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SUMMARY

The SNAP-8 program has developed the texhnology base for one class
of miltikilowatt 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 envirommental 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 kKWe 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.



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 & 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, liquid
metal heat rejection 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,
febrication, 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, space 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, NaK pumps, valves, coolant-system pumps, instrumentation,



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 heen defined for a system
capable of producing up to 90~kWe output at an overall efficiency of 15%.
Many existing components can be used in their basic form for the various power
systems in the 35-t0-90 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
This SNAP-8 final report has been prepared with the following 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 aralysis and design, component
design, materials engineering, and test operations; and to re-
cord the significant program achievements.

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

(4) 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 components 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 which were under
the cognizance of the Aerojet-General Corporation. .

1.3 ORGANIZATION OF FINAL REPORT

The SNAP-8 program final report describes the 90-kWe and 35-kie
systems and component design and operational characteristics. Xach 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 exbension of the
technology developed for the earlier 35-kWe system. All component development,

r
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performance demonstratlion, and endurance testing was accomplished with compo-
nents designed for the 35-kWe system. Therefore, a detailed description of
the 35-kile 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. ZEach reference is
available from the National Aeronautics and Space Administration Scientific
Technical Information Facility, P.0. Box 33, College Park, Maryland 20740.
Data from the Aerojet technical files for the SNAP-8 program will be stored
in archives at the NASA Lewils Research Center, Cleveland, Ohio.



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
(vnmanned) 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 400 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 kKW of electbri-~
cal power when supplied with 300 kI of thermal power from a nuclear reactor
heat source. The reactor was designed %o provide 600 KWt so that, by combin-
ing two power conversion systems, a tobtal 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 kKW 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 pover
available 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 vwhere system state-point condi
tions and major component requirements had been defined, the general system
configuration and component arrangement had been determined, piping 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
major 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 vseful 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, continuously for periods up to five years. The 90-k¥e 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.




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
Jjet-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. In 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 reassessment 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 reguirements 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 camponent
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 development 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 journal bearings were adopted. A lubricant=-coolant
loop was incorporated to provide the circulation systém for the bearing lubri-
cant and to provide a low-temperature coolant and heat rejection system for
temperature-limited electrical camponents. This lubricant=-coolant loop also
provided cooling for the alternator and pump motors, eliminating the need to
develop high-temperature electrical 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
hOO-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 components, test loops, and bread-
board test systems. Several test facilities were planned and built for both
component and system testing including the following:

(B A low-power loop for evaluating the effects of mercury-vapor
corrosion and er051on on varlous 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

L Liguid NaK loops for performance and endurance testing of
NaK pumps and minor NaK loop components

e 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.

8



o An electrical component test facility for evaluating alternator
performance, speed control system capabilities, and other elec-
trical component characteristics

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

L) .System test loops for performance and endurance testing of
components and complete power conversion systems.

These test facllities played lmportant 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 thelr 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 facility 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 remained 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

! Consideration of crew access for maintenance

) Consideration of system restartability

® Consideration of system redundancy and associated switchover

to provide greater system reliasbility.



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. In
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 an 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 instrument-rated missions 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 emphasis 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 4-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 L4-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 L-pi
shielding for a combined nuclear system/power conversion system test 1is
shown in Figure 2-6.

¥ L4-pi shielding 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 bollers 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 IEOOOF.
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 (from 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.

2.2.5 L-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 L4-pi shield requires
the use of a larger booster vehicle for space missions so that the increases
in radiator weilght 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 eleetrical power, a radiator to remove excess or
waste heat from a Rankine cycle, and an organic=-fluid 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 fluid 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 certaln 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 is 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

15
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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 fram 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
reservolr, 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.

3.1.1.2 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 ftube 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 - T8% K)
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Heat is transferred from 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 sube=
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 fluld 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 plping, 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 Lloop.
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.

3.1.1.5 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
awxiliary 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 TIwbricant-Coolant Loop

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

® Lubricate bearings in the turbine, alternator, and mercury
pup.
] Cool components which must operate at temperatures below the

HRT, NaX temperature.

] 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-azlternator 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.

3.1.1.7 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 4P3E) 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 aromatics 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 is 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. In 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 1s 1nitiated.

[ ] 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 conduilt will be used in areas requiring additional
protection from operating and handling environments. 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.

C. 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.

3.1.2 35-kWe System

The SNAP-8 system development has progressed through a number of
ma jor changes 1in 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 detailed 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.)

0.85 (lagging)
208 Vac, + 5%
Loo Hz, + 1%
10,000 hr

600 kWt (mex.)
1280 to 1330°F

Vehicle load power factor

Voltage (rms, line to line)

Frequency

Operating life (continuous)

Reactor power

Reactor outlet temperature (steady-state range)
Environment

Gravitational field (operating)

Otolg
Radiation

PCS (integrated dose for th hr)

Fast neutrons (0.l MeV or greater) 5 x 10%2 nvt

Gamma rays 5 x lO7 rads (c)

Solid-state electronics (integrated dose for lOLL hr)
Fast neutrons (0.1 MeV or greater)
Gamma rays

10M vt

100 rags (c)
Acceleration (system not operating)

Longitudinal axis

t6¢g
Transverse axis 2 g
Restart capability
Number of automatic restarts without servicing 20
Gravitational field Otolg

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 boller in the mercury
Rankine-cycle loop. The PNIL consists of the reactor, two boilers, two NakK
pumps, a NaK diverter valve, an expansion reservoir, 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 solenoid 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

NaK 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 simpler.

e, Lubricant=-Coolant Loop.- The lubricant-coolant loop performs
the same functions as those deseribed for the 90-kWe system, and also cools
the NaK pumps in the primary and heat rejection loops. In addition the
electrical components for the 35-kWe system were packaged in high-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 lubricant-
coolant radiators.

A schematic of the lubricant-coolant loop is shown in Figure 3-T.
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 segquencing 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 1imits by the speed control system and the voltage
regulator-exciter. Power factor correction provides a unlty 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 Vdc 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 fram 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-kiWWe 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 1limit net electrical output are:
maximum available reactor power, maximum allowable reactor outlet temperature,
boiling stebility, mercury pump suction pressure requirements, and power
conversion gystem efficiency. The effects of these factors are described
below:

e The reactor outlet temperature, boiler stability and mercury
pump suction pressure requirement determine 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 efficilency 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 f
e Outlet temperature control band: 1210 to 1235°F

The objective to limit the nunmber 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 avalilable reactor power limits mercury flow, the turbine inlet RN
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 feasible 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 hlgh ax1al thrust bearlngl
loads associated with reaction turbines. : e

The dual-opposed reaction turbine: configuration permitsi the use of:
two condensers of existing design thereby allowing aperation 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 1b/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 ig 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 lb/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 ghat a 600-kWt NaK-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 Lewls 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
Table 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 gbove the minimum
requirement provides a margin for system and component degradation over the
operating life of the system.
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TABLE 3-I1 - POWER CONVERSION SYSTEM PERFORMANCE CRITERIA

90-KWE SYSTEM

System

Power Delivered to Vehicle Load
Reactor Power Level

Boiler NaK Inlet Temperature

Reactor Primary Loop

Intermediate Heat Exchanger Terminal Temp. Diff.
RM Pump System Overall Efficiency

Reactor Shield Cooling Heat Loss

Components

Turbine (Wew design)
Efficiency -
Exhaust iressure

Boiler (Redesign)
Number of mercury tubes
Pressure drop
Pinch point AT

All other components, use existing designs

41

90 kﬁea(min.)
600 kWt (mex.)

1200°F (nominel)

20°F
8%

20 kWt

yRhY

(/A
" 2.5 psia
12

32
38°F
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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 NeK 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-kWe 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:

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

In addition, an envelope of operating 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.

*38DR 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
gystem 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 stabllity, 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 enviromment with a mercury pump Jjet
pump of existing design for which a suction pressure of approximately 10 psia
must 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 bypes of system studies,
gsuch 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.

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

o Revise state-point conditions and component performance
characteristics as system performance requirements are changed.
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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
(§NAP—8 Cycle éﬂalysis), was used to define state-~point and off-design
conditions for the 35-kWe system.

Component performance characteristics and associated functional
relationships used in the SCAN program were modified as component and system
test data were obtained 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
simulated 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 detalled 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. DParametric studies were conducted with tube
size, fin width, tube length, armor thickness, and general configuration as
variables. The general configurations were limited to cylindrical, 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 contains 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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Figure 3-18 35-kWe System Heat Rejection Loop Radiator Characteristics and Fin-Tube Configuration




TABLE 3-III - GENERAL RADIATOR CHARACTERISTICS FOR 35-KWE SYSTEM

L/C Radiator  L/C Radiator
HRI, Radiator (High Temp.)  (Low Temp.)

Selected Area  (£t°) 1150 335 14l
Selected Weight (1b) 1265 330 150
Selected Height (ft) 30.L 10.4 3.8
Radiator AP (psi) 7.5 12 -

Fluid Inventory (1b) 103 38 ~15

OVERALL RADIATOR ASSEMBLY CHARACTERISTICS

Total Area (fte) 1630
Total Weight (1) 1745
Total Height (£t) L. 6
Total Fluid Inventory  (1b) 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 deadbend,
and operation in a zero-g enviromment. 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
Flgure 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 NakK temgerature into the boiler increases from the
lower deadband control value (1280°F) to the upper deadband control value

o . . . X .
(1330°F), 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 is 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 outputs;
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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POWER DISTRIBUTION

Turbine shaft power 63.5 ¥H
Alternator efficiency 9L.5 %
Alternater grosa output power 58.0 KW

Parasitic load total 21.0 K¥
PNL PMA boT
Hg PMA 3.5
HRL PMA 4.6
L/C PMA L4
PIR 5.5
Control System 1.3
Net output power 37.0 KW
HEAT RADIATED BY L/C RADIATGR
Turbine 5.25 ¥
Alternatar 4,20 K4
L/C PMA 1.40 KN
fg PMA 3.1k KW
HRL PMA 2.25 KW
# PNL PMA 2.12 B
#2 PNL PMA (standby) 0.12 KW
TRA 0.59 KW
19.08 KW

DESCRIPTIVE FEATURES

Turbine merodynamic efficlency - 55.Th
Turbine inlet pressure - 248 peia
Turbine exhaust pressure - 13.4 psia

NaX PMAs: 5800 rpm induction motors,
both RaX loops

Nek PMAs: Cooled by L/C fluid

Hg PMA with motor scavenger
Tube-in-tube boiler (T Hg tubes)
Tube-in-shell condenser (T3 Hg tubes)
S8DS reactor

Parasitic load resistor (PIR) in HRL

Saturable reactor-magnetic amplifier
speed control

Radiator Nk T - 175°F

PERFORMANCE SUMMARY

Vet reectar imput to PCS 528 KT
Net electrical output 37 KWE
Overall system efficiency T.0%
HRL radiator
Area 1150 262
Heet rejected 43T KT
L/C radiator
Area 335 £12
Heat rejected 19.08 KWT

L/C low temp. radiator
Avea 1w £t2

Total radiator area 1629 nz
EGS veight, less shield 10,450 1bs
FCS frame 1600
Components 5340
Radiators & supparts 2720
Nuclear system 790

