWe system. The
overall power conversion system configuration for a combined systems ground
test is shown in Figure 2-8. This configuration is for a nonredundant power
conversion system concept. A fully redundant system design was initiated but
not fully implemented at the time of the program termination.
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3.0 SYSTEM DEFINITION
3.1 SYSTEM DESCRIPTION

The SNAP-8 nuclear electrical generating system includes four main
subsystems: a nuclear system to provide thermal power, a power conversion
system to convert thermal to electrical power, a radiator to remove excess or
waste heat from a Rankine cycle, and an organic-flulid loop to cool and lubri-
cate specific components. A simplified schematic showing the relationship of
the loops and the major components for the 90 kWe system concept appears in
Figure 3-1.

The overall system may be further categorized into a number of
individual and interrelated fluld loops. For the latest system planned for
development, the following apply:

° A reactor primary loop which receives heat from the nuclear
reactor
) An intermediate loop which transfers heat from the reactor

primary loop to the mercury Rankine-cycle loop

° A mercury Rankine-cycle loop which converts heat to mechanical
power
® A heat rejection loop which removes excess or waste heat from

the Rankine-cycle loop

° An auxiliary NaK cooling loop, actually a branch of the heat
rejection loop, which cools specific camponents, removes heat
generated in the reactor shield, and removes reactor heat
under certain system operating modes

. An organic-fluid lubricant-coolant loop which cools and lubri-
cates specific components.

3.1.1 90-kWe System

The latest system considered for development and testing in the NASA
Plum Brook Space Power Facility would provide a nominal net electrical power
output of 90 kW. Design and definition of the 90-kW system were not completed;
but, since this was one of the final project goals, and since significant
progress was made toward a final design definition, this system 1s discussed
here.

While the SNAP-8 system is intended for eventual application to
manned space missions, the system configuration planned for use in ground
tests combines the power conversion system with a reactor heat source and
a ground test radiator for waste heat rejection. Many features associated

gl
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with a manned space application are included in the design. Component redun-
dancy is incorporated (or provisions are made for incorporation at a later
date) and considerations for operation of future systems in reduced gravity
have been taken into account in the design, wherever practical.

The functions of the various system loops and the components con-
tained therein are described below.

3.1.1.1 Reactor Primary Loop

The reactor primary loop (RPL) transfers heat generated by the
reactor to the power conversion system using NaK¥ as the working fluid. The
RPL consists of a main heat-transfer loop with a branch loop to cool the
reactor radiation shield. The main RPL loop consists of the SNAP-8 "reference"
reactor, an intermediate heat exchanger which transfers heat from the RPL to
the intermediate loop, an auxiliary heat exchanger which transfers heat from
the RPL to the heat rejection loop (HRL) during startup and shutdown, an
electromagnetic pump system employing redundant pumps, a fluid expansion
reservoir, and associated piping.

The RPL shield cooling branch circuit uses a fraction of the Nak
flow circulated by the electromagnetic pump system to remove heat generated
by thermalizing neutrons and gamma rays in the nuclear system 4-pi shield.
NaK is circulated through passages within the reactor shield and through a
heat exchanger which transfers the heat to the HRL.

R:1:1.2 Intermediate Loop

The intermediate loop (IL) uses NaK to transfer heat from the RPL
to the boiler in the mercury Rankine-cycle loop. The IL consists of a boiler,
two NaK pumps, a NaK diverter valve, an expansion reservoir, interconnecting
piping, and connecting lines to the tube side of the intermediate heat exchang-
er. Of the two NaK pumps in the IL, one circulates the working fluid, and the
other is a redundant standby unit. The NaK diverter valve, located at the
outlet of the pumps, prevents NaK backflow through the idle pump while direct-
ing the fluid flow from the operating pump through the remainder of the loop.
All components of the intermediate loop are contained within the power conver-
sion system structure.

3.1.1.3 Mercury Rankine-Cycle Loop

The Rankine-cycle loop, with mercury as the working fluid, is the
main energy conversion loop of the system and consists of a turbine, dual
alternators, two condensers, a liquid mercury pump, a liquid mercury flow
control valve, three solenoid-operated shutoff valves, the mercury contain-
ment tubes of the boiler, and interconnecting piping.

*NaK: a eutectic mixture of sodium and potassium (22% Na - 78% K)




Heat is transferred fraom the intermediate loop NaK which circulates
through the shell side of the boiler. As the mercury passes through the boil-
er, it is preheated to saturation conditions, boiled to produce vapor, and
superheated. The superheated vapor is directed through the turbine where the
thermal energy is converted to mechanical power and to electrical power by
the alternators coupled directly to the turbine shaft. The "wet" mercury
vapor leaving the turbine flows to the condenser where it is condensed and
subcooled. The heat produced by condensation and subcooling is transferred
to the HRL NaK circulating through the shell side of the condenser. The sub=-
cooled mercury flows to the mercury pump where the fluid pressure is increased
to meet the required boiler inlet conditions. The rate of mercury flow through
the loop is controlled by the position of the variable-area orifice in the
motor-driven flow control valve.

Ancillary to the mercury Rankine-cycle loop is the mercury injection
and recharge subsystem which consists of a mercury reservoir, two solenoid-
operated shutoff valves, and a solenoid-operated four-way reservoir actuator
valve. This subsystem injects mercury at a controlled rate into the Rankine-
cycle loop during startup, removes the working fluid from the loop during
shutdown, and controls the mercury inventory in the condenser during system
operation to maintain proper condensing conditions. All components of the
Rankine-cycle loop are contained within the power conversion system structure.

3.1.1.4 Heat Rejection Loop

NaK in the heat rejection loop (HRL) removes excess, or waste, system
heat primarily from the mercury loop. The waste heat will be rejected from a
radiator to space in mission applications and from a radiator to a cold wall in
ground tests. The HRL consists of a radiator, two NaK pumps, a NaK diverter
valve, an expansion reservoir, a motor-driven flow control valve, two parasitic
load resistors, interconnecting piping, and connecting lines to the shell side
of the condensers. The two NaK pumps and the NaK diverter valve are used in the
same manner as described for the similar components in the intermediate loop.
The motor-driven flow control valve is used only during startup and shutdown to.
control the NaK flow to the condenser to maintain proper condensing pressures.
The parasitic load resistors dissipate (in the form of heat) electrical power
in excess of the power used to operate the system or to meet mission demands.
The components of the heat rejection loop, except the radiator, are contained
within the power conversion system structure.

Relsle 5 Auxiliary NaK Cooling Loop

The auxiliary NaK cooling loop, a branch of the heat rejection loop,
uses a fraction of the flow circulated by the HRL NaK pump to cool the HRL
pumps, the IL pumps, and the RPL electromagnetic pumps, to remove heat from
the heat exchanger in the shield-cooling branch of the RPL; and to remove
heat from the auxiliary heat exchanger during startup and shutdown. The
auxiliary loop consists primarily of interconnecting piping to the tube sides
of the various heat exchangers and cooling coils of the components within the
loop flow circuit, and a solenoid-operated shutoff valve which stops the flow
to the auxiliary heat exchanger after system startup has been completed.
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3.1.1.6 Lubricant-Coolant Loop

The lubricant-coolant loop uses an organic fluid¥ to perform three
functions:

° Lubricate bearings in the turbine, alternator, and mercury
pump.
° Cool components which must operate at temperatures below the

HRL NaK temperature.

s Provide pressure to operate the mercury injection and
recharge system.

A schematic of the lubricant-coolant loop is shown in Figure 3-2.
The loop consists of a pump, an expansion reservoir, a high-temperature
radiator, a low=-temperature radiator, six solenoid shutoff valves, and inter-
connecting piping to the various components which must be lubricated and
cooled. Lubricant is supplied to the turbine, alternator, and mercury pump
bearings. The solenoid shutoff valves are sequenced open during startup and
sequenced closed during shutdown to assure proper timing of lubricant flow to
the bearings. Coolant from the lubricant-coolant high-temperature radiator
is supplied to the turbine-alternator space seal heat exchangers, the alter-
nator housings, the mercury pump space seal heat exchanger, and the mercury
pump motor housing. A fraction of the flow leaving the high-temperature
radiator is directed to the low-temperature radiator which further reduces
the fluid temperature and cools the electrical assembly packages. An addi-
tional low-temperature electrical package, the programmer, will also be
cooled by the fluid from the low-temperature radiator for mission applica-
tions; but, for a ground test system, the programmer will be located in the
control room and will not require cooling. All components of the lubricant-
coolant loop, except the radiators, will be contained within, or mounted on,
the power conversion system structure.

3.1.1.7T Electrical System

The electrical system performs several functions during system
operation, and interfaces with the nuclear system controls and with the test
facility or mission vehicle. A block diagram of the electrical controls and

¥The SNAP-8 lubricant-coolant fluid must meet a number of requirements
in terms of working characteristics; these are: thermal stability, nuclear
radiation stability, high heat-transfer coefficient, high specific heat, suit-
able viscosity at 200 to MOOOF, noncorrosive to common engineering materials,
good lubricity, and low vapor pressure. Polyphenyl ether (Shell Mix LP3E) was
selected as the best of the available fluids to meet these requirements mainly
because of its ability to withstand nuclear radiation. This fluid falls into
the class of polynuclear arocmatics which are known to be the most radiation
resistant, thermally and oxidatively stable fluids currently available. The
properties of this fluid and the methods for controlling composition to avoid
the formation of undesirable precipitates are discussed in References 1 and 2.
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components appears in Figure 3-3. The individual electrical component
functions and requirements are presented in Section 6.0 of this report.
In general, the electrical system provides the following:

[} Control functions to permit the sequenced process of system
startup, shutdown, and emergency shutdown.

@ Control of the turbine-alternator speed to maintain the alter-
nator frequency and voltage within the specified limits.

° A protective system which receives instrumentation signals and
initiates appropriate actions when the signals are not within
specified limits.

® A power distribution system to supply the electrical power
required by the electrical components and the demands of
the vehicle loads.

a. Control Functions.- The major control functions for the
sequence, interaction, and timing of the various events required for startup,
steady-state operation, and shutdown are controlled by the programmer. The
timing of the various events 1s adjustable to permit modification of the
sequences without major rework. In addition, the ability to respond to
external command signals, including overrides, has been incorporated to
increase the versatility and reliability of the unit. Since the first 90-kWe
system was planned for testing in the Space Power Facility, the programmer
would be located in the facility control room to provide ready access of
adjustments and modifications if required.

During steady-state operation, the alternator frequency and voltage
are maintained within specified limits by the speed control system and the
voltage regulator-exciter. The dual alternator arrangement and the desir-
ability of using equipment developed for a system with lower net electrical
power capability requires the use of two speed control systems, two voltage
regulators, two parasitic load resistors, two power factor correction assem-
blies, and load compensation equipment to permit synchronizing and parallel-
ing of the alternator outputs.

The electrical controls system initiates the programmed automatic shut-
down sequences when emergency or potential emergency situations are indicated
by sensor signals. 1In addition, an electrical protective system provides for
the following situations which may occur during steady-state operation:

® When the alternator voltage drops below 95% rated voltage any
time after startup or prior to initiation of a shutdown, an
emergency shutdown of the power conversion system and nuclear
system is initiated.

[ ] When an alternator voltage unbalance occurs, the vehicle load
breaker is cycled to verify that the source of the unbalance is
in the power conversion system. If so, an emergency shutdown
is initiated.
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b. Power Supply and Distribution.- The power supply for the
electrical system is a silver-zinc battery which provides 30 Vdc to operate
the programmer and to perform the programmed functions during startup and
shutdown. These functions include (1) actuation of valves, relays, and
contactors, (2) providing alternator field flashing and saturable reactor
bias current, and (3) providing power for the nuclear controls. The battery
will also provide both 30 and 60 Vdc to operate the pump inverter and 60 Vdc
to operate the reactor primary loop electromagnetic pump inverters during
startup and shutdown. A battery charging system provides a fast charge
following system startup and a continuous trickle charge during steady-state
operation to ensure the availability of adequate battery power for shutdown
and a subsequent restart.

Electrical power is distributed through an electrical harness. The
harness is a series of electrical cables with high-temperature insulation;
steel-braided flexible conduit will be used in areas requiring additional
protection from operating and handling enviromments. Cable routing will be
along nonremovable members of the power conversion system frame. Connectors
at the components and terminal boards will be a combination lug and weld
type to facilitate initial wiring and checkout and final welding to terminal
posts prior to system operation.

G, Modular Packages.- The electrical subassemblies and components
are grouped into four modules with the individual subassemblies and components
arranged as shown in Figure 3-4. The components are grouped to facilitate
routing of interconnecting cables and attachment of the subassemblies and
components to a single heat sink for cooling by the lubricant-coolant fluid.
Each module will contain a terminal board to which all components are con-
nected and from which all external connections are made. The modules are
enclosed in nonsealing protective covers for accessibility to the individual
components.

Ral2 35-kWe System

The SNAP-8 system development has progressed through a number of
ma jor changes in both application and performance goals. The system evolved
from a relatively simple two-loop system designed to produce a net electrical
output of 30 kWe in a zero-g enviromment while in the near-earth orbit. The
system was required to start only once, while in orbit, and was to be used
only for instrument-rated missions. The nuclear radiation shielding for this
application was to be sufficient to protect instrumentation and electronic
equipment. System performance and mission application changes have resulted
in configuration changes first to a 35-kWe system and finally to the 90-kWe
system described above.

As the system evolved, a major system configuration, design, and
performance definition was completed for the 35-kWe system which has been
the basis for subsequent system definitions and estimates of the effects of
transient operating conditions on the system and major components. This
system was designed to meet the major requirements shown in Table 3-I. The
35-kWe system is shown in Figure 3-5 in a configuration for a manned space
mission. Major design, performance, and transient studies and tests were
completed resulting in a significant overall system development phase which

merits detailled discussion.
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TABLE 3-I MAJOR REQUIREMENTS - 35-kWe SYSTEM

Note: The system meeting these requirements is applicable to
instrument-rated, man-rated, and ground-test installations.

Net electrical output 35 kWe (min.)
Vehicle load power factor 0.85 (lagging)
Voltage (rms, line to line) 208 Vac, + 5%
Frequency 400 Hz, + 1%
Operating life (continuous) 10,000 hr
Reactor power 600 kWt (max.)
Reactor outlet temperature (steady-state range) 1280 to 133OOF
Enviromment
Gravitational field (operating) Otolg
Radiation
PCS (integrated dose for ].OLL hr)
Fast neutrons (0.1l MeV or greater) 5 % 10 awt
Gamma rays 5 x 10! rads (c)
Solid-state electronics (integrated dose for 1ou hr)
Fast neutrons (0.1 MeV or greater) 107 mwh
Gamma rays 106 rads (c)
Acceleration (system not operating)
Longitudinal axis +6g
Transverse axis 2 g
Restart capability
Number of automatic restarts without servicing 20
Gravitational field O0tolg
Envelope requirements (See Section 3.3 of this report)
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The 35-kWe system includes four main subsystems: a nuclear system
to provide thermal power, a power conversion system to convert thermal to
electrical power, a radiator system to remove waste heat from a Rankine cycle,
and an organic-fluid loop to cool and lubricate specific components.

The system can also be described as a number of individual, inter-
related loops which have functions similar to those described for the 90-kWe
system. The major differences between the 90- and 35-kWe systems in regard
to loop functions is that (1) the 35-kWe system does not employ an intermedi-
ate loop, (2) the lubricant-coolant loop provides cooling for the NaK pump
motors, and (3) the 35-kWe system employs redundant power conversion systems
to provide increased reliability for man-rated applications. The redundant
- power conversion system concept implies the use of two independent mercury
Rankine-cycle loops, heat rejection loops, lubricant-coolant loops, and
electrical subsystems. The redundant power conversion systems are incorporated
into the overall system by providing two boilers, in series, in the primary
loop. A simplified schematic, Figure 3-6, shows the location of the two boil-
ers in the primary loop and the relationship of the remaining loops for one of
the redundant power conversion systems.

3.1.2.1 Individual Loop Functions

The functions of the various fluid loops or the differences from
similar loops in the 90-kWe system are described below:

‘a.  Primary NaK Loop.- The primary NaK loop (PNL), with NaK as the
working fluid, transfers heat from the reactor to the boiler in the mercury
Rankine-cycle loop. The PNL consists of the reactor, two boilers, two NaK
punps, a NaK diverter valve, an expansion reservolr, two auxiliary heat
exchangers, and interconnecting piping. The two NaK pumps are connected in
parallel in the PNL; one circulates the working fluid, and the other is a
standby unit. The NaK diverter valve, located at the output of the pumps,
prevents NaK backflow through the idle pump while directing the fluid flow
from the operating pump through the remainder of the loop. The shell sides
of two boilers are connected in series in the PNL to provide for transfer of
reactor heat to either of the two (one of which is a redundant standby unit).
Similarly, two auxiliary heat exchangers are contained in the PNL, to transfer
reactor heat to either heat rejection loop during startup and shutdown. The
components of the primary loop, except the reactor, are contained in the
gallery section of the system shown in Figure 3-5, that is, between the
nuclear system shadow shield and the biological shield.

b. Mercury Rankine-Cycle Loop.- The Rankine-cycle loop performs
the same function as that described for the 90-kWe system. However, the
following differences exist in the component complement: a single-path
impulse turbine with one alternator, one condenser, and two solenold operated
shutoff valves.

c. Heat Rejection Loop.- The function of the heat rejection loop
in the 35-kWe system is similar to that in the 90-kWe system with the follow-
ing differences in component complement: a single NaK pump is used so that a
NaX diverter valve is not required, and only one parasitic load resistor is
needed.
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d. Auxiliary NaK Loop.- The auxiliary NaK loop, a branch of the
heat rejection loop as for the 90-kWe system, uses a portion of the flow to
remove heat from the PNL by means of the auxiliary heat exchanger during
startup and shutdown. The auxiliary loop does not provide coolant for the
NaK pumps as in the 90-kWe system, and is therefore s1mpler.

e. Lubricant-Coolant Loop.- The lubricant-coolant loop performs
the same functions as those described for the 90-kWe system, and also cools:
the NaK pumps in the primary and heat rejection loops. In addition the '
electrlcal components for the 35-kWe system were packaged in hlgh temperature
(~210°F) and low-temperature (~140°F) groups. Grouping the electrical compo-~
nents in this manner permitted a reduction in the size of the lubrlcant- '
coolant radiators.

A schematic of the lubricant-coolant loop is shown in Figure 3-7.
Lubricant is supplied to the turbine, alternator, and mercury-pump bearings.
Coolant, from the high-temperature radiator, is supplied to the following:
turbine-alternator space seal heat exchanger, alternator housing, mercury-
pump motor, mercury-pump space seal heat exchanger, primary and heat rejec-
tion loop NaK-pump cooling heat exchangers and high-temperature electrical
packages. A fraction of the flow leaving the high-temperature radiator is
directed to the low~temperature radiator which reduces the fluid temperature
and is used to cool the low-temperature electrical controls package and the
programmer, The programmer to be used for ground tests in the Space Power
Facility would be located in the facility control room and therefore would
not be cooled by the lubricant-coolant system.

3.1.2.2 Electrical System

The electrical system performs functions similar to those described
for the. 90-kWe system. However, since only one alternator is required and
the system does not include an intermediate loop, the amount of electrical
equipment and the programmer sequencing functions are reduced. The electri--
cal controls and components are presented in block diagram form in Figure 3-8.

During steady~-state operation, alternator frequency and voltage are
maintained within specified limits by the speed control system and the voltage
regulatér-exciter. Power factor correction provides a unity power factor at
the alternator when rated output is produced thereby achieving maximum alter=-
nator efficiency at rated conditions. The electrical controls system will
respond to external commands or sensor signals indicating potential emergency
situations by initiating automatic shutdown procedures. :

The electrical system power supply is a silver-zinc battery which
provides 30 Vdec to operate the programmer and to perform the various programmed
functions that occur during startup and shutdown. The battery will also pro-
vide both 30- and 60-Vdc power to the pump motor inverter during startup and
shutdown. A battery charging system provides a fast charge following system
startup and a continuous trickle charge during steady~state operation to ensure
availability of sufficient battery power for shutdown and a subsequent restart.

Electrical power distribution is provided by an electrical harness with
connectors and terminal boards as described for the 90-kWe system.
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The electrical subassemblies and components are grouped into four
separate packages with the individual subassemblies and components arranged
as shown in Figure 3-9. Two of the packages are cooled by fluid from the
low-temperature radiator, and two by fluid from the high-temperature radiator.
The relative location of the electrical packages in the lubricant coolant

loop is shown in Figure 3-T.
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3.2 STATE-POINT DEFINITION

3.2.1 90-kWe System

The system state-point or steady-state operating conditions are
based on a number of performance requirements and design criteria. In addi-
tion, limitations may be imposed which restrict the selection of design
alternatives and performance capabilities., This is true of the present
SNAP-8 system which has evolved through a continuing progression of changes
and improvements associated with component performance, overall system
performance, operating conditions, and envelope dimensions. One of the major
restrictions throughout the SNAP-8 development program has been a continuing
desire to limit the number and extent of component changes and redesigns to
ensure maximum utilization of existing designs and hardware. This restriction
has resulted in limitations on performance and on simplicity of overall
system design. Studies have been conducted which indicate that, with
modifications to several components, a SNAP-8 system having a net output of
120 kWe and a system efficiency of 20% could be produced. The results of the
studies are presented in Reference 3, and the component modifications defined
therein are all within the technology developed on the SNAP-8 program.

The 90-kWe system represents the latest effort to improve and
upgrade the performance and mission capability of the SNAP-8 system. The
primary objective for establishing the 90-kWe system was to define a system
with maximum net electrical output which involved a minimum number of
component changes. The major factors which limit net electrical output are:
maximum avallable reactor power, maximum allowable reactor outlet temperature,
boiling stability, mercury pump suction pressure requirements, and power
conversion system efficiency. The effects of these factors are described
below:

° The reactor outlet temperature, boller stability and mercury
pump suction pressure requirement determirie the Rankine-cycle
efficiency in the following manner: the reactor outlet
temperature determines turbine inlet enthalpy, boiler stability
determines boiling pressure by the minimum pinch-point temper-
ature difference criteria, and the mercury pump suction
pressure requirement determines the condenser pressure and,
therefore, the turbine outlet isentropic enthalpy.

® The available reactor power limits the mercury flow rate.

° The available power is determined by the mercury flow rate and
the Rankine-cycle efficiency.

. The net electrical output is determined by the available
power and the power conversion system efficiency which
includes the turbine efficiency and system losses (pumping
power requirements, electrical system losses, and heat losses).
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The steady-state, long-term operating limits for the advanced
reactor¥, as defined by the nuclear system contractor, are:

° Maximum power: 600 kWt
' Outlet temperatuge control band: 1210 to 12350F

The objective to limit the number of component changes restricts
the ability to utilize the available reactor power most efficiently. However,
the largest single increase in overall system performance can be obtained by
improving turbine efficiency. Significant improvements in turbine efficiency
can be obtained by employing a reaction turbine rather than the impulse type
as developed for previous SNAP-8 systems. A reaction turbine requires full
admission which implies a high mercury vapor volume flow., A high volume flow
can be obtained by increasing mercury flow or reducing turbine inlet pressure.
Since the available reactor power limits mercury flow, the turbine inlet
pressure must be reduced. In conjunction with lower turbine inlet pressure,
the turbine exhaust pressure must also be low in order to maintain a high
enthalpy difference and pressure ratio. (The turbine exhaust pressure limit
is a function of condenser performance which is discussed in the following
paragraph.) A reaction turbine becomes feagible for a high-output power
system since two alternators of existing design can be used in conjunction
with a dual-opposed reaction turbine. The dual-opposed turbine configuration
has the additional advantage of cancelling the high axial-thrust bearing
loads associated with reaction turbines.

The dual-opposed reaction turbine configuration permits the use of"
two condensers of existing design thereby allowing operation at reduced
pressures and mercury flows compared to the original design conditions. The
condenser performance characteristics for operation at the 90-kWe system
conditions were obtained by evaluating system test results of operation at
reduced condensing pressures and mercury flows, as shown in Figures 3-10 and
3-11. These data were used to devise a mathematical model to predict perform-
ance at condensing pressures and mercury flows lower than values obtained
during the tests. The development and use of the mathematical model is
discussed in detail in Reference 4. From the information shown in
Figure 3-10, it is evident that, at mercury flows on the order of 8000 lb/hr,
condensing pressures less than 2.5 psia cannot be obtained regardless of the
NaK flow or NaK inlet temperature. Mercury flows on the order of 7000 lb/hr
were expected for each condenser to be used in conjunction with the dual
reaction turbine; therefore, a turbine exhaust pressure of 2.5 psia was chosen
for the state-point condition.

¥ The advanced reactor is the latest compact reactor design for space power
systems being developed by Atomics International under contract to the AEC.
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The performance characteristics of developed components were
obtained by evaluating the results of extensive testing. Alternator perform-
ance is presented in Figure 3-12. NaK pump and mercury pump performance is
presented in Figures 3-13 through 3-15. The pump performance characteristics
were used to evaluate the relationship between desired flows, available pump
pressure rise, and system loop pressure drop. Since relatively high NaK flow
rates are desirable (on the order of 60,000 1b/hr) it was found necessary to
use 3.0-inch OD tubing in the NaK loops to assure that the pump pressure rise
would be sufficient to meet the loop pressure drop characteristics.

Performance characteristics for components associated with the
reactor power loop must be defined before the system state-point can be
established. These components - the intermediate heat exchanger, the nuclear
system shield cooling heat exchanger, and the reactor power loop electro-
magnetic pump system - have not been developed; so, performance character-
istics were obtained from preliminary studies. One such study for the
intermediate heat exchanger indicated that a 600-kWt NeK-to-NaK heat exchanger
could be designed to operate with a 20°F terminal temperature difference.
Preliminary information from the nuclear system contractor indicated that the
shield coolant heat exchanger should be designed to transfer a 20-kWt heat
load at nominal operating conditions. Preliminary information obtained from
NASA's Lewis Research Center indicated that an ac electromagnetic pump with
an efficiency of 10% could be designed for the flow rate and pressure rise
required in the reactor primary loop, and that the electrical power conversion
equipment required to operate the electromagnetic pump would have an 80%
efficiency.

The major performance criteria and limitations are shown in
Teble 3-II. These criteria (in conjunction with the component performance
characteristics determined from test results and evaluations, and performance
characteristics determined from preliminary studies for components to be
developed) form the basis for the definition of the state-point conditions.
The final state-point conditions selected for the 90 kWe system are shown on
Figure 3-16, and represent the design-point conditions for the system and
various components. The values shown on Figure 3-16 are for system operation
at beginning of life and with the temperature of the NaK leaving the reactor
at the value corresponding to the lower end of the nuclear system deadband
control. The design point is chosen with the reactor operating at the lower
end of the nuclear system deadband control since this condition corresponds
-to the lowest NaK temperature entering the boiler; this, in turn, defines the
minimum pinch-point temperature difference for boiler operation. The
significance of pinch-point temperature difference on boiler operation is
discussed in Section 5.5. ’

With the system operating at the design-point conditions, as shown
in Figure 3-16, the net electrical output is 92.8 kWe which satisfies the
requirement for a minimum output of 90 kWe. The +2.8 kWe above the minimum
requirement provides a margin for system and component degradation over the
operating life of the system.
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TABLE 3-IT - POWER CONVERSION SYSTEM PERFORMANCE CRITERIA
90-KWE SYSTEM

System
Power Delivered to Vehicle Load 90 kWe (min.)
Reactor Power Level 600 kWt (max.)
Boiler NaK Inlet Temperature 1200°F (nominal)

Reactor Primary Loop

Intermediate Heat Ekchanger Terminal Temp. Diff. EOOF
RM Pump System Overall Effiéiency 8%
Reactor Shield Cooling Heat Loss 20 kWt
Coggonents
Turbine (New design)
Efficiency . 78%
Exhaust pressure 2.5 psia

Boiler (Redesign)

Number of mercury tubes 12
Pressure drop 32
Pinch point AT 38%F

All other components, use existing designs
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As a corollary to the design-point conditions, the state-point
conditions occurring when the NaK temperature at the reactor outlet
corresponds to the upper value of the nuclear system control deadband is
also of significance. During normal system operation, the NaK temperature
leaving the reactor will slowly drift between the nuclear system deadband
control limits. The resulting change in NaK temperature to the boiler will
produce changes in mercury flow rate and, therefore, changes in gross
electrical output.

Although state-point conditions have not been calculated for the
90-kWe system with the higher reactor outlet and boiler inlet NaK temperatures,
they are sufficiently important that the expected result should be described.
As the NaK temperature to the boiler increases, the mercury-side pressure
drop will increase thereby reducing mercury flow and producing a decrease in
gross electrical output. An estimate based on results obtained from previous
studies of SNAP-8 system indicates that a reduction on the order of l-kWe in
gross electrical power will occur when the reactor outlet NaK temperature
reaches the upper limit of the nuclear system deadband control. This slight
change in electrical output will still permit the system to produce the
required 90-kWe minimum net electrical output.

3.2.2 35-kiWWe System

The system design state point and steady-state operating conditions
are based primarily on overall requirements -defined by the NASA Specification
417-1. Additional requirements and limitations have been imposed by the
nuclear system contractor and by component performance characteristics
defined during the development program. The 35-kWe system - a major step in
the overall SNAP-8 development program - is based on a concept which is
compatible with both man-rated and instrument-rated missions. The principal
features of this concept are (1) shielding of the radioactive portions of the
primary loop to allow access to the remainder of the power conversion system,
(2) a nonoperating redundant power conversion system (except for the primary
loop), and (3) a unit based on current component designs, including the S8DR
reactor® design. The significant S8DR reactor limitations for steady-state
operations are:

° Maximum power: 600 kWt
® Outlet temperature control band: 1288 to 1330°F

In addition, an envelope of oOperating conditions was defined, as
shown in Figure 3-17, which relates reactor power and reactor coolant temper-
ature rise and, therefore, coolant flow. The reactor may be operated at any
condition on or below the limit labelled "line of equal stress' as shown in

Figure 3-17.

*S8DR reactor: SNAP-8 development reactor built by Atomics International
under contract to the AEC.
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The same major factors described for the 90-kWe system limit the
net electrical output of the 35-kWe system, However, the 35-kWe system
requirements are sufficiently different so that state-point conditions are
determined in a different manner. The major objective was to define a
system which would produce a net electrical output of 35 kW for 10,000 hours.
Therefore, mercury flow is not limited by available reactor power but is
determined by the Rankine-cycle and power conversion system efficiencies.

The Rankine-cycle efficiency is determined by the reactor outlet temperature,
boiler stability, and condenser pressure. The condenser pressure is
determined primarily by the mercury pump suction pressure requirement. The
system is required to operate in a zero-g environment with a mercury pump jet
pump of existing design for which a suction pressure of approximately 10 psia
mist be provided. The mercury pump suction pressure requirement, in
combination:with line pressure losses and condenser pressure drop, resulted
in a condenser pressure‘(turbine back pressure) of 14.0 psia. The power
conversion system efficiency is determined primarily from the turbine
efficiency and pump power requirements. For the 35 kWe system, the ground
rule to utilize existing, developed components implied the use of the impulse
.turbine with a single alternator and NaK and mercury pumps of existing
designs.

Definition of state-point conditions is a continuing process during
the development of a system, particularly when component and system test '
results permit more complete characterization of component performance, inter-
actions of components within a system, or indicate performance characteristics
different from early predictions. Therefore, after the basic system and
component arrangement were defined, a computer program was developed to permit
calculations of state-point conditions for several types of system studies,
such as the following:

° Update state point as component performance characteristics
are determined by test.

] Determine off-design conditions over a wide range of operating
conditions. '
° Determine effects on overall system conditions of component

performance changes defined by test results.
° Optimize operating conditions for the system and components.

o Examine potential performance limitations and isolate areas
where changes can produce maximum improvements.

° Revise state-point conditions and component performance
characteristics as system performance requirements are changed.



The basic calculation scheme, required input data, output
information, and the initial functional relationships are described in
Reference 5. The basic system and component performance relationships used
in the development of and initial studies conducted with the computer program
are contained in Reference 6. The computer program, identified as SCAN
(SNAP 8 Cycle ANalys1s), was used to define state-point and off- des1gn
conditions for the 35-kWe system.

Component performance characteristics and assoclated functional
relationships used in the SCAN program were modified as component and system
test data were obtalned and as supplementary studies were completed. Perform-
ance characteristic curves for the primary loop NaK pump, the heat rejection
loop NaK pump, the mercury pump, the lubricant-coolant loop pump, and the
alternator are all contained in Reference 6. The boiler characteristics were
simuilated primarily by a simplified empirical relationship between pressure
drop, mercury flow, and pinch-point temperature difference which was derived
from component test data. The significance of pinch-point temperature
difference in defining boiler performance is discussed in Section 5-5.

At steady state, the condenser operates close to design conditions
in the 35-kWe system. Therefore, the condenser characteristics could be
based on established heat-balance and heat-transfer relationships with
critical constants determined from test results. The primary condenser
performance relationship is as shown on Figure 3-11.

The validity of the condenser relationship was established during
component and system tests. The test results were used primarily to
determine the overall heat-transfer coefficient under various combinations of
temperature, NaK and mercury flows, and available condensing area.

The detailed performance characteristics of the radiator assembly,
consisting of the heat rejection loop radiator and the high- and low-
temperature lubricant-coolant radiators, are not necessarily required to
establish overall system design-point conditions. However, interface
conditions must be established which are compatible with the system, with
feasible radiator design configurations, and within the established envelope
limitations. In addition, more detailed radiator characteristics must be
established to define proper system off-design characteristics. Therefore,
studies were conducted to establish conceptual designs for the heat rejection
loop radiator and the high-temperature lubricant-coolant radiator to
facilitate off-design performance studies and to establish an acceptable
radiator assembly configuration. Parametric studies were conducted with tube
size, fin width, tube length, armor thickness,.and general configuration as
variables. The general configurations were limited to c¢ylindrical, conical,
and combinations of cylindrical and conical which would meet the envelope
criteria. Typical results of the studies conducted for the heat rejection
loop radiator are shown in Figure 3-18 which contdins plots of radiator area,
weight, and pressure drop for various combinations of tube. size, fin thick-
ness, and number of tubes. Typical tube, fin, and armor dimensions are also
shown in Figure 3-18. The general radiator system characteristics selected
for the 35 kWe system are shown in Table 3-III.
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TABLE 3-III - GENERAL RADIATOR CHARACTERISTICS FOR 35-KWE SYSTEM

L/C Radiator:
HRL Radiator (High Temp.)