Figure 3-19

W= 49000 W= 11800 (VAPOR)
T=1280 Tazve| IR fnas LUBRICATION
TURBINE ALTERNATOR | AND COOLING
R B Pxi3.9 LOOP
E 0 ) T=869 -
a PRIMARY 1 MERCURY
7 NaK 3 Bﬁﬂ% L/C PMA
g LOOP H LooP wea
p=345 0000
T=1102 =106 | T=636 Tx 236
2
. HRL L/C
prae ! RADIATOR RADIATOR
E
R
T T=457
PNL PMA MA :
P T=4s9 HR PMA
L/C
LOW TEWP.
RADIATOR
p=22
PNL PMA
I-i 12° DIA _-I
305"
HRL
=] RADIATOR
e e
___________ -
38'L/C
" LOW TEMP
50 RADIATOR
o2t
nz.3e" L/C
RADIATOR
27'5.66"
2

(Design-Point Conditions:

W= 5800

REACTOR CORE ¢

B NTS

CONE HALF ANGLE
12.5°

35 KWE SYSTEM ENVELOPE

State-Point Diagram for 35-kWe Power Conversion System
Reactor Outlet Temperature

at Lower End of Deadband Control, and Zero-g Environment)
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W=6800
W= 49000 W= 1466 (VAPOR)
= 4
T=1330 T=1326 TP = |235c;s 1?:1263 LU—BR'—%_'O—N
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I w= 11944 Tz4%4 W = 6600
T=210
PNL PMA
Hg PMA T=456 HRL PMA
L/C
LOW TEMP
RADIATOR
p=22
W =200
PNL PMA T=140
POWER DISTRIBUTION DESCRIPTIVE FEATURES
Turbine shaft power 63.9 KW Turbine aerodynamlc efficiency - 55.6%
Alternator efficlency 90.9 % Turbine inlet pressure - 248 psia
Alternator gross output power 58.0 KW Turbine exhaust pressure - 13,9 psia
Parasitic load total 21.0 KW NeK PMAs: 5800 rpm induction motors,
PNL, PMA ko7 both NaK loops
Hg PMA 3.5 NaK PMAs: Cooled by L/C fluid
HRL, TMA 4.6 Hg PMA with motor scavenger
L/ PMA 1.4 Tube-in-tube boller (T Hg tubes)
PIR 5.5 Tube-in-shell condenser (T3 Hg tubes)
Control System 1.3 S80S reactor
Net output power 37.0 KW Parasitic load resistor (PIR) in HRL
Saturable reator-magnetic amplifier
speed control
HEAT RADTATED BY L/C RADIATCR Radiator Nex AT - 179°F
Turblne 5.25 KW
Alternator k.20 KW PERFORMANCE SUMMARY
1./c PMA 1.ho xw
e THA 314 KW Net reactor input to PCS 53T KWT
H:iL - 2'2 - Net electrical output 37 KWE
PR 2'12 . Overall system efficiency 6.9 %
#2 PNL PMA (standby) 0.12 KW
TRA 0.59 KW
19.08 KW

Figure 3-20 State-Point Diagram for 35-kWe Power Conversion System
(0ff-Design Condition: Reactor Outlet Temperature at Upper End
of Deadband Control, and Zero-g Environment)
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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
basls 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 containing 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 L-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 boller 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 1300 Cp
mercury vapor valve would compromise the system operation. Further, even if
a leakproof valve were developed, any failure of the boller 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 bollers
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 required 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
religbility (over .97), the dual-tube radiator is preferable.

e. Electrical System.~ A reference approach was selected for the
dvual 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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o 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 interchangeablllty
for the power conversion systems).

The selected.conflguration was one programmer and one set of elec-
trical equimment 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
performance 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-~
.voir 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
contaimment 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 Maintaingbility

) 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-
l ponent to be replaced. Access for malntenance 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 systen
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/plplng
interface for three component removals and rewelds. In addition, adequate
space was provided for semi~avtomatic welding and brazing equipment. Although
flanged joints would enhance maintainability, mechanical joints are unaccept-
able from the standpoint of reliability. Therefore, connections in liquid
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 maintepance, repair, or service; the concept of mainte~
nance, as applied to the. electrlcal,generatlng system, was limited to one of
component replacement:. :

3.3.1.3 Pi@ing Design Abbroach -

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 pessible, the flexibility requirements are reduced. . .
The disadvantages of using the conneeting piping itself to absorb thermal
growvth is that, compared to other component mating methods, the length of pip-
ing required results.in .greater:pressure losses (hence, increased pump pover),
increased pipe insulation,and fluid. inventory welght -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 component supports are simplified. since components can be treated as
anchor points for the plplng.

Another way to allow for thermal expans1on is to insert expansion
Jjoints 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 environment.
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 usvally large and complex making quality
control even more difficult. In addition, they are not draipable 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 hellows .are uwsed 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 accommodeted 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 becauge
of the difficulty iniprocuring uniformly fabricated bellowa with- predictable
characteristics. “l;v‘" . L o :

One other vay £o 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<l test facility at the. Lewis )
Research Center. Foi the SNAP-8-engine, howéver, it was'decided that this.
would result in.relafively complex supports (e.g., slides and roller‘a) which
were not adaptable to flight systems. .

..... . L. - ‘."

As a result 3 the piping system was: designed %o take advantage of
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3.3.1. h Environmental Reguirements

The overall req,uirements for the SNAP-B electrical generating systema
are specified in NASA Specification No. hl'i’-l._ The envirommental reguirements
for the SNAP-8 system are given in NASA Specification No. 417-2, Revision C.
Both specificatlons pertain to the’ SNAP-S system as a whole and to the various
subsystems and individual components. “Beeause neither the system emrelope nor
the mission/system interface and system/booater interface requirements have
been defined, it is. premature to apply either environmental design criteria or
envirommental test requirements to ‘the power conversion system. The- desigh
approach taken was to maintain the flight envirommental req,uirements, for the

conponents individually, but to 1imit the system environmental requirements to

"The environmental design ‘ariteria for the SNAP-8 power conversion
system components are delineated in NASA Specifications 417-1 and 41T-2,
Revision C. Specific exposure data are presented for the terrestrial, space,
and lunar natural enyiromments as well as the induced environments expected
during transportation, launch, lunar landing, and system operation. Induced
and natural enviromments exist simultaneously in real time, and the design
criteria include- the -combined loading effects. !

The natural terrestrial enviromnents are.-based on conditions experie-
enced in coastal areas of the United States; in particular, the Atlantic Mis-
sile Range. These conditions apply to the components during handling; instale
lation, or flight reddiness for a period of up: to Bix weeks. The speecific
requirements include.the extremes and typical values of conditions for humidity,
sand, dust, fungus, salt fog, temperature, wind, rain, explosive atmosphere »

and magnetic field.
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‘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 minimm 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 environments of terrestrial origin are based on condi=-
tions experienced in packaging, handling, transportation, and storage.
Specific handling and storage requirements for camponents are defined in
individual component specifications. The system handling and storage require-
ments are glven 1n NASA Spec1f1cation No. th-2 Rev131on 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 lihear acceleration- (+ 5-g longitudinal and + 1.25-g perpen-
dicular).

MeRTYIDR L - e

The 1nduced env1ronments of space and/or lunar surface origin apply
to the components under bcth operatlng and nonoperatlng conditions. .The de-
sign requlrements 1nclude vibratlon frequenc1es and levels, maneuvering
accelerationg, and reactor-lnduce& ‘radiation. The maximum total integrated
radiation), 1nclud1ng dlrect, scattered and secondary radiation frdm all
nuclear sources, will be one of the following limits depending on the loca-
tion of “the spetific, component in the structure: Level 1 defines the design
crlterla for solid-state control ‘electronics, Level 2 for mechanical and
electromedhanlcal components, and Level 3 for components located within the
gallery between a dual shadow-shleld and/or a 4-p1 shield, '

e  Fast neutrons (0.1 MeV or greater) total integrated dose in
five years: . . ’

11

Level L =1 x 107 nvt
Level 2 = 5 x lO12 vt . .
Tevel 3 =1x 1017

° Gamma rays, total integrated dose in five years:

1x 106 rads (c)

Level 1 =
Level 2 = 5 x 107 rads (e)
Level 3 = 1 x 10° 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 gamma dose level is comparable to the reactor gamma dose rate
after attenuation by the instrument shield.

3.3.1L.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.
Squblllty tests were made using specimens of various candidate construction
materlals. In 1962 capsules of selected materlals were tested under thermal
gradlent 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
corr031on under simulated system operating conditions at 1/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 11.

The general.result of these programs was that mercury corrosion and
assoclated mass-transfer problems were solved by using the following materials
‘to ‘construct mercury loop elements: refractory metal (tantalum) for mercury
containment in the boiler, 9 Chrome-l Molybdemm 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
materlals depends on the oxide level in the flowing NaK. Tests verified that
stainless steel materials (316 series, 321 series, 34T series, 304 low carbon,
110 serles) 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.

§:§;é 9b-kwe Sysfem

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
objectives:

) To provide the maximum possible access for component
maintenance
o To £it 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. Initiale~
1y, 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 environmental 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 NakK
punps from the elevated temperatures which would result if the heat rejection
loop radiator were to surround the power conversion system. To avoid plaqing‘
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 sygtem design was based on nominal operating conditions associ=-
ated with a 1200 F reactor outlet temperatuge, 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.

59



*Structure

*Boiler

TABLE 3-IV SNAP-8 90 kWe POWER CONVERSION SYSTEM PARTS LIST

Item

Turbine Alternator Assembly

Condenser

Parasitic Load Resistor

Pump Motor
Pump Motor
Pump Motor
Pump Motor
*¥Reservoir,
¥Reservoir,
*¥Reservoir,
*Reservoir,
Reservoir,
*Valve, NaXK
*Valve, NaK

Assembly, Heat Rejection Loop
Assembly, Intermediate Loop
Assenbly, Mercury Loop
Assembly, L/C Loop

Expansion, Heat Rejection Loop
Expansion, Intermediate Loop
Expansion, Boiler Static Nak
Expansion, L/C Loop

Mercury Injection

Diverter, Heat Rejection Loop

Diverter, Intermediate Loop

Valve, Flow Control, Heat Rejection Loop

Velve, Flow Control, Mercury Flow

Valve, Shutoff, Mercury Loop

Valve, Shutoff, Heat Rejection Loop
Valve, Shutoff, L/C Loop

Heat Exchanger and Cold Trap, Heat
Rejection Loop Pump Motor Assembly

Heat Exchanger and Cold Trap, Intermediate
Loop Pump Motor Assembly

¥Electrical

Agsembly No. 1

Transformer Current - VR-E Compensator

Transformer, Saturating Current-Potential

Breaker,

Vehicle Load

Saturable Reactor
Valve Four-Way, L/C Loop

Quantity

N FHE R HPFREEFERPERERDDNDD R R

n
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Item Quantity

¥Electrical Assembly No. 34
Voltage Regulator
Speed Control Module
Transformer, Speed Control
Compensator, Speed Control
Compensator, Voltage Regulator
¥Electrical Assembly No. 2
*Tnverter, EM Pump
*Inverter, NaK Pump-Motor Assemblies
Contactor - Inverter DC
*¥Electrical Assembly No. LB
Transformer Rectifier Assembly
¥Contactor - Motor Transfer
Electrical Protective System Module
Power Factor Correction Assembly
Electrical Harness
¥Electrical Controls Assembly, Nuclear System
Flowmeter, EM, Intermediate Loop
Flowmeter, Mercury Loop
Flowmeter, EM, Heat Rejection Loop
Flownmeters, Lube/Coolant Loop
Line Heaters, L/C

* Government Furnished Equipment

%% Does not include reactor primary loop components,
shielding, or radiator assembly
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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 envirommental 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 1is 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 ~ 40O 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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for the Combined System Test
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_Figure 3-21 90-kWe Power Conversion System Arrangement
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Figure 3-22 Power Conversion System Frame Assembly
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® Start programmer elements are not part of the electrical
assemblies, but will be located in the control room durlng T
the combined system test. R

) Electromagnetic interference filters will not be included in
the electrical assemblies for the power conversion system,
but there is some space available for 1ncorporat10n 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 e
vented protective cover fastened to the base plate. To aid
in system assembly and subsequent diagnostics, the protective
covers are removable, whereas the individual termlnal 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 maintainabllity.