L/C Radiator
(Low Temp.)

Selected Area (ft2) 1150 335
Selected Weight (1b) 1265 330
Selected Height (ft) 30.L4 10.k
Radiator AP (psi) 7.5 C 12
Fluid Inventory (1b) 103 38

OVERALL RADTATOR ASSEMBLY CHARACTERISTICS

Total Area (ftg) 1630
- Total Weight (1v) 1745
Total Height (ft) Lh.6

Total Fluid Inventory (1) 155
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The final-35-kWe state-point conditions, obtained from the SCAN
computer program results, are shown in Figure 3~19. The. values shown are for
the design point; i.e., at the beginning of life, with the reactor outlet
NeK temperature at the lower value of the nuclear system control deadband,
and operation in a zero-g environment. The net electrical output at this
condition is 37 kWe, indicating a 2-kWe margin for degradation effects over
the operating life. The arrangement of the radiator assembly
configuration relative to the overall system envelope is also shown in
Figure 3-19.

The state-point conditions prevailing when the NaK temperature at
the reactor outlet corresponds to the upper value of the nuclear system
control deadband are considered to be corollaries to the design point. The
state-point conditions at the nuclear system upper deadband control temper-
ature are presented in Figure 3-20. Note that the net electrical output at
this condition is 37 kWe, the same as for the design-point operating
condition.

The fact that the net electrical output is the same at both the
upper and lower values of the nuclear system temperature control deadband is
a result, primarily, of the boiler and condenser off-design operating
characteristics. When the NaK temperature into the boiler increases from the
lower deadband control value (1280°F) to the upper deadband control value
(133OOF), the boiler pressure drop increases causing a reduction in mercury
flow. The reduced flow results in lower condenser temperatures and,
therefore, reduced condensing pressure and turbine exit pressure. The
overall result i1s that the total energy available to the turbine is essen-
tially unchanged, thereby causing no change in net electrical output. The
component characteristics which permit the system to operate in a manner
resulting in no change in electrical output must be considered unique to the
particular component designs and operating conditions involved. Normally,
changes in operating conditions result in changes in net electrical output;
but in the case of the 35-kWe system, the changes were small enough to have
no practical effect on overall system performance. '

The system operating characteristics were verified by tests of a
breadboard system with a nonnuclear heat source and an air-cooled radiator
heat rejection system; all other components were of the type planned for use
in the flight configuration, The results of these tests generally confirmed
the conclusion that essentially no change in net electrical output is
obtained for reactor outlet temperature changes between the limits of the
nuclear system control deadband.
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POVWER DISTRIBUTTON

Turbine shaft power 63.5 ki
Altermatar efficiency 9L.5 %
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Turbine inlet pressure - 248 paia
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3.3 SYSTEM DESIGN

3.3.1 General Criteria

Design criteria were established which applied to the man-rated 35-
and 90-kWe configuration concepts. The results of analyses which formed the
basis for some of these criteria and design studies for which the criteria
were used in defining an interim system are presented in Reference 7. These
criteria are examined in detail below.

3.3.1.1 System Redundancy

To increase the reliability of a man-rated system and to increase
its flexibility, system and component redundancy were employed where necessary.
Tradeoff studies indicated the proper mode of redundancy where it was not
readily apparent. Redundancy was considered for the following electrical
generating system elements:

) Power conversion systems

. NaK pumps

° Boilers

° Radiators

. Electrical systems

. Instrumentation

° Reservoirs and Valves

a. Power Conversion Systems.- The basic redundancy approach was
to have two independent mercury Rankine-cycle power conversion systems with
independent heat rejection, lubricant-coolant, and electrical subsystems.
Two power conversion systems were selected to provide an electrical generat-
ing system of minimum weight and space which would provide continuous power
(except during system switchover) and which could take advantage of crew
availability to replace malfunctioning components.

The impact of a man-rated system appears here since redundancy with
component replacement would not be plausible with an instrument-rated system.
Further, the selection of dual power conversion systems with one on standby
sets the framework within which the balance of the redundancy concepts are
established.

b. NaK Pumps.- Personnel access to the NaK loop contalning the
reactor is not possible while the system is operating because of high temper-
ature, high gamma radiation levels in the NaK, and the radiation levels between
the instrument and biological shields, or in the volume enclosed by a U-pi
shield. Since component replacement is not possible in this section, dual
pumps were decided upon for the reactor coolant loop.
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The intermediate loop had two boilers in series (and, hence, a
single intermediate loop) to provide redundancy as described above. Since
there would be no way to replace a malfunctioning NaK pump in the intermedi-
ate loop and simultaneously maintain system operation, two NaK pumps were
provided.

c. Boilers.- It was decided that a boiler would be provided for
each power conversion system (the operating system and the redundant system).
The alternative would be to have one boiler with switching capability on the
mercury side to each of the two mercury Rankine-cycle loops. This design was
not selected because it was felt that the unreliability of the required l3OOOF
mercury vapor valve would compromise the system operation. Further, even if
a leakproof valve were developed, any failure of the boiler that allowed the
mercury inventory to mix with NaK would result in loss of both power conversion
systems since the mercury inventory would be shared by the two systems. The
boiler double-containment concept discussed below (3.3.1.1, i) would prevent
mixing of the flowing NaK and mercury. However, leakage between the static
NaK chamber and mercury would 'still result in contamination of both power
conversion systems. For these reasons, the decision was made to use two boil-
ers with each boiler servicing a separate power conversion system. The boilers
were coupled on the NaK side (primary NaK loop of the 35-kWe system and inter-
mediate loop side of the 90-kWe system).

The boilers were connected in series (relative to NaK flow) because
parallel connection would have reguired valves which would have decreased the
overall system reliability. With the boilers in series, the pressure drop in
the NaK loop increases, but no valving is required. It was decided that the
pressure drop penalty (about 3 psid) was preferable to the addition of four
NaK valves to the system.

d. Radiators.- A reliability analysis (reported in Section II-A
of Reference 7) was performed to determine which would be preferable: a
single heat rejection loop with a single tube radiator, or two completely
independent heat rejection loops servicing each of the two mercury Rankine-
cycle systems with a dual tube radiator (shared fin design). This study
indicated that, for high component reliability (over .98) and high system
reliability (over .97), the dual-tube radiator is preferable.

e, Electrical System.- A reference approach was selected for the
dual power conversion system electrical equipment and programmers. The options
considered were as follows:

® A single set of electrical equipment in combination with one
and two programmers (with and without interchangeability for
the two power conversion systems)

[} Two sets of electrical equipment in cambination with one

and two programmers (with and without interchangeability
for the power conversion systems)
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° Two sets of electrical equipment (with and without interchange-
ability for the power conversion systems) in combination with
one and two programmers (with and without interchangeability
for the power conversion systems).

The selected configuration was one programmer and one set of elec-
trical equipment for each power conversion system with interchangeability
between electrical systems and the power conversion systems. This choice from
the options considered was based on the excessive amount of switch gear (control
transfer contacts, valve transfer contacts, emergency shutdown transfer contacts,
control diodes and valve diodes) required for the other cases.

f. Instrumentation.- A two-fold redundancy was used in the instru-
mentation system. First, in the emergency shutdown system, a "two-out-of-
three" voting logic circuit approach was used. This meant that at least two
out of three measurements must confirm that a design point has been exceeded
before the shutdown could be initiated. Second, redundant instrumentation
was provided where the loss of one instrument would not permit steady-state
vrerformance analysis during a combined system test.

g. Reservoirs.- In certain situations, duplicating components
does not provide effective redundancy, and in these cases other measures were
taken, All loop expansion reservoirs, for example, were of a bellows sealed
design with a passive pressurization system consisting of a captured gas
volume. Since failure of the expansion reservoir bellows would lead to loss
of system inventory and pump cavitation, all reservoirs were provided with
redundant bellows; i.e., no single bellows failure would prevent the reser-
volr from performing its function in the system. :

h. Double Acting Solenoid Valves.- To avoid continuous operation
of the system isolation solenoid valves (located in lubricant-coolant system,
heat rejection loop, auxiliary loop, and mercury injection system), all
solenoid valves were bistable and mechanically latched in one of the two
normal operating positions until actuated.

i. Double Containment.- Because a reactor coolant leak could have
serious consequences to personnel located above the biological shield, a con-
cept of redundancy was selected for components which presented a potential
for cross-leakage between the reactor coolant loop and other loops; for
example, the boiler in the 35-kWe configuration, the auxiliary loop heat
exchanger, and intermediate heat exchanger. The design ground rule estab-
lished required double containment of these components. As used here, double
containment is defined as component construction such that no single struc-
tural failure can result in intermixing of flowing fluids through the component.
In general, this was implemented by providing a static NaK zone between the
active fluid passages in the heat exchangers.

3.3.1.2 System Maintainability

The power conversion system was designed so that all components are
replaceable without requiring the either removal of other components or dis-
connecting of piping and electrical harness not directly mating with the com-
ponent to be replaced. Access for maintenance depended on the electrical
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generating system configuration. For the case of the 35-kWe system with a
conical envelope, access was through a four~foot access core along the system
.centerline. In the case of the rectangular 90-kWe system, access was from
front, back, and top of the unit. Allowance was made at the component/piping
interface for three component removals and rewelds. In addition, adequate
space was provided for semi-automatic welding and brazing equipment. Although
flanged joints would enhance maintainability, mechanical joints are unaccept-
able from the standpoint of reliability. Therefore, connections in liguid
metal loops are of an all-welded design. System structural members which
would have to be moved to permit access for component replacement were bolted
in place. Structural mounts were designed so that identical components could
be replaced without changing or replacing the mount.

In general, however, the power conversion system was designed to
require no routine maintenance, repair, or service; the concept of mainte-
nance, as applied to the electrical generating system, was limited to one of
component replacement.

3.3.1.3 Piping Design Approach

At the high temperatures associated with the SNAP-8 system, provision
must be made for the thermal expansion of the piping between components. There
are several ways to do this. By taking advantage of the piping configuration
between components, it is possible to reduce the pipe stress and component end
loading to acceptable levels. By arranging the components so that the inter-
face points of contiguous components are located as closely as possible in as
many coordinate axes as possible, the flexibility requirements are reduced.

The disadvantages of using the connecting piping itself to absorb thermal
growth is that, compared to other component mating methods, the length of pip-
ing required results in greater pressure losses (hence, increased pump power),
increased pipe insulation and fluid inventory weight, additional pipe supports,
and increased expansion reservoir capacity. On the other hand, the reliability
of the system is high since the quality control for piping can be extremely
good and camponent supports are simplified since components can be treated as
anchor points for the piping.

Another way to allow for thermal expansion is to insert expansion
joints in the piping between components. Several methods could apply. First,
a single bellows can be used to absorb the thermal movement of the section of
pipe between components. An unrestrained bellows, however, will impose a
pressure thrust on the piping and hence the component interface due to the
unbalanced pressure between the bellows convolutions and external enviromment.
If the piping between the components is not in a straight line, bending moments
will be imposed on the bellows which are undesirable. ©Second, a pressure-
compensating bellows can be used to eliminate the pressure thrust generated by
an unrestrained bellows. These are usually large and complex making quality
control even more difficult. In addition, they are not drainable and would
trap quantities of liquid metal creating a possible corrosion problem as well
as test loop handling problem. Third, a gimbal bellows design can be employed.
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In this case, several bellows are used in the line segment between components.
The bellows are internally or externally restrained by means of tie-rods so
that no pressure thrust is transmitted to the lines. The thermal movement of
the line is accommodated by flexing of the bellows. This method, however,
would require two or three bellows between every two components in the system.
The decision was made not to use bellows in the SNAP-8 piping system because
of the difficulty in procuring uniformly fabricated bellows with predictable
characteristics.

One other way to control thermal expansion would be to support the
components in a manner that would allow them to move to meet line growth-
demands. This approach was taken in the W-1 test facility at the Lewis
Research Center. For the SNAP-8 engine, however, it was decided that this
would result in relatively complex supports (e.g., slides and rollers) which
were not adaptable to flight systems.

As a result, the piping system was designéd to take advantage of
piping flexibility to provide a system which would be highly reliable and
adaptable to the demands of an evolving system arrangement.

3.3.1.k  Environmental Requirements

The overall requirements for the SNAP-8 electrical generating systems
are specified in NASA Specification No. 417-1. The environmental requirements
for the SNAP-8 system are given in NASA Specification No. h17-2, Revision C.
Both specifications pertain to the SNAP-8 system as a whole and to the various
subsystems and individual components. Because neither the system envelope nor
the mission/system interface and system/booster interface requirements have
been defined, it is premature to apply either environmental design criteria or
envirommental test requirements to the power conversion system. The design
approach taken was to maintain the flight envirommental requirements for the
components individually, but to limit the system environmental requirements to
those encountered in ground testing and handling.

The envirommental design criteria for the SNAP-8 power conversion
system components are delineated in NASA Specifications 417-1 and L1T7-2,
Revision C. Specific exposure data are presented for the terrestrial, space,
and lunar natural environments as well as the induced environments expected
during transportation, launch, lunar landing, and system operation. Induced
and natural environments exist simultaneously in real time, and the design
criteria include the combined loading effects.

The natural terrestrial enviromments are based on conditions experi-
enced in coastal areas of the United States; in particular, the Atlantic Mis-
sile Range. These conditions apply to the components during handling, instal-
lation, or flight readiness for a period of up to six weeks. The specific
requirements include the extremes and typical values of conditions for humidity,
sand, dust, fungus, salt fog, temperature, wind, rain, explosive atmosphere,
and magnetic field.



The conditions of natural space and lunar surface environments
apply to the components prior to and during startup, operation, and shut-down
in space for a minimum of five years. Design values are presented for the
component exposures to external pressure, magnetic field, and a variety of
radiation sources. Included in the radiation sources are values for earth
radiation, cosmic and solar high-energy particles, and constants for black-
body radiation of solar and galactic origin.

The induced enviromments of terrestrial origin are based on condi-
tions experienced in packaging, handling, transportation, and storage.
Specific handling and storage requirements for components are defined in
individual component specifications. The system handling and storage require-
ments are given in NASA Specification No. L417-2, Revision C.

The launch and/or lunar landing phases of induced environments are
applicable to the components installed in the launch vehicle. The components
are filled with service fluids but not operating. The specific design require-
ments include the range and typical values of vibration, shock (15-g peak),
acoustic noise and linear acceleration (+ 5-g longitudinal and + 1.25-g perpen-
dicular).

. The 1nduced enviromments of space and/or lunar surface origin apply
to the components under both operating and nonoperating conditions. The de-
sign requirements include vibration frequencies and levels, maneuvering
accelerations, and reactor-induced radiation. The maximum total integrated
radiation, including direct, scattered, and secondary radiation from all
nuclear sources, will be one of the following limits depending on the loca-
tion of the specific component in the structure: Level 1 defines the design
criteria for solid-state control electronics, Level 2 for mechanical and
electromechanical components, and Level 3 for components located within the
gallery between a dual shadow-shield and/or a 4-pi shield,

. Fast neutrons (0.1 MeV or greater) total integrated dose in
five years:
1x lOll nvt

5x lO12 nvt

Level 1

Level 2

Level 3 =1X lO17 nvt

[ ] Gamma rays, total integrated dose in five years:
Level 1 = 1 x 106 rads (c)
Level 2 = 5 x 107 rads (c)
Level 3 =1x 107 rads (c)
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A major contribution to the system gamma dose rate results from
activation of the reactor coolant. The sodium constituent of NaK becomes
the primary gamma source, although potassium contributes to the NaK dose rate
also. The NaK gamima dose level is comparable to the reactor gamma dose rate
after attenuation by the instrument shield.

3.3.1.5 Materials Engineering

At the start of the SNAP-8 program, it was acknowledged that mercury
loop construction materials would be subject to corrosion and mass-transfer
attack by mercury at system operating conditions. Consequently, testing was
directed toward the selection of suitable mercury contaimment materials.
Solubility tests were made using specimens of various candidate construction
materials. In 1962 capsules of selected materlals were tested under thermal
gradient conditions between 1025 and 1250 F for periods of 500 to 10,000 hours.
Results of this program were reported in References 1, 8, and 9. A mercury
corrosion loop was established which further evaluated the effects of mercury
corrosion under simulated system operating conditions at l/l9th scale. These
tests are described in Reference 10. In 1969, after 8700 hours of operation,
the 35-kWe power conversion system was temporarily shut down and a thorough
evaluation of mass transfer throughout the mercury loop was made. The results
of this survey were reported in Reference 1l1.

The general result of these programs was that mercury corrosion and
associated mass-transfer problems were solved by using the following materials
to construct mercury loop elements: refractory metal (tantalum) for mercury
contaimment in the boiler, 9 Chrome-l Molybdenum steel alloys in the lower-
temperature components (mercury pump and condenser tubes), S-816 cobalt alloy
in the hot turbine parts, and Type 316 stainless steel for component intercon-
necting piping. The use of Type 316 stainless steel for piping was a basic
criterion for the mercury loop design.

The extent of corrosive attack in sodium-potassium containment
materials depends on the oxide level in the flowing NaK. Tests verified that
stainless steel materials (316 series, 321 series, 347 series, 304 low carbon,
410 series) were completely satisfactory in NaK service, and life expectancies
of five years can be postulated subject to one major condition: oxide levels
must be maintained at low levels (20 to 25 ppm). SNAP-8 system goals were set
at a 5-ppm level.

3.3.2 90-kWe System

3.3.2.1 Design Criteria

The overall power conversion system envelope was defined as a
rectangular parallelepiped. The final outside dimensions of the envelope
were 5 x 12 x 10 £t (height). This envelope was selected with the following
ob jectives:

o To provide the maximum possible access for component
maintenance
o To fit inside potential space shuttle vehicle envelopes.
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The power conversion system was to be designed and fabricated at
Aerojet and delivered to the NASA Space Power Facility at Plum Brook, Ohio.
Here, the power conversion system would be mated with the reactor primary
loop (including reactor and h-pi shield), the heat rejection loop heat sink,
and the lubricant=-coolant loop heat sink for a combined system test. Initial-
ly, a nonnuclear heat source was to have been substituted for the reactor to
permit system checkout.

The power conversion system was designed to the ground rule that the
maximum envirommental temperature would correspond to the lubricant-coolant
radiator operating temperature. This eliminated the need for special provis-
ions to protect system elements such as valve motors, instrumentation, and Nak
pumps from the elevated temperatures which would result if the heat rejection
loop radiator were to surround the power conversion system. To avoid placing
undue restrictions on the test configuration, however, the power conversion
system structure was to have been fabricated from stainless steel instead of
a lower-service-temperature material (aluminum, for example) since auxiliary
cooling could be provided for other elements if a heat rejection loop radiator
were ultimately located around the power conversion system; but the frame
could not readily be protected, and fabrication of a second frame would be
unnecessarily costly and could delay the testing schedule.

The system design was based on nominal operating conditions associ-
ated with a 1200 F reactor outlet temperature; however, the ability to operate
at the former system state point for a 1300 F reactor temperature was retained.
This was reflected in the component requirements specification also.

The system was designed for an operating life of five years. Wher-
ever practicable, existing component designs were used. Maintenance access
was considered permissible from all planes except the bottom plane.

A mating flange was provided at the base of the power conversion
system structure to permit the unit to be bolted to the reactor primary loop
structure. All piping interfaces were designed as anchor points so that the
power conversion system piping was independent of other electrical generating
system and facility piping. The power conversion system was designed for a
one-g vertical operating load, and two-g vertical and one-g lateral nonoperat-
ing loads.

The power conversion system test article would have been nonredundant
with respect to total subsystems; however, component redundancies would have
been incorporated.

3.3.2.2 Component Arrangement

The components listed in Table 3-IV are shown arranged for the
combined system test unit in Figure 3-21. Component arrangement reflects the
ground rule of using existing components where possible and emphasizes main-
tenance and component accessibility.
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TABLE 3-IV SNAP-8 90 kWe POWER CONVERSION SYSTEM PARTS LIST

Item Quantity Item Quantity
*Structure *Electrical Assembly No. 3A
*Boiler Voltage Regulator
Turbine Alternator Assembly Speed Control Module
Condenser Transformer, Speed Control

Parasitic Load Resistor

Pump Motor Assembly, Heat Rejection Loop
Pump Motor Assembly, Intermediate Loop
Pump Motor Assembly, Mercury Loop

Pump Motor Assembly, L/C Loop

*Reservoir, Expansion, Heat Rejection Loop

Compensator, Speed Control
Compensator, Voltage Regulator
*Electrical Assembly No. 2
¥Inverter, EM Pump
*Inverter, NaK Pump-Motor Assemblies
Contactor - Inverter DC
*Electrical Assembly No. 4B

Transformer Rectifier Assembly

*Reservoir, Expansion, Intermediate Loop
*¥Reservoir, Expansion, Boiler Static NaK
*Contactor - Motor Transfer

Electrical Protective System Module

*Reservoir, Expansion, L/C Loop
Reservoir, Mercury Injection

*Valve, NaK Diverter, Heat Rejection Loop Power Factor Correction Assembly
Electrical Harness ’ .
¥Electrical Controls Assembly, Nuclear System

Flowmeter, EM, Intermediate Loop

*Valve, NaK Diverter, Intermediate Loop
Valve, Flow Control, Heat Rejection Loop
Valve, Flow Control, Mercury Flow ‘
Valve, Shutoff, Mercury Loop Flowmeter, Mercury Loop

Valve, Shutoff, Heat Rejection Loop

Valve, Shutoff, L/C Loop

Heat Exchanger and Cold Trap, Heat Line Heaters, L/C
Rejection Loop Pump Motor Assembly

Heat Exchanger and Cold Trap, Intermediate
Loop Pump Motor Assembly

*Electrical Assembly No. 1

Flowmeter, EM, Heat Rejection Loop

[ I T i = T T e o R S S VR R S R

Flowmeters, Lube/Coolant Loop

}"\HK_AJP—‘I\)I—'HI\JI—'O\PD—'\HE—‘JTHI\)T\JI\)NI\))—'

set

n

¥ Government Furnished Equipment

** Does not include reactor primary loop components,
Transformer Current - VR-E Compensator shielding, or radiator assembly
Transformer, Saturating Current-Potential
BreakKer, Vehicle Load ‘

Saturable Reactor

Valve Four-Way, L/C Loop
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The turbine-alternator and condensers are close-coupled to minimize
the pressure loss between the turbine exhaust and condensers since the system
net electrical output decreases by about one kWe for every one psia of pres-
sure increase in turbine back pressure. The turbine-alternator is oriented
horizontally because it was designed to operate in this position relative to
the local gravity vector. Similarly, the condenser operates with its longi~
tudinal axis within five degrees of the environmental gravity vector.

The reservoirs are oriented so that the fluid inventory does not
place side loads on the bellows; i.e., the certerline of the bellows is paral-
lel to the local gravity wvector.

The lubricant-coolant loop components are located near the camponents
that are serviced by the lubricant-coolant circuit (mercury pump, turbine-
alternator, mercury injection system, and electrical system). This results in
minimum lubricant-coolant piping. The NaK pumps are cooled by heat rejection
loop NaK.

The mercury pump is located below the condensers to maintain the
required NPSH during system operation. The mercury pump is also located so
that the suction pressure does not exceed ~ 40 psia, the pump visco seal
limit. The mercury injection reservoir is located adjacent to the mercury
pump to help eliminate NPSH problems during startup and to facilitate mercury-
loop dumping during a system shutdown.

The condenser mercury discharge valves are located close to the
condensers so that the lines between the condensers and mercury pump are
filled from the reservoir and do not have to be filled by condensing mercury
on startup.

The boiler mercury outlet is located as close to the turbine inlet
as possible to minimize stresses in the mercury vapor line due to thermal
expansion, and to reduce the amount of heat required to bring the vapor line
up to operating temperature during startup.

The NaK pumps are operated horizontally since they were tested in
this position for more than 56,000 hours. However they were designed to
operate in any attitude.

The two parasitic load resistors are located adjacent to the
condensers since the heat rejection loop has parallel flow paths through
each condenser/parasitic-load-resistor pair.

The electrical components are located as far from the nuclear radia-
tion source as possible, and can be readily isolated thermally from the higher-
temperature loop components and piping. The electrical configuration reflects
the following ground rules:
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° Start programmer elements are not part of the electrical
assemblies, but will be located in the control room during
the combined system test.

) Electromagnetic interference filters will not be included in
the electrical assemblies for the power conversion system,
but there is some” space available for incorporation if
desired.

° Space for static inverters (needed for rotating and electro-
magnetic pumps) has been provided in the assemblies.

° The electrical assemblies consist of a cold plate with a
vented protective cover fastened to the base plate. To aid
in system assembly and subsequent diagnostics, the protective
covers are removable, whereas the individual terminal strips
remain attached to the base plate.

The planar S-shaped boiler was selected from several candidate
configurations because it provided the most compact power conversion system
with good access for component maintainability.

3.3.2.3 Structural Design

The power conversion system frame, shown in Figure 3-22, is based
on a truss concept. The center plane and supporting end faces form the basic
structure. These members are welded since they do not have to be removed for
component maintenance or initial installation. The top plane of the central
"I" section is supported by columns in the front and rear face of the struc-
ture. For analysis, it was assumed that the structure would be supported at
the exterior columns for ground tests leaving the central area unsupported.
The structure was also designed so that the complete power conversion system
could be lifted from the top plane (exclusive of the reactor primary loop).

Square and rectangular turbine members were used rather than round
members to simplify joint designh and component mounting. Furthermore, &
square member is lighter than a round member of given stiffness and envelope
dimension. Structural member sizes were based on the results of a compre-
hensive computer-solution stress analysis. Analyses were completed for
vertical and lateral frame loading. Diagonal members were inserted in the
top, bottom, end, center and outside faces to limit frame deflection under
lateral loading and to stiffen the frame against vertical deflection due to
the method of support (because the external supports are located at the outer
periphery, the center plane tends to deflect downward relative to the outer
structure). No members cross between the center and outer faces except for
the two beams at the turbine-alternator support. This provides maximum space
for piping, components, and the associated supports. Columns and diagonals
in the outer faces are removable where required to facilitate system assembly
and component replacement.
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reasons:

Stainless steel was selected as the structural material. Aluminum,
carbon steel, and stainless steel were considered (see Figure 3-23). Aluminum
was eliminated for the following reasons.

Use of aluminum would preclude installation of the heat rejec-
tion loop radiator around the power conversion system during
system test. At 600° F, aluminum has poor strength characteris-
tics.

The overall cost of fabricating an aluminum structure would
exceed the cost of a steel structure despite the lower material
costs (this is because a large aluminum structure would require
use of special fixtures and heat treatment to eliminate distor-
tions during fabrication).

For similar deflection allowances, an aluminum frame would
weigh about 100 pounds less than a steel frame.

In the event of a mercury leak, the aluminum structural
strength could be drastically reduced.

Stainless steel was selected over carbon steel for the following

The material cost advantage of carbon steel is diminished by
the costs associated with providing surface protection against
environmental corrosion.

Virtually no difference in weight.

The long-term yield strength of carbon steel decreases rapidly
above L100°F.

Thermally-insulated mounting brackets for the boiler and other
high-temperature components and piping are not required when
stainless steel is used.

The power conversion system component weights are itemized in
Table 3-V (the weights of the radiators have not been included).

51‘

3



0.2% TENSILE YIELD STRENGTH, KSI

40

30

20

d

N

\\

~
—— \
1 N\
\\

——— 316 STAINLESS STEEL (A)

~~ 1015 CARBON STEEL (B)

10,000 HOURS -\

AT TEMPERATURE

\

|

N

N

S

\ 5083-0 ALUMINUM (C)
~~ — 6063-T5 ALUMINUM (D)

200

400

600

TEMPERATURE, °F

800

REFERENCES:

(A)
(B)
(C)

(D)

ASTM STP 124
ASTM STP 180

AL STD AND DATA
AL ASSOCIATION, 1969

KAISER AL DATA

Figure 3-23 Yield Strength vs Temperature for Power
System Candidate Structural Materials

3-52



TABLE 3-V COMPONENT WEIGHTS FCR 90-KWE POWER CONVERSION SYSTEM.*

Component Weight (1b)

NaK Pump, Intermediate Loop (2) 32L
NaK Diverter Valve, Intermediate Loop 12
Boiler, dry : 833
Reservoir, Intermediate Loop 142
NaK Pump Heat Exchanger, Intermediate Loop (4) 80
Boiler Reservoir Lo
Mercury Pump 200
Mercury Flow Control Valve 8
Turbine-Alternator, 12 Stage (2 Alternators) 1,572
Condenser, dry (2) 187
Double-Acting Solenoid Valve (L) 27
Mercury Injection System Reservoir 200
NaK Pump, Heat Rejection Loop (2) 324
NaK Pump Heat Exchanger, Heat Rejection Loop (2) 4o
NaK Diverter Valve, Heat Rejection Loop 12
NaK Flow Control Valve, Heat Rejection Loop 25
Parasitic Load Resistor, dry (2) 160
Heat Rejection Loop Reservoir 142
Lubricant-Coolant Pump 26
_ Lubricant-Coolant Reservoir 12
Harness 463
Electrical Assemblies 1,860
Additional Electrical Components 536
Frame 1,484
Piping 828
Insulation 300
Fluid Inventories
Mercury k70
NaK - Intermediate Loop 485
NaK - Heat Rejection Loop 390
Polyphenylether - Lubricant-Coolant Loop 200
11,512 **

% Numbers in parentheses indicate number of units.
Weight given is for total units.

*% Doeg not include reactor primary loop components, shielding or radiator
assenbly.
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3.3.2.4 Component Support Designs

a. Boiler.- The boiler mounting concept is presented in Figure 3-2L.
A study was made to identify a mounting method which would minimize stresses in
the boiler caused by the boiler weight and the restraint of thermal movement of
the boiler at operating temperatures. A detailed stress analysis was performed
for the various concepts studied. The results of this study led to the arrange-
ment shown, with the boiler anchored at the mercury-vapor outlet end and pinned
at the NaK outlet end with several intermediate supports to distribute the grav-
ity load. The mercury-vapor outlet end was anchored to prevent transmission of
loads from the boiler to the turbine inlet housing. Because of the stiffness
of the boiler shell, the loads transmitted to the end points, with the result-
ing stresses, were excessive. To limit these stresses, the approach finally
selected was to "spring" the cold boiler so that it operated in a virtually
stressless condition at temperature.

b. Turbine—Alternator/Condenser.— The turbine—alternator/condenser
mounting concept is shown in Figure 3-25, which also shows the mounting brack-
etry. The mounting system must be able to accommodate the. following, factors:

° Axial expansion of the turbine housing between the condenser
and the turbine center line

. Vertical expansion between the condenser and the turbine-
center line :

[ Condenser radial ex@ansion

° Condenser gravity loading

° Piping loads at the condenser piping interfaces
° Vapor line loads imposed on the turbine

° Frame deflections

° Turbine-alternator gravity loading.

The design approach selected uses a formed bellows between the
turbine exhaust and condenser inlet to isolate the turbine exhaust mainfold
from the loads imposed directly or indirectly by the factors listed above.
Each bellows 1s restrained with two tie rods to prevent a large pressure
thrust from being imposed upon the turbine exhaust manifold. This pressure
thrust would result only if a condenser overpressure condition occurred dur-
ing testing since the nominal operating pressure is low. The bellows are
deflected during assembly g0 that they are unstressed during system operation.
Since the temperature (600°F) and pressure (2.5 psia) are low and the deflec-
tions are small, a formed bellows affords adequate reliability (a similar unit
operated for more than 10,000 hours in the 35-kWe system test loop).

The various brackets seen on the exploded assembly, Figure 3-25,
function as follows:
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The alternators are supported by trunnion mounts into which are
fitted the trunnion inserts located on the alternator housing. The trunnion
supports are slotted to accommodate the turbine axial expansion. These four
brackets sustain the turbine-alternator vertical loading.

The two center-line brackets position the turbine-alternator so
that the center of the unit does not move in the turbine shaft axial direc-
tion. These brackets are slotted vertically so that they take no vertical
load and cannot cause bending of the turbine housing.

The two condensers are bolted to a common condenser mounting bracket
which can move vertically on the condenser load-bracket shaft. This allows
the condensers to move downward to accommodate the vertical expansion of the
turbine exhaust manifold. It also transmits the condenser/piping interface
loads to the mounting frame which is bolted to the system structure. The only"
loads which can reach the turbine exhaust manifold are the vertical forces
acting on the condenser and loads produced by the angular displacement of the
bellows. These vertical forces are due to the weight of the condenser and
the vertical component of the piping interface loads, and are transmitted to
the turbine exhaust manifold through the bellows tie rods. The condenser
load spring is adjusted to balance the vertical forces so that the net verti-
cal force approximates zero.

Other designs considered all presented design and fabrication
camplexities that the bellows approach eliminated.

c. Reservoirs.- A comon mounting design was used for all system
reservoirs. Basically, each reservoir is connected to a support ring at the
top and bottom skirt of the unit by means of a flat spring so that normal
growth of the reservolr can be accommodated by deflection of the spring.

The spring at the top of the unit is a square U shape that can absorb the
axial growth of the unit. The thermal growth is away from the bottom of the
unit so that the reservoir does not load the connecting pipe. The intent was
to prepare a design which did not depend on moving or sliding parts in a
vacuum in order to function.

d. Pumps.- The pumps (NaK, mercury, and lubricant-coolant) were
bolted to brackets attached to the power conversion system or to the frame
itself. Slotted holes provided for thermal growth of the pump and motor
housings.

e. Paragitic Load Resistors.- Each parasitic load resistor was
bolted to a bracket using the lugs located on the unit near its center of
gravity. The bracket in turn is bolted to the frame. The mounting bracket
is split so that the parasitic load resistor can be installed or removed
without removing the bracket. A second support provided at one end of each
resistor acts as a stop. Between the two supports, bending moments introduced
at the component interface are translated into forces acting on the brackets.
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3.3.2.5 Piping Requirements

a. Piping Arrangement.- The piping arrangement for the power
conversion system is shown in Figure 3-21. The main flow piping in the inter-
mediate and heat rejection loops is 3~inchOD x 0.083~inchwall 316 stainless
steel, with the exception of the piping near the NaK pumps. The NaK pumps
have 2-inchOD x 0.065-inchwall suction and discharge connections (also of
316 stainless steel). The heat rejection loop piping, to and from the facil-
ity heat sink, is anchored at the frame interface for several reasons.

First, this decouples the heat rejection loop piping from the facility piping
which is an advantage since greater facility piping loads can be imposed on
the frame than on the power conversion system components. Second, as a con-
sequence of the above, the pressure losses in the lines to the heat rejection
loop heat sink can be decreased by using larger diameter piping than is used
in the system. The piping to the reactor primary loop will also be anchored
to decouple the power conversion system from the reactor primary loop.

The lubricant-coolant piping, which consists of low-temperature
small-diameter tubing, is anchored at the power conversion system structure
periphery.

Pressure losses for the intermediate and heat rejection loops are
given in Figure 3-26. Loop piping sizes were derived by matching the Nak
pump head rise with the system flow losses under transient and steady-state
conditions.

Pressure losses in the mercury loop are also shown on Figure 3-26.
The loop piping sizes were determined using the following guidelines:

o The mercury vapor line has a minimum pressure drop compatible
with the component and piping stress limitations.

° The mercury pump suction line must not restrict the pump NPSH
requirement of 10 psia, nor will it permit pressures in excess
of 40 psia during ground tests.

° The mercury pump discharge line must maintain minimum volume
within the head rise limitations of the pump.

The lubricant-coolant loop piping is sized for minimum system volume
compatible with the component flow requirements. Two overriding design criteria
were (1) the lubricant-coolant pump NPSH requirement of 1.8 psia, and (2) the
back pressure requirement of 2 to 5 psia to the bearings of the mercury pump and
turbine-alternator. The overall system pressure drop is not considered to be a
problem because the performance of the lubricant-coolant pump is adequate for
the current requirements.

b. Piping Stress Analysis.- Piping for the intermediate, mercury,
and heat rejection loops was analyzed for thermal stresses at the system
operating temperatures. 1In addition, the piping interface loads were calcu-
lated for one gravity assuming unsupported piping. The allowable rotating
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machinery interface loads are based upon existing configuration control

drawings for

these components. It was assumed that static components which

have not been designed or are being modified can withstand interface loads
comparable to loads that the connecting piping can accept. Some general
results of the piping stress analyses are as follows:

(1)

(2)

(3)

(&)

(5)

c.
method to be

To minimize stresses in the intermediate loop NaK-pump suction
lines and in the mercury vapor line, the boiler is mounted
using a combination of anchors, pinned supports, spring support,
and initial cold springing of the boiler itself,

Some 1lines do not require intermediate supports in the one-g
environment.

The intermediate loop and heat rejection loop lines to and
from the radiator are anchored at the power conversion system
frame interface with the facility piping.

The NaK diverter valves are considered part of the piping and
are not supported independently.

The boiler is considered anchored at the mercury-vapor outlet
end to minimize the length of the mercury vapor line. The
mercury-vapor line is as short as possible to minimize the
boiler/turbine inlet line pressure loss and the possibility
of mercury vapor condensation during system startup.

Insulation System.- A study was made to select the insulation
used for the power conversion system. Various kinds - such as

Min-K, reflective insulation, super insulation, and vermiculite - were

considered.

The criteria which influenced the selection were:
Cost
Fase of application and reusability
Resistance to nuclear radiation damage
Compatibility with NaK and mercury
Restraint on pipe movement
Adaptability to piping configuration changes
Weight and volume required
Chloride content (per MIL-I-2L42LlL)

Stability in a hard vacuum.
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In addition, it was decided that the surface temperature of the
insulation could be high enough so that personnel working on the loop would
require asbestos gloves. To minimize insulation weight and volume, the
insulation was sized for operation in a vacuum despite the fact that operation
in air during checkout would be required. Since the normal operating mode is
in vacuum this was the reference environment.

The material that best met the design criteria was Min-K¥ insulation
which can be used in blanket and tape form with a stainless steel foil jacket
around the outside.

In summary, vermiculite was not acceptable because of its high
chloride content; super insulation is excessively costly and fragile; reflec-
tive insulation is excessively bulky, heavy, and cannot be readily changed to
accomodate piping modifications. Since the manufacturer usuvally designs the
latter insulation system, design data are proprietary making this method very
difficult to study.

3.3.2.6 Electrical System

The electrical system appears in the block diagram in Figure 3-3.
The various electrical components are located in protective housings and
perform the functions described below.

a. Electrical Assemblies.- The low-temperature
electrical assemblies provide an actively cooled heatsink to maintain the
components at a stable temperature using 140°F lubricant-coolant fluid. This
fluid is cooled by a separate, external heatsink (a low-temperature radiator
or TSE equivalent). The following functions are performed by the components
in the low-temperature electrical assemblies:

° The voltage regulator provides a control signal proportional
to the frequency of the alternator output to the static exciter
to regulate the alternator ocutput voltage at the nominal system
output value.

° The speed control module operates in conjunction with the
saturable reactor and parasitic load resistor to regulate
the steady-state frequency of the alternator.

® The power factor correction assembly corrects the power factor
of the system and vehicle load demand on the alternator from
lagging to approximately unity (when the vehicle load is at de-
sign conditions). The purpose is to increase alternator effi-
ciency and hence available real-power output.

*¥Min-K insulation is manufactured by Johns-Manville Aerospace Products
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The electrical protective system protects the electrical system
from internal (power conversion system) and external (vehicle
load) faults. Any fault in the vehicle load is isolated from
the power conversion system by opening the vehicle load breaker.
An internal fault causes the power conversion system to shut
down following a programmed sequence of events. The electrical
sensors associated with the protective system operate from the
electrical signal they sense and do not require additional
power sources., Internal faults are distinguished fram external
faults by a time delay in the protective system which allows
the system time to recover from an external fault after the
vehicle load breaker has opened, and before action is taken to
shut down the system.

The inverter converts dc to ac power to start and operate the
pumps during the period preceding and subsequent to alternator
operation (startup, shutdown, and nuclear system decay heat
removal). '

The inverter for the electramagnetic pump converts dec to ac
power to start and operate the electromagnetic pwups during

all phases of operation. During startup, shutdown, and nuclear
system decay heat removal, the inverter input power is provided
by a dc power supply; during steady-state operation, the power
input is provided by a transformer-rectifier which receives its
power from the alternator.

The transformer rectifier converts 400 Hz alternator output to
dc power which is input to the electromagnetic pump inverters.

The inverter dc contactors are actuated by a signal from the
programmer and cause electrical energy to be transmitted to

the pump inverters. A latching design assures that no electri-
cal input is required to maintain them in an open or closed
position.

The motor transfer contactors are actuated by a signal from the
programmer and performs two functions: (1) cause the electrical
input to the rotating pumps to be switched to the inverter, or
(2) select the NaK pump which is to operate (redundant NaK pumps
are installed in both the intermediate and heat rejection loops).
When the actuating power is removed, the MICs automatically
transfer the pumps from the inverter output back to the alter-
nator output. For shutdown, the programmer actuates the MICs

to transfer the pumps back to the inverter output power for
decay heat removal.



) The saturable reactor controls the power delivered to the
parasitic load resistor from the alternator in order to
maintain nominal turbine speed.

° The speed control transformer assembly provides power to the
speed control module.

o The saturating current potential transformer, in conjunction
with the voltage regulator, provides alternator field current
to control the alternator output voltage.

° The vehicle load breaker connects and disconnects the alternator
to the vehicle load. A latching design assures that no electri-
cal input is required to maintain it in open or closed position.

. Parasitic Load Resistor.- This device functions in conjunction
with the speed control system by acting as a variable electrical load on the
alternator after the turbine speed enters the steady-state control range of
the speed control system. For normal operation, the speed control system
regulates the power dissipated in the parasitic load resistor to equal the
difference between the electrical output generated by the alternator and the
vehicle load demands together with the power required to operate the system
components. In this way, the unit maintains a constant electrical load on
the alternator so that the system state-point conditions are independent of
the vehicle load. The parasitic load resistor is immersed in the heat rejec-
tion loop fluid, and rejects to the fluid as waste heat the electrical power
absorbed.

c. Control Console.~ The combined system test facility control
console was designed to provide the following:

(1) System and component diagnostic instrumentation readout devices

(2) A power conversion system alarm panel

(3) A panel to permit remote manual control of the programmer and
to initiate startup and shutdown. During steady-state opera-

tions, the manual control panel permits:

° Adjustment of the mercury flow through the flow control
valve

° Interruption and reinitiation of the protective system
vehicle load breaker reclosing cycle

° Adjustment of frequency and voltage

(4) A control panel for remote manual control of each pump at
inverter output frequencies
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(5) A startup-shutdown monitor with manual control capabilities.
This monitor includes:

° An event recorder which indicates the startup or shutdown
sequence status

° A clock which indicates total elapsed time from initiation
of startup or shutdown

° An interval timer which indicates elapsed time of selected
startup and shutdown subsequences

° A "hold sequence" switch which stops the startup or shut-
down sequence at any point, except as follows: It shall
not be possible to manually "hold" the startup sequence
(or equivalent shutdown period), from the time that the
boiler isolation valve is opened until 90% of the first
mercury flow plateau time period elapses. The startup
(or shutdown) sequence shall continue from the point of
the "hold" when the "resume sequence” switch is actuated.

d.. Programmer.- The programmer controls all functions of the power
conversion system including sequencing on start, shutdown, and restart. It
provides for internal and external fault protection by the use of the protec-
tive system. The programmer would be located in the facility control room
for the combined system test at Plum Brook.

3.3.2.7 Interface Requirements

The regions of the power conversion system frame which have been
assigned for mechanical, electrical, and instrumentation interfaces are shown
on Figure 3-27. The power conversion system facility mechanical interfaces
are located along one face of the frame to simplify mating with facility test
support equipment. The loop vacuum/vent and fill-drain interfaces are located
at the top and bottom, respectively, of the frame for ground tests.

The interfaces between the electrical harness and the power conver-
sion system, and between the electrical harness and the facility will be
governed by the following guldelines:

° Routing will be determined on a full-scale mockup with
particular attention paid to thermal environment.

] Harness cable will be routed in bundles and clamped to
nonremovable frame elements.

® Conductors will be welded to the terminals.
) Conductor insulation will be designed for a vacuum
environment.
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The instrumentation harness- interfaces will follow guidelines
similar to those used for the electrical harness. In addition, appropriate
routing and shielding will be incorporated to minimize electrical interfer-
ence,

3.3.3 35~kWe System

3.3.3.1 System Configuration

The 35-kWe SNAP-8 envelope, shown in Figure 3-28, is a combined
truncated cone and cylinder divided into the following four main assemblies:

° The nuclear system containing the reactor and nuclear shield

o The gallery section containing the power conversion system
radicactive components

° The separation section containing the biological shield

° The main section containing the remainder of the power conver--
sion system camponents and the system controls. This section
is divided axially into two compartments of equal size which
are completely independent (no piping or components cross from
one compartment to the second).

A four-foot-diameter access cylinder through the center of the main
section frame accommodates initial component installation and subsequent
maintenance, since the main section would be surrounded with a radiator and
would not be accessible from the outside.

Accessibility to the gallery section components for initial assembly
is by means of removable frame members. After the system becomes operative,
the NaK 1is radioactive and the gallery section is not accessible.

The main section was designed to be compatible with a heat rejection
loop radiator around the outside. The gallery was designed to be surrounded
by a L4-pi shield.

The 35-kWe system flow schematic appears as Figure 3-29.

3.3.3.2 Component Arrangement and Mounting

Figure 3-5 (page 3-12) presents the overall 35-kWe SNAP-8 component
arrangement for the dual power conversion system configuration for manned
missions. The camponents are- listed in Table 3-VI.

The boilers, auwxiliary heat exchangers, primary loop NaK pumps, and
the primary NaK loop expansion reservoir are mounted in the gallery section to
minimize and centralize the volume containing radioactive materials. This con-
figuration permits the use of shadow radiation shielding as opposed to larger
and heavier individual camponent shielding.
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SYSTEM/COMPONENT LEGEND
PHL PRIMARY NaX LOOP
NMIX-1 NeK - MERCURY HEAT EXCHANGER (non.m;
RMHX-2 NaK - MERCURY HEAT EXCHANGER (BOILER
ASHX AUGLIARY START HEAT EXCHANGER
PNL PMA-1 PUMP MOTCR ASSEMBLY - PNL
PNL PMA-2 PUMP MOTOR ASSEMBLY - PNL
cP-1 COLD TRAP - PNL PMA-1
cF-2 COLD TRAP - PNL PMA-2
E-1 ECONOMIZFR - PNL PMA-1
E-2 FCONOMIZER - PNL PMA-2
OR-1 DELETED
OR-2 DELETED
FL-1 FILTER - PNL PMA-1
FL-2 FILTER - PNL PMA-2
PNR EXPANSION RESERVOIR - PNL
cv-1 CHECK VALVE - PNL
cv-2 CHECK VALVE - PNL
Hel: MERCURY LOOP
TAA TURBINE ALTERNATOR ASSEMBLY
sv-5 SHUTOFF VALVE - TAA
sv-6 SHUFOFF VALVE - TAA
M-1 FIOWMETER - TAA
FM-2 - TAA
0R-3 ORIFICE - TAA
OR-k CRIFICE - TAA
FL-3 FILTER - TAA
coND CONDENSER
Hg PMA PUMP MOTOR ASSEMBLY - Hg
sV-3 SHUIOFF VALVE - Hg PMA
Sv-b SHULOFF VALVE - Hg PMA
FM-3 FLOWMETER - Hg PMA
FM-k FLOWMETER - Hg PMA
CR-9 ORIFICE - Hg PMA
OR-11 ORIFICE - Hg PMA
FL-4 FILTER - Hg PMA
MIS MERCURY INJECTION SYSTEM
MIR MERCURY INJECTION RESERVOIR
M INJECTION VALVE - MIS
MRV RECHARGE VALVE - MIS
OR-10 ORIFICE - MIS
9 MoV CONDENSER ISOLATION VALVE - MIS
H FM-9 FLOWMETER - HgL
1 FCV FLOW CONTROL VALVE - Hgl
- 4 HRL HEAT REJECTION LOOP
i | TEMPERATURE CONTROL VALVE - HRL
1 1 PLR PARASTTIC LOAD RESISTOR
1 B HRR EXPANSION RESERVOIR - HRL
r% HRL PMA PUMP MOTCR ASSEMBLY - HRL
| mercuay waECTION oT-3 COLD TRAP - HRL PMA
| RESERVOR BE- ECONOMIZER - HRL PMA
OR-6 ORIFICE - HRL PMA
FL-5 FILTER - HRL PMA
sv-1 SHUIOFF VALVE ~ HRL
™M-T FLOWMETER - TO ASHX
SEPARATION SECTION COR-T CORIFICE - TO ASHX
ICL LUBRICATION AND COOLANT LOOP
- - LCH LUBRICANF AND COOLANT HEATER
NO.1 ICR EXPANSION RESERVOIR ~ LCL
NaK-MERCURY HEAT EXCHANGER {BOILER) OR-8 ORIFICE - ICL
OR-13 ORIFICE - ICL
L/c PMA PWMP MOTOR ASSEMBLY - ICL
OR-9 CRIFICE - LCL
FM-6 FLOWMETFR - ICL
TRA TRANSFORMER REACTOR ASSEMBLY
OR-15 ORIFICE - TRA
TSE TEST SUPPORT BQULEPMENT
Nak SODIUM-POTASSIUM
Hg MERCURY
1CA 1OW TEMPFRATURE CONTROL ASSEMBLY
FROG PROGRAMMER
SHUTOFF DEVICE
—— LUERICATION/COOLANT LINE
—_— PNL (NaX) LINE
HRL (NaK) LINE
-—— HGL (MERCURY) LINE
= ORIFICE

= FLOWMETER
—t— FILTER

Ed SOLENOID VALVE, DOUBLE ACTING
2 VALVE, MOTCR OPERATED
L
aru

SOLENOID VALVE
DIRECTION OF FLOW
LINE HEATER

Figure 3-29 35-kWe Power Conversion System Flow Diagram
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TABLE 3-VI COMPONENTS IN SNAP-8 35-KWE DUAL POWER CONVERSION SYSTEM

Component
NaX Pump -

Boiler

. Quantity

=

Start Loop Heat Exchanger

Primary NaK Loop Expansion Reservoir
Primary NaK Loop Check Valve
Mercury Pump

Mercury Flow Control Valve

Turbine Assembly .

Condenser

R PP NV PP PP H = D

Mercury Injection System

Heat Rejection Loop Flow Control
Valve

Parasitic Load Resistor
Auxiliary Start Loop Shutoff Valve

Heat Rejection Loop Expansion
Reservoir

Lubricant-Coolant Pump

Lubricant-Coolant Expansion
Reservoir

Lubricant-Coolant Shutoff Valves

Mercury Condenser Isolation Valve

STV I e o I AV}

Mercury Boller Isolation Valve
Alternator

High-Temperature
Electrical Assembly

n -
[\CINAV)

Low-Temperature
Electrical Assembly 1 2

Inverter

Programmer
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The gallery-section height was minimized by coaxially mounting the
two boilers, two auxiliary heat exchangers, and the expansion reservoir.
Effectively, the boilers and auxiliary heat exchangers acted as pipe runs from
the gallery interface to the NaK pump suction line interface. The reservoir
was located inside the boiler coil. The boiler/reservoir combination was
insulated as a unit with a two-inch thick blanket of Min-K insulation around
the periphery, across the top of the reservoir and across the bottom of the
auxiliary heat exchanger. The reason for this was to create a constant-
temperature definable environment for the reservoir.

To simplify the reservoir pressurization system, a captured-gas
inventory in the reservoir was used to provide the operating pressure. The
temperature of captured gas inventory with no regulator will follow the
envirommental temperature. The pressure "window" in the primary NaK loop is
set by a maximum inlet pressure of 35 psia to the reactor and 20 psia to the
NaK pump suction. Thus, the reservolr pressure was initially set to permit
punp operation at startup frequencies without cavitation. As the loop heated
up, the reservoir pressure rose to the normal operating value so that, by the
time the pump accelerated to its nominal operating point, the loop pressure
was properly set. An analysis established the steady-state gallery tempera-
ture profile and the primary loop reservoir transient response of the system
during startup; the results are shown in Figures 3-30 and 3-31.

Figure 3-32 shows the effect of increased gallery height on biolo-
gical shield welght. This assumes that the biological shield thickness is a
constant so that increasing the gallery height moves the biological shield up
the cone (see Figure 3-28) increasing its diameter and hence weight. The
reference for this curve is the shield for the 50-inch gallery. The gallery
target height was initially 50 inches.

The NaK pumps are mounted 180 degrees apart to facilitate component
mounting as well as the routing and hydraulic characteristics of the inter-
connecting piping. :

The component locations in the main frame section are based on the
same guidelines used for the 90-kWe system components. In the 35-kWe system,
the electrical assemblies are located as remote from the nuclear source as
possible. The corresponding components of the dual power conversion systems
are mounted 180 degrees apart thereby containing one set of power conversion
system components in each vertical half-section of the frame. This arrange-
ment also permits the use of duplicate component mounting brackets and inter-
connecting piping.

The following criteria were used in the design of the mounting
provisions for the components:

) ‘Three basic sectlions - bolted together

° + 6-g longitudinal acceleration

° one-g lateral acceleration

[ design for two sets of power conversion system components
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[ Components removable from 4-ft access tunnel, which can be a
structural member

. Mounting to external frame columns is prohibited
° Two-inch annular region reserved for radiator
° Vacuum and high-temperature environment

° Factor of safety = 1.10 based on yield stress
o Two-year shelf life
° Five-year operating life

Some general component mounting features should be noted. The
placement of all component mounts followed the ground rule that component
replacement shall not necessitate the removal of any other component or the
disconnection of any fluid piping not connected to the component being re-
placed. Original concepts of track and swing-out types of mounting were
discarded in favor of simpler rigid supports and additional piping to provide
adequate space for component replacements. None of the components in the
main frame section was mounted to the external frame since the frame members
were reserved for attachment of the radiators. Stainless steel mesh was
incorporated in some of the mounts to permit component thermal growth and to
support the component under handling loads.

3.3.3.3 Structural Design

The primary members of the gallery and main section frames are
stainless steel rectangular tubing (Figure 3-33). The selection considera-
tions for the frame members are the same as those stated for the 90-kWe
system frame.

To demonstrate adequate volume based on member sizes for launch
acceleration, the basic structure is designed to withstand a maximum gravity
vector of + 6 g's oriented along the longitudinal axis of the frame. Side
loads of 1.5 g's are included in the frame requirements to accommodate ground
handling. A detailed stress analysis verified design acceptability.

3.3.3.4 Piping Requirements

In general, the individual loop piping arrangement, guidelines, and
limitations are the same as those stated for the 90-kWe system. The 35-kWe
primary NaK loop contained the boiler, however, so that the mercury boiler
and turbine were relatively remote. Piping stress analyses were performed
for the individual fluid loops. -

In sumary the following conclusions are presented:

The individual pumps perform adequately, and meet their respec-
tive flow and pressure rise requirements at all speeds.

3-T2



€L-¢

SEPARATION SECTION
MATING RING

TIE ROD
(24 REQD)

AT
2X3X1/8 IN.

TUBING

. : _
NUCLEAR SYSTEM §
MATING RING |

Gallery Section Main Section

Figure 3-33 35-kWe Power Conversion System Frame

7FT, 6 IN.

9FT,9.36IN.




The component/piping interface loads are all within
tolerances.

The piping stress levels are acceptable.
The mercury vapor line requires preheating at startup (the

auxiliary start loop return line is used to assist electric.
trace heaters).

3.3.3.5 Electrical and Instrumentation Requlrements

The instrumentation and electrical subassemblies requirements
conform to those for the 90-kWe system.

3.3.3.6 Interface Requirements

The system interfaces can be summarized as follows:

The piping between the power conversion system and radiators
is anchored at the frame.

The piping between the gallery and power conversion system
is not anchored. This permits greater line flexibility and
specifically allows a minimum-length mercury vapor line,

The radiators are terminated one foot above the bottom of the
main section to provide an exit avenue for piping (drain lines,
service lines, etc.) to the gallery.

A two-inch envelope is left around the periphery of the main
section to leave radiator space so that the configuration will
not have to be changed later.

'The entire unit can be lifted from the top plane.

All major subsections are designed to be bolted together.

The main section/biological shield and the gallery/biological
shield can be remotely disconnected; flanges are bolted to-
gether with detachable bolts and captive nuts (Figure 3-34).

The intersection piping is designed for the use of remote
parting and automatic rewelding tools.

The main section frame can support the lubricant-coolant and
heat rejection radiators and the lubricant-coolant cold walls
in the combined system test (Figure 3-35).

All service lines are designed to be isolated during the
combined system test.
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3.3.3.7 Test Support Equipment

In conjunction with the 35-kWe system design, a study was made and
a conceptual design prepared to define requirements for associated test sup-
port equipment (TSE). The TSE requirements were determined primarily for
nuclear testing of the power conversion system at the NASA Space Power Facil-
ity. However, an approach was adpoted which would permit decoupling of the
equipment from an operating system, and which would provide flexibility in
the event of changes in the system concept and potential utilization in other
facilities. The adoption of this approach resulted in the definition of
three separate, transportable TSE carts.

The design and operation of each of the TSE carts are based on the
following ground rules.

° The controls and instrumentation required for the operation
of each cart are locally mounted and readily adaptable to
remote operation.

° The cart components and frame materials are compatible with
both vacuum and nuclear radiation enviromments.

o The cart frames are equipped with wheels, screw jacks, and
choch brakes to provide mobility between stations and stabil-
ity while in service.

° The cart interfaces are designed for maximum flexibility
in the selection of the test facility and PCS subsystenm
that is to be serviced.

a. Pressure, Vent, and Vacuum (PVV) Cart.- The PVV cart supplies
argon cover gas at pressures of O to 50 psig and a vacuum as low as 10~
microns. The PVV cart is designed for use on any of the individual loops in
the power conversion system and in conjunction with the TSE systems described
below.

b. NaX Purification Cart.- The NaK purification cart circulates
NaK at flow rates of O to 10 gpm. It can purify NaK to 5 ppm of oxygen or
less, and provides a means of determining the oxygen content to levels below
5 ppm. Finally, the cart can heat the togal NaK inventory of the purifica-
tion cart and loops to approximately 1350 F.

c. Lubricant-Coolant Fluid Service Cart.- This cart circulates
the service fluid, polyphenyl ether, at a flow rate of 6 gmm and heats the
fluid to 300 F. The cart also filters solids to a residue of approximately
1 ppm or less and removes gases from the fluid.
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3.4 FABRICATION AND ASSEMBLY

3.h.1 Full-Scale Mockups

The compact nature of the power conversilion system led to the decisg-
ion to fabricate a full-scale mockup of the power conversion system which
would function as an engineering design aid and fabrication tool.. Components
used in the mockup were space SNAP-8 hardware or wooden component mockups.
The major objectives of the mockup were as follows:

° Assist in the design of interconnecting piping and service
lines. Mockup pipe runs were to be used as patterns for the
final power conversion system piping.

° Develop the routing of the instrumentation and electrical
harnesses.

) Develop the routing for the lubricant-coolant loop piping.
° Assist in the location and design of piping supports.
. Verify component installation sequences and techniques, and

define critical areas or procedures.

. Bvaluate component, frame member, and piping locations in
terms of maintenance and replacement.

o Verify special tooling and equipment requirements.

3.4.1.1 Frame - 90-kWe Power Conversion System

The full-scale mockup frame for the 90-kWe power conversion system
shown in Figure 3-36 was fabricated at Aerojet. The frame was fabricated from
carbon steel and painted for environmental protection. The engine frame mate-
rial was stainless steel; however, for the low-temperature-environment power
conversion system ground test, it would have been possible to use the mockup
frame as a test structure instead of fabricating a new frame. The mockup
frame was fabricated to engine frame prints to derive maximum possible design
and fabrication feedback.

3.k.1.2 Gallery Section = 35-kWe Power Conversion System

The ground test frame, piping, and component full-scale mockups were
completed and are shown in Figure 3~37. Only instrumentation harnessing and
some component mounts were required to complete the mockup of the gallery
section. Flexible metal tubing was used to form the mockup boilers and piping.
The flexible tubing was then rigidized using an epoxy resin so that it could
be removed in sections to aid in the fabrication and assembly of the final test
piping. Actual pump housings were used in the mockup; the remainder of the
component mockups were fabricated from wood. The mockup was assembled in
accordance with a preliminary draft of a gallery assembly procedure which would
"be updated based on the mockup experiences to become the engine gallery assem-
bly specification. -
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3.4.2 Piping System Fabrication Investigations

3.4.2.1 Tubing Preparation

The dense packaging of the power conversion system components and
pilping and the requirement for system cleanliness led to the decision to use
semiautomatic tube-cutting and weld-preparation tooling for some phases of
fabrication and component replacement. Known tubing equipment manufacturing
companies who might have the required tooling were surveyed. One company was
identified as an organization that manufactured a standard line of portable,
manval, and compact tools that could be used for tubing cutting, cleaning and
deburring stainless steel tubing in sizes up to two inches in outside diameter.

3.4.2.2 Tubing Welding and Brazing

Investigations were undertaken to identify possible systems which
would automatically weld and braze tubing. It was intended to use braze
Jjoints in the lubricant-coolant system and weld joints in the liquid-metal
systems. Braze fittings are available which contain the braze alloy for the
tuﬁe Joint. The system is complemented by the tooling mentioned in section
3.4.2.1.

Hand butt-welding of tubing in SNAP-8 test systems occasionally
resulted in excessive weld drop-through or weld spatter and lack of penetra-
tion. To maintain system cleanliness, repeatable welds, and increase the
probability of successfully executing closure welds, automatic weld systems
were investigated. In addition, compact designs were required to permit
welding in the confined regions of the power conversion system.
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L,0 SYSTEM OPERATION
h,1 Q0-KWE SYSTEM

4h.1.1 Steady-State Operation

The steady-state design-point operating conditions for the 90-kWe
system are described in Section 3.0 of this report. In addition to the
design operating point, a number of off-design operating conditions occur
which represent deviations from the design point, but which may still be
considered steady-state operating points.

One of these conditions is operation with the reactor outlet NaK
temperature at the upper limit of the nuclear system control deadband. The
effect of this condition on the net electrical output is also discussed in
Section 3.0.

The effect of sunlight and earth shadow for space missions in a
near-earth orbit presents another such condition. As a vehicle moves from
sun to shadow, the heat rejection radliator temperature decreases, lowering
the condenser coolant temperature. This, of course, reduces the condenser
operating pressure which means that the backpressure on the turbine is lower
allowing an increase in turbine power and net electrical output.

The effect of reductions in vehicle load on system state-point
conditions offers yet another condition. When a part of the vehicle load is
removed from the system, the excess electrical output is absorbed by the
parasitic load resistor where it is transferred as heat to the heat rejection
loop. The effect is to raise the condenser coolant temperature which
increases the turbine backpressure. This results in a reduction in system
gross electrical output.

A final off-design steady-state operating point is due to the
effects of reductions in condenser mercury inventory primarily as a result
of turbine-alternator and mercury pump space seal losses during extended
operating periods. Using a condenser of the existing design in the 90-kWe
system means that the condenser will operate far from the original design
point. Condenser mercury inventory losses cause appreciable reductions in
mercury vapor pressure and a tendancy toward an unstable liquid-vapor inter-
face in a zero-g environment. However, since the 90-kWe system in its
present form was intended primarily as a ground test article in a one-g
environment, the interface instability problem is not significant. The
condenser would have to be redesigned if operation in a zero-g environment
became a requirement.
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h.1.2 Startup and Shutdown Modes

The 90-kWe test was designed primarily as a test article to start,
operate at steady-state, and shutdown in a one-g environment in the NASA
Space Power Facility at Plum Brook. Startup and shutdown procedures were
formulated for this system based on the procedures developed for earlier
SNAP-8 systems and the studies conducted to verify the acceptability of the
transients produced during startup. Similar studies to verify the accept-
ability of startup and shutdown procedures for a 90-kWe system, or for a
system,with an intermediate loop and a nominal reactor-outlet temperature of
1200°F , have not been conducted. However, extensive startup~- and shutdown-
transient studies were conducted earlier in the development program for system
with no intermediate loop and with a nominal reactor outlet temperature of
1300°F. The results of these earlier studies (combined with the facts that
the reactor operating temperature is lower, and the intermediate loop
attenuates temperature, transients) indicate that the startup and shutdown
procedures for the 90-kWe system will be acceptable. The details of some
specific conditions and procedures, such as the initial NaK flow and ac
frequency supplied to the pump drives at the beginning of startup, remain to
be completed.

h.1.3 System Transients

The major transients to which the system is subjected are associated
with startup and shutdown. The most severe transients occur during an
emergency shutdown. Lesser transients, which may be congidered as deviations
from steady-state operation, occur as a result of vehicle load changes, and
system and component degradations causing changes in parameters such as flows,
pressures, fluld inventories, and heat transfer effectiveness.

An analysis of transients, using a computerized dynamic simulation
of the system, is needed to adequately determine the effects of the various
transients on the overall system and on individual, critical components. .
Earlier versions of SNAP-8 systems were simulated on computers, but these
simulations were not updated to reflect the changes associated with the 90-kWe
system. So, while the effects of the various transients on the system and
components can only be estimated, the knowledge gained from the previous
studies, combined with an assessment of the potential effects of changes in
the system and components, provides a reasonable basis for these estimates.

The major criteria determining the acceptability of wvarious system
transients - particularly those associated with startup and shutdown - are
related to limitations of the reactor, the mercury pump, and the turbine
exhaust pressure.

The reactor limitations, defined by the nuclear system contractor,
are primarily associated with maximum allowable rates of temperature change
and maximum allowable temperature values. The limitations had been defined

¥ Most recent reactor coolant outlet temperature recommended by the nuclear
system contractor.
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for a specific reactor design with a nominal operating temperature of 13OOOF.
After the reactor limitations were established, design changes were
incorporated and a nominal operating temperature close to 12000F was
recormended by the nuclear system contractor. Although the contractor
indicated that some of the reactor limitations would be more restrictive as a
result of the design changes and information obtained from test evaluations,
revised reactor limitations have not been established.

The mercury pump limitation is primarily associated with suction
pressure requirements during startup when condensing pressures are low. This
limitation is not a significant factor for 90-kWe system operation in the
ground test facility since elevation head becomes the predominant factor in
determining pump inlet pressure. However, ground tests should demonstrate
the validity of principles and acceptability of equipment associated with
system operation in zero gravity. Consequently, studies of system transients
mast be conducted to determine the control conditions and hardware performance
requirements needed to maintain adegquate condenser and pump iniet pressures.

The turbine exhaust-pressure limitation is related primarily to the
condenger operating conditions. The design must assure that condenser
pressures during startup do not increase to the point where turbine
acceleration is impeded or turbine deceleration is induced. Therefore, system
transient studies must be conducted to determine just what controls and hard-
ware requirements are needed to assure that the proper condenser pressure will
be maintained.

Hardware requirements and proper control conditions had been estab-
lished for earlier SNAP-8 systems. Experience with these systems make it
reasonable to assume that similar equipment and procedures will adequately
meet limitations which may be imposed on the 90-kWe system. However, new
criteria and applicable limitations must be defined and transient studies
conducted before the startup and shutdown procedures, proper control conditions.
and hardware requirements can be established.