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. PFor 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 Jjoint design and component mounting. Furthermore, a
sguare member is lighter than a round member of given stiffness and envelope
dimension. Structural member sizes were based on the results of a campre-
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:

o

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

“In the event of a me¥oury leak, the alumln E;ructural 4

'4-'_-- s q3 .
AR L ot ¢

Stainless steel was selected over ‘carbbn stegl for the follow1
: 4 :

Use of aluminum would preclude installation of the heat rejec-
tion loop radiator agound the power conversion system during
system test. At 600 F, aluminum has poor strength characteris-
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The overall cost of fabricating an aluminum structure would
exceed the cost of a steel structure despite the lower materlal
costs (this 1s because a large aluminum structune Would requlre
use of special fixtures and heat treatment tofellmlnate dhstor-
tlons during fabrication). P L - 5*‘;
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Fori similar deflection allowance ;¢an*aiumlnum frame would
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Thermally- insulated mounting brackets for the boiler and other
high=-temperature components: and piping are not required when
stainless steel is used.
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The power converSIOn system component weights are itemized in
Table 3-V (the weights of the radiators have not been included).
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Figure 3-23 Yield Strength va’ Temperature for Power
System Candidate Structural Materials
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TABLE 3-V COMPONENT WEIGHTS FOR 90-KWE POWER CONVERSION=SYSTEM'*

Componenﬁ - B _ ' Weight (1b)

NeK Pump, Intermediate Loop (2) ~. 7 32l
NaK Diverter Valve, Intermediate Loop | l 12
Boiler, dry ‘ T gas
Réservoir, Intermediate Loop iho.
NeX Pump Heat Exchanger, Intermediate Loop (4) - 80
Boiler Reservoir - . o :;i;]__'ho;
Mercury Pump : T o " +.200
Mercury Flow Control Valve ' D kg
Turbine-Alternator, 12 Stage (2 Alternators) - - o, .. 1,572 ,:
Condenser, dry (2) ' 2 ‘->-:."r5 u:;:;ié%’M
Double-Acting Solenoid Valve (4) - Lo e o7
Mercury Injection System Reservoir - ... - Co e it 200«
NaK Pump, Heat Rejection Loop (2) o - 324
NaX Pump Heat Exchanger, Heat Rejection Loop (2) I 1o
NaK Diverter Valve, Heat Rejection Loop ol 12
NaX Flow Control Valve, Heat Rejection Loop ;' Co., .....25
Parasitic Load Resistor, dry (2) o iéd-:
Heat Rejection Loop Reservoir SEER R BAERE R §/7-
Iubricant-Coolant Pump . . R 2@3:
Lubricant-Coolant Reservolr | - N ihé
Harness : L T R 1
Electrical Assemblies ... 1,860
Additional Electrical Components 536
Frame SRR SRR 1,48k
Piping - ' 828
Insulation ' : S s e300
Fluid Inventories e SRR
Mercury : k0
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.

%% Does not include reactor primary loop components, shielding or radiator
assembly.
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'3.3.2.4 Component_Support Designs

a. Boiler.- The boiler mounting concept is presented in Figure 3-2k.

A study was made to identify a mounting method which would minimize stresses in

the boiler caused by the boiler welght and the restraint of thermal movement of
the boiler at operating temperatures. A detalled stress analysis was performed
for the various concepts studied. The resulis 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 boller 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/Condénser.- 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 expansion

° 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.
Bach bellows is 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 so 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 unlt
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 1s 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
complexities that the bellows approach eliminated.

C. Reservoirs.- A common mounting design was used for all system
reservoirs. Basically, each reservolr 1s 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 reservoir 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 reservolr does not load the connecting pipe. The intent was
to prepare a design which did not depend on moving or sliding parts in a
vacuun 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 unilt near its center of
gravity. The bracket in turn is bolted to the frame. The mounting bracket
ig 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-
1ty 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. In 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) 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.

(2) Some lines do not require intermediate supports in the one-g
enviromment.

(3) 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.

(4) The NakX diverter valves are considered part of the piping and
are not supported independently. '

(5) 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.

c. Insulation System.=- A study was made to select the insulation
method to be 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

) Base 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-242hlL)

° Stability in a hard vacuum.
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In addition, it was decilded 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 foll jacket
around the outside.

In sumary, 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
accommodate piping modifications. Since the manufacturer usually 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 Agssemblies.- The low-temperature
electrical assemblies provide an actively cogled 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:

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

o The speed control module operates in conjunction with the
saturable reactor and parasitic load resistor to regulate
the steady-state frequency of tThe 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 from 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 dec to ac power to start and operate the
pumps during the period preceding and subsequent to albernator
operation (startup, shutdown, and nuclear system decay heat
removal).

The inverter for the electromagnetic pump converts de to ac
powver to start and operate the electromagnetic pumps 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.
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° 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.

) 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.

b. 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 comversion system alarm panel

(3) A panel to permit remote manual control of the programmer and
to initiate startup and shutdowm. 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
(k) 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 staxtup
(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 bebtween the electrical harness and the power conver-
sion system, and bebtween the electrical harness and the facility will be
governed by the following guidelines:

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

e 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
radiocactive components

° The separation section containing the biological shield

® The main section containing the remainder of the power conver-
sion system components and the system controls. This section
1s 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 is 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 L-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 coamponents are listed in Table 3-VI.

The boilers, auxiliary 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 radiocactive materials. This con
figuration permits the use of shadow radilation shielding as opposed to larger
and heavier individual component shielding.
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Figure 3-29 35-kWe Power Conversion System Flow Diagram
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NaX Pump

Boiler

Start Loop Heat Exchanger

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

Mercury Flow Control Valve

Turbine Assembly

Condenser

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

Mercury Boiler Isolation Valve

Alternator
High-Temperature
Electrical Assembly 1
2
Low-Temperature
Electrical Assembly 1
2
Inverter
Progremmer
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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 reservolr 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 reservoir pressure was initially set to permit
pump 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 weight. 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 NaX 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 sections - 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 L-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
] Two-year shelf Llife
° 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, guldelines, 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. Piplng stress analyses were performed
for the individual fluid loops.

In summary the following conclusions are presented:

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

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
1s 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 1lifted 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 environments.

o The cart frames are equipped with wheels, screw Jjacks, 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 subsystem
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 107
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. NaK 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 total NaK inventory of the purifica-’
tion cart and loops to approximately 1350°F.

c. Lubricant-Coolant Fluid Service Cart.- This cart circulates
the service gluid, polyphenyl ether, at a flow rate of 6 gpm and heats the
fluid to 300°F. The cart also filters solids to a residue of approximately
1l 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 conversion system led to the decis-
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-enviromment 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.h.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 bolilers 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
piping and the requirement for system cleanliness led to the decision to use
semigutomatic 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,
manuval, 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
Joints 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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4.0 SYSTEM OPERATION
L.1 90~KWE SYSTEM

h.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 1limit 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 radiator temperature decreases, lowering
the condenser coolant temperature. This, of course, reduces the condenser
operating pressure which meansg 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 wvehicle load is
removed from the system, the excess electrical output 1s absorbed by the
paragitic load resistor where it is transferred as heat to the heat rejection
loop. The effect 1s 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 appreclable reductions in
mercury vapor pressure and a tendancy toward an unstable ligquid-vapor inter-
face in a zero-g enviromment. 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
systgm*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
13OOOF. 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.

4.1.3 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 considered 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, fluid inventories, and heat transfer effectiveness.

An analysis of transients, using a computerized dynamic simulation
of the gystem, 1s needed to adequately determine the effects of the various
transients on the overall system and on individual, critical components.
Farlier versions of SNAP-8 systems were simulated on computers, but these
simulations were not updated to reflect the changes assoclated 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 assoclated 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 assoclated 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 1200°F was
recommended 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
must be conducted to determine the control conditions and hardware performance
requirements needed to maintain adequate condenser and pump inlet pressures.

The turbine exhaust-pressure limitation is related primarily to the
condenser 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 Jjust 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 regervoir 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 L4-1.
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 1s 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 merctuiry 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 is 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 "dump" 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 1nventory is returned to the
reservoir by the differential pressure created by boil-off of residual
boiler inventory and by the condenser pressure.

The motor-driven heat reJectlen loop floy control valve performs.
an important function durlng power conversion systéem startup and shutdown.
The heat rejection loop flow ¢ontrol. valve is sigralled to move in a manner
that will maintain the condenser pressure Wlthln a ﬁolerance band around
the steady-state operating value. A, condenser pressure sensor actuates the
valve motor in the proper dlrectlon.; The condenser pressure is maintained-
at a level near the steady-state operatlng 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.

97



k.2 35-KWE SYSTEM

4h.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 NakK
temperature at the upper limit of the nuclear system control deadband. The
effect of this condition on net electrical power is discussed in Section 3.0,
and the resulting statepoint conditions are shown in Figure L4-2.

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 rejection loop. The effect of the most
severe reduction in vehicle load demand (when the vehicle load is zero) is
shown in Figure 4-L. 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 O.l kW, as shown in Figure L-5.

The effects of the off-design operating conditions on the electrical
output are summarized in Table L-I.
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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 filelds 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) 50 F. 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 conditlons 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 reguired 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 systen
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 system dynamic studiegs 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 control 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.

L.,2.3 System Transgients

4.2.3.1 Startup

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 L-II and Figure 4-6.
The results of the studies conducted at Aerojet are presented in Reference 1h,
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 system.
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TABLE 4-II. SNAP-8 NUCLEAR SYSTEM OPERATING LIMITATIONS

Parsmeter

Thermal Power (kW)
Outlet Temperature (°F)

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

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

Step Change in Temperature into Plemum (°F)

Number of Thermal Cycles, > 50°F *

Minimum Nominal
NA 600
NA 1300
NA 1100
- 200

(scram @
35
20
10

NA

NA

NA

¥ This limit does not include normal deadband cycling

10,800) 48,800

NA

NA

NA

Maximum
Steady Transient
600% 675
(scram @ 750)
1330 1450
(scram @ 1400)
NA 1300
NA NA
65,000 70,000
50 75
50 75
50 >
+150 (1 min (See Fig. 4-6)
or more)
NA 10
150 : NA
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The studies conducted to define a restartable system were based
primarily on the following criteria:

° 20 starts without serviecing

; 100 start cycles (servicing permissible)

o Both man-rated and instrument-rated concepts considered
() Zero~ to l-g operétion |

° Fully automatic startup and shutdown _ .