The hardware requirements and control conditions which must be
established are primarily related to the mercury injection system functions
and the operating characteristics of the heat rejection loop flow control
valve which regulates condenser conditions during startup and shutdown.
Concepts were generated for both the mercury injection system and the heat
rejection loop flow control valve. The primary functions of the mercury
injection system are (1) to introduce mercury into the Rankine-cycle loop,
at controlled rates, during power conversion system startup, and (2) to act
as a reservoir for the mercury inventory which is pumped from the Rankine-
cycle loop during shutdown. A secondary function is to provide a means for
adjusting the Rankine-cycle loop inventory during long periods of system
operation

A schematic of the mercury injection system is shown in Figure L-1.
During power conversion system startup, mercury is injected into the loop at
the mercury pump inlet, through the mercury injection valve, as the reservoir
volume is decreased by the movement of the actuator piston. Pressure is
applied to the actuator piston from the lubricant-coolant pump discharge.
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The rate of mercury injection is controlled by the action of the mercury flow
control valve. The mercury injection valve is closed when the reservoir
position indicator shows that the proper loop inventory has been injected.
The mercury condenser isolation valve is closed at the same time and the
mercury pump then circulates mercury through the loop.

During a normal power conversion system shutdown, the mercury
reservoir recharge valve 1s opened and the loop inventory is pumped back to
the reservoir, at a low rate, by the mercury pump discharge pressure. The
force exerted on the reservoir by the mercury pump pressure is greater than
the force exerted on the actuator piston by the lubricant-coolant pump dis-
charge thereby permitting the loop inventory to be returned to the reservoir.

During an emergency shutdown, the mercury reservoir actuator valve
is actuated to the "dqump" position. This action permits the lubricant-
coolant pump discharge pressure to act on the side of the actuator piston
which will move the reservoir bellows to rapidly increase the reservoir
volume. At the same time the mercury boiler isolation valve is closed and
the mercury injection valve is opened. As a result, the mercury reservoir
becomes a very low-pressure sink and mercury inventory is returned to the
reservoir by the differential pressure created by boil-off of residual
boiler inventery and by the condenser pressure.

The motor-driven heat rejection loop flow control valve performs
an important function during power conversion system startup and shutdown.
The heat rejection loop flow control valve is signalled to move in a manner
that will maintain the condenser pressure within a tolerance band around
the steady-state operating value. A condenser pressure sensor actuates the
valve motor in the proper direction. The condenser pressure is maintained
at a level near the steady-state operating value to assure adequate mercury
pump suction pressure and to prevent high condenser pressures which would
tend to inhibit turbine acceleration or induce turbine deceleration.
Therefore, during startup the valve increases heat rejection loop flow as
mercury flow and condenser heat load are increased. During shutdown, the
valve reduces the heat rejection loop flow as mercury flow and condenser
heat load are decreased.
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h.2 35-KWE SYSTEM

h.2.1 Steady-State Operation

The steady-state design-point operating conditions for the 35-kWe
system are described in Section 3.0. Studies were conducted to determine
the effects on net electrical output and system conditions of other steady-
state operating conditions which represent perturbations from the design
point.

The first condition is operation with the reactor outlet NaK
temperature at the upper limit of the nuclear system control deadband. The
effect of this conditlon on net electrical power is discussed in Section 3.0,
and the resulting statepoint conditions are shown in Figure 4-2.

The effect of variations in sun and shade enviromments for space
applications in a near-earth orbit is shown in Figure 4-3. As a result of
the decrease in heat rejection loop radiator temperatures when moving from
sun to shade, the condensing temperature is reduced approximately 25 F which
results in a decrease in turbine exhaust pressure of approximately 2 psia.
The increase in enthalpy available to the turbine produces an increase in
net electrical output of 1.9 kW.

Reductions in vehicle load demands on the system increase radiator
temperatures since the unused electrical power is dissipated in the parasitic
load resistor located in the heat rejectlon loop. The effect of the most
severe reduction in vehicle load demand (when the vehicle load is zero) is
shown in Figure U-l4, The increased radiator temperatures cause an increase
in turbine exit pressure, a reduction in enthalpy available to the turbine,
and a decrease in gross electrical output of approximately 2 kW,

During long-term steady-state operation, some mercury leakage occurs
from the mercury pump and turbine-alternator space seals. A conservative
estimate (based on tests) indicates a total leakage of 10 1b over 10,000 hours
of operation. The leakage is reflected as a loss in condenser inventory which
increases the available condensing area causing a reduction in the condensing
temperature and pressure. As a result, the net electrical output will
increase slightly, approximately 0.1 kW, as shown in Figure 4-5.

The effects of the off-design operating conditions on the electrical
output are summarized in Table L-T.
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TABLE 4-I. 35-KWE SYSTEM OFF-DESIGN OPERATING CONDITIONS

Alternator Net Electrical
Operating Condition Gross Output (kWe) Output (kWe)
Shade 59.9 38.9
High Reactor Outlet 58.0 37.0
Temperature
No Vehicle Load 56.0 0
10 1b. Mercury 59.1 38.1
Inventory Loss
Design 58.0 37.0
h.2.2 Startup and Shutdown Modes

The SNAP-8 35-kWe system must start and shut down automatically in
gravitational fields ranging from zero gravity to 1 g under differing initial
conditions. The system must undergo an initial startup when the system fluids
and components are "cold;" that is, at temperatures on the order of (but not
below) SOOF. During this startup, the entire mercury inventory must be
injected into the Rankine-cycle loop. The system must be capable of restart-
ing automatically under temperature conditions similar to the initial startup,
or under elevated temperature conditions resulting from a shutdown after system
operation. During a system restart, the full loop inventory is not injected
since the inventory located between the condenser outlet and boiler inlet
isolation valves is not removed from the loop. Two types of shutdown are
required. The first is a normal shutdown which is a gradual, controlled shut-
down sequence required by predetermined test planning or in the event of minor
system operating difficulties. The second is an emergency shutdown which is a
rapid, controlled shutdown seguence resulting from indicated potential major
system operating difficulties. During a normal shutdown, the resulting system
transients. are gradual and within specified limits so that at least 20 such
shutdowns can occur. During emergency shutdowns, however, the system
transients are more severe so that only a very limited number are permitted.
The primary purpose of the emergency shutdown is to limit the effects of
potential major system operating difficulties and thereby maintain the
integrity of the overall system.

* Potential major system operating difficulties include indication of loss of
flow in the primary or heat rejection loops, turbine overspeed and under-
speed, and condenser overpressure.
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Extensive gystem dynamic studies were conducted to determine the
proper startup and shutdown procedures for the 35-kWe system. These studies
were also used to determine requirements for hardware and ccntrol components
needed during startup and shutdown. The results of these studies are
discussed in detail below. The. detailed startup, normal shutdown, and
emergency shutdown procedures were determined from the results of these
system dynamic studies.

4.2.3 System Transients

L.2.3.1 Stertup

During the development of the SNAP-8 system, the startup require-
ments were changed a number of times from an initial requirement for a single
startup in space under zero-gravity conditions for an instrumented-rated
system, to a multiple restart under zero to one gravity conditions for a man-
rated system. To formulate system startup procedures which would result in
acceptable transients for both the power conversion system and the nuclear
system, dynamic studies were conducted using computer simulations of the
system or significant portions of the system. Initial simulations for both
the power conversion system and nuclear system were programmed on analog and
hybrid computers, and studies were closely coordinated with Atomics
International, the nuclear system contractor. Complementary studies were
also conducted by Atomics International in which more detailed reactor
simulations were used. The results of studies conducted by Atomics
International are reported in References 12 and 13, and in various SNAP-8
reactor system progress reports prepared by Atomics International for the AEC.

Initial system startup studies were aimed primarily at defining
procedures which would result in reactor temperature and power transients
that would not exceed limitations established by the nuclear system contractor,
and which would assure adequate net positive suction head for the mercury
pump. The nuclear system limitations are shown in Table 4-II and Figure L4-6.
The results of the studies conducted at Aerojet are presented in Reference 1k,
along with plots of typical system transients and preliminary requirements
for hardware and control components associated with startup. The initial
startup studies were conducted for a system required to start automatically
only once and with no rigid shutdown requirements other than to scram the
reactor. Therefore, some of the hardware and controls requirements
generated from these studies, such as condenser temperature control valve,
mercury injection system, and certain programmer functions, were of limited
usefulness. However, the procedures developed from the studies kept system
transients within the allowable limits and formed the basis for subsequent
studies following changes in startup and shutdown requirements.

The change in requirements to a multiple startup and shutdown
system for manned missions necessitated additional, expanded system dynamic
studies. A digital computer simulation of the system was programmed and
used to conduct studies for defining procedures and hardware requirements
for a restartable sgystem.
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TABLE L-II. SNAP-8 NUCLEAR SYSTEM OPERATING LIMITATIONS

Parameter

Thermal Power (kW)
o
Outlet Temperature ( F)

Inlet Temperature (°F)
o
Core Temperature, AT (F)
NaK Flow (1b/hr)
NaK Pressure in Reactor (psia): Operating
800-1300°F
<BOOOF

Rate of Change of NaK Temperature (°F/min)

Step Change in Temperature into Plenum (°F)

Number of Thermal Cycles, > BOOF *

Minimum

NA

NA

NA
(scram @ 10,800)

35

20

10

NA

NA

NA

* This limit does not include normal deadband cycling

Nominal

600

1300

1100
200

48,800

NA

NA

NA

Maximum
Steady Transient
600% 675
(scram @ 750)
1330 1450
(scram @ 1L00)
NA 1300
NA NA
65,000 70,000
50 (P
50 75
50 5
150 (1 min (See Fig. 4-6)
or more)
NA 10
150 NA




N

AN

o
o
<

600
200

‘NIW/4o “LNIISNVHL ONINNG

300

200
100

4o ‘IN3ISNYNL

ONINNAa

80 100

60

20
DURATION OF TRANSIENT, SECONDS

O

@)

UNIVE3dW3L 4O 3ONVHO 40 IONVHD IMNLVYIWIL I18VYMOTIY

31vy 318YMOTIV WNWIXYIN

Figure L-6 Allowable NaK Temperature Transients at

Reactor Inlet and Outlet

4-13



The studies conducted to define a restartable system were based
primarily on the following criteria:

° 20 starts without servicing

° 100 start cycles (servicing permissible)

] Both man-rated and instrument-rated concepts considered
° Zero- to l-g operation

° Fully automatic startup and shutdown

) Restart after controlled and certain emergency shutdowns
° Comply with latest reactor constraints

) Utilize operating requirements and characteristics of

existing hardware

° Utilize existing hardware where possible
° Restrict motion of mercury during launch and maneuver
® Contain mercury after shutdown

° Restart system to be readily adaptable for mercury inventory

trim
° Boiler conditioned to permit self-sustained operation
° Turbine or vapor line preheat using mercury vapor not
required
° Mercury loop evacuated and sealed prior to initial startup
° Power conversion system to be capable of more than one

startup attempt

° Restart system design should not require flight verification
 test
° Suitable with redundant power conversion systems
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The startup procedure developed for the restartable system was based
on methods devised for earlier versions of the systems. The major steps in
the startup process are:

(1) Flow is initiated in the primary and heat rejection loops at
low levels. DPump power is provided by a battery-powered
inverter. The reactor is started and brought up to nominal
operating temperature at a low power level.

(2) After reactor transients have settled, the primary loop flow
is increased to approximately 50% rated in preparation for
power conversion system startup.

(3) The power conversion system is started by injecting mercury
into the Rankine-cycle loop. The mercury flow is gradually:
increased and the turbine-alternator starts to accelerate.

(4) As the turbine-alternator accelerates and reaches approx-
imately 50% rated speed, all pump motor loads are transferred
from the inverter to the alternator. The turbine-alternator
continues to accelerate thereby increasing the speed of the
pumps and increasing flow rates in all loops until rated
speed is obtained. This procedure is referred to as a
"bootstrap" process.

(5) As the turbine-alternator reaches ‘rated speed, the mercury
flow is brought to a level at which sufficient electrical
power is generated to operate all system pumps and controls.
Mercury flow is maintained at this self-sustaining level
until reactor transients have settled.

(6) The mercury flow is increased gradually to the rated value
and net electrical output 1s increased until rated power is
produced. Electrical power may then be supplied to the
vehicle.

System and component transients determined for the starftup pro-
cedures investigated were compared with acceptable values for various critical
parameters. The most stringent limitations are those -associated with the
reactor, as shown in Table L-II and Figure 4-6, so that the rate of change of
reactor coolant temperature and reactor peak power are the most critical
parameters. A typical startup transient for a situation in which mercury is
injected at a rapid rate thereby producing the most severe reactor temper-
ature and power transients, is shown.in Figure L4-7. The 35-kWe system,
designed with two power conversion systems for redundancy, incorporates two
boilers in series in the primary NeK loop. Therefore, because of thermal
and transport lags, the startup transients imposed on the reactor will be
different, depending on which power conversion system (and therefore which
boiler) is operated during startup. The reactor transients when operating
the two different boilers on startup are compared in Figure 4-8. For this
comparison, the programmed mercury injection into the two boilers was the
same. The results show that injecting mercury into the boiler closest to the
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the reactor inlet produces the most severe transients.

The startup transients

imposed on the reactor are summarized in the table below which shows that
acceptable values are obtained during startup with either boiler operating.

Rate of Change of

Maximum Reactor Peak Power

Reactor Temperature Outlet Temp. (OF) (kWt)
Unit Allowed Computed Allowed Computed Allowed Computed
Boiler 1  300°F/min  190°F/min
in 30 sec in 30 sec
500°F /min  190°F /min 1375 1355 675 560
in 5 sec in 5 sec
Boiler 2 300°F/min  250°F/min
in 30 sec in 30 sec
500°F/min  395°F/min 1375 1368 675 6L0
in 5 sec in 5 sec

The startup studies and resultant transients described above were
based on reactor constants obtained from design studies and evaluation of
early reactor test results as supplied by Atomics International. The results
of subsequent tests with a reactor of modified design indicated that certain
reactor constants had to be changed so that additional startup studies were
required. The additional studies were expanded to include a set of conditions
which would test the validity of the startup procedure and the control com-
ponent characteristics to produce acceptable transients when extreme conditions
are imposed on the system (i.e., when a combination of system conditions will
produce transients which approach or tend to exceed the limits set for various
critical parameters). The results of the computer runs made to test these
limiting conditions are shown in Table L-III, and are presented as margins of
safety (i.e., a percentage of the maximum allowable value) for the critical
parameters when the margin of safety is defined by the relationship:

maximum allowable value - computed value
maximum allowable value

Margin of safety (%) = X 100

Therefore, a negative margin of safety indicates that an allowable
value for a critical parameter has been exceeded. The results shown in
Table 4-III indicate that the maximum allowable reactor temperature and the
reactor peak power parameters are exceeded under certain conditions when the
latest reactor constants were used in the computer simulation. These results
indicate that some modifications to the startup procedure or reactor control
characteristics may be required. Plots of the computed transients and a
discussion of the results and analytical techniques used in this study are
contained in Reference 15. The results of these startup studies formed
the basis for a series of tests conducted by Aerojet in the 35-kWe system
test loop and at the NASA/LeRC SNAP-8 system test facility. The results of
the startup tests conducted by Aerojet are discussed in Section 4.3.3.
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TABLE L-IIT

Parameter

Reactor Inlet, ’I‘5 (1)

- (2)
Reactor Inlet, T3O

Reactor Outlet, TS

Reactor Outlet, T30
Reactor Outlet Temperature
Reactor Power

Condenser Pressure

Radiator Inlet

Mercury Pump Suction Specific
Speed

MARGINS OF SAFETY FOR CRITICAL SYSTEM PARAMETERS

Max imum
Allowable

Value

9.17°F/sec
5.0%F/sec
9.17OF/sec
5.OOF/sec
1375°F

675 kW

4O psia

700%F

14,700

Reactor
Limit Test

Boiler 2

+6%
+50%
+70%

L

2%
-12%
+63%
+14%

+15%

(1) Meximum rate of change of temperature in a 5-second period

(2) Maximum rate of change of temperature in a 30-second period

Turbine-Alternator Condenser
Limit Test Limit Test
Boiler 1 Boiler 2
+8% +70%
+829, +54%
+93% +72%
+85% +52%
+4h ~2%
+51% -6%
+84% +55%
+209, +M%I
+50% +30%



Extensive system testing was conducted at the NASA-LeRC SNAP-8 test
facility to investigate significant startup parameters. Two of the most
significant investigated were the initial rate of increase of mercury flow
during the turbine-alternator acceleration period, and the rate of increase
of mercury flow up to the time when rated net electrical output is produced.

The initial rate of increase of mercury flow (the initial mercury
flow ramp) is maintained until a flow level (the self-sustaining flow) is
reached which will result in the generation of sufficient electrical power
to operate all system pumps and electrical controls. The initial mercury
flow ramp is a function of the mercury flow control valve characteristics
and the acceleration characteristics of the turbine-alternator. The turbine-
alternator acceleration characteristics are significant because the system
pumps are transferred to the alternator output from the inverter when the
alternator frequency exceeds the inverter frequency (approximately 50% of the
rated alternator frequency). Once the pump motors have been transferred to
the alternator output, the turbine-alternator will "bootstrap" to rated speed;
that is, the mercury flow will increase due to increased mercury pump
pressure resulting from increased pump speed. A range of initial mercury
flow ramps exists which will result in acceptable system transients. The
shortest initial mercury flow ramp (greatest rate of flow increase) is
determined by the boiler mercury inlet pressure buildup and the resulting
reactor temperature transients. The longest initial mercury flow ramp
(slowest rate of flow increase) is determined by the capability to sustain
the bootstrap process; that is, if mercury is introduced too slowly, the
turbine-alternator will not produce sufficient power to continue acceleration
after the pump motor loads have been transferred to the alternator output.

The results of startup tests conducted at the NASA-LeRC SNAP-8 test
facility show that initial mercury flow ramps extending over time periods
between 80 and 140 seconds are acceptable. Initial mercury flow ramps
shorter than 80 seconds in duration are not desirable since they prohibit
the use of an open-lcoop flow control and can result in unacceptable transients.
Tnitial mercury flow ramps longer than 140 seconds in duration are not
acceptable since marginal turbine-alternator acceleration occurs. A more
detailed discussion of these tests and plots of the resulting transients are
presented in Reference 16.

The rate of increase of mercury flow from the self-sustaining
value to rated value is significant since the condenser pressure must be
maintained close to the steady-state value during this period. If the
condenser pressure becomes low, mercury pump suction pressure can be reduced
to the point where cavitation can occur when operating in a zero-gravity
environment. If the condenser pressure becomes high, the turbine back
pressure can be increased to the point where output power is reduced and
turbine deceleration can occur. Therefore, a mercury flow ramp must be
provided which is gradual enough to permit the heat rejection loop flow
control valve to make the necessary NaK flow adjustments to the condenser
but does not unduly extend the startup period. The results of startup tests
conducted at the NASA-LeRC SNAP-8 test facility show that good control of
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mercury condenser pressure is attained when a mercury flow ramp time of 900
seconds is used. Satisfactory reactor temperature and power transients are
obtained when mercury flow ramp times of 500 seconds or more are used. More
detailed discussion of these tests and plots of the resulting transients are
presented in Reference 17.

4.2.3.2 Normal Shutdown

The change in requirements to a multiple startup and shutdown system
introduced the need for detailed studies of shutdown transients from which
procedures, control requirements, and assoclated hardware requirements could
be formulated. The shutdown transients investigated included not only those
occurring as a result of power conversion system shutdown, but also those
resulting from the nuclear system shutdown and the effects of the decay heat
generated by the reactor.

The transients associated with the power conversion system shutdown
portion of the overall system shutdown were investigated primarily with the
aid of a digital computer program. The shutdown process generally resembles
the startup process, but in reverse. The procedure basically involves
controlled reduction of mercury flow by means of the mercury flow control
valve, An idealized plot of mercury flow as a function of time is shown in
Figure 4-9. The major steps in the process are:

(1) A gradual reduction in mercury flow to a value which will
provide sufficient power to operate the system on the
electrical output of the alternator. During this period,
reactor power is reduced to an intermediate level and the
reactor power and temperature transients produced are well
within the limitations established by nuclear system
contractor.

(2) A period of constant mercury flow, at a level to permit self-
sustained system operation. This period, labelled as the
"plateau" condition on Figure 4-9, allows for stabilization
of the reactor power and temperature transients before
additional, more severe transients are imposed.

(3) A rapid reduction in mercury flow to a low value adequate to
maintain a condensing pressure high enough to permit return-
ing most of the mercury loop inventory to the mercury
reservoir. During this period, the turbine-alternator will
decelerate to a speed at which the alternator frequency
matches the frequency of the pump inverter and the pump
electrical loads will be switched to the inverter thereby
operating the system pumps at reduced speed.
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(1) A period of low mercury flow (3 to 5% rated flow) when the loop
inventory is returned to the mercury reservoir. At the end of
this period,. the mercury flow control valve and mercury loop
isolation valves are closed and the reactor is programmed on
a "fast setback" mode.

(5) Primary and heat rejection loop flows are continued at low
values for an extended period of time to remove the fission
product decay heat generated in the reactor.

Typical shutdown transients obtained using a digital computer
simulation are shown in Figure 4-10. The significant transients are those
occurring during the first 1200 seconds when mercury flow and reactor power
are gradually reduced and the reactor power and temperature transients are
permitted to stabilize. The second portion of the transients-shown in
Figure 4-10, those after 1200 seconds, were superseded by later detailed
studies.

Typical reactor and primary-loop transients obtained from this
latter phase of shutdown are shown in Figure 4-11 for a simulation including
the latest reactor constants obtained from the nuclear system contractor.

The transients indicate that the maximum allowable reactor temperature is-:
exceeded thereby requiring some modification of the shutdown procedure.
Mercury-loop transients associated with this same shutdown period are shown
in Figure 4-12 in which mercury flow to the boiler, turbine-alternator

speed, and condenser conditions are plotted. The plot of condenser inventory
indicates how the mercury loop inventory is returned to the mercury reservoir
during this phase of shutdown. The plot of condenser inlet pressure indicates
how pressure 1s maintained in the condenser at the very low mercury flows by
the action of the heat rejection loop flow control wvalve.

Additional shutdown studies, particularly those associated with the
reactor decay heat removal portion of system shutdown, were conducted with
the aid of the digital computer program TAP (Thermal Analyzer Program) which
provided a simplified simulation of the power conversion system and a more
detailed simulation of the nuclear system. A description of TAP, a guide to
the use of the program, and the simulation of several key elements used for
the SNAP-8 system simulation are contained in Reference 18. The results of
studies to determine flow requirements in the primary and heat rejection
loops for removing reactor decay heat following the reactor "fast setback”
shutdown period indicate that the primary loop and heat rejection loop NaK
pumps should be operated at a frequency that provides approximately 20%
rated flow in the primary loop. Flows of this magnitude must be maintained
for a period of at least 1.5 hours to reduce reactor temperatures to
acceptable values (on the order of 10000F). Following this 1.5-hour period,
the following possible courses of action exist:
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(1) Continue operation of primary loop and heat rejection loop NaK
pumps at a speed corresponding to approximately 20% rated flow
for an additional, minimum time of 4.5 hours.

(2) Continue operation of the primary loop NaK pump only for an
additional minimum time of seven hours.

The first will reduce reactor temperatures to a level substantially
below the maximum 1100°F limit established by nuclear system contractor as a
safe isothermal temperature for extended periods of time after shutdown. The
second course of action will reduce reactor temperature initially to a level
below the 1100°F isothermal temperature limit with a subsequent rise in
temperature to approximately 1100°F after all pumping is stopped. Figure L4-13
shows the peak temperatures that will occur at the reactor inlet or outlet
when all pumping is stopped at various times after the reactor "fast setback”
has been completed.

An analysis of these actions was conducted with the assumption that
the reactor would have a view of space or a cold wall for rejecting some
heat by radiation. With the introduction of the L-pi shielded configuration,
the operation of the primary loop and heat rejection loop NaK pumps should be
extended to assure adequate reactor cooldown. A system shutdown sequence
was formulated which provides a conservative allowance for operation of the
NaK pumps at reduced flows for a period of eight hours after reactor shutdown.
Additional studies should be conducted to determine whether or not the period
of pump operation could be shortened to reduce battery power requirements.

4.2.3.3 Emergency Shutdown

The requirements to provide a system with multiple startup and shut-
down capabilities for use in a combined system test and manned-mission
applications emphasized the need for studies to determine the severity of
transients imposed by emergency situations, and to establish ways to reduce
the transients by employing appropriate corrective actions. The scope Of the
emergency shutdown study was limited to those situations which could result
in excessive reactor transients or produce conditions which may jeopardize
the integrity of the system fluid loops or components.

A qualitative evaluation of potential emergency shutdown situations
indicated that the most severe situations would occur if loss of flow
occurred in either the primary loop or the heat rejection loop. Loss of flow
in the primary loop eliminates the possibility of removing reactor heat
either during a rapid shutdown or as a result of the decay heat generated by
fission prodﬁcts. Loss of flow in the heat rejection loop eliminates the
possibility of rejecting heat which is generated in the reactor or transferred
to the mercury loop. Therefore, studies were conducted to determine
transients primarily associated with the reactor as a result of loss of flow
in either NaK loop. The most rapid rate of decrease of NaK flow occurs in
conjunction with a NaK pump failure involving an impeller or rotor seizure.
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A NaK ‘flow decay curve resulting from such an incident was obtained
‘from test data and is shown in Figure 4-1L. The flow decay curve was used
in studies to determine transients involved in loss-of-flow incidents. The
studies were conducted with the aid of the previously mentioned TAP digital
computer program,

The initial results of studies to determine the effects of loss of
primary loop flow showed that high rates of temperature changes (50°F/sec)
in the reactor accompanied the rapid initial decrease in flow and that high
maximum temperatures (>165OOF) will be produced at the reactor outlet. The
longer the flow decrease persists without some corrective action being taken,
the higher the maximum temperature at the reactor outlet will be. If loss of
flow is detected, a reactor "fast setback" is initiated and the redundant NaK
pump is started as a corrective action; the maximum temperature at the
reactor outlet can be reduced to acceptable values (<1475°F). Typical
results from this study are shown by the flow and temperature plots in
Figure 4-15 which also shows the assumed flow decay curve.

Since the redundant NaK pump may not always be available for the
corrective action, a more positive means of assuring NaK flow is to supply a
backup pump with a reduced flow capability. Typical reactor temperature
transients for a system employing this type of corrective method are shown
in Figure 4-16. High initial rates of temperature change occur in the
reactor, but the maximum temperature can be kept within allowable values if a
backup pump with a flow capability about 20% of rated flow is used. This
method has been recommended and is incorporated in the emergency shutdown
procedure formulated for the system.

The studies conducted to determine the effects of loss of heat
rejection loop flow were based on the assumption that, when a loss of flow
is detected, the power conversion system would be shut down and the reactor
started on a fast-setback mode. Two types of cases were studied for
incidents involving loss of heat rejection loop flow. For the first type,
it was assumed that the overall system would contain redundant power
conversion systems so that flow could be initiated in the heat rejection
loop of the redundant power conversion system at a level consistent with the
low-frequency speed of the pump inverter (approximately 20% of rated flow).
If the overall system did not contain a redundant power conversion system,

a backup pump could be used to supply an equivalent flow, For the second
type of flow-loss incident, it was assumed that no redundant power conversion
system or heat rejection loop backup NeK pump would be available to supply
flow following loss of flow. In both cases, it was assumed that a backup
pump was available to supply approximately 20% flow in the primary loop
following the power conversion system shutdown.

Reactor .temperature transients resulting from these two cases are
shown in Figure 4-17. Inltlal rapid rates of temperature change occur at
the reactor outlet (50 F/sec) as a result of the primary loop flow decrease
as the power conversion system is shut down and peak temperatures are
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limited to acceptable values by the primary loop backup NaK pump flow. For the
case with no heat rejection loop backup pump, the reactor tends to become iso-
thermal at temperatures around 1300 F, which is not desirable. For the case -
with heat rejection loop backup pumping, satisfactory reactor temperatures are
maintained; that is, peak temperatures are less than 1475 F, and the reactor
isothermal temperature is less than 1100°F. A shutdown procedure providing
for a heat rejection loop backup pumping capability of approximately 20% of
rated flow has been recommended.

A limited number of system shutdown tests was conducted at the NASA/
LeRC SNAP-8 test facility including tests to simulate loss of heat rejection
loop flow. The test results are discussed and plots of the system transients
are presented in Reference 19. The results of these tests show that the
system can be shut down rapidly without exceeding the reactor temperature
limitations if primary-loop NaK flow can be maintained at a reduced level
following shutdown of the power conversion system.

Other incidents (such as condenser overpressure, turbine-alternator
overspeed, and alternator undervoltage) can also precipitate emergency shut-
downs, but the emergency shutdown procedure is the same in all instances.
Detailed studies of these other types of emergency situations were not
conducted but would be included in more comprehensive safety studies which
would be performed before initiating combined system tests. The safety
studies would also include additional studies of the loss-of-flow incidents
which would result in some reflnements to the emergency shutdown procedure
and equlpment

k2.4 Restart System Component Studies

The system startup and shutdown studies conducted with the digital
computer simulation were used to define hardware and controcl component
requirements as well as to define the procedures and transients involved.
Additional related studies, both qualitative and quantitative, were needed
to adequately define the restart system component requirements. The restart
system components consist of the mercury reservoir and actuating device, the.
mercury flow control valve, solenoid valves to direct the flow of mercury to
and from the Rankine-cycle loop, and the heat rejection loop flow control
valve to control condenser conditions.

" A major item in the definition of the overall start system has been
the mercury injection system which basically includes the mercury reservoir
and the actuating method for expelling mercury from the reservoir. During
the development of the SNAP-8 system, the mercury injection system has under-
gone a number of design iterations with the identification of the point for
injecting mercury into the Rankine-cycle loop being a significant factor.

The injection point may either be downstream of the mercury pump (thereby
requiring a high-pressure gystem to inject mercury at pressures slightly
greater than the pump discharge pressure), or upstream of the mercury pump
(thereby requiring a low-pressure system to inject mercury at pressures
sufficient to meet the pump suction pressure requirement. )
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In the early stages of system development when a single startup
was required, the relatively simple startup system shown in Figure L4-18 was
devised which consisted of a regulated, gas-pressurized mercury reservoir.
During injection, mercury flow to the boiler was metered at the proper rates
by the mercury flow control valve. During injection, back-flow through the
mercury pump was prevented by the check valve located at the pump discharge.
When the loop inventory had been injected, the mercury pump circulated the.
flow through the loop and the valve at the pump discharge since pump
pressure then becomes greater than the injection system pressure. A temper-
ature control valve located at the condenser NaK outlet assured adequate
mercury pump suction pressure when the pump is required to circulate the
mercury. -The temperature control valve regulated the flow of NaK coolant
to the condenser thereby controlling condensing temperature and pressure
which is the primary factor in determining mercury pump inlet pressure.
Components for this system were used durlng tests conducted with the 35-kWe
system at Aerojet.

- Upgrading SNAP-8 to a man-rated system with the capability for
multiple starts and shutdowns, including the ability to. cope with
emergency shutdown situations, required a reevaluation of the basic startup
concept and components. The reevaluation took the form of qualitative and
quantitative studies with several iterations performed to account for '
additional functions required of the restart system and changes in state-
point conditions and system configuration.

Early restart system concepts, preliminary startup and shutdown
procedures, and preliminary hardware requirements were devised for low-
pressure injection systems with actuation provided by pump pressure
generated by the lubricant-coolant and mercury pumps. A more comprehensive
qualitative study was conducted to evaluate the relative merits of various
concepts for both high- and low-pressure injection systems. The results of
this study and detailed system transient studies were used to generate start-
up and shutdown sequences and hardware requirements for a mercury-pump~
pressurized, low-pressure restart system. During the transient studies
conducted to define the requirements, it was determined that a valve more
versatile and sensitive than the temperature control valve previously
mentioned was needed to control NaK flow to the condenser during startup
and shutdown. Therefore, preliminary requirements were established for a.
heat rejection loop flow control valve which could respond to signals from
the programmer and from pressure transducers located at the mercury inlet
to the condenser.

Interest was revived in high-pressure injection systems which
could meet the restart requirements because of the interdependence of
mercury flow and turbine-alternator acceleration during critical phases of the
startup sequence with low-pressure injection systems.. This interdependence
presented some complications in defining the mercury flow control valve
orifice characteristics for the period when turbine and pump speed increase
from approximately 50% rated to full speed. A gqualitative study of candidate
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high- and low-pressure injection systems was conducted. The results
indicated that with a high-pressure injection system the mercury flow
control valve characteristics could be more easily defined. Therefore, the
startup and shutdown procedures and component requirements for a high-
pressure injection system actuated by a separate pump-pressurized hydraulic
fluid subsystem (as shown in Figure 4-19) were established.

As more information on startup transients was obtained from
computer studies and test results from the 35-kWe system, it became evident
that a feasible low-pressure injection system could be devised which would
have advantages over a high-pressure system. An additional study of the
relative merits of several candidate high- and low-pressure injection
systems was conducted which included a detailed, quantitative analysis of
the characteristics of the various systems and their capabilities to meet
the numerous requirements of a system with restart capability. The results
of the study were used (in conjunction with results obtained from 35-kWe
system tests conducted at Aerojet and NASA-LeRC) to define the startup and
shutdown procedures and component requirements adopted for the 35-kWe
system. The procedures and component requirements for the system (as shown
in Figure 4-1) formed the basis for the restart system component
specifications. '

The overall result was the definition of a feasible restart system,
procedures, and components capable of meeting many diverse and stringent
requirements. Many of the basic approaches to meeting the overall require-
ments and the component design principles involved should be applicable to
other Rankine~-cycle loop systems for ground or space power applications.
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h.3 SNAP-8 SYSTEM TESTING

The objective of the SNAP-8 test program was to evaluate the per-
formance and endurance potential of the components and system. Specific
objectives were to observe interactions between the components and the system,
to detect any life-related degradation or other reliability phenomena, to
obtain basic off-design system performance data, and to investigate transients,
including the demonstration of start and stop modes. These objectives were all
successfully met.

The testing identified numerous areas of significant component and
system interactions such as cause and effect relationships in boiling insta-
bility, system contamination, mercury inventory control, and transient opera-
tion. Endurance testing provided a measure of system reliability, and
strengthened confidence in the integrity of the SNAP-8 power conversion system
to operate continuously for more than 10,000 hours.! Performance mapping of the
system identified the basic off-design performance of the components and sys-
tem. The mapping defined the reactions of the system to disturbances that
would be imposed by the reactor control system, sun-to-shade operation,
radiator temperature variations, and mercury inventory variations.