® Restart after controlled and certain emergency shutdowns:
) Comply with latest reactor constraints
e Utilize operating requirements and characteristics of

existing hardware

° Utilize existing hardware where possible
® Restrict motion_of mercury during launch and maneﬁver
] Contain mercury after shutdown

° Restart system to be readily adaptable for mercury inventdfy

trim
® Boiler conditioned to permit self-sustained operation
° Turbine or vapor line preheat using mercury vapor not
required
e 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
i
,k
|
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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. Pump 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 is increased until rated power is
produced. Electrical power may then be supplied to the
vehicle.

System and component transients determined for the startup 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 4-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 4-7. The 35-kWe system,
designed with two power conversion systems for redundancy, incorporates two
boilers in series in the primary NaK 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 beilers 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.
imposed on the reactor are summarized in the table below which shows that
acceptable values are obtained during startup with either boiler operating.

Unit

Boiler 1

Boiler 2

early reactor test

The sbtartup transients

Rate of Change of Maximum Reactor Peak Power
Reactor Temperature Outlet Temp. (°F) (1Wt)
Allowed Computed Allowed Computed Allowed Computed
3OOOF/min l9OOF/min
in 30 sec in 30 sec
500°F/min  190°F/min 1375 1355 675 560
in 5 sec in 5 sec

o . o .
300 F/mln 250°F /min
in 30 sec in 30 sec
500°F/min  395°F /min 1375 1368 675 640
in 5 sec in 5 sec

The startup studlies and resultant transients described above were
based on reactor constants obtained from design studies and evaluation of

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

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

required.

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:

value for a critical parameter has been exceeded.

Margin of safety (%) =

maximum allowable value - computed value

X 100

maximum allowable value

Therefore, a negative margin of safety indicates that an allowable

The results shown in

Table L~IIT 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.
discussion of the results and analytical techniques used in this study are

contained in Reference 15.

Plots of the computed transients and a

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-ITI

Parameter

Reactor Inlet, T5 (1)

(2)
30

Reactor Outlet, T

Reactor Inlet, T

>
Reactor Outlet, 1

T3O
Reactor Outlet Temperature
Reactor Power

Condenser Pressure

Radiator Inlet

Mercury Pump Suction Specific
Speed

MARGINS OF SAFETY FOR CRITICAL SYSTEM PARAMETERS

Maximum
Allowable

Value

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

675 kW

40 psia

700°F

14,700

Reactor
Limit Test

Boiler 2

+69%
+50%
+70%

L

-2
127,
+63%
+1h4%

+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
Limit Test
Boiler 1

+8%,
+824,
+93%
+85%

+i,
+51%
+84%
+20¢%

+50%

Condenser
Limit Test

_Boiler 2

+70%
+54
+72%
+52%



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 ig 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 bulldup 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 14O seconds are acceptable. Initial mercury flow ramps
shorter than 80 seconds in duration are not desirable since they prohibit
the use of an open-loop flow control and can result in unacceptable transients.
Tnitial mercury flow ramps longer than 14O 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 thils 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 1s 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.

L,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 associated 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, allowe 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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(4) 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 L-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 L-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 ghutdown. The plot of condenser inlet pressure indicates
how pressure is maintained in the condenser at the very low mercury flows by
the action of the heat rejection loop flow control valve.

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 a2 speed corresponding to approximately 20% rated flow
for an additional, minimum time of L.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 1limit established by nuclear system contractor as a
safe isothermal temperature for extended pericds 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 sgpace 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 pericd
of pump operation could be shortened to reduce battery power requirements.

L.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. ILoss 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 products. 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 assoclated 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 selzure.
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A NaK -flow decay curve resulting from such an incident was obtained
from test data and is shown in Figure U4~1hk. 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 (SOOF/sec)
in the reactor accompanied the rapid initial decrease in flow and that high
maximum temperatures (>l650 F) 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 NaXK 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 filow 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 NaK 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 L-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 bagkup 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 refinements to the emergency shutdown procedure
and equipment.,

hookh Restart System Component Studies

The system startup and shutdown studies conducted with the digital
computer simulation were used to define hardware and control 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 desgign 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 system 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 4-18 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 gystem pressure. A temper-
ature control valve located at the condenser NWaK outlet assured adeguate
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 during 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
guantitative 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 detalled 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 qualitative study of candidate

121



- 21.50

O

MERCURY RESERVOIR \

AN

1J¥

@)
@)

NITROGEN PRESSURE REGULATOR
AND SHUTOFF VALVE

HIGH PRESSURE
NITROGEN TANK

Figure 4-18 Single-Start, High-Pressure Mercury Injection System

122



Il
;z

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 U4-1) 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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k.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
obJjectives were to observe interactions between the components and the systen,
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 transilent opera-
tion. Endurance testing provided a measure of system reliability, and
strengthened confidence in the integrity of the SNA?—S 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 wvariations, 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.

Lh.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.
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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 reservolrs 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 L4-21.

4.3.2 Endurance Testing

Endurance testing was always 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

Mercury Pump

Primary NaK Pump

Heat Rejection NaK Pump
Lubricant~-Coolant Pump
Turbine Alternator
Parssitic Load Resistor
Mercury Flow Control Valve
Iubricant-Coolant Valves
Mercury Isolation Valve

Auxiliary Heat Exchanger

Mercury Injection System
Start Programmer
Inverter

Speed Control Module
Saturable Reactor
Voltage Regulator

Static Exciter

Motor Transfer Contactor
Speed Control Transformer
Stabilization Assembly
Protective System

As shown in Figure L4-22, 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 T,300
Lubricant-coolant pump 12,700
Boiler . o 8,700
Condenser ' 13,200
Electrical controls 11,300

A specilal 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 operating point were frequently made.

The "hands-off" operational mode was continued for 1hH00 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 T0% of
the power decrease. An increase in boller 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 roints
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 1s expected in a long-life system and was anticipated in the original
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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.

L.3.3 System Performance Evaluation

%,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 ligquid 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 rapld electrical locad variations

. Speed control system perturbations

. Effects of mass transfer and gas accumulations on pump

performance.
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L.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:

. Boller 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 resulting from sun-
shade effects on the coolant system

e Automatic system shutdowns caused by various system failures
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 opbtimum
procedure exists, since the surest way to start the power conversion system
is a rapld 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. The 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 NeK 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 dc inverter. At this point, the mercury loop of the power
conversion system was started. The mercury loop startup was a "bootstrap"
operation. Mercury was inJjected 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 systemn,.

The sysbem 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 L4-23.
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-alfernator. 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 cnaracteristics. 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 reguired 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 boller 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 satisfactory.

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

L.3.4 Correlation of Test Results and Mathematical Models

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 L4-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.

h.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 L4-IV SYSTEM RESPONSE TO REACTOR TEMPERATURE
VARTATTON FROM 1330 to 1280°F

- SCAN Data.

Heat Input to Boiler

Condensing Pressure

Turbine Inlet Temperature

Turbine Inlet Pressure

Boiler Mercury Outlet Pressure

Boiler Mercury Outlet
Temperature

Heat Rejection

¥Boiler Pinchpoint Temperature
Difference

Condenser NaK Outlet Temperature

Alternator Output

Mercury Liquid Flow

1% increase

No noticeable change
309F decrease

0.8 psi decrease

0.8 psi decrease

45°F decrease

No noticeable change

L5°F decrease

No noticeable change
0.5 kW decrease

100 lb/hr increase

*Minimum difference between NaK and Mercury Temperatures
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1% increase
0.l psi increase
BOOF decrease

0.6 psi, decrease .

~O;5 péi décrease

45°F decrease

0.2% increase

L5°F decrease

No noticeable change
0.3 kW decreasé'

100 lb/hr increase



However , the validity of: the mathematical model was demonstrated.
The model was used as a sowrce 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.

k.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 thelr 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 equilibriwm 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 potentlal problems asscclated 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 L-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-lmposed 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-ALTERNATOR

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 vehlele. The turbine-alternator
design for a 90-kWe system (identified as the Mark 70 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 1s 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 axisl-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 57% of the Mark
66 impulse to about 78% 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 assembly 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 Jjointly manifolding the two
condensers. This arrangement preserves the use of a single nercury pump.
Modification of the condenser inlet manifolds was required to achieve the
design goal turbine back pregsure 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 llSSQF
Turbine exhaust pressure 2.5 psia
Turbine exhaust temperature 5200F

Design goal efficiency (total-to-static) 78%

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 78% is attainable; however,
the attainment 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 considerations,
modified system startup procedures, and a turbine preheat cycle.

5.1.2 Mark 66 Turbine-Alternator

The turbine-alternator Mark 66 design for the 25-kWe system is shown
in a cutaway view in Figure 5-L4 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,
® Four axial stages:

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

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 fram the relatively duectile
face-centered cubic crystaline structure to the brittle haxagonal close
packed form. This change was attributed to the temperature soak during
operation.

5.1.2.1 Mark 66 Turbine Physical Description

The configuration of the turbine is characterized as follows:
° Four stages

] Impulse in each stage (as defined by zero pressure drop across
the rotors)

[ 12,000 rpm

. Dual-path partial admission in the first 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 avold 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
"eold-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 0.0L0 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 occur 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 turbine
bearing.

To reduce bearing axial loads, the thrust load caused by unbalanced
pressure forces on the shaft is counteracted by a balance labyrinth seal
plston 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 (40-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 with 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 filuid 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 ligquid-vapor interfaces for both
mercury and oil. The visco pump is surrounded by an organic-fluild 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.
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c. Startup Seal.- The contact seals in the space vent cavity
prevent the loss of liguid during startup and shutdown when the dynamic seals
are inoperative. An auwxiliary 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 ATSI L4340 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
Inlet temperature (°F) 1,250
Inlet pressure (psia) 2L9
Mercury vapor flow (1b/hr) 11,800
Fxit pressure (psia) 4.5
Speed (rpm) 12,000

Lubricant-Coolant System

Flow (1b/hr) 2400 + T5
Inlet temperature (°F) 210 + 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 249°F for the turbine end) are
consistent with the bearing outer race temperatures measured on units during
12,000 hogrs system testing. The wheel retainin% bolt temperature varied
from 1050 F under the thrust balance seal to W60 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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Figure 5-6 Steady-State Thermal Map of Mark 66 Turbine.
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b. Dynmamic 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 turblne 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 (allowing 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, which is primar-
ily a housing mode, is 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 associlated 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
Maximum stress (psi): 9,354 8,525 19,883 10,432
Location : @ 1ID @ min. @ ID @ ID
disk
thickness
Minimum creep margin
of safety : 0.91 1.11 - -
Minimum yield margin
of safety : 5.2 5.8 1.92 k.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
° Maximum 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
L 0.87

This does not reflect the effects of impact assoclated 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 realig-
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 S8-816 = 4L,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. Each analysis was
based on an axisymmetric case remote from the nozzle openings.