The testing provided a physical demonstration of the feasibility of
remote startup and operation of large liquid metal power conversion systems
for space use. It also contributed to the knowledge of material properties,
large liquid metal loop cleaning techniques, and liquid metal test facility
design.

h.3.1 Test Facilities

Test programs were conducted at both NASA (Lewis Research Center)
and Aerojet-General Corporation (Azusa Facility). :The NASA testing was per-
formed during the period 1965 through 1969 using a test facility known as W-1.
The program consisted of three phases. The first phase (Reference 20) was a
study of reactor transients. The.facility contained a boiler and condenser;
other components were simulated with test support equipment. The second
phase (References 21 and 22) was a period of testing using a complete power
conversion system. The principal objective was endurance testing using a
double-contaimment, tantalum and stainless steel boiler. The third phase
(References 19 and 23) studied startup and shutdown characteristics of the
system. Shutdown sequences were performed which simulated both normal and
emergency shutdown conditions.

At Aerojet, testing began in 1964 in a facility known as Rated Power
Loop 2 (RPL-2). The facility had a complete mercury loop with test support
equipment used in the NaK loops. The testing primarily studied boiler, turbine,
and condenser performance. o
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During 1965, testing began on a complete 35-kWe system known as
Power Conversion System 1 (PCS-1) (Reference 24). This system incorporated
all of the SNAP-8 components with the exception of the reactor, radiator, and
fluid reservoirs. System testing was conducted with gas heaters replacing
the reactor, an air-cooled heat exchanger replacing the radiator, and gas-
covered reservoirs replacing flight-type bellows reservoirs.

An overall view of the actual PCS-1 is not possible due to the
interference of test cell walls and structure. Photographs of a scale model
are used to give the best perspective of the test facility and system size
and geometry. Figure 4-20 shows front and rear views of a l/h-scale model of
the facility and system. A schematic of the system is presented in Figure h—?l.

4.3.2 Endurance Testing

Endurance testing ﬁas alwéys an objective in the test program, but
it was not until 1968 that a true test of the power conversion system at
Aerojet could be made. The components used in the power conversion system

tests are listed below.

Boiler

Condenser

Mercﬁry Pump

Primary NaK Pump

Heat Rejection NaK Pump

Lubricant-Coolant Pump

Turbine Alternator

Parasitic Load Resistor
AMercurbelow Control Valve
- Lubricant-Coolant Valves .

Mer cury Isolation Valve

Auxiliary Heat Exchanger

Mercury Injection System
Start Programmer
Inverter

Speed Control Module
Saturable Reactor
Voltage Regulatqr

Static Exciter

Motor Transfer Contactor

~Speed Control Transformer

Stabilization Assembly
Protective System

As shown in Figure L-22, the accrued operating time began to rise
sharply in 1968. By the end of testing in 1970, the operating time of the
power conversion system at Aerojet had reached a total of 13,400 hours.

Particularly noteworthy was an endurance test conducted on a single
set of components. The objective was to have a specific power conversion
system operate as long as possible without replacing any component. This
approach allowed observation of any life-related system deficiencies or

unexpected operating characteristics.

The "single-set" test met, and exceeded,

expectations. Originally, the objective was to operate 2500 hours with the
single set of components. The test was terminated after 7300 hours of opera-
tion. The primary reason for terminating the test was to conduct an inspec-
tion of the turbine which had accumulated more than 10,000 test hours.
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The single-set time was counted on the basis of the component with
the least number of operating hours, in this case the mercury pump. Other
components had significantly greater operating times; some passed the 10,000-
hour mark, the original SNAP-8 life requirement. The operating times of the
components at the T300-hour, single-set point were:

Turbine-alternator ) 10,800 hours
Primary loop NaK pump 7,600

Heat rejection loop NaK pump 7,900 |
Mercury pump ’ 7,300
Lubricant-coolant pump 12,700

Boiler ‘ 8,700
Condenser 13,200
Electrical controls 11,300

A special test was conducted during the single-set operation to
determine the presence, and extent, of any long-term system transients. The
system was adjusted to its design operating state and allowed to operate with
absolutely no further adjustments being made. This procedure allowed the
detection of any slow, otherwise unnoticeable, transients or system degrada-
tion. 1In all previous testing, the objective had been to obtain specific
data on various components or some system characteristic, so manual adjust-
ments to the system coperating point were frequently made.

The "hands-off" operational mode was continued for 1400 hours.
Although no large transients were observed, there were nevertheless, phenomena
detected which otherwise would have been masked by normal data scatter and
would have gone undetected. Over the 1400-hour period, the alternator output
gradually decreased from 54.5 kw to 49.5 kw.

The power decrease was due to two factors: a decrease in mercury
flow, and a turbine performance degradation. The decrease in mercury flow
which was caused by an increase in boiler pressure drop accounted for 70% of
the power decrease. An increase in boiler pressure drop is not unexpected
and, in fact, is indicative of improved mercury wetting within the boiler and
potentially better quality vapor. The change. in boiler pressure drop and the
resultant power loss was not a system problem. The system was equipped with
a mercury flow control valve which could have readily adjusted for the change
in boiler pressure drop. The flow-control-valve margin far exceeded the
alteration required to compensate for the boiler pressure drop change. The
hands off operation showed that some degree of mercury flow control valve
adjustment would probably be necessary in a SNAP-8 application.

A turbine performance decline of approximately 2 percentage points
in efficiency accounted for 30% of the power decrease. Turbine performance
decline does not represent a hazard to system life potential; the turbine is
considered capable of at least 20,000 hours of operation. Performance degra-
dation is expected in a long-life system and was anticipated in the original

k-39



design. The SNAP-8 system design included a degradation allowance of 2 kWe
which is sufficient to compensate for the observed turbine performance change.

Endurance testing provided a quantitative measure of the reliability
of the SNAP-8 power conversion system. The components and system as a whole
demonstrated a clear potential for at least a 10,000-hour life. Throughout
endurance testing, the system was stable and gave no evidence of any life-
limiting characteristics. The long-term transients which were observed were
within the range for which compensation and allowance had been provided.

4.3.3 System Performance Evaluation

4.3.3.1 System-Component Interactions

Testing in PCS-1 resulted in acquisition of performance data for
all of the components in a system configuration. The system and component
interactions observed in the system tests are presented in detail in Refer-
ences 24, 25, and 26. Specific phenomena observed were:

. Quantity of unvaporized liquid droplets in the mercury
vapor stream

) Effects of deconditioned boiler performance

° Pressure fluctuations generated by the boiler and the
effect on system output

° Effects of partial loss of mercury inventory

) Pressure transients generated within the boiler during startup
° Degradation of turbine efficiency

. Effects of mass-transfer buildups on turbine performance

° Effects on the system of various types of component failures
° Effects of noncondensable gas in the system

° Condenser pressure instabilities

° Condenser choked flow phenomenon (References 4 and 26)

° Effects of rapid electrical load variations

° Speed control system perturbations

° Effects of mass transfer and gas accumulations on pump

rerformance.
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4.3.3.2 Transients Imposed by Operating Mode

The SNAP-8 system can experience numerous transients as a result of
conditions associated with normal control functions of the mission. Extensive
testing was performed to define the system reaction to these conditions. The
following operational conditions, detailed test results of which are contained
in References 24, 25, and 26, were studied during system testing:

. Boiler NaK temperature variations resulting from normal reactor
control system perturbations

) Condenser NaK temperature variations resulting from missions
having alternate sun-shade operation '

° Mercury inventory variations resulting from space seal leakage
or other causes of inventory loss
. Component and system heat load variations resultlng from sun-
- shade effects on the coolant systenm

.. Automatlc system shutdowns caused by varlous system fallures
or mishaps.

4.3.3.3 Remote System Startup Demonstration

A significant phase of the SNAP-8 program was the development and
demonstration of a method to start the system remotely in space. The basic
ground rule was that the power conversion system must start reliably without .
imposing excessive thermal gradients on the reactor. In a sense, an optimum
procedure exists, since the surest way to start the power conversion system-
is a rapid startup, whereas reactor reliability favors a slow startup. Exten-
sive studies were conducted to develop a startup scheme which would be com-
patible with both the reactor and power conversion system. In 1968, a series
of system startup tests was conducted to verify the results of the startup
study program. Thé tests demonstrated the automatic remote startup capability
of the SNAP-8 system. -

Startup was divided into two separate phases: a reactor heatup
phase, and a power conversion system startup phase. To simulate the reactor
heatup phase, a dc inverter ran the lubricant-coolant pump and NaK pumps at
about one-fourth speed. During this phase, the NaK loops were coupled by an
auxiliary heat exchanger which provided a simulated heat sink for the reactor.

The first step in power conversion system startup was to increase
the NaK and lubricant-coolant flows to about one-half rated value; this was
done with the dec inverter. At this point, the mercury loop of the power
conversion system was started. The mercury loop startup was a "bootstrap"
operation. Mercury was injected into the boiler under pressure at a controlled
rate to start rotation of the turbine-alternator and mercury pump which was
electrically coupled to the alternator. When the turbine-alternator accelera-
tion reached one-half speed, the NaK and lubricant-coolant pumps were trans-
ferred electrically to the alternator and all rotating components completed
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acceleration to rated speed simultaneously with the turbine-alternator. As
rated speed was approached, the electrical speed control system took over to
control the speed and electrical output of the system.

The system startup scheme was first demonstrated with a SNAP-8 power
conversion system under test at Aerojet. Similar but more extensive tests
were subsequently conducted at NASA LeRC using an electric NaK heater as the
reactor simulator. All startup tests required simulation of both the reactor
and the radiator with. appropriate heat exchangers. Future testing was planned
at the NASA Plum Brook Space Power Facility to merge a power conversion system
and a reactor to more accurately define the characteristics of a startup.

The primary results of a typical startup are shown in Figure 4-23.
The data begin after the reactor heatup period and just before mercury injec-
tion; therefore, the pumps were all at one-half speed except for the mercury
pump which accelerates with the turbine-alternator. The data show the mercury
flow ramp, the turbine-alternator acceleration, the acceleration of all pumps
together after one-half speed is reached by the turbine-alternator, the alter-
nator output power, and boiler temperatures. Boiler outlet temperature is the
critical parameter in the startup, as far as the reactor is concerned. The
most severe transient the reactor experiences is during the relatively high
initial mercury injection rate which accelerates the rotating components.

The tests demonstrated the validity of the SNAP-8 startup scheme.
All thermal transients remained within limits specified by the reactor con-
tractor. The success of the tests was 'a major step in the progress of the
system toward an eventual space application. The testing at NASA LeRC also
investigated system shutdown characteristics. Tests of shutdown sequences,
reported in Reference 19, were performed which simulated both normal and
emergency shutdown conditions. All transients remained within safe component
limits.

4.3.3.4 Power Increase Potential

Throughout most of the SNAP-8 program, the goal was a net electrical
output of 35 kW. Testing of the 35-kWe system occupied the majority of all
testing. During the latter part of the program, design began on a modified
version of SNAP-8 capable of a 90-kW net electrical output. The testing per-
formed in 1970 centered around evaluation of the system at the elevated power-
output condition.

The 90-kWe operating condition required a higher mercury flow and
a lower condensing pressure. Testing was established to evaluate components
at the conditions that would be experienced under the new conditions. The
components in question were the turbine, alternator, boiler, and condenser.
The turbine was known to be unsuited to the higher-power operation, so no
test demonstration was attempted. The alternator was tested to its new re-
quirement of 80 kVA and was found to be adequate, provided additional cooling
was supplied.
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The boiler would also need to be redesigned. However, simulation
of the new operating conditions was possible by using test parameters, but
scaled on a per tube basis. The modified boiler design was substantiated by
the tests.

The condenser was found to be unacceptable at the higher power level
for a zero-g application. Although thermally acceptable, its pressure drop
was excessive. The pressure drop could be reduced by maintaining a high mer-
cury inventory level in the condenser, but this introduces interface stability
problems. In a ground application, the condenser was satlsfactory.

A detailed report of the testing is found in Reference 26.

4h.3.4 Correlation of Test Results and Mathematical Models

A Much of the SNAP-8 design and analysis was based upon mathematical

models of the system. One of the objectives of system testing was to identify
the degree of correlation between the mathematical models and actual system
performance.

Two models were used in the program. The first defined the steady-
state performance of the system. The model was used to predict the perform-
ance of the system when subjected to slow transients such as the Nak tempera-
ture variation caused by the reactor temperature control system. The computer
program is known as SNAP-8 Cycle ANalysis (SCAN).

The second mathematical model predicted performance of the system
during fast transients typical of system startup and shutdown. The model was
programmed as a hybrid computer system simulation. Correlation between test
and theory for each of these models is discussed below.

4.,3.4.1 Correlation with the SCAN Computer Model

Extensive system testing was conducted to observe the effects on
the system of various parameter perturbations. The NaK temperature variation
is selected here as an example. The test consisted of changing the boiler NaK
inlet temperature over the reactor deadband temperature range (1330 to 1280°F)
with all other variables being allowed to.vary without restraint.

The results of the test, together with SCAN predictions, are tabu-
lated in Table L-IV. The agreement between the test data and the SCAN data is
good, giving considerable confidence in the ability of the model to predict
the performance of future SNAP-8 system design. Test series investigating
other typical system perturbations were equally successful.

4,3.4.2 Correlation with System Startup Computer Model

A direct comparison of the system startup mathematical model and
test data is difficult. The reason is that the test facility did not use a
reactor or a radiator. The functions of these components had to be simulated
and an accurate simulation was not possible.
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 TABLE 4-IV SYSTEM RESPONSE TO REACTOR TEMPERATURE
VARTATION FROM 1330 to 1280°F

Function

Test Data

SCAN Data.

Heat Input to Boiler

Condensing Pressure

Turbine Inlet Temperature

Turbine Inlet Pressure

Boiler Mercury Outlet Pressure

Boiler Mercury Outlet
'_Temperafure

Heat Rejection :

*Boiier Pinéhppint Temperaturé

Difference

Condenser NaK Outlet Temperature

Alternator Output
Mercury Liquid Flow

1% increase

No noticeable change
BOOF‘decrease

0.8 psi decrease

0.8 psi decrease

45°F decrease

No noticeable change

45°F decrease

No noticeable change
0.5 kW decrease

100 Ib/hr increase

*Minimum difference between NaK and Mercury Temperatures

L-ls5

1% increase

0.1 psi increase
SOOF decrease
0.6 psi decrease

0.5 psl decrease

45°F decrease

0.2% increase

45°F decrease

No noticeable change
0.3 kW decrease

100 1b/hr incregse



However, the validity of- the mathematical model was demonstrated.
The model was used as a source of input data to conduct startup modes. Flow
ramp rates, temperature simulations, inventory control, etc., were all based
upon the predictions of the model. The fact that the startups were success-
fully accomplished is evidence of the validity of the model. Component
accelerations, temperature gradients, and all other aspects of the startup,
proceeded satisfactorily.

4.3.5 Projected Final Development Testing

The system testing conducted at Aerojet and NASA LeRC successfully
demonstrated the performance and reliability of components and the integrity
of system operational modes. However, several additional areas of valuable
testing remain in order to have a fully developed nuclear powered electrical
generating system.

The single most important additional test is a combined system test
such as that originally planned to be conducted in the NASA Plum Brook Space
Power Facility. The combined system test would include the power conversion
system, the reactor and nuclear control system, a heat rejection system with
the capability to simulate space conditions, and simulation of space vacuum
conditions. In the combined system test, the complete spectrum of transient
response would be investigated and evaluated. The transient response inves-
tigations would include those associated with the power conversion system,
the nuclear system, and the interactions between the two, particularly the
rapid transients occurring during startup and shutdown.

Additional testing, which could be included as part of the combined
system test, would be conducted to investigate the following:

a. Hydrogen transport.- During the operation of a combined nuclear/
power conversion system, hydrogen will escape from the reactor fuel elements
and diffuse through the system. Hydrogen can effect system performance in
several ways: react with containment materials and alter their mechanical or
chemical properties; react with NaK to form a solid hydride and impair flow;
accumulate in the mercury loop and affect condenser, boiler, or pump perform-
ance. Analytical studies have been made to establish the equilibrium distri-
bution of hydrogen in the system. A computer program, designated as DCHT -
Double Contaimment Boiler Hydrogen Transport Computer Program for SNAP-8 and
described in Reference 28, was developed to calculate the anticipated hydrogen
distribution. The analytical studies were supported by small-scale system
loop tests in which hydrogen was injected into the primary NaK loop. Although
the results were inconclusive, a tendency for hydrogen to accumulate in the
mercury loop was indicated. A combined system test would permit the investi-
gation of all potential problems associated with hydrogen diffusion and an
evaluation of the effects on system performance.

b. Combined radiation and temperature effects.- The combined
effects of radiation and temperature on the operation and performance of
components should be evaluated. These effects should be. evaluated particu-
larly for components located in the high-radiation zone within the U4-pi shield.
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c. Long~term degradation.- A more comprehensive evaluation of
component and system degradation occurring during long-term endurance testing
would define the possible degradation modes.

d. Mass Transfer.- Further investigations should be made to
determine the effects of temperature and flow as they relate to the deposi-
tion and removal of mass-transfer products.

e. Mission adaptation tests.- Tests should be conducted to further
define the effects of mission-imposed conditions on system performance and
operation. The mission-imposed conditions include the proximity of the sun,
sun-shade cycles, and system shutdown and restart requirements.
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5.0 MECHANICAL COMPONENTS
5.1 TURBINE-ALTERNATCR

The SNAP-8 turbine-alternator converts the thermal energy of super-
heated mercury vapor into electrical energy for use within the SNAP-8 system
and as useful electrical power to a mission vehicle. The turbine-alternator
design for a 90-kWe system (identified as the Mark TO design) consists of a
dual five-stage split-flow reaction turbine. Two solid rotor, brushless, homo-
polar inductor-type alternators of proven design are used with one alternator
attached to each end of the turbine shaft. The location of the turbine-
alternator in the 90-kWe system is shown schematically in Figure 5-1. The
turbine-alternator for the 35-kWe system (identified as the Mark 66 design)
consists of a cantilevered four-stage axial-flow, impulse turbine coupled to
a single alternator of the same design used for a 90-kWe system. All testing
experience for turbine-alternators was achieved with the Mark 66 design. The
location of the turbine-alternator for the 35-kWe system is shown schematically
in Figure 5-2. The design features and operating characteristics for the
turbine-alternators utilized in the two systems are presented below.

5.1.1 Mark 7O Turbine-Alternator

5.1.1.1 Development Background

Upgrading SNAP-8 to a 90-kWe system was done using the proven
technology of the Mark 66 turbine (which had been successfully tested) and as
much existing hardware as possible combined with an appropriate system state-
point change. The major state-point change was to reduce the turbine back
pressure from 14 psia (Mark 66 turbine) to a range of 2.0 to 2.5 psia. The
increase in available energy across the turbine resulting from a reduction in
back pressure was achievable with only a modest increase in flow rate over
that required for the 35-kWe system. Combining the gain in available energy
with a significant gain in turbine efficiency by using a reaction turbine,
the net electrical output of the SNAP-8 system could be more than doubled
which would, in turn, more than double the overall system efficiency. Studies
of the SNAP-8 system with components optimized have shown that, for the same
600-kWt reactor power, an overall system efficiency of 20% can be achieved.

The system designed to produce higher output and overall efficiency .
was to use as much developed hardware and technology as possible. The excep-
tion to this was that the turbine assembly was to be redesigned as a reaction
machine rather than the impulse type of turbine previously used. With this
approach, the turbine efficiency could be increased from the 5T% of the Mark
66 impulse to about T8% for the Mark TO reaction machine.
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A reaction turbine and a higher system output level required a
change in the turbine-alternator configuration. To preserve the bearing
design of the Mark 66 turbine and still maintain a relatively low axial-
thrust load, the reaction turbine was split into two opposed axial-flow
reaction turbines on a single shaft to balance the axial thrust. This
configuration incorporates two bearing and space seal arrangements having
the design criteria that were proven in a 10;000-hour endurance test of the
Mark 66 turbine. In addition, the two alternators driven by the turbine are
located on opposite sides of the turbine with mechanical drive couplings
similar to those previously used. The turbine-alternator configuration is
as shown in Figure 5-3. '

With two opposed alternators on a single shaft, one.must rotate in
a direction opposite to the present machine. Paralleling the output requires
mechanical alignment to control load sharing and phase shifting. Other
mechanical changes entail the simple replacement of right-hand parts with
left-hand parts where the change in rotational direction so dictates (e.g.,
the visco seals and molecular pumps in the seal-to-space installation).

5.1.1.2 Turbine

The turbine consists of two five stage, opposed reaction turbines
with the first stages being radial inflow and the remainder being axial flow.
These mounted on a single shaft to minimize axial thrust loads. Introducing
the turbine flow at the center of the assenbly and splitting it in half
cancels the axial thrust load. The design of this turbine is described in
Reference 3.

. The exhaust from each turbine flows directly to its own condenser
where the flow paralleling is completed by jointly manifolding the two
condensers. This arrangement preserves the use of a single mercury pump.
Modification of the condenser inlet manifolds was required to achieve the
design goal turbine back pressure of 2,0 to 2.5 psia.

The following state-point conditions were established for the
reaction turbine.

Turbine mercury flow rate (total) 13,550 1b/hr
Turbine inlet pressure . 146 psia
Turbine inlet temperature 1155°F
Turbine exhaust pressure - 2.5 psia
Turbine exhaust temperature ‘ 52OOF

Design goal efficiency (total-to-static) 8%

In addition to revised system state points, some restrictions were included

to preserve the turbine technology and to assure the. least development risk.
Among these restrictions were a limiting tip speed of 450 fps to minimize
turbine blade erosion, a minimm last-stage blade root diameter of 5.5 inches
to allow sufficient room for the cooling ducts for the space seal which is
similar to the Mark 66 design, and a requirement for the turbine rotor assembly
to have a critical speed above the design speed.
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The compyter program used in the SNAP-8 turbine design was upgraded
to include the effects of reaction and the latest applicable data on losses.
Also included in the program was the ability to vary the different stage rotor
diameters and work splits. This program was used for a parametric study of
5-, 6-, and T-stage turbines, the stage-to-stage transition and flare problems,
and the effect of shrouding some of the stages.

The effect of rotor tip clearance on turbine efficiency was also
considered. This parameter was included because previous design approaches
had included conservative mechanical integrity requirements, one of which was
that the turbine must be capable of withstanding the thermal shock caused by
super -heated mercury vapor when the turbine is at room temperature. Ruling
out a turbine preheat cycle in the start sequence resulted in excessive rotor
tip clearances on the order of 0.030 inch which penalized turbine performance.
Since the system goal is to demonstrate high thermal efficiency, a design
approach was adopted which allows maximized component performance with more
reasonable design margins. With respect to the rotor tip clearances, either
a turbine preheat cycle must be included or the rotor housings must be designed

to "grow" faster than the rotors and blades during the startup thermal
transient.

A turbine design with radial inflow on the first-stage was selected
since it provided the best efficiency and mechanical design. The calculated
efficiency for this design is in the range of T9.25 to 80%.

The conclusions from the preliminary design phase indicate that a
turbine total-to-static design goal efficiency of T8% is attainable; however,
the attaimment of this efficiency depends primarily on the reduction of
rotor tip clearances to the lowest practical values. Feasible design approaches
exist to reduce rotor tip clearances and include shroud design consilderations,
modified system startup procedures, and a turbine preheat cycle.

5.1.2 Mark 66 Turbine-Alternator

The turbine-alternator Mark 66 design for the 35-kWe system is shown
~in a cutaway view in Figure 5-4 and as actual hardware in Figure 5-5.

The turbine in the Mark 63 SNAP-8 turbine-alternator (described in
detail in Reference 28) had the following physical characteristics,

4 Four axial stages:

Stages 1 and 2, partial admission
Stages 3 and 4, full admission

e Large radial rotor blade tip clearances

) Large nozzle vane/rotor blade overlap
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While the performance of most of the components in this unit was
satisfactory, the turbine efficiency of 52. 5% (based on test results of
several units) was below the predicted level of 60%. In addition, the tests-.
revealed a number of mechanical design deficiencies.

Examination of the system and component performances indicated that
the most fruitful place to gain a significant performance improvement, with
_the least added complexity, was in the turbine, and design changes were made
which led to the Mark 66 turbine.

The major changes were in the modification of aerodynamics for
better flow control, a material change from Stellite 6B to S-816 for the
turbine wheels and nozzles, and mechanical redesign for structural improve- -
ment. This is described in Reference 29. The reason for the material change
was that Stellite 6B had shown a tendancy toward transformation and embrittle-
ment in early testing. The transformation was from the relatively ductile
face-centered cubic crystaline structure to the brittle haxagonal. close .
packed form. This change was. attrlbuted to the temperature soak during
operation. .

5.1.2.1  Mark 66 Turbine Physical Description ‘

The configuration of the turbine is characterized as follows:

"o . Four stages ;
° Impulse in each stage (as'defineo hy ZEro pressure drop across;
the rotors)

e 12,000 rpm .

® Dual-path partlal admission in the flrst two stages (38% and
49% admission) and full admission in -the last two.

®  An overhung (cantilevered) assembly supported on two, angular-
contact ball bearings. . . .
The nozzle areas of the two partial—admission-stages are halved¢and_
spaced 180 degrees apart to avoid unbalanced torques on the bearings and to
better distribute the heat input to the turbine housing. :

The turbine case and. .inlet manifold housing are suspended by four
arms extending from the bearing housing. The concentric location of the
_turbine case under thermal and mechanical loads is maintained by the four
Meold-frame' -support arms that are part of the bearing housing. These arms
are tangentially and axially stiff, but radially flexible to accommodate
thermal growth. Any tendency for the case to be eccentric is well constrained.

The turbine-blade tip clearances were set at a nominal 0.030 inch

for the first two stages, and 0.025 and 0.020 inch in the third and fourth
stages. The Mark 63 design had tip clearances of 0.040 inch in all stages.
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Axial clearances between nozzles and wheels were set at a nominal 0.070 inch.
An 0.50 inch clearance was used, however, between the second-stage wheel and
the full-admission third-stage nozzle to minimize the transitional losses
that ocecur in passing from a partial- to a full-admission stage.

Preloaded angular- -contact ball bearings were used, and a space-seal
system was interposed between the turbine exhaust end and the outborad turblne
bearing.

To reduce bearing axial loads, the thrust load caused by unbalanced
pressure forces on the shaft is counteracted by a balance labyrinth seal
piston at the free end of the shaft.

: a.,: Bearings, Slingers, and Lubrication.- The turbine assembly is'
supported by two.angular-contact ball bearings, spring loaded in a back-to-
back arrangement. The bearings are 208 size (4O-mm bore) angular-contact
ball bearings (ABEC, Class T). The ball retainer is a lightweight, one-piece
outer-land~-guided type made of iron silicon bronze. Rings and balls are made
of triple vacuum melt consumable electrode (CEVM) M-50 tool steel. The design
and development of the ball bearings for the SNAP-8 turbine and alternator are
described in Reference 30,

The bearings are lubricated by multiple-jet injection of an organic
fluid (polyphenyl ether). Scavenging dynamic seals are used on both sides of
each bearing to provide nonflooded bearing operation w1th the bearing cavity
at the vapor pressure of the lubricant.

b. Seals to Space.- To use organic fluid for bearing lubrication,
means must be provided to prevent the fluid from mixing with mercury where they
occupy adjacent regions of the same shaft. Intercontamination of oil and
mercury is avoided by venting a section of the rotating shaft to space and per-
mitting a small controlled leakage of each fluid to the space vent cavity.

The seal combination developed for this application consists of a
visco pump, slinger pump, and molecular pump in series located between the
fourth-stage turbine wheel and the adjacent bearings. The visco pump and
dynamic slinger elements develop stable liquid-vapor interfaces for both
mercury and oil. The visco pump is surrounded by an organic-fluid heat
exchanger which assures an adequate mercury temperature at the interface. The
molecular pump provides the barrier to restrict the leakage to space of
mercury molecules-which evaporate from the interface.

The seal configuration is the result of a separate development program
where extensive theoretical and experimental work was done. Testing during this
program revealed that leakage rates of less than one pound per year can be
expected. The design and development of this seal to space are covered in
References 31 and 32.



c. Startup Seal.- The contact seals in the space vent cavity
prevent the loss of liquid during startup and shutdown when the dynamic seals
are inoperative. An auxiliary lift-off device disengages the contact seals
after startup and prior to shutdown during ground test operations.

d. Materials.=- Cavitation-erosion resistance to wet mercury vapor,
creep data, and thermal expansion data were factors influencing the selection
of turbine materials., All areas subjected to mercury vapor, wet or dry, at
high velocities were made from S-816; these included turbine wheels, nozzles,
labyrinth seals, and the turbine bolt. The inlet manifold assembly itself
was forged Type 316 stainless steel. Material for the turbine case and bear-
ing housing is cast Croloy 9M with the thin exhaust duct made from Type 410
stainless steel. Shaft material is ATST 4340 steel. The ball bearings are
made from triple CEVM M-50 steel.

5.1.2.2 Mark 66 Turbine - Design Parameters

The design operating parameters for the turbine are as follows:

. Turbine
A ‘ Inlet temperature (OF) 1,250
;f - }: © -Inlet pressure (psia) 29 . ' l;
B ! i”ﬁiMErpﬁry Qapor flow (1b/hr) 11,800
i i&ﬁbm%we@ﬂ@:' : k.5 R
‘Speed (rpm) . ' 12,000 '

Tubricant-Coolant System

; Flow (1b/hr) o - 2hk00 £ 75

A Inlet temperature (OF) 1210 + 10
Inlet pressure (psia) . Lo +2
Exit pressure (psia) | 3.5

a. Thermal Mapping.- The steady-state thermal map of the Mark 66
turbine is shown in Figure 5-6. The calculated bearing outer race tempera-
tures (269OF for the alternator end and 2h9oF for the turbine end) are
consistent with the bearing outer race temperatures measured on units during
12,000 hogrs system testing. The wheel retaining bolt temperature varied
from 1050 F under the thrust balance seal to 4L60'F at the threaded section.
The temperature levels indicate that no condensation will form on the surfaces
of the inlet duct, turbine case, nozzle shroud .region, or on the first-,
second-, or third-stage turbine disks. There is an indication that condensa-
tion will form on the fourth~stage wheel disk. At no point in the unit are
the indicated temperature differentials great enough to cause excessive
thermal stresses. '
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b. Dynamic and Vibration Analysis.- Three analyses of the vibra-
tional characteristics of the turbine assembly were conducted.

The first analysis evaluated natural frequencies and structural
integrity of the turbine wheel buckets. The turbine blades were calculated
for conditions of resonance which could occur within the operating range of”
the turbine (i.e., up to 12,000 rpm). It was shown that the blade frequencies
for all stages were well above the forcing function frequencies of the
respective stages.

The second analysis was a parametric study of the turbine shaft
whirl characteristics based on rotor-stator dynamics analyses. Particular
attention was given to evaluating the rotor and housing displacements at the
first-stage turbine wheel hub which is the point of greatest overhang.
Effects of variations in bearing fits and bolt preload considering the stiff-
ness of curvic coupling joints were also studied. Bearing reactions based
on bearing-support maximum outer race clearance (allcwing conical whirl) were
evaluated and compared to the predicted bearing capacities for a 10,000-hour
life With'99.5% reliability. ' The analyses indicated that the turbine shaft
operating speed is sufficiently below the first critical speed. The latter
is calculated to be 166800 rpm for the rotor-stator model with a bearing
spring rate of .6 x 10 1b/inch. The second critical speed, vwhich is primar-
ily a housing mode, 1is calculated to be almost two times the nominal 12,000
rpm shaft speed. '

The third analysis derived the axial vibration critical speeds of
the SNAP-8 fourth- and second-stage turbine wheel disks. The analysis
revealed that a minimum of 3x safety margin exists between the shaft operat-
ing speed and the critical speeds so that fatigue associated with wheel axial
vibrations is not indicated. Some minor resonances were calculated at 16,200
rpm for the second stage and 16,900 rpm for the fourth-stage, with no expected
i1l effects. These three analyses are described in detail in Reference 33.

c. Stress Analysis.- The turbine parts which exhibited stress-
failure modes in previous SNAP-8 turbines were the turbine wheels, nozzle
assemblies, and inlet housing. The results of stress analyses for these
components are discussed below.

Stress levels for the turbine wheels were calculated as follows:

Stage
1 2 3 N
Maximm stress (psi): 9,354 8,525 19,883 10,432
Location ' -1 @1ID - @ min. @ ID @ ID
disk
A thickness

Minimum creep margin B ]

of safety : 0.91 1.11 - -
Minimm yield margin v
' of safety : 5.2 5.8 1.92 4.56
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Vibratory stress levels were computed as follows:

° Root tensile stress (including a stress concentration factor
of 2.0) due to rotation at 12,000 rpm:

Stage Stress (ksi)
1 2.3
2 3.3
3 2.6
L L.6
° Maximm gas bending stress (including a stress concentration

factor of 1.54) at 12,000 rpm:

Stage ' Stress (ksi)
1 ’ 1.1
2 1.58
3 0.48
h 0.87

This does not reflect the effects of impact associated with partial admission
(which would give a maximum magnification of about 10) and resonant magnifi-
cation.

The second-stage nozzle assembly was analyzed using the finite
element method. The analysis considered thermal loading as well as normal
pressure loading. The results indicated that the maximum elastic stresses
(50,000 psi) occur in the second-stage nozzle diaphragm at 16 seconds after
turbine startup, and are due mainly to the large thermal gradients through
the thickness of the diaphragm. The subsequent maximum stress level of 10,000
psi due to the pressure difference of 75 psi across the diaphragm was essen-
tially constant during the remainder of an operational cycle (until turbine
shutdown). The results also showed an extremely conservative estimate of
cyclic strain which indicated an expected life of 2700 cycles. More realis-
tically, the maximum elastic stress level due to the thermal gradient at 16
seconds can be considered as a thermal shock occurring in an operational
cycle of several hundred hours. Since the maximum elastic stress level is
less than twice the yield strength, the stress-strain cycle will become
elastic action (no further repeated plastic flow) after the first cycle.

The third-stage nozzle assembly was analyzed for steady-state opera-
tion as well as transient conditions that occur during startup. The maximum
steady-state stress in the diaphragm was calculated to be 10,840 psi, and
31,500 psi (compressive) in the shroud. The thermal effects produced stresses
as high as 63,000 psi which is significantly above the yield strength of
43,000 psi (at the appropriate temperature). The ultimate stress for this
condition is 124,500 psi. Those relatively high stresses due to thermal
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loading will result in plastic flow. The material used, S-816, has a ductil-
ity of approximately 15%; consequently, the plastic flow will lead to a reduc-
tion in the actual magnitude of the calculated stresses. Since these stresses
are not excessively above the yield stress, and are well below the ultimate
yield stress, risk of physical failure was considered remote and the part
considered safe as designed. ' ‘
The fourth-stage nozzle assembly has the smallest temperature and
thermal gradients, and the resulting stress levels due to pressure differential
and thermal loading are correspondingly low. The maximum calculated stress
in the nozzle assembly of 14,920 psi (tensile, hoop) occurred in the shroud
(yield of S-816 = 44,000 psi). The highest stress calculated in the diaphragm
was 9000 psi (tensile). Both stresses resulted from the thermal loading.

The stress analysis for the turbine inlet housing was an axisymmet-
ric case of a housing with a cross section remote from the first-stage nozzles.
Both steady-state and transient conditions were analyzed. Hach analysis was
based on an axisymmetric case remote from the nozzle openings.

The steady-state condition occurs when thé temperatures in the
turbine housing have reached equilibrium. For analysis, the housing was
assumed to be soaked at a uniform temperature of 1250°F. Thus, the only
stresses present are those due to the pressures in the torus and downstream
of the nozzle plate. The maximm stress calculated was 3675 psi and also
below the stress of TOOO psi, which is required to produce one percent
creep in 10,000 hours. Consequently, the turbine inlet housing was Jjudged
to be structurally adequate for steady-state operation.

An analysis of transient conditions indicated that some yielding
would take place locally in the low-cycle fatigue regime. However, a conserv-
ative estimate indicated the part to be capable of withstanding at least 600
cycles compared to the required 100 cycles. This is described in Reference 3k,

5.1.2.3 Mark 66 Turbine - Demonstrated Performance

a. Endurance Testing.- Initial endurance testing involved operation
to 2500 hours. The performance has been evaluated for the Mark 66 turbine and
turbine-alternator in the 35-kWe test facilities at Aerojet.

A turbine-alternator was operated for 2122 hours in the Aerojet
facility before disassembly, inspection, and reinstallation. The initial
performance of this unit at its design operating conditions was:

Tested 35-kWe System Requirement

Turbine-alternator efficiency (%) 48.5 hT.9
Turbine efficiency (%) 56.0 56.0
Power output (kWe) 58.0 57.9
Liquid carryover (%) 3.0 4.0 (maximum)
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The Mark 66 turbine-alternator met the system requirements. This
performance was measured, however, after the turbine had operated some TOO
hours with an unconditioned boiler. The effects of mass transfer, which
occurs most frequently with wet mercury operation, probably masked the true
performance of the unit. Disassembly revealed large amounts of mass-transfer
material deposited in the nozzle passages of each stage. The area reductions
were considerable (2.7 to 15.5% of the original nozzle areas) and the true
turbine efficiency and turbine-alternator power output (minus the effects of
the mass-transfer deposits) was estimated to be at least 1.0 percentage point
and 1.0 kW higher than measured. Subsequent cleaning, reinstallation, and
testing confirmed the estimated effects of the mass-transfer products on per-
formance. The turbine and turbine-alternator performance when reinstalled
was as follows:

@}"Lﬁ&
Turbine-alternator efficiency (%) 9.5

Turbine efficiency (%) 57.5
Power output (kWe) 58. 4

Operation of .the same turbine-alternator in the 35-kWe system
continued until a total of 10,823 hours of operation was reached. The major
portion of this period was at steady~state operation. Various system and
component tests took up the remainder of the time. During this period the
‘unit accumulated 36 startup/shutdown cycles.

The performance of the turbine and turbine-alternator at design
operating conditions during this period was not constant. A decline in
turbine efficiency and alternator output was observed. The drop in efficiency
of 2.1 percentage points and 2.25 kW in output occurred in four gradual steps
after approximately 5600, 5200, 7000, and 8000 hours of operation. A detailed
evaluation of the turbine performance after 7500 hours of operation is contained
in Reference 35.

At 10,823 hours, the unit -was disassembled and examined. A detailed
description of the condition of the turbine and alternator following the
endurance test is contained in Reference 36. The examination on disassembly
indicated that only 0.5 percentage points of the 2.l-percentage-point loss
could readily be accounted for by the condition of the unit. The following
conclusions were drawn:

° The turbine-alternator was in very satisfactory condition, and
showed no problems that would preclude further operation.

° Continued erosion of the turbine rotor blades occurred, limited
mainly to the second and third stages. The degree of damage
was not considered sufficient to affect the structural integrity
of the blades and only slightly affect the blading performance.

e The only significant evidence of mass transfer appeared in the
' third-stage nozzle where flow area was reduced T.5%. The deposit
was considered a major contributor to the performance loss.
Light deposits were found on the rotor blades of the first three
stages.
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] The rubbing evidence from thrust and interstage labyrinth
seals indicated little or no further damage. An anomaly
existed in the third-stage labyrinth where lands showed
evidence of erosion and corrosion. The life of the turbine
was in no way affected.

] Some minor cracks in the first-stage nozzle assembly (inlet
housing) had propagated but were not considered structurally
detrimental.

. The cavitation damage to the visco seal progressed from the

level attained at 2122 hours of operation; however, the small

increase in no way affected the structural integrity or the
sealing capability of the part.

° The bearings of both turbine and alternator were in good condi-
tion and satisfactory for further extended use. They met the
basic design objective of 10,000-hours. The bearings showed
little service wear. - No conclusions could be drawn concerning
the fatigue life of these bearings since the design average
life is more than 100,000 hours and no fatigue failure was
expected during the testing program. Therefore, the absence -
of fatigue damage in a small sample with a relatively short
operating time made a statistical life prediction difficult.
The evidence indicated that bearing lubrication was satisfac-
tory.

° A life estimate for the turbine indicated that, based on the .
evidence seen, the turbine should be capable of operating for
a life of at least five years.

b. Transient Testing.- A turbine-alternator identical to that
described above was tested in the 35-kWe system test facility at NASA-LeRc.
This unit was tested for 157 hours and 135 start/stop cycles with no indica-
tion of any malfunction. This confirms the ability to survive the thermal-:
shocks encountered during startup.

c. Vibration Test.- The turbine assembly has undergone shock and
. vibration testing at NASA-LeRC as part of a complete turbine-alternator.

The tests covered sinusoidal vibration, random vibration, and shock in all
three axes (x, y, z) as called for in NASA Spec. 417-2 (Rev. C, 1 June 1969).
The power input levels are shown in Table 5-I. The turbine-alternator used
in these tests was similar in configuration to the unit endurance tested in
the SNAP-8 35-kWe system. A description of the test together with details of
the post-test disassembly and inspection is described in Reference 37.

The unit was examined at Aerojet following the vibration and shock
test. The turbine-end bearing was in excellent condition except for several
small patches of fretting corrosion and a large galled area on the outer
surface of the outer ring. The inner raceway showed a superficial chatter
pattern at ball-speed intervals with the normal contact angle. The alternator-
end bearing was in good condition except for three galled areas on the outer
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TABLE 5-1 SUMMARY OF TURBINE-ALTERNATCOR VIBRATION TESTS

5-16

Run Description Run " Test  Input Amplitude Input Sweep Run Maximum Responses
Number Axis or G Level Frequency Speed Duration
- G Level Frequency  Axis Location
in. doub. ampl. (Hz) (oct /min) (min) : (Hz)
. Fixture survey 1 Y 0.25 5-9 4 2.15 13 1600 Z Trunion mount
. 1G 9-2000
Sinusoidal 2 Y 0.25 5-9 L 2.15 17 190 X&Z  Turbine shaft
vibration 1G 9-2000 38 1150 Z Alternator shaft
Sinusoidal 3 Y 0.25 5-13 4 2.15 28 200- Y Turbine shaft
vibration 2G 13-2000 4o 230 Z
40 1150 Z Alternator shaft
Random 4 Y +3 dB/octave. 20-100 3 min 40-50 -———- Y Turbine and
13g rms Lg? /Hz 100-600 alternator shaft
overall ‘ -6 dB/octave 600-2000 ‘
Shock . 5,6,7 +Y 15G 11 millisec
Shock 8,9,10 -Y 15G 11 millisec
Sinusoidal 11 Z 0.25 5-<9 4 2.15 90 220 Z Turbine shaft
~ 1G 9-2000 30 L90 Z ,
Random 12 Z +3 gB/octave 1202100 3 min 50 220 Z Alternator shaft
13g rms ' LUg® iz 100-600 20 500 7
overall -6 dB/octave 600-2000 80 -——- Z Alternator shaft
Shock 13,1k4,15 +Z 15G 11 millisec
Shock 16,17,18 -Z 15G 11 millisec _
Sinusoidal 19 X 0.25 5=-13 6 1.5 28 375 X Turbine shaft
2G 13-100 28 1000 2 Turbine shaft
: 25 340 X  Alternator shaft
_ 28 1450 Y  Alternator shaft
Random 20 X +3 gB/octave 20-100 3 min 30- ---- X  Turbine and
13g rms : Lg= Hz 100-600 o) ——— alternator shaft
overall -6 aB/octave 600-2000
Shock 21,22,23 +X 15G _ 11 millisec
Shock 2k,25,26 -X 15G 11 millisec



surface of the outer ring originating at the thrust face edge. The outer
ring raceway showed a light ball vibration pattern at zero-degree contact
angle with normal ball spacing between the patterns. Marks on the turbine
wheel hubs indicated contact with the labyrinth seals located inside the
nozzle diaphragm. This clearly showed the limit of the shaft deflection.
This minor contact was apparently sufficient to dampen the vibration without
serious impact effects.

5.1.2.4 Conclusions

The experience gained from extensively testing the Mark 66 impulse
turbine has confirmed that the unit is capable of meeting the extended life
of five years for the SNAP-8 system.

Applying this technology to the Mark TO reaction turbine appears to
present no major problems, and it is expected that the same reliability in
operation could be achieved.

5.1.3 Alternator

The alternator was developed to meet the SNAP-8 power generating

system requirements which included the ability to start and generate 60 kW of

electrical power unattended in space for 10,000 hours.

5.1.3.1 Physical Description

The alternator configuration selected to meet these requirements
was a solid rotor, brushless, homopolar inductor type operating at 12,000 rpm
and producing 120/208-V, 3-phase alternating current power, with an output
frequency of 400 Hz. The alternator is lubricated and cooled by a polyphenyl
ether organic fluid. The electrical insulation system is an aromatic polyimide
(ML) coupled with an epoxy resin compound. The reliability goal was 97.35% for
10,000 hours of continuous operation. The development of this alternator is
described in Reference 38.

A cutaway view of the alternator, Figure 5-T, illustrates the trun-
nion mounting, flexible drive shaft, and other details.

The turbine and alternator housings are hermetically sealed. Each
bolted joint is provided with a seal ring welded to the structure. Electrical
connections are hermetically sealed with ceramic feed-through terminals. The
alternator bearing system consists of two jet-lubricated spring-loaded diver-
gent angular-contact bearings. The bearing cavity is scavenged by the seal
system. Each seal consists of a disk slinger with a visco seal backup. The
axial clearances are controlled by shimming at final assembly. The lubrica-
tion fluid is also used to remove the heat resulting from seal and rotor
losses.
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5.1.3.2 Design Parameters

The alternator is a brushless solid rotor generator of the homopolar
inductor type with a radial air gap. The field coil, which produces the
direct-current working flux, is positioned between two identical sets of
laminated cores. The electromagnetic circuit consists of the frame, which
surrounds the core and field coil, the core sections, the radial air gaps,
the solid rotor poles and the hub of the rotor.

The stator consists of two laminated core assemblies having a
toroidal field coil between them and assembled in a common frame bore. A
two-circuit design was chosen to minimize the radial bearing forces resulting
from possible eccentricity between rotor and stator.

The rotor (Figure 5-8) was machined from an AISI 4620 steel forging
to provide good strength and magnetic material properties. Slots were
machined circumferentially in the rotor poles to reduce pole face losses.

The stator punchings are partially closed slots to reduce the pole
face losses caused by flux pulsations in the air gap. The relatively large
radial air gap of 0.060 inch decreases the radial bearing forces caused by
eccentricity of the rotor and stator. A further effect of the large air gap
is the need for a high magnetic potential between rotor and stator, leading
to considerable leakage flux in the region between the rotor poles. This
flux is limited by contouring the rotor between the four machined poles pro-
jecting from the hub to increase the effective depth of the rotor slot oppo-
site the stator cores. The calculated flux and current densities at rated
conditions are shown in Figure 5-9.

End-turn phase insulation was provided by wrapping 0.0105-inch ML
glass between the involute of the armature coil and the extensions of the slot
liners. Coil-side phase insulation was accomplished with 0.020-inch wall
untreated braided-glass sleeving positioned on frog-legged coils prior to
insertion. The sleeving provided sufficient separation between the coil sides,
and was later impregnated with epoxy to provide added dielectric and coil
support. A roof-shaped topstick was machined from polymer SP. This material
has a polyimide chemical base and offers essentially the same properties as
the ML family in a moldable solid form. Topsticks fabricated from this
material provide high strength and ease of insertion.

Armature winding and insulation mechanical support, envirommental
protection, and corona resistance were achieved by vacuum impregnation with
an epoxy varnish compound. The vacuum was applied to the windings after
attachment of the phase connections and bus bar assemblies.

Solid connections were achieved by using TIG welding, Oxygen-free
high-conductivity copper material was used for all flexible lead cables, bus
bars, and field coil conductors. The intercoil connections were protected with
a short section of untreated glass sleeving positioned over the joint, then
filled with an epoxy compound to provide a bond. All other joints and joint
areas were insulated by a double tape comprised of three thicknesses 0.0065-
inch silicone-glass adhesive tape over the joint plus three layers of 0.005-inch
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Figure 5-8 Rotor with Inner Shaft Assembled
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desized glass tape. The tapes provided a strong dielectric joint. The phase
connections consisted of a bus bar arrangement to provide numerous cross-overs
and routing of the phase windings. The bars were positioned together to save
space. Insulation was provided by placing a strip of 0.0105-inch ML glass on
the bar at adjacent bus bar sides. FEach insulation strip was taped in place
and then the composite bars were taped together with desized 0.005-inch tape.

The insulation system was designed to meet the reliability and
life requirements encountered in a space nuclear environment.

Contamination of the alternator cavity (and possible resulting change
in vapor pressure at vacuum operation through out-gassing of adhesive in joint
insulation tapes) was considered a disadvantage in the joint insulation method
specified. This method consisted of three thicknesses (wraps) of 0.0065-inch
silicone-glass thermosetting adhesive tape with an over-wrap of three thick-
nesses 0.005-inch untreated glass tape. A program was initiated to investigate
other joint insulation methods and to establish the comparative performance by
weight loss measurements at elevated operating temperatures. Seven methods
tested included a combination of such materials as desized glass tapes over ML
glass cloth and sleeving, Du Pont "H" film, and silicone treated glass adhesive
“tape. Fram these tests, it was concluded that the system first specified was
the most stable and would result in least out-gassing effects.

The alternator cooling fluid is an organic polyphenyl ether. Hot
fluid or vapors contacting conductors and insulation materials during alter-
nator operation could result in damage by corrosion and chemical attack. Since
data on the compatibility of the polyphenyl ether with the alternator materials
. Were not available, a program was initiated to obtain the necessary information.
The primary concern in the use of the fluid as a coolant was compatibility with
alternator materials, and the dielectric effect in the alternator cavity. Tests
conducted early in the program, simulating conditions and time contemplated in
the machine, established that the hot polyphenyl ether did not cause deteriora-
tion of the insulating and conductor materials. The combined effects of oil
_mist, low vapor pressure, and radiation on the air dielectric effect were
considered. It was postulated that, because of the low voltage levels, the
combination would not produce corona or other effects detrimental to the
reliability of the alternator. These conclusions were confirmed by insulation
tests conducted at the Georgia Nuclear Laboratories.

Requirements considered of primary importance and the material
selected to satisfy these requirements are described below. Twenty-six
insulated conductors and insulating materials in simple combination specified
for use in theoalternator were studied in hot fluid and vapor at temperatures
of 392 and 572 F for periods up to 4000 hours. These tests demonstrated that
all materials specified for use in the alternator were compatible with hot
polyphenyl ether. ’ ’

A thermal analysis of the alternator was performed during.the
design phase and the resulting major temperatures shown in Figure 5-10.
The windings are cooled by introducing the coolant into the frame and passing
it through axial slots in the outer edge of the frame. Preliminary investiga-
tions revealed that a laminar flow regime was required to limit the thermal
‘resistance of the coolant and to keep the pressure drop low.
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Heat flows from the field coil to the copper enclosure of the coil,
and then to the frame and coolant. The field coil within the frame was de-
signed to ensure low thermal resistance contact under operating conditions
with a vacuum in the generator cavity.

Stator core and armature copper heat losses flow through the stator
cores to the frame and coolant. The stator core is assembled with an inter-
ference fit to minimize contact resistance.  Some rotor pole face heat losses
are radiated to the stator; then pass through the stator core and frame to
the coolant. The remaining rotor heat losses and some radiation losses from
the end turns to the end shields are removed by the bearing lubricant. The
bearing and lubrication system is designed to remove heat from the shaft ends
and heat generated by the seals and bearings.

The angular-contact ball bearing was selected as the best type for
high-speed operation, long life, and high reliability. The design and develop-
ment of the ball bearings for the SNAP-8 alternator is described in Reference
30. This type provides a maximum ball complement for increased bearing load
capacity and high radial stiffness, and permits the use of a one-piece, light-
weight ball separator. The low, nonthrust shoulder is on the inner ring, and
the separator is piloted on both lands of the outer ring. This configuration
provides full-width radial interface at the outer ring for the lubricant sling-
ers, and keeps the balls away from the low shoulder at high speeds. With axial
preloading, the bearing operates without internal looseness; this aids rotor
dynamic balance and provides close running clearances for the dynamic slingers.

The 208 size (LO-mm bore) light series, angular-contact ball bearing
provides adeguate load capacity.

. The alternator rotor is straddle mounted between the two double-
spring-loaded bearings in a back-to-back arrangement (i.e., with contact _
angles diverging toward shaft axis). The dual spring loading arrangement -
permits equal thrust capability in either direction.

The bearings are lubricated and cooled by four lubricant jets spray-
ing on the inner ring. The bearing cavity is scavenged to prevent the bearings
from running flooded. '

The dynamic seal system used in the alternator to provide lubricant-
coolant fluid containment is a plain slinger c¢oupled to a screw seal. The
slinger seal acts as a centrifugal separator. Since the pressure on both sides
of the slinger is the vapor pressure of the saturated liquid, the slinger seals
against a low pressure differential. Its main function is to form a stable
interface between the vapor and the liquid, and to pump the liguid up to the
return-line pressure. The function of the screw seal is to return drops of
fluid escaping from the slinger liquid interface, back to the interface.

The frame was designed as a straight one-piece cylinder which per-
mitted straightforward machining for the cooling passages, and also achieved
the reliability and simplicity associated with one-piece construction. The
frame is composed of a HY-80 alloy steel forged flange welded to a low-carbon,
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seamless steel pipe frame shield. This provides the necessary strength in the
trunnion support area and suitable magnetic properties in the frame.

The end shields are compositeé of Inconel X forged hubs welded to
Type 304 stainless steel flanges.

5.1.3.2 Demonstrated Performance

a. Acceptance Tests.~ The performance of a typical prototype
alternator during acceptance .testing is summarized in Table 5-II, 5-III, and
5-~IV and Figure 5-11. The acceptance tests verify that the alternator
meets the SNAP-8 requirements.

b. Turbine-Alternator Tests.- Since the alternator is part of a
power conversion system which uses mercury vapor as the working fluid, the
primary objective of the turbine-alternator tests was to evaluate all static
and rotating components of the power conversion system as a unit rather than
to specifically evaluate any one component. Electrical tests were made to
determine speed control and voltage regulation characteristics under varying
16ad conditions. Alternator electrical parameters were monitored along with
winding and bearing températures, and lubricant flow, temperatures, and
pressures. All operating parameters defined as'SNAP-8 requirements were met.

The' outboard screw seal seized during testing as a result of
turbine over- speeds to approximately 19,000 rpm and 17,000 rpm on two
alternators. The normal first critical speed with the bearings under the
designed preload of 60 1b was 22,000 rpm. Examination of the bearings from
the unit indicated that the bearings had operated without preload. Without
the preload, the effective bearing stiffness is reduced and the rotor be- .
comes unstable. Under these circumstances, the angular-contact bearings
operate at virtually zero contact angle. The effective radial clearance was
increased allowing the rotor to orbit and rub the stationary screw seals.

It was concluded that the malfunctions were caused by rotor instabil-
ities due to loss of bearing preload, and operation at or near the first
" critical speed. The critical speed was lower than normal because the bearing
stiffness had been reduced by loss of preload. The high amplitude expected
under these conditions would cause rubbing and produce a wear pattern similar
to the pattern actually observed.

‘Design modifications were made to reduce the tendency for the bear-
ings to unload at speeds above design. The design modifications are discussed
in Reference 30. Major features of the redesign were the replacement of the
wavy springs with belleville spring washers, and the increase in length-to-
diameter ratio for the sliding parts to reduce the possibility of the parts
cocking. Redesigned parts were never procured or tested.

Four alternators were tested as part of complete -turbine-alternator

units in a power conversion system. Apart from the previously mentioned mal-
functions, the performance was satisfactory and fulfilled the design requirements.
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TABLE 5-I1 ALTERNATOR ELECTROMAGNETIC PERFORMANCE VERSUS SPECIFICATION LIMITS

Performance Item

Open circuit time constant (T'do)

Short circult ratio

Short circult capacity for 5 sec.

Instantaneous voltage drop on
sudden application of 2 PU
impedance load

Excitation

Wave form - total rms harmonic
content (L-L at 1 PF)

Symmetry of construction (max.
voltage difference between phases)

Output voltage modulation

Efficiency, including field losses,
at rated load, 0O0.75 PF

Field coil resistance
Stator phase resistance

Full load (80 kvVa, .75 PF) excitation
Voltage
Current

Loss breakdown
Field I°R (kW)
Stator I°R (kW)
Bearing and seals (kW)
~ Core and stray load (kW)
Total kW

Specification

0.60 sec. max. at steady-state
temperature :

0.25 min.
2 PU min.

Voltage not to drop below
0.70 PU

52 V max.
22 amps max.

7% max.
1 V max.

1% max.
87% min.

52 V max.
22 amps max.

8.96 max.

Alternator Performance

0.57 sec. at 307°F

0.67

2.94 PU (3 phase)
3.96 PU (1 phase)

Voltage dropped to .
0.83 PU ’ '

43.3 Vv
19.6 amps

2.33%

<1V

0.14%
87.8%

1.46 ohms
.00583 ohms

ho.ov
18.9 amps

0.79
1.31
2.20
4.00
8.30




TABLE 5-II1 COMPARISON OF SPECIFIED THERMAL REQUIREMENTS
- WITH TEST RESULTS

Item Specification Test
Cooling 0il Polyphenyl ether Polyphenyl ether

Flow (gpm) ' 2.84 2.84

Inlet pressure ps1a) - . 21.9
‘temperature ( F) 205 . 205

Outlet pressure (psia) - 8.3
temperature ( °F) - 230
P (psi) 14 max. 13.6

IE*  ADE%*
Bearing '

Inlet flow (gmm) 0.35 0.338 . 0.320
pressure (psia) 20 + 1 20.2 20.2
temperature (°F) 196.0 198

Outlet flow - inborad (gpm) 0.155  0.138

flow - outboard (gpm) 0.175 - 0.176
pressure - inboard (psia) 6.7 - 6.5
pressure - outboard (psia) : 6.7 6.7
temperature - inboard (OF) 225.0 2u8
temperature - outboard (°F) 259.0 258
Bearing cavity pressure (psia) 0.8 0.8

Winding Temperatures (°F)

Field coil average - : 307
Field coil hot spot 392 32L
Stator winding end turn 392 367
Stator winding 180° bus bar hio Lo6
Bearing temperature DE 300 2Ll

ADE 300 243

% DE = Drive End
¥% ADE = Antidrive End
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TABLE 5-IV ALTERNATOR PERFORMANCE SUMMARY

Parameter Specification Test
Cooling Oil Flow (gpm) 2.84 2.8h
Cooling 0il Inlet Pressure (psia) 33 21.9
Cooling 0il Pressure Drop (psi) 13 max. 13.6
Cooling 0il Inlet Temperature (°F) 200 - 210 205
Speed (rpm) 12,000 12,000
Output (kVa) 80 80

Power Factor

Voltage

Frequency (Hz)

Excitation Current (amps)

Excitation Voltage

Phase Unbalance (%)

527

0.75 lagging
120

4oo

22 max.

52 max.

1 max.

0.75 lagging
120 - 120.1
400

19.1

41.9

1
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The longest accumulated time on a single unit in the 35-kWe system test was
in excess of 12,000 hours. The maximum number of startup and shutdown cycles
on a single unit was 135.

Testing of a complete turbine-alternator in a mercury system was
also conducted at NASA-LeRC in which a unit satisfactorily completed more
than 1400 hours of continuous operation.

c. Bndurance Tests.- An electrical component test facility was
used for long-term testing to obtain endurance data for electrical components
without the operational problems of a hot-mercury.facility. The components
tested include the alternator, the voltage regulator and static exciter, the
speed control, and the saturable reactor. Operation was at rated load condi-
tions.

The alternator performed satisfactorily during the initial 2500-hour
endurance test. Inspection following disassembly revealed the alternator to
be in good condition. The insulation had darkened and a few cracks were
observed in the end-turn impregnating varnish. The insulation resistance of
the stator winding~to-frame decreased from 9 x 107 ohms at the start of the
test to 4.9 x 109 ohms at 2500 hours. The field-to-frame resistance decreased
from 2 x 101 ohms to h.5 x 109 ohms over the same period. These lower values
of insulation resistance indicated only minor electrical degradation '
which is typical of used alternators.

The alternator was reassembled, returned to the facility, and test-
ing continued. A further 20,630 hours of satisfactory operation was achieved
bringing the total accumulated time on one unit to more than 23,130 hours.

A detailed inspection of this alternator was made to determine
whether or not life~limiting operating modes existed. It was ascertained that
a loss of bearing preload had occurred in a similar manner to that experienced
previously during turbine runaway operation in the 35-kWe system tests. How-
ever, all parts of the alternator were in excellent condition and a consider-
ably extended life projection to at least five years was estimated. A detailed
report of the condition of this alternator is contained in Reference 39.

d. Vibration and Shock Testing.- An alternator assembled to a
turbine was tested to NASA specification 317-2, Rev. C. This is described
in Reference 37. A detailed inspection of the alternator revealed some galling
of the bearing outer rings in the housing bores, and a small leak in the alter-
nator terminal ceramic~to-metal seal. The bearings showed almost imperceptible
brinelling evidence and the alternator was judged to be able to pass the shock
and vibration tests with only minor improvements.

5.1.3.3 Conclusions

The extensive testing of the alternator has confirmed its capability
of exceeding the life objectives. Some minor modifications to improve the over-
all reliability are primarily concerned with the inherent weaknesses in the
sliding elements of the bearing spring preload system.
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A detailed description of a proposed design change is contained
in' Reference 30.

Also, in Reference 37, recommendations are made for eliminating
the galling of the bearings and housings following vibration tests. This
consists of providing a hardened housing surface for improved sliding
compatibility with the bearing outer ring.
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5.2 NaX PUMP

5.2.1 Development Background

The NaK pump was designed and developed to pump sodium-potassium
liguid metal (eutectic NaK-78) in the heat transfer loops of the SNAP-8 nuclear
. space power system., For the 90-kWe system, NaK pumps are required in the inter-

mediate loop and heat rejection loop as shown in Figure 5-12., For the 35-kWe
system, NaK pump-motor assemblies are required in the primary loop and the heat
rejection loop, as shown in Figure 5-13.

The NaK pump is shown in cross section in Figure 5-14., The design
and development of the SNAP-8 NaK pump is described in detail in Reference LO.

5.2.1.1 Overall Design Philosophy.

The NaK pump design was based primarily on the SNAP-8 system mini-
mum life goal of 10,000 hours of unattended operation (with no maintenance) in
space environment, This meant that the NaK pump had to be designed primarily
for endurance.

The design requirements stressed that no NaK leakage could be toler-
ated. Canned motor construction and use of NaK-lubricated bearings in a hermeti-
cally sealed housing were, therefore, necessary.

_ Fluid in the primary loop of the 35-kWe system becomes radiocactive
as it passes through the reactor, and it is undesirable to introduce the radio-
active fluid into the heat rejection loop. This eliminated the possibility of
using a single pump to circulate NaK in the two loops or to use a single motor
to drive two separate pumps.

Since the pump must supply its own cooling and lubrication, a cool-
ing and purification system was included as part of the design. The optimum
design is one which has the recirculation pump as part of the unit and a cooling
and purification system external to the pump.

To facilitate pump development, some limited separate testing of
subcomponents was done., Bearings were tested separately in oil, and an assembled
pump was tested using water (which has hydraulic characteristics similar to NaK)
as the working fluid,

5.2.1.2 Conceptual Design and Performance Requirements

A speed of 6000 rpm was selected based on the optimization of the
punp and motor elements with electrical input power. The main pump is a single-
stage, end-suction, double-volute, mixed-flow design with a sem%—open impeller
thrust-balanced axially with back vanes. Isolation of the 1100 F pump fluid
from the 3OOOF motor fluid is achieved by a close-clearance annulus around the
shaft between the pump and motor. The pump housing is supported mechanically
by three pins mounted in support arms which extend from the motor housing.

This feature isolates the hot pump housing from the relatively cool motor,
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The NaK in the motor cavity is cleaned, filtered, and cooled by a recirculation
system driven by an open impeller, single stage, low speed recirculation pump
located near the opposite end of the shaft from the main pump. Both impellers
are keyed and bolted to the shaft. The main impeller bolt is designed to stretch
under the torgue load applied during assembly to maintain a preload under all
differential thermal conditions.

The axial thrust bearing is located on the main pump side to control
pump- axial clearances due to shaft expan31ons. The thrust bearing is a tilting-
pad hydrodynamic type. . '

. The shaft is supported by two radlal tlltlng—pad Journal bearings,
one on each side of the motor rotor, The design and development of the bearlng
system shaft used in the SNAP-8 NaK pump is described in more detail in Refer-
ence 4l. .

T The motor is an 8-pole, squirrel cage, 3-phase, 208-V (L-L), LOO-Hz,
serieg-wound induction type hermetlcally sealed from the NaK The_stator 1ncor-
porates a ceramic-fill insulation system. -The three phases plus the neutral of
the Y-connected stator are connected to individual ceramic hermetically sealed
terminals, . ¢ -

5.2.2.1 . Main Pump

_The.fuhction of the main pump is to circulate NaK in the NaK loops
of the SNAP-8 system. Hydraulic performance requirements for pumps in both loops
is shown in Table 5-V, where the de51gn values and test results are compared.

The pump de51gn was based on standard pump criteria.

a, Impeller,- The impeller is a semi-open,,mixed-flow, five-vaned
centrifugal impeller with twenty-four O.13-ineh high, 90-degree radial back
vanes for axial thrust balancing. Standard water-pump design practice was
applicable since NaK and water are almost identical hydraulically. The semi-
open design feature-was chosen for the following reasons: ‘

_® Radial clearance was more critical than axial clearance. .

e At the high temperature of l3OOOF no completely nongalling
material of compatible coeff1c1ents of thermal expansion with
the CRES 304 housing was available in NaK for wearing rings or
other close-running parts. .

® At the radial clearance required to avoid any possibility of
rubbing, the amount of wearing-ring leakage would lower pump
efficiency.

° In general, the semi-open impeller provides better clearances

with less efficiency loss when handling thermal distoration
associated with bimetal joints and axial and radial warpage.
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TABLE 5-V - NaK PUMP PERFORMANCE DATA

HEAT REJECTION LOOP PUMP PRIMARY I.00P PUMP

Calculated Calculated

Design Data ~Design Data

Components Based on Based on
and : In-Air Motor In-Air Motor
Parameters - Test Results Test Results Test Results

Test Results

Ge-¢

Pump, Centrifugal

Flow, 1lb/hr o
Inlet NeK Temp, F
Flow, gpm

Inlet pressure, psia
Pressure rise, psi
Head, ft

Outlet pressure, psia
Hydraulic power, kW
Efficiency, %

Shaft input power, kW

Motor, Induction

400 Hz, 3 Phase, 208 V (L-L)
Electrical efficiency, %
Overall efficiency, %
Input power, kW
Current amps

Punp Motor Assembly

Overall pump efficiency, %

Summary of Losses

Total electrical, watts

Total mechanical, watts

Total mechanical and electrical
losses, watts

(1)

System Requirements

40,200

495
98.7
15.0
41.8

118
56.8

1.79

63.8
2.81

1,270
540

1,810

40,200

k95

98.7
15.0 (1)
39.8

113

54.8
1.715
68.5
2.51

1,130
960

2,090

40,200
1,100
109.5
28.6
16.4
51.6
45.0
.78
69
1.1k

= O

'__l

33.1

750
500

1,250

45,900
1,170
125
30.8(1)
28.3
89
59.1
1.5k
6,2

2.39

Th. b
53.

4,52
22.6

3k.1

1,156
975

2,131



Since low axial thrust on the thrust bearings was required to pro-
vide a design margin for the 10,000-hour life, an adjustable method of axial
thrust balancing was desirable., Radial back vanes were used to provide load
adjustments through vane trimming.