The steady-state condition occurs when the temperatures in the
turbine housing have reached equilibrium. For analys%s, 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 maximum stress calculated was 3675 psi and also
below the stress of TO0O 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 (%) 418.5 4.9
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:

Unit 5/3
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 obsgserved. 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 2.1l-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.

° 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 lititle or no further demage. An ancmaly
existed in the third-stage labyrinth where lands showed
evidence of erosion and corrosion. The life of the turbine
was in no way affected.

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

o 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
baslc 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-LeRec.
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, 2z) as called for in NASA Spec. L417-2 (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

153



a1

TABLE 5-I SUMMARY OF TURBINE-ALTERNATCR VIBRATION TESTS

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. dcub. ampl. (Hz) (oct /min) (min) (Hz)
Fixture survey 1 Y 0.25 5-9 L 2.15 13 1600 z Trunion mount
1G 9-2000
Sinusoidal 2 Y 0.25 5-9 b 2.15 17 190 X&Z  Turbine shaft
vibration 1G 9-2000 38 1150 Z Alternator shaft
Sinusoidal 3 Y 0.25 5-13 Iy 2.15 28 200- Y Turbine shaft
vibration 2¢ 13-2000 Lo 230 Z
Lo 1150 4 Alternator shaft
Random I Y +3 dB/octave 20-100 3 min L40-50 ———- Y Turbine and
13g rms g /Hz 100-600 alternator shaft
overall -6 aB/octave 600-2000
Shock 5,6,T +Y 15G 11 millisec
Shock 8,9,10 -Y 15G 11 millisec
Sinusoidal 1L Z 0.25 5-9 L 2.15 90 220 Z Turbine shaft
16 9-2000 30 Loo Z
Random 12 Z +3 gB/octave 20-100 3 min 50 220 Z Alternator shaft
13g rms g Mz 100-600 20 500 Z
overall -6 dB/octave 600-2000 80 ——— 4 Alternator shaft
Shock 13,14,15 +Z 15G 11 millisec
Shock 16,17,18 -7 156 11 millisec
Sinusoidal 19 X 0.25 5-13 6 1.5 28 375 X Turbine shaft
2G 13-100 28 1000 Z 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 Ue” /Hz 100-600 Lo -—— alternator shaft
overall -6 dB/octave 600-2000
Shock 21,22,23 +X 15G 11 millisec
Shock 24,25,26 -X 15G 11 millisec

T IEEEEEL B e IO R (0t IRy i |



g
!
|
i

e o
e

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 reliagbility 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 120/2084V, 3-phase alternating current power, with an output
frequency of 40O 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-T7, illustrates the trun-
nion mounting, flexible drive shaft, and other details.

The turbine and alternator housings are hermetically sealed. Each
bolted Jjoint 1s 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
axlal 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-clrcult 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 coll 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 joilnt, then
Tfilled 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 proyided 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. Each 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
welght 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 availlable, 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 conflrmed by insulation
tests conducted at the Georgla 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 the alternator were studied in hot fluid and vapor at temperatures
of 392 and 572 F for periods up to LOOO 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 maJjor 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 coill 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 bearlngs. :

The angular-contact ball bearing was. sélected 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-
welght 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 rlng 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.

P

The 208 size (4O-mm bore) light serles, angular -contact ball bearlng
provides adequate 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 contaimment is a plain slinger coupled 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 liquid 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-ITI, 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
load conditions. Alternator electrical parameters were monitored along with
winding and bearing temperatures, 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 bearlngs 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 cof 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-
1ngs 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-IT ALTERNATOR ELECTROMAGNETIC PERFORMANCE VERSUS SPECIFICATION LIMITS

Performance Item

Open circuit time constant (T'do)

Short circuit 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, 0.75 FF

Field coll resistance
Stator phase resistance

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

Loss breakdown
Field I°R (kW)
Stator IR (kW)
Bearing and seals (kW) _
Core and-stray load {kW) .
Total kW }

Specification

Alternator Performance

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.
T% max.

1 V-max.

1% max. -
87% min. .

52 v ﬁaxg};

- - 22 amps- mAX.

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%

<LV

0.14%
87.8%

1.46 ohms
.00583 omms

ho,0 v
18.9 amps




TABLE 5-IIT COMPARISON OF SPECIFIED THERMAL REQUIREMENTS

WITH TEST RESULTS

Ttem Specification
Cooling 0Oil Polyphenyl ether
Flow (gpm) 2.84
Inlet pressure &psia) -
temperature ( F) 205

Outlet pressureo(psia) -
temperature (F) -

P (psi) 14 max.
Bearing
Inlet flow (gpm) 0.35
pressure (psia) 20 + 1

temperature (F)

Outlet flow - inborad (gpm)
flow - outboard (gpm)
pressure - inboard (psia)
pressure - outboard (psia)
temperature - inboard (
temperature - outboard (OF)

Bearing cavity pressure (psia)

Winding Temperatures (°F)
Field coil average -

Field coil hot spot 392
Stator winding end turn 392
Stator winding 180° bus bar 110
Bearing temperature DE 300

ADE 300

* DRE = Drive End
¥% ADE = Antidrive End
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Test

Polyphenyl ether
2.8k

21.9
205
8.3
230
13.6
DE* ADE**
0.338 0.320
20.2 20.2
196.0 198
0.155 0.138
0.175 0.176
6.7 6.5
6.7 6.7
225.0 248
259.0 258
0.8 0.8
307
324
367
406
2Ll
243



TABLE 5-IV ALTERNATOR PERFORMANCE SUMMARY

Parameter ) Specification Test
Cooling bil Flow (gpm) 2.84 2.84
Cooling 0il Inlet Pressure (psia) 33 21.9
Cooling Oil 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 (%)
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0.75 lagging
120

Loo

22 max.

52 max.

1 max.

0.75 lagging
120 - 120.1
koo

19.1

h1.9

1
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OVERALL ALTERNATOR EFFICIENCY (%)

92

90

86

84

82

NOTES:

1. EFFICIENCY INCLUDES FIELD
EXCITATION POWER AND BEARING
AND SEAL LOSSES

2. L/C CONDITIONS:
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Figure 5-11 Alternator Efficiency Characteristics
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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. Endurance 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 lO9 ohms at the start of the
test to L. 9 X 109 ohms at 2500 hours. The field-to-frame resistance decreased
from 2 x 101 ohms to L. 5 x 109 ohmé over the same period. These lower values
of insulation resistance indiecated 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 proJjection 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
turblne was tested to NASA specification 417~ 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 1s 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.

168



i e oy

.

!=L§a&@,—éé4lc'-i -

5.2 NaK FUMP

5.2.1 Development Background

The NaK pump was designed and developed to pump sodium~potassium
liquid 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, TFor 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 NaX pump design was based primarily on the SNAP-8 system mini-
mum 1life 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 characterlstlcs 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
pump and motor elements with electrical input power. The main pump is a single-
stage, end-suction, double-volute, mixed~flow design with a seml open impeller
thrust—balanced ax1ally with back vanes, Isolation of the 1100 °p pump fluid
from the 300 F motor fluid is achieved by a close-clearance annmulus 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 torque 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 expansions, The thrust bearing is a tilting-
pad hydrodynamic type.

The shaft is supported by two radial tilting-pad journal bearings,
one on each side of the motor rotor. The design and development of the bearing
system shaft used in the SNAP-8 NaK pump is described in more detail in Refer-
ence k41,

The motor is an 8-pole, sguirrel cage, 3-phase, 208-V (L-L), L0O-Hz,
serieg-wound induction type hermetically sealed from the NaK. The stator incor-
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 function of the main pump is to circulate NaK in the NaK loops
of the SNAP-8 system. Hydraulic performance regquirements for pumps in both loops
is shown in Table 5-V, where the design values and test results are compared.

The pump design was based on standard pump criteria.

a. Impeller,- The impeller is a semi-open, mixed-flow, five-vaned
centrifugal impeller with twenty-four 0.13-inch 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 13OOOF, no completely nongalling
material of compatible coefficients of thermsl expansion with
the CRES 30L 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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Components
and
Parameters

Pump, Centrifugal

Flow, 1b/hr

Inlet NaK Temp, °p
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

Pump Motor Assembly

Overall pump efficiency, %

Summary of Losses

Total electrical, watts
Total mechanical, watts

Total mechanical and electrical

losses, watts

(1)

System Requirements

TABLE 5-V _ -

NaK PUMP PERFORMANCE DATA

HEAT REJECTION_LOOP PUMP

Calculated
Design Data
Based on
In-Air Motor

Test Results Test Results

PRIMARY I.00P PUMP

Calculated
Design Data
Based on
In-Air Motor
Test Results

Test Results

40,200 40,200
L95 495
98.7 98,7
15.0 15.0 (1)
41.8 39.8
118 113
56.8 54.8
1.79 L1.715
63.8 68.5
2.81 2.51
72.5 75.5
60.7 54.6
h.60 4.60
23,3 23.0
39.0 37.3
1,270 1,130
5L0 960
1,810 2,090

40,200

1,100
109.5
28.6
16.5h
51.6
45,0

750
500

1,250

45,900
1,170
125
30.8(1)
28.3
89
5901
1.54
6h.2

2.39

Th. b
53.

4,52
22,6

3.1

1,156
975

2,131

L e S |



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 0.040-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
13OOOF 304 CRES pump housing and a 3OOOF 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.
Thig 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 torque margin to main-
tain a small motor diamefer which minimizes hydraulic 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 NaX 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

¥ 9Cr-1Mo
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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-pin 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 6OOBF (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 incorporation in the pump motor in
a series of statorette tests. These conducted at 1000 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 aliuminate, 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 laminations which 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. TFor reasonable pump critical speed, the radial bearing
stiffness should be more than 18,000 1b/inch at operating speed (5900 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 U4 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 rumning 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 f£ilm 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 OM 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-
lar for both the NaXK-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 4O £t 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 suctlon 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 O.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 2.4-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
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 Tlows 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°F
(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
approximately 25,000 rpm,

The minimum calculated bearing stiffness was 19,000 1b/inch based on
running the bearings unloaded and with maximum clearance at 6000 rpm., A bear-
ing stiffness of 19,000 lb/inch 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 L4hA
Impeller 410 88
Impeller bolt 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 0.040 inch leaving the
front vane clearance as designed to retain good efficiency. This was required
due to an unforeseen 1160-t0-350°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
punp 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 NaX 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) NeK pumps with
3362 start cycles in five separate test loop locations. One unit successfully
ran for 10,362 hours with T86 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 bearing
tests (Reference U41) 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 c 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 similar to NaK, 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 Tordque 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 Torgue 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 quasi-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 Tegts.- By using 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 NaK 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 NaK 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 pump was acceptance tested in water
to determine its starting torque, LO0-Hz pullout torque, recirculation, hydrau-
lic, and overall pump performance,

5.2.3.5 Overall NaK Pump Performance

The NaK 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 NaX, 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 - 400 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-lkWe system flow rate was increased to h9 000 lb/hr from the
original design of hO 200 lb/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 systens.

b. Performance Curves.- Using the performance data from water tests

and motor tests, the performance in 4959F NaK was calculated for the heat rejection
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loop condition, The wvalue 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% efficiency using 4.56 kWe, and produce 112-ft head at 98.7 gpm
(40,200 1b/nr at 495°F).