The impeller suction inlet is a free vortex incorporating an allow-
ance for prerotation of 115% for improved efficiency. The impeller is keyed
to the shaft and retained by a Hastelloy B bolt. The impeller back-vane clear-
ance is adjusted by a parallel ground shaft end spacer.

b. Pump Housing.- The pump suction housing is a single-end suction
housing without antirotation vanes. Shims are used to adjust the impeller front-
vane' clearance,

The pump discharge housing is a radial-flow double volute with an
equal-side trapezoid impeller diffusion section flaring into a rectangular
collector. The double volute reduces the radial shaft load from the impeller
for off-design-capacity operation., To produce the hydraulic section of the
discharge housing, two halves were machined and then welded. The discharge
pump housing is made of 304 CRES forging stock.

The 0.0L4O-inch radial shaft clearance annulus between the motor
and main pump minimizes the NaK fluid interchange between the main loop and the
NaK motor cavity which requires clean NaK for the bearings. Three load-~support
arms with slip-fit pins allow for the differential thermal growth between the
1300°F 304 CRES pump hous1ng and a 300°F 9M% motor housing. These arms must
carry the piping loads of 100-1b force and 600 pound-inches moment both in any
direction simultaneously on the suction and discharge pipe pump interfaces.
This feature also provides thermal isolation between the pump and motor.

5.2.2.2 Motor

The motor input power is furnished by the alternator. During
reactor startup, with power supplied by a battery-powered inverter, the pump
operates on 95-Hz, 19-V power, then switches to 220-Hz, 88-V power. The motor
cavity is flooded with NaK necessitating a canned rotor and stator; the cans
are 0.010-inch thick Inconel. More than half of the motor losses are associated
with the "air gap," or magnetic gap area, so the recirculation system fluid was
passed through the gap to remove this heat.

The motor design emphasized small operating torgue margin to main-
tain a small motor diameter which minimizes hydraullc losses. The power required
from the motor is shown in Table 5-V,

a. Stator. - The motor stator has 36 slots in a laminated 8-pole
steel core, hand-wound with nickel-plated copper-wire. The stator is completely
sealed from the internal NaK and external pump atmosg?ere by a welded can., The
stator cavity is back filled with dry nitrogen at 70 and 14.8 psia. Figure 5-15
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shows a cross section of the stator. The internal-to-external electrical leads,
internally wye connected, penetrate the housing through sealed ceramic terminals.
Eight sets of internal Chromel-Alumel thermocouples measuring the end turn, slot,
and inside and outside core temperatures are brought out through two 8-p1n ceram-
ic connectors.

b. Insulation.- The stator construction employs an inorganic ce-
ramic insulation system. Ceramic insulation provides superior resistance to
the nuclear radiation present in the primary loop and the capability to operate
indefinitely above 6008F hot-spot temperature). The 600°F operating tempera-
ture allows the direct use of heat rejection loop NaK at 500°F for cooling. Aero-
Jet had proven the insulation system prior to 1ncorporatlon in the pump motor in
a series of statorette tests. These conducted.at:lOOO F for 3200 hours produced
no degradation of the insulation. The development of this insulation system is
described in Reference 42. The design included slots liners and phase separators
of glass-backed mica flakes, with the organic binders baked out prior to ceramic
impregnation. Then the ceramic material, calcium aluminate, was vibrated into
place and baked. The ceramic and glass cloth formed an insulation air gap to
mechanically retain the wire in place. The inorganic ceramic does not deterio-
rate with temperature, but the thermal cycle expansion and contraction of the
electrical wire on the ceramic presents the most likely mode of failure.

c. Stator Can.- The Inconel inside diameter cylinder (can) was
hydraulically formed into the stator core and slots. Standard construction
normally uses light shrink fits. Forming provided intimate surface-to-surface
contact between the can and core teeth to provide support for the can. The dry
nitrogen back fill in the stator provided the major heat path from the electrical
winding to the motor-cavity NakK.

d. Rotor.- The rotor is a squirrel-cage design consisting of 46
semideep slotted Taminations Whlch are made of AISI M-22. Rotor conductor bars
and end rings were made of oxygen-free electrical grade copper. The rotor was
completely sealed by an Inconel can. The canning process consisted of a shrink
fit 0.010-inch sleeve as the outside diameter and a much thicker sleeve on the
inside diameter to end plates. The rotor assembly is shrunk onto the shaft.

5.2.2.3 Bearings

The axial and radial bearings support the loads applied to the Nak
pump shaft. The bearing lubricant chosen was NaK in order to simplify the
design. The most adverse fluid properties are at the highest expected operating
temperature of 600°F. For reasonable pump critical speed, the radial bearing
stiffness should be more than 18,000 1b/inch at operating speed (5960 rpm).
Because of the thin NaK film and high operating temperatures, the bearing must
be self-aligning. The starting problem and the low lubricant feed pressure
available made the hydrodynamic type of bearing more desirable than the hydro-
static type. Because of its low viscosity, NaK as a lubricant presents two
basic problems: load capacity, and stiffness. This is a result of the shaft
mass which is to be subjected to acceleration forces. Fortunately, the low
viscosity of NaK also leads to extremely low bearing power consumption and
temperature rise which permits the use of relatively large bearing sizes. For
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‘these reasons, preliminary design emphasis was placed upon load capacity and
stiffness.

a. Thrust Bearings.~- The thrust bearings have six self-aligning
tilting-pads and are designed to operate with a O to 80-1b rated load. Each
bearing pad is an individual plate which is free to pivot in a circumferential
direction to provide a tapered lubricant film. The pad and thrust runner are
made from Carboloy 44 alloy. Iubricant is normally fed to the center of the
housing near the shaft and pumped through the bearings by centrifugal action.

A small portion of the lubricant flows over the working bearing surfaces while
the remainder passes through the spaces around the pads. The cone-shaped tung-
sten carbide rotating running plate provides a line contact surface for minimiz-
ing starting torque. The gimballed plate arrangement provides the required self-
aligning feature.

For equally loaded pads, the minimum film thickness was calculated
to be 0.0004 inch with a mean temperature rise in the film of 6.4°F., With
maximum tolerances and deflections causing maximum load differences between
the pads, the most heavily loaded pair of pads would have a calculated minimum
film thickness of 0,00031 inch and a mean temperature rise in the fluid film
of 10.7°F which is adequate for this application.

Two identical bearings are placed face-to-face operating on opposite
sides of the same thrust plate to carry axial loads in either direction. By
limiting the axial clearances, the shaft end play is controlled; the bearings
are also preloaded and stabilized allowing for ground test operation or zero-g
space conditions.

b. Radial Journal Bearings.- The journal bearings are hydrodynamic
self-aligning tilting-pad bearings with four pads and designed to carry loads
ranging from O to 50 1b, The specified minimum allowable film thickness was
0.0002 inch, The four pads are made of M-2 tool steel. The designed bearing
radial clearance was 0.0008 to 0,0013 inch. By control of the running clearance,
a slight bearing preload was established to assure a stable bearing in a zero-g
environment.

The ball pivots are made from T-1 tool steel and are accurately
centered and retained in a housing bolted to the motor housing. The journal
sleeves are also T-1 steel and are shrunk on the shaft and ground in place.

The mounting feature of the journal to the shaft dictated the choice
of materials. -The shaft material must be magnetic since it is part of the
motor flux parts and the coefficient of expansion should be similar to the
sleeve, The shaft material was 9M steel with a coefficient of expansion five
times more than the most desirable bearing material, tungsten carbide. There-
fore T-1 tool steel with a similar coefficient of expansion was chosen. The
four-pad tilting-pad journal bearing was selected as a reasonable compromise
between high load capacity and minimum shaft-pad motion with rotating unbalance,
A length-to-diameter ratio of one was chosen to obtain high load capacities
without unduly complicating the fabrication and assembly.
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A conventional sleeve journal bearing was considered to be unsuitable
because of half-frequency whirl problems associated with this design. Tilting
pad bearings are not prone to this problem even in zero-g operation,

5.2.2.4 . Recirculation System

The function of the NaK pump recirculation system is to cool the
motor and bearings and to provide clean NaK for the hydrodynamic bearings as
shown in Figure 5-14. The system shown was designed for ground testing only
and employs an oil-to-NaK heat exchanger to cold trap oxide particles, and a
5-micron filter. An economizer is also provided in this circuit to reheat the
NaK and assure that the return flow NaK is in the liquid state.

‘For manned system use, a simpler recirculation system was evaluated.
This used a NaK-to-NaK heat exchanger with no filtration or cold trapping.
Some preliminary analysis resulted in a compact heat exchanger which was
intended to be close-coupled to the pump. Temperatures in the pump are simi-
Jar for both the NaK-to-NaK and the oil-to-NaK heat exchangers. No hardware
was built, however, for the NaK-to-NaK system.

- The recirculation pump circulates 1.6 gpm of NaK producing a head
rise of 40 ft with a pump speed of 5800 rpm., A radial flow, full-open-vane
impeller was selected. Suction pressure is controlled by the main loop pressure.
Under the normal operating conditions, the pump will have more suction pressure
than the minimum required for a pump of this type. The full-open impeller, by
equalizing impeller radial pressure gradients, assures that no impeller axial
thrust is present.

The impeller is of conventional design. A large allowance for suction
prerotation was made because of the proportionally large suction eye diameter
dictated by the diameter of the shaft on which the impeller is mounted, The
impeller is keyed to the shaft and located axially with shims.

The pump housing is a close-clearance annular volute with a flow
limiting exit diffuser O0.ll-inch in diameter. Because of the small flow, only
a limited arc near the cutwater of the volute is exposed to high pressures.
Consequently, the impeller radial load will be negligible. The annulus is
0.10 inch wide by 0,06 inch deep on a 2.Lk-inch diameter.

The economizer is used to heat the NaK from the heat exchanger cold
trap to prevent possible oxide precipitation at the filter. The simple tube-
in-tube counter flow heat exchanger has an effective heat exchange area of o
10 square inches. In operation, hot liquid is directed into the shell at 350 F
for both fluids. -

: . The cold trap heat exchanger rejects the heat gathered by the NaK as
it flows through the pump. The heat transferred is estimated to be 2100 watts.
The heat exchanger, being the coldest point in the recirculation system, is
- also used as a cold trap to remove excess oxide particles which can harm the
bearings. The selected design is a counter-flow heat exchanger. In operation,
the polyphenyl ether is directed into the outer shell at the top and leaves at
the bottom. The fluid side film coefficient though low is sufficient, since
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the exposed area is large and the temperature change allowance was 85 to 135 °p
(a low effectiveness heat exchanger). The NaK is first directed from the bottom
upward between an annulus formed by the NaK container and a wire-mesh filled
inner can. When the flow reaches the top of the annulus, it is reversed and
flows through the inner can and then out of the heat exchanger, The wire mesh
inside the inner can presents a large area in which oxides can be collected.

5.2.2.5 Rotor Dynamics

Using the conventional Dunkerly approach, the analysis of the rotor
critical speed based on the stiffness of the rotor alone indicated that it was
approx1mately 25,000 rpm, :

The minimum calculated bearing stiffness was 19,000 lb/lnch based on
running the bearings unloaded and with maximum clearance at 6000 rpm. A bear-
ing stiffness of 19,000 lb/lnch yields a critical speed of 9000 rpm, thus pro-
viding ample margin,

5,2.2,6 Material Selection

The following materials are used in the major parts of the pump:

Part -~ Material
Motor housing 9Cr-1Mo
Pump housing : 304 88
Journal bearings -
Sleeves and ball Tungsten T-1
Pads " Moly-Tung M-2
Thrust bearing . Carboloy LlA
Tmpeller ' 410 sS
Impeller bolt o Hastelloy B
Shaft ' 9Cr-1Mo

Rotor and stator cans Inconel 600

5.2.2.7 Thermal Analysis

The thermal expansion of the NaK pump established the‘allowable axial
clearances used on the main and recirculation pump impellers, Later in develop--
ment, back vane clearance was increased to a nominal O. oko inch leaving the
front vane clearance as designed to retain good efficiency. This was required
due to an unforeseen ll60-to-350°F thermal gradient alternating on the impeller
back shroud which causes the impeller to bow. This is discussed in the section
on gas in motor cavity and/or recirculation loop. The method of mounting the
pump housing to the motor housing and the swirl clearance annulus around the
shaft between the motor and main pump minimizes primary loop heat leakage into
the motor cavity to a calculated 270 watts,
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5.2.3 Demonstrated Performance

The NaK pump has been progressively tested first as separate sub-
components and then as a complete unit which was endurance tested in a NaK -
component test facility and in the SNAP-8 35-kWe ground test system. A total
of 56,493 operating hours have been accumulated on eleven (11) NaK pumps with
3362 start cycles in five separate test loop locations. One unit successfully
ran for 10,362 hours with 786 start cycles. :

5.2.3.1 Overall Test Program

The NaK pump test program followed a line of tests to determine the
subcomponent and overall performance of the unit, as described in the follow-

ing paragraphs.

5.2.3.2 Subcomponent Testing

a. Bearing Hydrodynamic Design.- The journal and thrust bearlng ‘
tests (Reference hlf>were conducted in individual test rigs using silicone oil
to verify the load-carrying capacities and stability of the bearings.

b. Bearing Pivot Fretting Tests.- The bearing pivot-point tests
(Reference 41) concerned with ¢ atact point fatigue and Hertz stresses were
conducted separately from the bearing hydrodynamic tests.

c. Motor Tests.- The motor in-air testing using a dynamometer
established the torque capabilities, stator and rotor losses, and core and
stray losses.

5.2.3.3 Testing of Pump Components

a. Motor Test with Water.- The NaK pump motor (the unit less the main
pump) was tested in water which is hydraulically simitar to NeX, to determine
further motor data such as can loss, total motor, bearing, and recirculation
pump power requirements, preliminary starting voltage requirements, recircula-
tion pump performance, motor gap and filter differential pressure characteristics,
and the motor NPSH values

b. Starting Torque Tests with Water.- Using the in-air rotor test data
with a canned stator, the locked rotor (or starting torque), input power, and
current were established at variable frequencies and input voltages. Later,
canned rotor tests during acceptance and inverter tests confirmed the negligible
effect of the rotor can on these locked-rotor test wvalues.

c.. Starting Torque using SNAP 8 Static Inverter.- The use
of the SNAP-8 inverter for NaK pump startup resulted in a different performance
than when using a sinusoidal alternator power source. The inverter output was
a quas1-square'wave form. Test results showed from 15 to 80% higher voltage
and 5 to 50% greater power for locked-rotor when a static inverter was used
as the pump startup power source.
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5.2.3.4 Full Assembly Tests

a. Development Tests.~ By us1ng the motor as a calibrated device,
the segregation of losses in the unit was continued by establishing overall
hydraulic performance and speed versus torque and load performance. The
axial thrust due to the main pump and motor rotor, and the impeller radial
-load on the shaft were estimated by making a pressure survey of the pump volute.
Since most losses were established separately and related to theory, the per-
formance of the pump in NaK could be accurately projected.

b. Component Facility Tests.,- The projected performance curves
from the water tests were confirmed by later tests of the NaXK pump in liquid
NaK. The NaK eddy current and motor hydraulic loss changes were established,
and the reliability of the unit was demonstrated in a 10,000-hour endurance
test at the primary conditions of 1170 :

c. SNAP-8 System Tests.- In parallel with the NaX pump loop tests,
NaX pumps were operated in the SNAP-8 35-kWe system ground test systems at
Aerojet and NASA-LeRC. The 35-kWe test loops at Aerojet and NASA-LeRC are
facilities where operational tests were conducted primarily on the boiler and
turbine-alternator while test endurance life data and experience were gathered
on the pumps and other SNAP-8 .components. The NaK pumps were installed in both
the primary and heat rejection loops of these facilities.

d. Acceptance Tests.- Each NaK punmp was acceptance tested in water
to determlne its starting torque, 400-Hz pullout torque, recirculation, hydrau-
lic, and overall pump performance.

5.2.3.5 Qverall NaK Pump Performance

: The NaX pump overall test results in water were later confirmed by
the actual NaK testing. By using water initially as the pump fluid, a more
convenient test program could be accomplished than when using NaK, These test
results established the motor, pump, and recirculation system component charac-
teristics and hydraulic performance. - The NaK eddy currents in the motor and
the effect on the motor cylinder hydraulic losses could not, of course, be
determined in water, but were deduced from later.tests in Nak,

a., Loss Breakdown and Performance Data -~ 40O Hz.- The NaK pump
loss breakdown and performance data for the heat rejection and primary loop
conditions are shown in Table 5-V, The pump met performance requirements
throughout its development history with only slight deviations.

The 35-kWe system flow rate was increased to h9 000 lb/hr from the
original design of 40,200 1b/hr which necessitates using the full head avail-
able from the NakK pump Allowing however for line losses due to ground test
piping and a standby electromagnetic pump in series, the pump still has head
margin for the 35-kWe and 90-kWe systems. .

b. Performance Curves,- Uéing the performance data from water tests
and motor tests, the performance in h95°F NaK was calculated for the heat rejection
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loop condition., The value of 0.009 to 0.0ll-inch front-vane axial clearance
was used in the calculation. The pump in the heat rejection loop is expected
to attain 37.5% eff1c1ency u31ng k.56 kWe, and produce 112-ft head at 98.7 gpm
(40,200 1b/hr at 495°F).

The NaX pump performance (Figure 5-16) was substantiated by tests in
NaK at 495°F, and by tests at 1170°F (Figure 5-17). A slight increase of impel-
ler front vane clearance due to the additional thermal expansion explains the
tendency for lower head and power values at the higher temperature. Signifi-
cantly, the data did not change before and at the end of the 10,000-hour NakK
pump endurance test at over 1100 F As seen from Figures 5-16 and 5-17, the
NaK pump shows a performance margin above the requirements for the 90- kWe
system.

c. Low Head Performance.- The head-=capacity performance of the
pump has, at times, been lower than that presented in Figures 5-16 and 5-17,
particularly for pumps operating in the primary loop. The data for these
figures obtained from pump loop tests were generally confirmed in 35-kWe
system tests. Later tests indicated low head values fairly consistently in
the primary loop and occasionally in the heat rejection loop. None of the
disassembled NaK pump hardware has shown any wear or head-producing fault.
No testing abnormalities existed to justify this. The head variations (by as
much as 30 feet) as a function of time minimizes the likelihood of misassembly.
Consequently, the low head is believed to be a pump-system problem due to either
gas in the system, a leaky bypass valve, flow-meter inaccuracy, or a combination
of these.

5.2.3.6  Pump NPSH

The net positive suction head (NPSH) required to avoid cavitation
damage or low performance is established by considerations of the main pump
impeller and the elements in the flooded motor cavity. Both have different
NPSH values. : :

a. =~ Main pump.- The main pump NPSH-is determined by a cavitation
test in which the suction pressure is reduced while all other parameters are
held constant. When the pump head decreases, the impeller performance is being
a.ffected by the vapor bubbles formed at its eye.

The conventional 2% head decay was used as the definition of the
start of cavitation since no significant damage or loss of performance should
occur at this level. At the design capacity of 98.7 gpm, the 2% head decay
occurred at 16.6 ft NPSH, well within the SNAP-8 system requirements.

b. - ‘Motor Cavity.- In the present configuration, the motor cavity
pressure requirements more significantly define the net positive suction pres-
sure required for the NaK pump. The low pressure point of the NaK pump is at
the moter rotor retaining nut, next to the recirculation pump end radial bear-
ing or at the recirculation pump eye. Figure 5-18 presents the net positive
suction pressure requirements versus capacity for the temperatures that were
used in the 35-kWe system tests.
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5.2.3.7 Performance at 95 and 220 Hz

The performance of the unit at 95 and 220 Hz was established in the
water test loop and from the motor "in air" test data. NaX pump testing con-
firmed the data. The performance is shown in Figure 5-19 and 5-20,

5.2.3.8 Motor Performance

a. Motor-Pump Speed Torgue Curves.- The motor speed-torque charac-
teristics shown in Figure 5-21 at 400 Hz established during the "in air" motor
test provides an operating torque margin of at least 15% using the minimum
input voltage (i.e., at the low end of the tolerance band.) By correcting
this tested pullout torque value of 72,5 pound-inches for the effects of the
rotor and stator cans, and with NaK in the motor air gap, the anticipated maxi-
mum torque point in NaK became 78.6 pound-inches providing slightly more margin.
This calculated torgue value has not been confirmed by test.

In the 35-kWe system startup sequence, the NaK pump starts with 95 Hz
and 38 V, or more, with a switchover to 19 V for a I to 6-hour run for reactor
conditioning. Then the NaX pump is switched to 220 Hz at 88 V for 4 to 6 min-
utes before ramping up to full speed directly connected to the accelerating
SNAP-8 alternator from 220 to 400 Hz, In this way a large continuous excessive
motor torque is available for acceleration throughout the NaK pump startup
cycle., :

b. Motor Starting Torgque.- The delivered starting torque (or locked-
rotor torque) characteristics of the motor were extensively tested at 60 Hz.
These data established the torque supplied to the rotor for a given input volt-
age at the motor terminals., In this way, the starting torque values for the
NaK pump were determined. At some voltage over 50 V (L—L), the motor iron will
reach its maximum magnetic-flux carrying capacity or saturation point at which
no additional torque is produced with increasing voltage. Unfortunately, this
value has not been found by test; however, from nonstart to start experiences
with NaK pumps, the torque still increases up to 55 or 60 V. The 60-Hz start-
ing frequency is being considered for the 90-kWe system,

c. NaK Pump Motor 95 and 220 Hz Operation.- During the startup
cycle, the NaK pump operates for 4 to 5 hours at 95 Hz and 4 to 6 minutes at
220 Hz, Since, in this space application, the pump power will be supplied by
a battery-powered inverter, the energy and current expenditures are very impor-
tant. To establish the most economical voltage at these frequencies, these
operating points were simulated in the water test loop, producing Figure 5-22
for 95 Hz and Figure 5-23 for 220 Hz operation., At 95 Hz the system 19 V (L-L)
(11 v, L-N) proved to be virtually at the lowest power and current values, how-
ever seemingly close to the knee of the speed-torque curve. However, the NakK
pump will operate safely to as low as 12 V (L-L) or 7 V (L-N) since the slip
reduces the load.

At 220 Hz, Figure 5-23 shows that the system established 99 V (L-L)
(50.8 v, L-N) is at the lowest current and near the lowest power and still
provides a suitable margin to the motor torque pullout voltage.
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d. Motor Summary.- In general, the motor development met design
goals, However, the hydraulic losses were higher than expected. Therefore,
in order to keep the other motor losses down, only a small design speed
torque margin was selected.

5.2.3.9 NaK Pump 400-Hz Peripheral Performance

Confirmation of the design loads, temperatures, and accomplished
functions for the pump were made as follows:

a. Pump Axial Thrust.- To determine the axial thrust of the Nak
pump, pressure values obtained throughout the unit, such as shaft end pressure
across the motor rotor, and front and back impeller pressure profiles, were
plotted so as to derive a graphical resolution of the axial forces. The results
of this calculation, shown versus capacity (corrected for NaK at 495°F) on
Figure 5-24 establishes the impeller axial thrust as 95 1b acting toward the
pump at shutoff, passing through zero-pound thrust at 95 gpm; to 43 1b acting
away from the pump at 150 gpm. Because of the necessity of subtracting large
numbers, the expected error is * 20 1lb. The original design value of 0,011 to
0.013-inch back vane clearance was increased to 0.035 to 0.040 inch to prevent
back vane rub caused by the thermal growth differential between the pump shaft
and housing. As shown in Figure 5-2&, this change caused only a small thrust
load change of less than 15 1b at any capacity.

Trimming the impeller back vanes will increase the thrust toward the
main pump, thereby increasing the shutoff thrust load but decreasing the high-
capacity load. It is desirable to avoid operating at the zero-load point for
desired thrust bearing operation. The pump head is likely to shift 1.5 to 3 ft
in this area with the change of front vane clearance, but otherwise no ill
effect will occur.

b. Motor Rotor Axial Thrust.- The main rotor differential pressure
in the motor cavity NPSH section produces an axial thrust load on the NaK pump
shaft. With a piston area of 10.2 square inches, the 3.18 psi differential at
the rated recirculation flow of 1.6 gpm produces an axial thrust of 32.8 1b
acting away from the main pump. This results in net thrust load in horizontal
ground testing as shown in Figure 5-24, The motor thrust varies with recircula-
tion flow rate maximizing at 41.2 1b at 1.8 gpm maximum flow.

c. Net Shaft Axial Thrust.- The NaK pump may be used vertically
(either end up) in ground testing or be exposed to a l-g load axially in space
since the bearings are adequate to support the rotor weight. The summary of
axial bearing loads is provided in Figure 5-25.

d. Shaft Radial Loads.- Through the use of four radial pressure
taps, located every 90 degrees in the volute just above the impeller tip diam-
eter, an approximation of the impeller radial load was made. This calculation
is based on test data and assumes that the velocities or dynamic forces around
the impeller periphery are equal, With this assumption, the derived values
represent only a good approximation.
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The radial loads on the NaK pump are summarized on Figure 5-26. The
normal motor magnetic load of 5 1b and the recirculation pump radial load of
2.5 1b are insignificant with the major bearing loads caused by the main pump
radial force and the rotating assembly weight., The rotor weight is 18.3 1b and,
being almost centered between the radial bearings, imposes significant bearing
loads only during the 10-minute 3.5-g acceleration period for space applications.
Otherwise, the main bearing loads are derived from the main pump radial forces.
In ground test systems, this results in maximum radial loads of 46.5 1b on the
pump-end bearing and 13.5 1b on the motor-end bearing while operating from O to
150 gpm capacity. For space application (zero-g), these change to 34.5 and
15.1 1b, respectively. The design and test bearing load of 50 1b is exceeded
only on the pump end bearing at 3.5-g conditions (81.7 1b) or with maximum
individual loads aligned for maximum effect (51.6 1b).

e. Thermal Map.- Composite thermal maps of multiple thermal data
runs are shown for a 11608F pump housing in Figure 5-27 and for a 500°F pump
housing in Figure 5-28. The temperature differences from calculated values
are seen to be small, :

5.2.3.10 Bearing Performance

As discussed in the previous sections, the axial and radial bearing
loads were semiqualitatively established. With these loads during the long
operating history of the unit, the- thrust bearings have operated as designed.’
Some operational and starting difficulties with the radial bearings have been
encountered.

The bearings were tested separately to establish their dynamic capa-
bilities using a silicone oil for simplicity to approximate the NaX hydraulic
characteristics. However, the oil does not approximate NaK in lubricity nor
is there similarity in removing the metal oxide coating in service. Both of
these parameters affect startup operation.

a. Radial Bearing Hydrodynamic Tests.- In the silicone oil test,
the calculated film thickness for a given load for 0.65 centistoke silicone
test oil and the test results compare very closely. Correcting the experimen-
tal data for the viscosity of NaK at the highest operating temperature of 600°F
shows more than 0.0002-inch minimum clearance at 50 1b load. In the normal
pump operating configuration and operating range of 99 to 150 gpm, the loads
vary from zero to 46.5 1b (Figure 5-26). However, since the bearings are at
350°F with resulting higher NaK viscosity, the maximum normal’ operating bearing
load produces a film thickness of about 0.0004 inch.

b. Thrust Bearing Hydrodynamic Tests.- The thrust bearing hydrody-
namic characteristics were also confirmed using a silicone oil substituted for
the NaK. For equally loaded pads, the minimum film thickness was calculated
to be 0.0004 inch. With maximum tolerances and deflections causing maximum
load differences between the pads, the most heavily loaded pair of pads would
have a calculated minimum film thickness of 0,00031 inch which is adequate for
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this application. The viscosity corrected test results established that the
rated load of 80 1b at 6000 rpm results in a minimum film thickness close to
the calculated value within the resolution of the instrumentation.

The normal NaK pump operating range of 99 to 150 gpm produces thrust
loads of from 35.8 to 75.8 1b

c. Bearing Pivot Fretting Testing.- A short test program was conduc-
ted on a vibrating table using first oil, and then NaK at 600°F, The test
results showed that the ball pivots were not significantly damaged in 100 hours.
The bearing pivots in one NaX pump were run in NaK for 10,362 hours without sign
of wear or deterioration,

5.2.3.11 Recirculation System Performance

a. NaK Side, - Hydraulic performance data were obtained from the
water testing establishing the filter differential head requirement with flow
shown in Figure 5-29 and the recirculation pump performance as shown in
Figure 5-30. The recirculation pump performance, as seen by the system exter-
nal to the NaK pump, is shown in Figure 5-30 whlch also shows the system loss
curve. This low specific speed pump is flow limited at 1.8 gpm by the discharge
diffuser to prevent high axial thrust values across the motor rotor, explaining
the negative slope of the curve at the low capacity pump values.

b. Coolant Side.,- The NaK pump desigh considered that the unit
would be totally insulated from its environment with the only cooling provided
at the heat exchanger cold trap. DPolyphenyl ether is used for the coolant, but
the motor and heat exchanger design allows use of the heat reJectlon loop NaK
Becaude of a low coolant temperature differential (8 to 10 F) the test data
instrument error and environment heat Jlosses provide only a rough check., The
flow path pressure loss is basically cold trap heat exchanger entrance and exit
velocity change effect with a laminar flow channel.

5.2.4 Vibration and Shock Testing

A complete NaK pump was tested in the vibration test facility at
NASA-LeRC in accordance with NASA Specification hl7-2, Revision C, This
included sinusoidal sweep vibration, random vibration, and multiple shocks of
15-g peak in three directions. The post test examination and hydraulic perform-
ance results are described in detail in Reference 43 which also gives test times
and input power levels.

The pump was tested for hydraulic performance before and after the
shock and vibration testing and no measurable change was observed. The pump
was filled with a kerosene type of o0il to simulate the effects of NaK during
the test. . Some slight damage occurred to the thrust bearing gimbal sockets
and the locking pins, and some minor changes are recommended to alleviate
these problems.
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5.2.5 Operations

The NaK pump was extensively tested accumulating 56,493 operating
hours with 3362 start cycles on 11 NaK pumps. During this period, the NakK
pump problems mainly concerned bearing damage/étarﬁing difficulties.

The NaK pump has been successfully endurance tested on a single
buildup to 10,362 operating hours with 786 start cycles. One hard start
occurred on this test using 36 V at the terminals on the 772nd start cycle
after 6696 hours operation. At 80 V, the pump started. The radial bearings
showed a slight scratch pattern at disassembly.

5.2.5,1 Bearing Problems

In the first water test, the bearings had wedging and wringing problems.
These have been resolved to a major extent by design modification; however, some
further changes are necessary for maximum reliability. Testing has shown that a
relisble bearing system can be made. To better understand the different causes
and effects of the bearing problems, they are examined individually in the follow-
ing paragraphs. Above complete story of bearing design and performance is found
in Reference 41.

a. Wringing.- Wringing is the expression used to describe the physi-
cal attraction exhibited when two very smooth and flat items, like measuring
blocks, are sqQueezed together, The result is a tight locking of the parts held
together by atmospheric pressure. Relapping to four rms finish reduced but digd
not eliminate the wringing effect. The bearings as originally manufactured had
a 1 to 2 rms finish. This resulted in wringing which dragged the pads along a
long radius ball contact which made an effective low-angle wedge to totally
lock the NaK pump shaft. Roughening the finish decreased the action on the
radial bearings, but on the thrust bearings further rework was necessary. The
thrust pads were finished with a flat surface matching the flat surface of the
running ring or thrust plate. To provide a line contact, the running ring was
coned to avoid the flat plate wringing effect. Wringing was then eliminated.

b. Wedging - Gimbal Plates.- The thrust bearing with modifications
as above still tended to lock the NaK pump shaft during preliminary testing in
the water loop. This was determined to be from the action of the cylindrical
gimbal plate pivots whose relatively long radius provides a shallow angle wedge
with slight rotation of the gimbal plate.