The NaK pump performance (Figure 5-16) was substantiated by tests in
NaX at U95°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 gefore and at the end of the 10,000-hour NakK
punp 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
systemn.

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 NaX 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 wvalues.

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
affected by the wvapor 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., NaK 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 40O 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 NeK in the motor air gap, the anticipated maxi-
mum torque point in NaK became 78.6 pound-inches providing slightly more margin.
This calculated torque 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 Y4 to 6-hour run for reactor
conditioning. Then the NaK pump is switched to 220 Hz at 88 V for L 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 ig available for acceleration throughout the NaK pump startup
cycle,

b. Motor Starting Torgue.- 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 NaeK pump operates for 4 to 5 hours at 95 Hz and L 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 (IL-L)
(11 Vv, 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 Nak
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, IL-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 L400-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 L95°F) on
Figure 5-24 esgtablishes the impeller axial thrust as 95 1b acting toward the
pump at shutoff, passing through zero-pound thrust at 95 gpm; to L3 1b acting
away from the pump at 150 gpm. Because of the necessity of subtracting large
numbers, the expected error is + 20 1b. The original design value of 0.011 to
0.013-inch back vane clearance was increased to 0.035 to 0.0LO 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 1l-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 L6,5 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 lb 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 Mag.— Composite thermal maps of multiple thermal data
runs are shown for a 1160 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 NaK hydraulic
characteristics. However, the o0il 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 NakK 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
loaxd 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 600CF, The test
results showed that the ball pivots were not significantly damaged in 100 hours.
The bearing pilvots in one NaK 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 ais 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 which 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 design considered that the unit
would be totally insulated from its enviromment with the only cooling provided
at the heat exchanger cold trap. Polyphenyl ether is used for the coolant, but
the motor and heat exchanger design allows use of the heat reJectlon loop NaK
Becaugse of a low coolant temperature differential (8 to 10 F) the test data
instrument error and environment heat JTosses provide only a rough check, The
flow path pressure loss is basically cild 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 Spec1f1cat10n 417- 2, Revision C. This
included sinusoidal sweep vibration, random v1brat10n 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 oil 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 NaXK pumps. During this period, the NaK
pump problems mainly concerned bearing damage/star%ing 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, same
further changes are necessary for maximum reliability. Testing has shown that a
reliable bearing system can be made. To better understand the different causes
and effects of the bearing problems, they are examined individvally in the follow-
ing paragraphs. Above complete story of bearing designh and performance is found
in Reference 4l1.

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 squeezed together., The result is a tight locking of the parts held
together by atmospheric pressure. Relapping to four rms finish reduced but did
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
(0.004 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
allowance 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, bubt 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 unusvally 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
radisl 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 L5-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. NaX 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., 1In 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
operabing NaX pump surrounds the recirculation-pump-end radial bearing. Gas
in this area reduces or eliminateg 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 fill 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
t0 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 to 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
inelusions 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 Ul. 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 ftungsten 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 500 g 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 Reguired

In late 1967, a reduction in meximum 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
punp 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
punp are established by the condenser pressure and by the degree of subcooling
provided by the condenser. The centrifugal pump is driven by a 400O-Hz, 208 V
(1ine-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 system. The
design and development of the SNAP-8 mercury pump is described in more detail
in Reference 45. -

5.3.1 Development Backgrouhd

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

° Modification of”qne element :of the pump assembly without
affecting the design of the whole assembly.

° Minimization of the mmber of interacting variables to allow
more accurate analysis and design procedures.

° Accessibility of elements for assembly and disassembly.

® Installation of instrumentation for acquisition of data.

5.3.1.1 Pump

A centrifugal pump was chosen over a positive-displacement unit
since pumping low-viscosity mercury at relatively high pressures would have
dimposed 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.
200



102

i

R I 8 | -r /J-i TURBINE-ALTERNATOR
A INTERMEDIATE 0 —
c HEAT L
B EXCHANGER E | | | 1
HEAT REJECTION
R__| reactor INTERMEDIATE LOOP  AaciaToR
PRIMARY LOOP - |CONDENSERS DIATO
LOOP . MERCURY
BCa RANKINE -
NaK ‘LooP ] Nok L1
EM PUMP pumps™ —1.]PUMPS
e o~
NoK DIVERTER METCAAY NaK DIVERTER-

VALVE - VALVE

Figure 5-31 Mercury Rankine-Cycle Loop Showing Location of Mercury Pump



e0¢e

LIFT-OFF BELLOWS SPACE SEAL MANIFOLD
CARBON FACE SEAL- LUBRICANT SIDE |

BEARING HOUSING

CARBON FACE SEAL-
MERCURY SIDE

7
‘ MOLECULAR SEAL
VISCO SEAL .

JET PUMP

CANNED MOTOR ) JET PUMP NOZZLE

SPACE SEAL- HEAT EXCHANGER —/ PUMP DISCHARGE

CENTRIFUGAL PUMP IMPELLER

Figure 5-32 Mercury Pump Cutaway View




{
b
t
13

203

Figure 5-33 Mercury Pump



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 20T 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, & molecular pump, and a face seal in series,
similar to that in the turbine-alternator. The visco pump, in pumping against
the main pump pressure regime, forms a liguid 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 radizl 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.

5.3.1.5 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
required 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

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 (Figure 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 motor and bearing designs. A
7800-rpm pump speed was selected on the basis of the L00-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
S H(feet )3/

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 fluld control. On the
basgis 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, OF 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.5 468.5
Hydraulic power, hp s Lt
Hydraulic power, kW .31 .356
Efficiency, % 22.0 23.4
Shaft input power, hp 1.89 2.04
Shaft inpul power, LW 1.h1 1.52
Motor, Induction Type
Shaft power, KW 2.4 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:

° Space seal leakage:

L00-Hz, 3-phase, 208 V (line-to-line)

2 1b (maximum) of mercury and 3 1b (maximum)

of lubricent-coolant fluid in 10,000 hours of operation.

° Starting NPSH:

° Lubricant-coolant conditions:

1/16 £t NPSH available at 1/4 rated mercury flow.
(1) Inlet 25 psia maximum at 210°F with

2600 1b/hr flow to mercury space seal heat exchanger, (2) 200 1b/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:

Original Modified*

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
accomnodate this wvane 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.

Plow (% Design) Radial Load (1b) Axial Load (1b)
0 29 55
50 13 53
100 7.5 50
130 12 L5

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-term 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 jet pump required a relatively small discharge nozzle
area for the jet. Since, however, the optimum small nozzle discharge area
would be susceptible to clogging, the nozzle was sized for maximum reliability
with a resulting compromise in jet-pump performance.

207



The hydraulic and physical design parameters for the jet 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 0.11
Suction flow velocity L. T3 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 0.40k in.

5.3.2.2 Motor

' The mercury-pump motor is a conventional 400-Hz, 3-phase, 6-pole,
squirrel cage induction motor. A Dupont polyimide ML insulation system was
selected which allowed operation to 40O F maximum hot-spot winding temperature
for the required life. 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 1lb/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, a 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,
gimilar 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 liquid 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 18,000 hours with the liquid/vapor interface
temperature established at 300 F maximum.

The carbon face seal prevents fiuid 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 1lift 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 leskage rate being
about 0.08 1b in 10,000 hours.

5.3.2.4 Bearing ILubrication System

The lubrication system included a filter, an injection system, and
a scavenging device. A S-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
flog 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
0.0k~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 conditionsoindicated that
the winding temperature would increase by approximately 100 F due to the
added power consumption of 0.5 hp and viscous drag. This temperature increase
was undesirable frdm 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
rapldly as scavenging is accomplished.
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The mercury pump is fitted with lubricant-cooclant 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 5-3k. 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 1b, maximum. With a bearing spring rate of
5 x 102 1b/inch included in the analysis, the critical speed was calculated as
17,300 rpm, a more-than-ample margin over the 7800 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 envirommental and operational reguirements
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. 1In 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 performsnce in in accordance with the lower curves as shown in

Figure 5-35.

This provides relatively conservative head values and results in an
adequate pump performance margin for the system requirements. 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 i1s thought to be due to the selec-
tion of a conservative head coefficlent 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 400-Hz data, as expected.
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5:3.3.2 ' Jet-Centrifugal Pump Performance at L00-Hz

a. Jet 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 Jjet-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, butb
(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 10% jet 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 & mercury pump lmpeller used during
tests in the 35-kWe system facllity. The jet 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 8L.6 ft. with 23.4% efficiency instead of the original calculated
value of 69.5 ft with 22% efficiency.

Ce Impeller Back Vane Damage.- Impeller back hub cavitation damage
was observed during an endurance test, but the damage was not great enocugh 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 toe 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.

d. 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 polyimide-insulated motor Was sub-
merged 1n 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 insulatioh 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-torgque 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 5-42 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 400 Hz.- Because of the low-
temperature viscosity of the lub¥icant-coolant fluid, an acceleration problem
can exist (see Figure 5-43). At LOO Hz and 208 V (line-to-line) to the motor
terminals, the motor will accelerate to full speed if the mdétor 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 rpm, the unit remains flooded. At a lubricant and pump
temperature of 125°F, the unlt 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 F
for starting was specified.
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5.3.3.4 Dynamic. Seals

The opbimum 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 visuvally 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 flulds in various test systems indicated
that the leakage was low, and probably well below the maximum allowable leak-
age.

Same 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 L340 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 5-44 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 81 psia shows the molecular pump
capabilities for handling liquid until gross mercury leakage occurs at 116 psia.
Data from Figure 5-Ll and from tests conducted at various pump speeds were used
to establish the curves shown in Figure 5-U45 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 systen.

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 5-45, 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 12,227-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 W1thout"
failure. . -

O

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 4t to 12 psi and, after 50 hours of operation
with seals in 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. -7

i

5.3.3.6 Ball Bearings

The ball bearings have operated satisfactorily in all units-bperated
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 examlnatlon of
ball bearings from the endurance btest units: : B

° The lubrication was good. Both rolllng contact elements and

the ball separator showed practlcally no wear.

.,‘
f-nh

® The mounting system is satlsfactory. Nb rotatlng unbalance .
load was observed, and the ball tracking was good.

R R )

o 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 judged 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
1b/hr. Flows below 150 lb/hr are not recaoammended since high bearing temper-
atures are likely to occur. Most mercury pump testing has been at flows of
200 to 300 lb/hr.

b. Bearing Inled Temperature.- The inlet temperature has little
effect on the inlet pressure since the Reynolds number change is small and the
pressure loss is almost totalLy that of the orifice. The inlet temperature
does, however, affect the pump:power and bearing temperatures directly as
showmn 1n Figure, 5-47. With a maximum allowable bearing outer-race temperature
of 300 F, inlet oil temperatures above ETOQF are not adv1sable. Temperatures
lower than ZOOOF require higher input power. 'Therefore 215 F + SOF is the
recommended 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 75 watts per psia within this range.

d. Bearing Lubricant Back Pressure -~ 220 Hz.- Data from tests at
220—Hz input power indicate that the pump operates unflooded at back pressures
up to 2.8 psia. At‘hlgher pressures up to 5.6 psia, power increases only
gradually. The bearing and motor btemperature rise indicates that the unit
could operate at steady state with a 5.6-psia bearing lubricant back pressure,
and at lubricant inlet’temperatures up to 200°F.

: e.t Motor Hbusidg Heat Exchanger.- The motor housing heat exchanger
passages are large for the amount of flow involved, and laminar flow conditions
exist. The design value of 0.6 psi pressure drop at 400 1b/hr is confirmed by
test data.

f. Mercury Space-Seal Heat Exchanger.- This heat .exchanger main~
tains the visco pump ligquid-vapor interface at 300°F, maximm, which controls
the vapor pressure at the liquid-vapor seal 1nterface. From an examination of
thé thermal mapping obtained from testing the seal hou51ng, outside tempera-
ture registered 253°F instead of the calculated 326°F (Figure 5-49). Therefore
it may be pre%umed that the liquid-vapor interface temperature is considerably
less than 300 F, and consequently the seal leakages would be much less than the
allowable rates.

224



144

1] 14
o
E
[y \ 350
2
2 2
° CONDITIONS: o |
5 MERCURY FLOW = 1.83 GPM
2 MERCURY TEMPERATURE = 185-262°F 9— 300 MOTOR e
T 'O LUBRICANT FLOW =226 LB/HR i END TURN ot
LUBRICANT BACK PRESSURE = 4.5 PSIA ]
&
w
a,
z & 250 BEARING OUTER RACE s
= ,
* MOTOR END
[+ 4
: SN
g 3o : 1 - . . PUMP END "
5 : S > 200 '
o, . . . .
E x \ . e
. [ — 0l U ot
26 - — 1 ... R %
: S i1 ¢ sl conpiiONs: _
- - 2 KRR ) * INPUT POWER = 400 Hz, 3 PHASE, 120V {L~N) /fl
400 T T - ] - z ' MERCURY TEMPERATURE =500°F
oy : - v e MERCURY FLOW = (2,000 LB/HR
& : . i " & LUBRICANT TEMPERATURE = 215°F
= e : 3 30 LUBRICANT FLOW = 250 LB/HR
E 300 . o
g MOTOR END - ==;:: N e 2 ——"”’,,
@ / » N ._‘_ /
g 200 PUMP END —rrr : ' s
2 BEARING OUTER RACE - .o 2 4 6 8 10 2
< - -~ -
i MOTOR END i . , : " BEARING LUBRICANT BACK PRESSURE, PSIA
0000 150 200 - 250 300 ©.  ° Tigure 5-48 Effect of Lubricant Back Pressure on
LUBRICANT INLET TEMPERATURE, °F _ Input Power, Bearing Temperature, and

"Motor Winding Temperature - Mercury Pump
Figure S5-47 Effect of Lubricant Inlet Temperature
on Bearing Temperature, Input Power,
and Input Current - Mercury Pump



922

(231)

1262 (269)

(213)
319

315

497

REF. TEST 06 P32

Figure 5-49 Mercury Pump Thermal Mep (Calculated Temperatures in Parenthesis)

ﬂ

SPACE SEAL COOLANT FLOW 2000-2300 LB/HR AT 2i0°F {NLET TEMPERATURE -

MOTOR AND BEARING LUBRICANT/COOLANT FLOW 290-300 LB/HR AT 210°F INLET TEMPERATURE
MERCURY FLOW 13,500 LB/HR AT 500°F SUCTION TEMPERATURE




5.3.3.8 Temperature Distribution

Temperature distribution in the mercury pump was obtained by
operating a pump in a simulated space environment with insulation wrapped
around the entire unit to prevent radiation heat losses. All temperatures
were lower than calculated with the exception of the motor stator iron
temperature and the motor housing temperature (Figure 5-49). The slightly
higher stator-iron temperature was caused by an unexpectedly high rate of
heat transfer from the winding coll to the stator iron. The higher tempera-
tures of the stator iron and the motor housing were not considered detrimental.

5.3.4 Vibration and Shock Testing

A complete mercury pump was tested in the vibration test facility
at NASA-LeRC in accordance with NASA Specification 417-2, Rev. C. This
included sinusoidal sweep vibration, random vibration, and multiple shocks
of 15-g peak in three directions. The test program and post~test examination
of the mercury pump is described in detail in Reference“h? :

i
L)

The test times and 1nput-pover levels are shoVn in Table 54VII.
The only detrimental condition observed after testlng was an apparent loss
of bearing preload caused by galling of one of the bearing ouber races in
the housing. The housing is made from 9Cr-1Mo alloy which is susceptlble to
galling and therefore a recommendatlon to elther "hard-chrome' tﬁe housing
surface or employ a hardened steel llner in the housing was maﬁe. These
changes had not been unplemented at ‘the conclu51on of the SNAR -8 Program
effort. o o ..>"'*i?i """ o

5.3.5 Operational Interfaces: Lo : i

The mercury pump nominal operatiﬂg conditions are shownsin

Table 5-VIII for 4OO-Hz and 220-Hz operatidn. These values represent the
expected operating point for the SNAP-8 sydtem. Wlthfthe exceptlon of mercury
under these nominal conditions. However, for operation in a groﬁh&'fést .
system, the pump suction pressure was greater than the value shown in Table @ °
5~VIIT because of the mercury elevation pressure occurrlng in a 1-g environ-
ment. During operation in the 35-kWe test system, pump suction pressures

were 30 to 33 psia.

i

' : : !
Table 5-IX lists the operational alarm and shﬁtddwn 1imits for
400-Hz operation. The overspeed limit could occur only with over-frequency
resulting from a runaway turbine. The shutdowm limits signal imnmediate
failure, whereas the alarm limits signal various conditions that will harm
the equipment and perhaps eventually cause a failure. Exceeding the shutdown
linmits of various parameters should be cause for an automatic shutdown.
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TABLE 5-VII SUMMARY OF MERCURY PUMP VIBRATION TESTS

Frequency
Type Run Axis G Level Input, Sweep Running
Test Number Test Input (Hz) Speed Time
Sine X 1 5-2000 1 oct/min 8.4 min
Sine Y 5-2000 1 oct/min 8.4 min
Sine 10 Z 1 5-2000 1 oct/min 8.4 min
Random 2 X 3 dp/oct 20~100 20 g's 3 min
0.4 ¢°/Hz 100~600 overall
-6 db/oct 600-2000
Random 18 Y " " " "
Random 11 7 " t t t
Shock 3, &, 5 +X 15 11 ms
Shock 6, 7, 8 -X 15 11 ms
Shock 19, 20, 21 +¥ 15 8 ms
Shock 22, 23, 24 =Y 15 8 ms
Shock 12, 13, 14 +Z 15 8 ms
Shock 15, 16, 1T -7 15 8 ms



TABLE 5-VIII MERCURY PUMP NOMINAL OPERATING CONDITIONS

Mercury flow =
Suction pressure and temperature =
Bearing lubricant~-coolant flow =

Bearing lubricant~-coolant inlet
temperature =

Bearing lubricant-coolant back
pressure =

Space seal coolant flow =
Motor coolant flow =
Voltage (L-L) =

Frequency =

12,000 + 500 1b/hr (1.85 gpm)
10 + 1 psia at 500°F
200 to 250 1b/br

215 + 5°F

4.5 to 5.0 psia
200
2600 * gon 1b /hr
150 to 250 1b/hr
208 + b V, 3 phase

400 + 2 Hz

Static seals lifted during operation at rated speed

220-Hz (5 to 10-minute SNAP-8 Standby Condition)

Mercury flow =

Suction pressure and temperature

]

Bearing lubricant-coolant flow

Bearing lubricant-coolant inle?b
teuperature =

Bearing lubricant-coolant back
pressure : =

Space seal coolant flow =

Motor coolant flow =
Voltage (L-L) =

Frequency =

229

450 1b/hr
10 + 1 psia at 100 to 140°F
110 to 140 1b/hr

200 + 5°F

2.8 psia (with seals lifted)

1400 + 100 1b/hr
~450

80 to 140 1b/hr
88 + 2 V, 3 phase
220 + 2 Hz




TABLE 5-IX MERCURY PUMP OPERATTIONAIL ALARM AND SHUTDOWN LIMITS
- 100 Hz OPERATION

Maximum Speed = 9000 rpm (s)F
Meximum Motor Current (3 phases) = 16 amps (A)
Maximum Motor Winding Temperature = L4OOF (A)
Maximum Bearing Temperature = 300°F (8)
Maximum Slinger Discharge Pressure = 10 psia (4)
Maximm Mercury Inlet Temperature = 600°F (A)
Low Bearing Flow = T5 1b/hr (8)
Low Mercury Suction Pressure = T psia (A)
+(S) = Shutdown

(A) = Alarm

The physical piping connections to the mercury pump are a l-inch OD
mercury suction line, a 3/h—inch OD mercury discharge line, lubricant-coolant
inlet and outlet lines to and from the motor and bearings in series at the
outboard isolation valves, and an inlet and outlet line to and from the space
seal heat exchanger. The space manifold vacuum connection to the toroidal
manifold on top of the pump in Figure 5-32 must be flexible to avoid damage
to the unit due to pressure differentials caused by forces due to the internal
vacium.

5.3.6 Recommendations for Improvements

Recommendations for improving the reliability of the SNAP-8 mercury
punp based on experience gained in the development are as follows:

a. Ball Bearing Lubricant Jets.- The present bearing lubricant
system uses six jets (0.04O-inch nozzles) per bearing to provide lubricant at
a l-psia inlet pressure. This low pressure has caused control problems in
testing, since the velocity of the lubricant is relatively low (only 11.5 fps),
and it is predictable that maximm cooling is not achieved. An improved method
would use three jets (0.030-inch nozzles) to provide lubricant at a 9-psia
inlet pressure and a velocity of 33 fps. This would provide better control of
inner race lubrication and improved cooling of the bearings.

b. Static Seals.- The present static carbon face seals run on a
tungsten carbide face which wears out the carbon face in a relatively short
time when in continuous contact. An investigation of self lubricating face
material with better wear characteristics should be made.
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c. Mercury Jet Pump.- The length of the mixing section in the jet
pump is too short to develop maximum head under cavitation conditions. The
throat section (0.tl-inch diameter) of the jet pump should be lengthened to,
perhaps, 18 diameters instead of six. At the same time, the jet pump could be
modified to suit the NPSH requirement of the system in which it will be used.
Also, the jet pump (and centrifugal pump) should be relocated closer to the
mercury supply source to improve the inlet available NPSH.

d. Space Seals.-~ Development of Stellite 6B for the space seal
elements should be continued, and various configurations that may improve
cavitation resistance should be investigated.