The thrust bearing had to be assembled with a small clearance
(0.00L inch) to limit the shaft end play and for pad no-load stability.
Consequently, a small force, or drag, from the pads could be compounded into
a locked shaft. In a horizontal plane, the pads fell to a minimum clearance
condition, The effect was eliminated by providing centrally located drive
pins which prevent sliding movement in the gimbal pivots.

c. Wedging - Journal Pad Ball Pivots.- A wedging action is created
when the radial bearing pads are swiveled by the ball operating in the shallow
socket in the pad. The resulting wedging action can be severe if the clearance
. @llowance is sufficient or if the ball to pad friction is large. The resultant
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large loads either lock the shaft or cause damage to the bearings in startup.
The thrust bearing material has not shown any sign of damage, but the radial
bearings have been galled and scratched in some instances. The clearance may
be limited on the thrust bearing by misassembly, debris behind ball segments
or at pads, gravitational dropping of pads and gimbal plates in the assembly,
and unusually high-temperature (compared to the housing) bearing parts. With
the material coefficient of expansions involved, it is more likely that the
thrust bearing clearances would increase with temperature effects. On the
radial bearings, the clearance is set by manufacturing, checked, and rechecked
for debris behind balls or on the pad. Hydrodynamic film, gravitational loca-
tion of the pads (located at 45-degree points from center line), the act of
galling, and a hot shaft or bearing parts in comparison to the housing, may
provide the small clearance condition.

d. NaK Cleaning of Metal Oxides.~ Metal oxides on bearing surfaces
normally provide the hard surface to reduce friction and tendency to gall for
metal-to-metal contact. NaK removes this oxide, cleaning the metal surfaces.
The metal sliding friction factor in NaK has been tested as approximately 1.0
to 1.5. When a NaK pump is put into service, the first start has always been
successful. It is presumed that no system or assembly debris is present and
the bearing probably still has an oxide-coated surface.

e. Debris.- Debris may be in two forms: hard particles or soft
materials. The recirculation loop is designed to remove both the relatively
soft NaK oxide and soft or hard material particles. The thrust bearings have
not been scratched in service, although burnishing on the surfaces shows the
passage of some hard debris, The radial bearing frequently carries scratches
showing that a few hard particles may produce more debris from the radial pads
to compound the scratching effect. NaK oxide particles are not sufficiently
hard to scratch the pad material; but, with the wedging effect, a soft material
thickness reduces the bearing clearance for a low wedge angle and then the resis-
tance created in passing the pad surface will, in turn, produce large bearing
loads. In startups after some running time, this forces the pad and journal
surface together under load, creating the conditions most likely to cause
welding or galling,

f. Bearing Damage Due to Gas.- The lowest pressure point of the
operating NaK pump surrounds the recirculation-pump-end radial bearing. Gas
in this area reduces or eliminates the bearing liquid lubrication causing more
power losses and a possible direct contact between the sleeve and pad. At the
same time, the bearing is deprived of liquid cooling allowing the bearing parts
to heat up. A compounding effect results with the internal metal expanding
while the housing is unaffected, thus decreasing the clearance and wedge angle.
As a result, the load increases causing more heat to be generated. The damage
to the radial bearings from gas has been noted in some cases generally ending
in scratched or galled motor-end radial-bearing surfaces and a nonstarting
unit, The main pump-end radial bearing (and thrust bearing also) operates at
about 3 psi higher due to the pressure drop across the motor rotor, and is
therefore less likely to be damaged. The thrust bearing, because of harder
materials, location and construction, avoiding adverse thermal gradients and
growth, does not have this problem.
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5.2.5.2 Stator Problems

The second most frequent problem with the NaK pump has been with the
motor stator housing. Usually the windings have shorted out because of faults
or because of the intrusion of NaK from a can leak. Usually the initial fault
is in doubt since the end condition appears the same; that is electrical arc
burns through the can with NaK flooded and shorted windings.

a. Winding Short - End-Turn Area.- The apparent winding short has
has usually occurred in the stator end-turn area where the wires move
during manufacture and from thermal expansion in use. The motor winding air
Or space gap is maintained during hand winding by a glass-cloth covering impreg-
nated with a resin. The resin is burned off before the entire stator windings
are impregnated with a ceramic f£ill to retain the installation gap. The ceramic
then has to hold the wires in position. If a wire is indented or moved into an
adjacent wire during manufacture or by use, a hot spot will occur which in
heating the wires may compound into a full failure,

The motor stator used in later units after some modifications appears
to be much more reliable than the earlier units., Two of the modified design
stators operated for 9748 hours and 318 starts and 9116 hours with 207 starts,
with no malfunction.

b. Leaks Through Motor Cans.- NaK leaks through the motor cans
appear to be similar to winding faults since the motor stator is flooded with
NaK from an arc burn through the can. The short toc ground follows the NakK
conductor through the leak point if NaK has shorted the windings. However, in
at least one case, the evidence distinctly pointed toward a can imperfection
as being the failure cause. Leaks have occurred only on the motor end cans,
not on the cylinders or welds. Early end cans were machined from a solid
Inconel plate to a 0.030-inch thickness. As such, machining defects and material
inclusions become very important because NaK will dissolve or wash out the non-
metal or oxide inclusion to allow a path for leakage. Later pumps have been
fabricated utilizing spun sheet Inconel stator end covers which eliminated the
can leakage problem,

5.2.6 Recommendations for Future Use

Extensive testing has shown the NaK pump to be generally reliable.
This is evidenced by the conditions of pumps after endurance tests. A detailed
description of one pump after testing is contained in Reference L&, Some changes
to the design are recommended to improve the reliability particularly when some
adverse conditions prevail are as follows:

5.2.5.1 Bearings

Indications are that the tungsten carbide material, if applied to the
radial bearings, would alleviate most of the scratching problems. Redesign of
the ball pivot on the radial bearings to incorporate pins and also reduce
clearances to limit pad rotation should be considered.
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5.2.6.2 Recirculation System

The original recirculation system was based on ground testing criteria
which could include a relatively crude system using polyphenyl ether as the
coolant. A long test run on a pump at higher than SOOOF winding temperature,
confirmed that the use of the heat rejection loop NaK for motor and bearing’
cooling is satisfactory. As a result, a new recirculation system was designed
but not built, ’

5.2.6.3 Lower NPSH Required

In late 1967, a reduction in maximum primary loop pressure was recom=-
mended by the reactor contractor for the purpose of increasing the creep life
of the reactor fuel elements., The pump NPSH requirements would be lowered to
accomplish this by trimming the main impeller back vane. This provides higher
relative pressures in the motor cavity allowing the NPSH of the NaK pump to
correspond to the NPSH required by the main impeller.
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5.3 MERCURY PUMP

The mercury pump located in the Rankine-cycle loop (Figure 5-31)
circulates mercury through the loop and acts as the boiler feed pump. Cutaway
and exterior views of the pump are shown in Figures 5-32 and 5-33. The main
pump is a single-stage centrifugal pump with a- jet pump driven by bypass
mercury flow, providing adequate suction conditions to the main pump, particu-
larly during the system startup cycle. Suction conditions for the overall
pump are established by the condenser pressure and by the degree of subcooling
provided by the condenser. The centrifugal pump is driven by a 400-Hz, 208 V
(line-to-line), three-phase electric motor at a speed of approximately 7800 rpm.
The pump shaft is supported by ball bearings located between the motor and
pump. The bearings are lubricated and cooled by an organic polyphenyl ehter.
The same fluid is used to cool the motor and space seal. Mixing of the lubri-
cant and mercury is prevented by a dynamic-static seal-to-space gystem. The
design and development of the SNAP-8 mercury pump is described in more detail
in Reference U5.

5.3.1 Development Background

The mercury pump was designed primarily for component reliability
and development simplicity and to meet the unique requirements imposed by a
vacuum environment. Design flexibility and ease of development were necessary
to permit the following:

° Modification of one element of the pump assembly without
affecting the design of the whole assembly.

) Minimization of the number of interacting variables to allow
more accurate analysis and design procedures.

° Accessibility of elements for assembly and disassembly.

° Installation of insfrumentation for acquisition of data.

5.3.1.1  Pump

A centrifugal pump was chosen over a positive-displacement unit
since pumping low-viscoslty mercury at relatively high pressures would have
imposed severe life-limiting wear on a positive-displacement pump. Further-
more, a centrifugal pump is more adaptable to changes in performance
requirements. For the pump startup suction conditions, the jet-pump booster
was selected instead of an inducer for the following reasons: ' '

. Jet-pump hardware may be easily modified to attain better
suction performance while an inducer design change would
probably be extensive, if required.

° A jet pump can be made more rugged to withstand cavitation

damage.
° In an extreme cavitation mode, the jet-centrifugal pump

will produce some flow with available NPSH nearly zero.
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5.3.1.2 Motor

A standard induction 400-Hz, three-phase motor was selected to pro-
vide high reliability, simplicity of construction, and good starting torque
capability. The selection of a lubricant-coolant vapor-filled cavity was
based on the design technology similarities with the turbine-alternator.

5.3.1.3 Bearings

The SNAP-8 turbine-alternator and mercury pump designs both incorpo-
rated the use of polyphenyl-ether lubricated and cooled ball bearings with a
space seal system separating the mercury and the bearing lubricant. Bearing
selection was based on simplicity, initial reliability, critical shaft speed,
and shaft deflection. A detailed description of the design and development of
the ball bearings for the mercury pump and turbine-alternator is contained in
Reference 30.

Angular contact bearings of basic 207 size (35-mm bore) were
selected with the bearings mounted with a 55-1b axial preload to assure
positive rolling contact at all times. The ball and rings were made from
M-50 consumable electrode triple vacuum melt tool steel, and the separators
from silicon iron bronze. Calculations indicated that life limitations would
not be due to stress or fatigue but more probably due to wear which is a func-
tion of bearing aligmment, fits and clearances, material selection, and the
removal of wear debris. ’

5.3.1.4 Shaft Seals

The mercury seal-to-space consists of the main impeller back face
(a vaned slinger), a visco pump, a molecular pump, and a face seal in series,
8imilar to that in the turbine-alternator. The visco pump, in pumping against
the main pump pressure regime, forms a liquid plug which is cooled by a small
heat exchanger incorporated in the seal housing,

The lubricant seal-to-space functions in a manner similar to that
of the mercury seal except that a smooth radial slinger is used in place of
the vaned slinger and visco pump. The main function of the face seal is to
prevent leakage of liquid during startup when the dynamic seals are not
effective. The design of the dynamic shaft sealing system is based on the
technology described in References 31 and 32.

5.3.L.5 Lubricant in Motor Cavity

The motor-winding insulation selected was compatible with the
polyphenyl ether used for bearing lubrication and component cooling. This
permitted the use of open stator windings with a conventional organic insula-
tion design. To minimize hydraulic losses, the design incorporated a scaveng-
ing slinger so that the motor would operate in lubricant vapor rather than in
a liquid-flooded cavity. With a liquid-flooded cavity, the motor power
reguired would produce excessive winding temperatures.
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5.3.2 " Physical Description, Design Parameters and Requirements

The mercury pump is shown in cross section in Figure 5-32. The
design parameters and requirements are shown in Table 5-VI and compared with
tested performance. The principle features of the mercury pump are described
below. ’ '

5.3.2.1 Pump

7 The pump section includes a centrifugal main pump (an end-suction,
" single-stage, semi-open centrifugal type) and a jet pump mounted on the end

of the unit (FPigure 5-32) the driving flow is provided by bypassed flow from
the main pump feeding to the eye of the main impeller. '

Since the flow was relatively low, a partial-emission 1/3 flowing
section volute was chosen. The centrifugal pump was designed to standard
criteria. Impeller shroud back vanes were used to assist the operation of
the dynamic seals and to reduce the axial load on the bearings. The centrif-
ugal pump was optimized with respect to the motér and bearing designs. A
7800-rpm pump speed was selected on the basis of the 400-Hz motor input

frequency. :
The specific speed for the centrifugal pump portion,
N(rpm) * Q(gpm)’/? ' |
N = , was calculated to be 522 as designed. Based on test

° H(feet)>
results, a specific speed of 550 was calculated.

Hydraulic design and manufacturing considerations determined the
configuration of the impeller passage. Flow transitions were selected which
minimized friction losses and maintained maximum fluid control. On the
basis of empirical data, an impeller having four front vanes was selected.
The front-vane parameters were as follows:

Impeller diameter - "~ 1.94 inches
Impeller vane height at discharge 0.1 inch
Impeller inlet diameter 0.75 inch
Impeller vane height at inlet 0.22 inch
Front-vane inlet angle _ 15 degrees
Front-vane discharge angle 25 degrees
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TABLE 5-VI MERCURY PUMP PERFORMANCE DATA -

* Components Calculated
and Design Point, Tested
Parameters - Final Design Performance

Pump, Jet-Centrifugal

Flow, 1b/hr (gpm) 11,600 (1.78) 11,500 (1.78)
Speed, rpm : 7,800 ' 7,870
Inlet temperature, °p 505 505
Density, 1b/ft3 807.5 807.5
Inlet pressure, psia 10.5 10.5
Pressure rise (AP), psi 397 458
Head, ft 70.9 81.6
Outlet pressure, psia LoT.5 _ L468.5
Hydraulic power, hp L5 LT
Hydraulic power, kW 31 .356
Efficiency, % | 22.0 23.1
Shaft input power, hp v | 1.89 2.0k
Shaft input power, kW 1.41 1.52
Motor, Indﬁction Type
Shaft power, kW 2.41 2.41
Electrical efficiency, % 86.8 87.6
Bearing seal system efficiency, % 50.7 55.3
(all less pump)
Input power, hp 3.73 3.69
Input power, kW ‘ 2.78 2.75
Input amps @ 208 V 10.5 ‘ 11.6
Overall unit efficiency, % 11.16 ‘ 12,95
Summary of Losses
Total electrical, (watts) 368 340
Total hydraulic, (watts) , 1002 890
Total heat to lubricant-
coolant fluid (watts) 1370 . 1230
. Electrical-power source: U00-Hz, 3-phase, 208 V (line-to-line)
e  Space seal leakage: 2 1lb (maximum) of mercury and 3 1b (maximum)
of lubricant-coolant fluid in 10,000 hours of operation.
° Starting NPSH: 1/16 £t NPSH available at 1/k rated mercury flow.
° Iubricant-coolant conditions: (1) Inlet 25 psia maximm at 210°F with

2600 1b/hr flow to mercury space seal heat exchanger, (2) 200 lb/hr flow
to the motor stator coolant passages and 250 1b/hr flow to the ball bearings.
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Using empirical data, the back-vane parameters were as follows:

Modified¥*

Original
Impellers Impellers
_ Number of back vanes 32 ‘ 8
Back-vane height, in. 0.10 0.10
Back-vane clearance, in. 0.10 0.10
Back-vane inside diameter, in. 0.9 1.05

¥This modification was applied as a result of operational experience
described later.

The height-~to-front-vane clearance relationship required that the
impeller vane height be at least 0.1 inch at the impeller discharge. To -
accommodate this vane height, the volute housing was designed for partial
emission. The volute housing characteristics are as follows:

Emission 120 degrees
Inlet angle 8.9 degrees
Inlet velocity 29.1 fps

The radial loading on the impeller was determined by analyzing
the pressure distribution around the impeller periphery. The following radial
and axial impeller loads were calculated.
Axial Load (1b)

Flow (% Design) Radial Load (1b)

0 29 55
50 13 53
100 7.5 50
130 12 Ls

The axial load on the impeller was neutralized to a large extent
by the use of back vanes.

The purpose of the jet pump was to provide adequate suction pressure
to the centrifugal pump to prevent cavitation in the centrifugal pump during
startup and extended operation. Since cavitation damage was a critical factor
in the performance of the pump during startup and for long-teim operation,
more emphasis was placed upon producing a noncavitating pump than a high-
performance pump. The jet pump was designed to produce sufficient head so
that the centrifugal pump would not be required to operate at suction specific
speeds.of greater than 6000 under any startup or steady-state conditions. The
optimum design for the Jjet pump required a relatively small discharge nozzle
area for the jet. Since, however, the optimumm small nozzle discharge area
would be susceptible to clogging, the nozzle was sized for maximum reliability
with a resulting compromise in jet-pump performance.
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The hydraulic and physical design parametersffor the Jjet pump are
as follows:

Ratio of drive head to suction head 200

Ratio of through-flow to jet-flow 1.29
Ratio of jet-pump head to centrifugal-pump head 0.1L1
Suction flow velocity L.T73 fps
Jet discharge velocity 6h.T fps
Jet pump discharge head 6.6 ft
Reynold's Number for drive jet 6.5 x 10°
Jet nozzle diameter 0.093 in.
Mixing section diameter 0.4ok in.

5.3.2.2 Motor

The mercury-pump motor is a conventional L00-Hz, 3-phase, 6-pole,
squirrel cage induction motor. A Dupont polyimide ML insulation system was
selected which allowed operation to LOO F maximum hot-spot winding temperature
for the required 1life. The 3-phase power leads and the "Y" connected neutral
lead are brought out of the motor end bell through individual ceramic terminals.
Five Chromel-Alumel thermocouples for winding temperature measurements were:
embedded in the stator windings and passed through the motor end bell by a
separate multiple pin connector.

The stator is cooled by a 200 lb/hr flow of polyphenyl ether
through a heat exchanger in the stator housing.

5.3.2.3 Shaft Seals

A dynamic sealing system retards fluid leakage and mixing of the
mercury and the polyphenyl ether. A vent is provided so that the small leak-
ages are ported to space.

a. Mercury Shaft Seal.- The mercury shaft seal consists of a
visco pump, & molecular pump, and a carbon face seal in series. The visco
pump is basically a screw pump, with the helical channel in the rotating
element. This generates a pressure differential balancing the back-vane
hub pressure of the centrifugal pump impeller. This pressure balance pro-
duces a liquid plug. Molecules evaporating from the interface are restricted
from flowing to space by the adjacent molecular pump. The molecular pump,
similar in appearance to the visco pump, returns the molecules to the liquid
interface following contact with the rotating helix and the housing.

A small heat exchanger using polyphenyl ether as the cooling medium
is incorporated in the housing adjacent to the liguid plug. This limits the
temperature and therefore vapor pressure at the liquid/vapor interface which
controls the amount of boil-off from the interface.
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The mercury molecular pump was designed to keep the mercury vapor
leakage below five pounds in 1Q,000 hours with the liquid/vapor interface
temperature established at 300 F maximum.

: The carbon face seal prevents fluid leakage when the pump is not
rotating or is operating at low speeds. Tests showed that the carbon contact
face wears to a light contact load point in a 10-hour period of continuous
contact with a maximum power consumption of less than 400 watts when engaged.
To extend the life of this seal for system restart capability a bellows actu-
ator device was incorporated to lift the seal away from the contacting surface
when the pump speed exceeds 6000 rpm. The lift-off device is actuated by a
separate gas supply with an actuating pressure of 100 psia.

b. Lubricant Seal.- The lubricant seal consists of a slinger and
a molecular pump in series as the dynamic seal, and a static carbon face seal.
The slinger develops a stable liquid-vapor interface, and the molecular pump
restricts molecule leakage. The carbon face seal functions when the dynamic
seal is inoperative, as for the mercury seal.

The slinger is a smooth disk with a discharge hole in the housing
at the periphery for returning the lubricant to the system. The molecular
pump retards leakage of the lubricant vapor, the expected leakage rate being
about 0.08 1b in 10,000 hours.

5.3.2.4 Bearing Lubrication System

The lubrication system included a filter, an injection system, and
a scavenging device. A S5-micron filter is physically attached to the
mercury pump. An injection system supplies the lubricant, and a scavenging
device prevents flooding of the bearing cavities.

The lubricant injector to the bearings provides a total lubricant
flow of 200 lb/hr. This rate of flow keeps the bearing temperature below
250 F. The design consists of an injection ring with six equally spaced
0.04-inch diameter holes which direct lubricant toward the inner race of the
bearings. Two lubricant slingers scavenge the bearing cavities. Each slinger
is designed to pump against a 5 psia discharge pressure.

A thermal analysis under flooded motor ccnditionsoindicated that
the winding temperature would increase by approximately 100F due to the
added power consumption of 0.5 hp and viscous drag. This temperature increase
was undesirable from an insulation life standpoint and also because the heat
conducted through the rotor must travel through the shaft into the ball bear-
ing area with subsequent detrimental effects on bearing clearances. A motor
cavity scavenge slinger was, therefore, incorporated to purge the rotor air
gap of fluid and return the fluid to the system. The maximum power loss for
a flooded rotor and slinger was calculated to be 0.9 hp, but this falls off
rapidly as scavenging is accomplished.
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The mercury pump is fitted with lubricant-coolant fluid isolation
valves on the inlet and outlet lines to and from the bearing cavity. These
two-position 28-Vdc solenoid isolation valves are closed before pump shutdown
and opened after the pump reaches full speed. This removes lubricant pres-
sure from the bearing cavities, prevents flooding of the bearings and motor
cavities, and reduces leakage through the face seals during startup and shut-
down.

5.3.2.5 Bearing System

Single row, angular-contact ball bearings with a low shoulder in the
inner ring are used with an outer-ring-piloted one-piece ball separator. The
design goal was to obtain the minimum life of 10,000 hours with 99.5% reliability.

Angular-contact bearings were selected for their high load capacity
and good radial stiffness. With axial preload, there is no internal looseness
under operating conditions, and rolling contact with optimum dynamic balance
is maintained at all times. A one-piece iron-silicon bronze cage, selected
for maximum strength and light weight, was designed for good lubricant flow.

The loads on the ball bearings are shown in Figure 5434. The bear-
ings are preloaded using wavy springs. Axial thrust load is produced by pump
pressure acting on the end of the shaft and the visco pump sleeve.

The radial bearing loads are developed from the pump, the shaft
rotating mass, and the motor magnetic forces. The magnetic force is minimized
by maintaining good machine concentricity. The average value for the motor
magnetic pull was 10 1b with 30 1lb, maximum. With a bearing spring rate of
5 x 10° 1b/inch included in the analysis, the critical speed was calculated as
17,300 rpm, a more-than-ample margin over the T800 rpm nominal operating speed.

5.3.3 Demonstrated Performance

The mercury pump has been tested extensively in component loops
simulating system conditions and in the SNAP-8 system test loops. Most of
the performance and endurance data were derived from component loop testing
while operating experience was derived mainly from the system testing. The
mercury pump successfully met design performance requirements. This judgment
is based on the evaluation of 689 start cycles and 30,423 operating Hours on
six pumps. During an endurance run on one unit, 109 start cycles and 12,227
operating hours were logged. A detailed report containing an evaluation of
the pump following this endurance test is contained in Reference L6.

The individual mercury pump components and the complete mercury pump
motor assembly were evaluated in a progressive test program. The motor, the
jet pump, the lubrication system, the sealing system, and motor were first
tested independently. "After individual component performance was established,
the performance of the complete unit was evaluated in two mercury component
loops which simulated the SNAP-8 environmental and operational requirements
in space.
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The short-term and endurance capabilities of the unit were also
evaluated in the mercury test loops. The hydraulic and electrical perform-
ance was determined including head-capacity characteristics, temperature and
pressure distributions, and jet-pump and mercury-pump efficiencies. The
mercury pump was incorporated into power conversion systems at Aerojet and
NASA-LeRC and tested to evaluate the compatibility and effect on performance
while operating under actual service conditions. System testing also allowed
a more thorough analysis of transient system effects on the mercury pump dur-
ing system startup and shutdown.

5.3.3.1 Overall Performance

a. Hydraulic Performance at 400 Hz.- The overall head-capacity
performance of the pump has not been completely consistent. A reference
curve was established in early tests; but, as development progressed, the
performance was adjusted to a slightly lower head-capacity curve. The reason
for this was that the head varied on a given unit from the values at startup
to the slightly reduced values after one to six hours of operation. The per-
formance would remain low, or almost recover to full head following a shut-
down and restart cycle. 'In one case, a long-endurance pump operated for
about 6000 hours at full head, then went through a period of low-head opera-
tion and finally, following a power-supply shutdown, resumed operation at full
head to the completion of the test run. This phenomenon was investigated, but
no explanation was reached which can be supported by test data. A possible
cause is a low specific speed recirculation effect induced by system loop
operating conditions. Analysis of the available test data confirms that the
mercury pump performance in in accordance with the lower curves as shown in
FPigure 5-35.

This provides relatively conservative head values and results in an
adequate pump performance margin for the system reguirements. Note that the
system statepoint in Figure 5-35 is different from the pump design conditions
as shown in Table 5-VI. The latter values were based on statepoint condi-
tions established earlier in the program. The reason that the tested head
rise is greater than the calculated value is thought to be due to the selec-
tion of a conservative head coefficient in the design.

' b. Shutoff or Low Flow Operation.- Because of the visco pump heat
exchanger, the mercury pump can operate after the rest of the SNAP-8 system
has been shut down for long periods of time and has been tested for more than
30 minutes without deleterious temperature rise. The jet pump bypass flow
equalizes the fluid temperature, and the space seal heat exchanger effectively
limits the maximum temperature. '

c. 220-Hz Operation.- At 220 Hz, the mercury pump must operate in
the system at either 50 or 66 V (line-to-neutral) power depending on whether
or not power is supplied by the alternator. Pump performance at these
voltages is shown in Figure 5-36. The head-capacity curve is directly
related to the LOO-Hz data, as expected.
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5.3.3.2  Jet-Centrifugal Pump Performance at L00-Hz

a. Jdet Pump.- Development tests of the jet pump were conducted
first using water and later mercury to determine jet pump performance in
relation to orifice size, and to establish the location of jet nozzle rela-
tive to the centrifugal impeller. The water and mercury tests showed
satisfactory correlation, but the jet pump head was low with a resulting low
efficiency of approximately 12.5%. This slightly low test efficiency was
compensated by the ability to supply an NPSH of seven feet to the centrifugal
pump inlet. The jet-pump NPSH was sufficient to suppress centrifugal pump
cavitation under normal system starting and operating conditions.

The performance of the jet-centrifugal pump combination was tested
by reducing the NPSH supplied to the jet pump as shown in Figure 5-37. At
1.82 gpm, which is near mercury pump rated conditions, the jet pump head is
reduced by about 12% when supplied with an NPSH equivalent to 1.5 ft. However,
the overall head does not show a corresponding decrease. This, together with
pressure profiles along the jet-pump length while in cavitation, indicated
that the jet mixing section was too short for this operating point. The jet-
to-suction flow mixing had not been completed at the end of the jet pump, but
(from the overall head value) mixing may have been completed before reaching
the impeller. With the NPSH reduced further, the overall pump head decreases
and, shortly after the 2% overall head loss level, the jet pump head becomes
so low that the centrifugal eye is completely cavitating.

Figure 5-38 shows the NPSH available at the centrifugal pump inlet
as a function of through-flow-capacity for lO% Jjet pump head loss, 2% overall
pump head loss, and minimum NPSH values. The minimum NPSH curve indicates
operation within 20% of the rated head but with the pump incurring cavitation
damage. The pump has operated with virtually zero NPSH while still producing
10 to 80% of normal head values. A study of this type of operation was made
when severe cavitation damage was found on a mercury pump impeller used during
tests in the 35-kWe system facility. The Jjet pump has never shown cavitation
damage.

b. Centrifugal Pump.- The centrifugal pump produces greater head
than was expected from the design calculations. This was attributed to the
use of a conservative head coefficient. The pump produced an established
head rise of 81.6 ft. with 23.4% efficiency instead of the original calculated
value of 69.5 ft with 22% efficiency.

c. Impeller Back Vane Damage.- Impeller back hub cavitation damage
was observed during an endurance test, but the damage was not great enough to
hinder performance during 12,227 hours of operation. The impeller used for
this test was made from 9M steel. However, the damage was judged to be a Life-
limiting factor for a goal of 5 years. The back vane pressure is related
to pump suction pressure, jet pump differential, centrifugal pump differential
pressure, and back vane differential pressure. With pressure and liquid
velocity gradients present circumferentially around the impeller hub, cavita-
tion damage is likely to occur if the hub pressure level is near the mercury
vapor pressure.
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Some modified impellers were fabricated from Stellite 6B for improved
cavitation characteristics, and with an increased impeller hub diameter to
raise the pressure at the hub. Also the number of back vanes was a contributing
factor. Limited testing was later conducted with these impellers. The extent
of the testing however was insufficient to indicate whether or not this material
and the impeller design changes would totally alleviate the cavitation damage.

a. Impeller Radial and Axial Forces.- The impeller radial and axial
forces shown in Figure 5-39 were obtained from pumps operating with full head
characteristics. Force measurements were calculated by equating pressure gra-
dients defining the impeller front and back profiles. Similarly, the impeller
peripheral pressure profile established the force and direction of the impel-
ler radial load with the assumption that the unmeasured dynamic ‘or velocity
forces were balanced.

5.3.3.3 Motor Performance

The motor for the mercury pump has been fully developed and has met
the design requirements as proven by the results of the tests described below.

a. Motor Insulation Tests.- A polyxmlde -insulated motor was sub-
merged in polyphenyl ether and operated at temperatures of 250 and 300 °F for
20,000 hours to determine the compatibility of the insulation with the lubri-
cant-coolant. No measurable insulation degradation was observed.

b. Motor "In-Air" Tests.- The motor supplier (Westinghouse) con-
ducted an "in air" test on the pump motor. The test results have been plotted
as a speed-torque curve in Figure 5-40 with a predicted computer-developed
performance curve shown in Figure 5-41. Test results indicate that the motor
performance is adequate, attaining 87.6% efficiency.

c. Motor Input Power.- Figure 5-42 shows the input current and
voltage obtained from testing. The pump was operated at rated conditions
with motor input voltage as a variable. Figure 5-L42 shows that, at the rated
208 V (line-to-line), or 120 V (line-to-neutral), voltage, the lowest current
is required. At lower voltage, the power decreases as the load decreases due
to the lower operating speeds.

d. Motor Startup Characteristics at L0OO Hz.~ Because of the low-
temperature viscosity of the lubricant-coolant fluid, an acceleration problem
can exist (see Figure 5-43). At 400 Hz and 208 V (line-to-line) to the motor
terminals, the motor will accelerate to full speed if the motor cavity is not
flooded and the lubricant is at least 100 F. If the lubricant temperature or
input voltage is lower, the acceleration time will be longer, or full speed
may not be attained. If the motor cavity is flooded, the unit will not attain
full speed but will stabilize at about 5000 rpm. The motor cavity and ball-
bearing lubricant slingers must be at speeds of at least 6000 rpm to overcome
the normal 5 psia back pressure before the lubricant flow is initiated. At
speeds below 6000 Tpm, the unit remains flooded. At a lubricant and pump
temperature of 125 F the unit can reach 5000 rpm in the flooded condition.
With a slight temperature increase, the pump can accelerate to 6000 rpm for
full purging of the pump motor cav1ty Therefore, preheating the unit to 125 p
for starting was specified.
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5.3.3.4 Dynamic. Seals

The optimum dynamic mercury seal design was derived by individually
testing the visco pump, slinger, and molecular pump as separate components.
Various screw-type seals, slinger designs, and running clearances were evalu-
ated. The dynamic elements that performed best were then combined into the
mercury pump design. An important feature verified during the development
was the attainment of the stable liquid-vapor interfaces necessary for good
sealing. These interfaces were visually verified at the lubricant slinger
and the mercury visco pump.

The tests were not specifically set up to determine long-term
operating leakage. Consequently, no precise long-term leakage measurements
were made, but a careful recording of fluids in various test systems indicated
that the leakage was low, and probably well below the maximum allowable leak-
age.

Some minor cavitation damage has occurred to the rotating and sta-
tionary elements of the visco pump, seemingly at the location of the liquid-
vapor interface. The materials used for these parts were 9Cr-1Mo steel for
the stationary seal housing and AIST 4340 for the rotating sleeve.

Some design changes were made to fabricate these parts from Stellite
6B which is considered to be at least on order of magnitude improvement in
cavitation resistance. Limitations of further testing precluded the judgment
as to the extent of the improvement.

a. Mercury Dynamic Seal Pressure.- Figure S5-kl4 illustrates data
from tests conducted to establish the pumping pressure capabilities of the
visco and molecular seal pumps. The input power curve step at 81 psia impel-
ler back-hub pressure signifies the pressure limit of the visco pump. The
" step shows the disk power increase for the larger molecular pump. The increas-
ing power slope at pressures greater than 8l psia shows the molecular pump
capabilities for handling liquid until gross mercury leakage occurs at 116 psia.
Data from Figure 5-44 and from tests conducted at various pump speeds were used
to establish the curves shown in Figure 5-45 which illustrate individual and
overall seal component limitations. The visco pump pressure limits the pres-
sure on the impeller back vane and keeps the molecular pump liquid-free. The
maximum limit of the mercury visco-molecular pump combination defines the
point of gross liquid leakage of the dynamic seal system.

b. Lubricant Dynamic-Seal Pressures.- The lubricant dynamic seal
is a smooth disk slinger backed by a molecular pump. The outside diameter of
the slinger is at the discharge of the ball-bearing scavenging slinger located
on the other side of the slinger disk. The sealing pressure limit related to
the bearing outlet pressures is not defined by a step function in that, as the
pressure increases, power increases from a combination of the slinger disk,
ball bearing turbulence, and the motor rotor cylinder and disk hydraulic
losses. As seen in Figure 5-46, these actions result in a gradual power in-
crease with an increase in slope when the motor rotor starts to flood and
stabilizing before the gross liquid leakage occurs. Since the power level of
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the flooded molecular pump is small, no data to indicate when it is filled
with liquid is available. However, when the motor cavity becomes flooded,
the motor input power noticeably increases. In figure 5-L5, beginning of

motor-cavity flooding and the gross leakage bearing outlet pressure points
are given as a function of frequency.

5.3.3.5 Shaft Static Seal

The lift-off device as shown in Figure 5-32 for the static seals
consists of a bellows actuated by 200-psia nitrogen. Although one of these
parts operated successfully during the 12,22T7-hour endurance test, others
have shown a tendency to leak at the bellows weld point. Modified designs
were tested where a differential bellows was incorporated directly in the
face seals. With these changes, the seals were tested for 50 hours without
failure.

Some static leakage rate tests were conducted with these seals with
variable results. Carbon seals, when new, sealed to 30 and 33 psi on two
separate units before mercury leakage occurred. After operation for a short
time, leakage occurred between 4 to 12 psi and, after 50 hours of operation
with seals 1in contact, the seals leaked at less than 1 psi. In system opera-
tion, the differential pressure would approach zero psi with the seal in
contact when the unit is not operating or at a lower speed; therefore, these
values are satisfactory. Operating time and experience however is inadequate
to judge whether the latest lift-off seals are reliable.

5.3.3.6 Ball Bearings

The ball bearings have operated satisfactorily in all units operated
to date. This includes 30,423 operating hours on six pumps with 12,277 hours
on the longest run. The following observations were based on examination of
ball bearings from the endurance test units:

° The lubrication was good. Both rolling contact elements and
the ball separator showed practically no wear.

o The mounting system is satisfactory. No rotating unbalance
load was observed, and the ball tracking was good.

® There was no sign of fatigue.

° Contamination control was acceptable. No serious foreign.
particle damage occurred.

° Varnish (due to heat) deposition of the lubricant on the
bearing was Jjudged to be of no consequence.

It is concluded that based on the experience to date a bearing life
of five years, or greater, can be expected.
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5.3.3.7 Bearing Lubrication and Cooling

The polyphenyl ether lubricant-coolant fluid circulates through the
mercury pump to lubricate and cool the ball bearings and to cool the motor
and mercury visco pump. No problems have occurred in any of these functions.

a. Bearing Inlet Flow.- The effect of different lubricant flows
to the ball-bearing inlet has been tested for flows ranging from 50 to 550
lb/hr Flows below 150 lb/hr are not recommended since high bearing temper -
atures are likely to occur. Most mercury pump testing has been at flows of
200 to 300 1lb/hr. : :

b. Bearing Inlet Temperature.- The inlet temperature has little
effect on the inlet pressure since the Reynolds number change is small and the
Pressure loss 1s almost totally that of the orifice. The inlet temperature
does, however, affect the pump power and bearing temperatures directly as
shown in Figure 5-47. With a maximum allowable bearing outer-race temperature
of 300°F, 1nle8 .01l temperatures above QTOQF are not adv1sable. Temperatures
Lower than 200 F require higher input power. Therefore 215 p + 5 °F is the
recomnended inlet temperature. Figure 5- -47 shows test data of “the effect of
lubricant inlet temperature on bearing temperature, input current, and power.

c. Bearing Lubricant Back Pressure - 400 Hz.- Figure 5-48 shows
the effects of operation at different lubricant pressures. Operation is
desirable at back pressures ranging between 2.9 and 8.7 psia, but the power
increases about TS5 watts per psia within this range.

d. Bearing Lubricant Back Pressure - 220 Hz