System operation should be defined to restrict extent and time of
mercury pump allowable operation during low NPSH conditions. The jet pump
should be modifiled to handle the lowest NPSH, lengthened accordingly, and
confirmed by testing.

e. Lift-off Seals.- Since the lift-off actuator has proven
unreliable in operation, some further development testing on the modified
design should be made or alternate designs, such as a centrifugally operated
device, should be considered.

f. Bearing Housing.- To eliminate the galling experienced between
the housing bore and bearing outer ring, the possibility of either hard chrome
plating the housing bore orxr incorporating a hardened steel liner should be
investigated.

g. Centrifugal Pump Impeller.- Tests on the modified design, i.e.
Stellite 6B, 8 back vanes, and increased hub diameter should be completed to
verify correction of back hub cavitation damage.
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5.4 LUBRICANT-COOLANT PUMP

The SNAP-8 system utilizes an organic fluid to lubricate bearings
and to cool system components. This fluid, a radiation resistant polyphenyl
ether, is circulated through the system by a centrifugal pump driven by an
electric motor. The entire pump-motor unit is hermetically sealed. Iwubrica-
tion and cooling of the motor is accamplished by a small flow of the pumped
fluid through the motor and down the hollow shaft which returns the flow to
the inlet of the main pump.

5.4.1 Development Background

The development of this pump was subcontracted to the Tapco Division
of Thompson Ramo Wooldridge, Inc. The design was made for the SNAP-8 35-kWe
system, and all operating experience described in this report is related to
the 35-kWe system. However the pump 1s capable of providing the required flow
and head for the 90-kWe SNAP-8 system.

The performance data listed in Table 5-X show the pump development
through to the latest test results. The unit met or exceeded all performance
reqguirements. Seven pumps used as test support equipment in six systems accumu-
lated 60,578 operating hours, and more than 1200 start-stop cycles. Three of
the unlts ran for 14,521, 15,345 and 24,862 hours, respectively. One pump was
operated at approx1mately 1/3 rated capac1ty for 24,862 hours. To date, the
lubricant=-coolant pump has not had an operational fallure

5.4.2 Physical Description

The lubricant-coolant pump (Figures 5-50 and 5-51) is a hermetically
sealed centrifugal pump and squirrel cage 400-Hz motor combination, self-cooled
and lubricated. The pumped fluid is circulated through the carbon bearings and
open-winding submerged motor to provide the necessary cooling and lubrication.
An electrical connector is used for input power to the motor. The design of
the unit is covered in detail in Reference L48.

The design and construction of the unit employed conventional
technology used extensively on similar equipment. The motor and bearing
design and materials are similar to those used in aireraft fuel pumps, and
the pump configuration was based on a previously developed and tested design.
The unit is comprised of four parts: pump, motor, bearings, and shaft. The
welght of the contained oil is 1.7 1lb at TO F, and the weight of the pump
25.7 1lb.

5.4.2.1  Pump

The unit is an end suction semi-open centrifugal pump with a single
volute. Hydraulic axial thrust is controlled by reducing the impeller back
hub pressure to the level of the impellier eye pressure by providing large bypass
holes through the impeller shroud. The impeller is keyed, and secured against
a shaft shoulder with a lock nut. The seven vanes are swept back and are thin
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TABLE 5-X ILUBRICANT-COOLANT PUMP DESIGN AND PERFORMANCE DATA

Components
and .
Parameters

Design Point

Design Point
Tested Values

Pump, Centrifugal

Flow, lb/hr

Flow, gpm o
Inlet temperature, F
Density, 1b/ft3

Inlet pressure, psia
Pressure rise, psi
Head, Tt

Outlet pressure, psia

Hydraulic power, hp
Hydraulic power, kW
Efficiency, %

Shaft input power, hp
Shaft input power, kW

*
Motor , Induction

Electrical Efficiency, %
Overall Efficiency, %

Input power, hp

Input power, kW

Power factor, %

Overall pump-motor efficiency, %

Summary of Losses

Total Electrical Losses, watts

Total Mechanical Losses, watts

9,400
17,
220-250"F
68.5

T77.5
50,5
2,127
1.587
66
27.2

266
321

*A 6-pole motor was selected to provide
7820 rpm at rated conditions with 400-Hz input.
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9,400
17
250%F
68.5
1.6
63.5
133.6

65.1 at
1.6 psia

inlet
0.626
0.468

2.185

1.63
66.5
28.7



Figure 5-50 Tybricant-Coolant Pump

THRUST BEARING

INDUCTION MOTOR

CENTRIFUG AL PUMP

ELECTRICAL
PLUG CONNECTOR

RADIAL BEARINGS

Figure 5-51 Tubricant-Coolant Pump Cutaway View
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and sharply pointed at the entrance (Figure 5-52). The voluke casing is part of
the overall unit housing, and is a single-volute design of normal proportions.

Since it is desirable to keep the back pressure on the turbine-
alternator and mercury pump bearings as low as possible to reduce power losses,
SNAP-8 system specifications required the lubricant-coolant pump to operate at
low suction pressures. The existing pump adequately met this requirement with-
out modification.

5.4.2.2 Motor

The motor As a 1.5 hp, 6-pole, L0O-Hz, 3-phase, squirrel-cage induc-
tion motor with an ML electrical insulation system. The motor cavity is
flooded with the lubricant-coolant fluid and the ML-insulated copper stator
wires are fully exposed to the fluid. The motor construction is typical of an
open winding in that no cans are employed for the stator and rotor. The rotor
(Figure 5-53) uses silver conductor bars and end rings. The rotor laminated
stack is 29-gage AIST Type M-15. The stator has 36 slots, and the rotor b,
The stator uses 21 gauge wire with 20 turns per coill and 2 parallel paths.

The motor is cooled by the process fluid which flows from the pump
volute through the motor. The fluid returns to the pump impeller eye through
the hollow shaft.

5.4.2.3 Bearings and Shaft

The bearings and shaft were adapted from components previously used
in an aircraft jet-fuel pump. The radial bearings are straight sleeve journal
carbon bushings running against a 410 CRES chrome-plated shaft. The nominal
shaft diameter is 0.5 inch with a bearing length of 0.438 inch. The diametri-
cal clearances are 0.001 to 0.003 inch. Positive lubricant flow to the pump-
end bearing is through two drilled holes in the housing on the motor side.

The motor-end bearing is lubricated by an integral screw pump (Figure 5-53),
which moves liguid through the bearing toward the motor rotor. The motor
rotor end disk surface acts as a smooth slinger to pump the fluid out.

The axial bearings are simple flat-plate thrust bearings. The mailn
thrust bearing has a carbon bushing operating against a chrome-plated 410 CRES
plate shrunk on to the shaft. The smaller, reverse-thrust bearing uses the
impeller back hub against the radial bearing end as the bearing surface. The
reverse thrust bearing is loaded only momentarily at startup.

The main thrust bearing is made with two radial lubrication feed
grooves in the carbon bushing. Positive lubrication through the bearing
occurs with centrifugal action outflow past the bearing surfaces and feeder
grooves.

The impeller front vane clearance (.005 inch) is set by shimming.
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Figure 5-52 Lubricant-Coolant Pump Impeller

SCREW PUMP

AEROJE T — GENERALE:

Figure 5-53 Lubricant-Coolant Pump Rotor
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The shaft first lateral critical speed is over 100,000 rpm, making
the bearing deflection rate the major influence. 1In calculations using the
nominal maximum clearance with the lightest load, the bearing critical speed
was 12,000 rpm. Since smaller clearance and heavier loads greatly stiffen
the bearing, this was judged an adequate margin over the T800 rpm operating
speed.

5.4,2.4 Miscellaneous

As seen in Figure 5-54, the pump is made in a two-housing form. The
one aligning the rotating parts slips into the outer shell., After the motor
end seal weld 1s made, the backup plate protects and supports this weld and
end plate. The pump auxiliary instrumentation includes a speed pickup and
motor thermocouples.

The unit is mounted on two cradles; straps lock the pump to these
cradles and allow the unit to be orientated to any desired position. Further-
more, the construction also allows operation in horizontal, vertical, or any
other position in ground testing.

5.4.3 Demonstrated Performance

The lubricant-coolant pump has met all performance requirements, and
has exceeded the 10,000-hour endurance goal on three separate units. To date,
seven it s have accumulated 60,578 hours with more than 1200 start-stop cycles.
The longest-term unit logged 24,862 operating hours operation with more 570
start-stop cycles at TRW and at Aerojet.

5.4.3.1 Overall Performance

Tests of three units produced hydraulic performance curves as shown
in Figure 5-55. The testing defined the pump input power at rated capacity
of 17 gom as 1.58 to L.64 kW. The tabulated data are shown in Table 5-X. As
can be seen from Figure 5-55, the pump is able to deliver the required capacity
and head for a 90-kWe system.

5.4.3.2  Variable Operation

As discussed previocusly, the pump NPSH is important to the SNAP-8
system because 1t reduces the back pressure on the bearing slingers which
saves power in the turbine and mercury pump. On Figure 5-55, the NPSP (pres-
sure) derived from testing is shown. With polyphenyl ether as the lubricant,
the pump starts satisfactorily using the lowe%t SNAP-8 system.gpplied voltage
of 19 V, line-to-line, at a temperature of TO F. Tests at 125 F demonstrated
that the pump will start at 5.5 V, line-to-line, an equivalent one pound-inch
of torque.

The pumped polyphenyl ether viscosity increases considerably at
lower temperatures which greatly modifies the pump performance. Since the
motor is flooded, the motor rotor, the pump, and bearings all contribute to
the requirement for more electrlcal power at lower temperatures. A series
of tests was conducted from an 80 B, 220-Hz start through to a 250 F, Loo-Hz
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run with variable capacity. Using the 400-Hz data shown in Figure 5-56 as an
example, cold polyphenyl ether increases the input power and amperage, but
changes the pressure only slightly at a given lower capacity. Of course, the
system losses limit the maximum flow level as illustrated by the last system-
Llimited test points on the curve which increase with increasing temperature.
TgeOEEO-Hz data provide overall steady-state performance information up to
181°F. |

Figure 5-5T7 shows the pump performance variation with varying
voltage while operating at 400 Hz. The curves show that the motor is designed
for minimm current at 120 V (L-N or 208 V, L-L). If the unit is operated at
10% low voltage, only a small current change will take place. The input power
and pressure rise will decrease with the higher motor slip (lower unit speed).

5.4.3.3 Miscellaneous Performance

a. ML Insulation.- To confirm the ability of the ML insulation
system to operate submerged in polyphenyl ether, a 20,088-hour endurance test
was made. A rewound commercial motor running submerged was used. A total of
14,000 hours was accumulated at temperatures similar to the pump winding
temperature of 260 to 280°F with the last 6000 hours at temperatures
of 340 to 360°F. No significant change in insulation ground resistance took
place.

5.4.3.4 Environmental Testing

A SNAP-8 lubricant-coolant pump was vibration and shock tested at
the NASA LeRC test facility to specification NAS 417-2, Revision C. The pump
showed only slight damage in that the exterior housing~-to-base surfaces were
galled. This was considered to be insignificant. Hydraulic performance tests,
before and after the vibration and shock testing, were conducted. These
indicated no change in pump performance. The details of this testing are
described in Reference lLg.
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5.5 BOILER

5.5.1 Development Background

In the SNAP-8 system, the NaK-to-mercury heat exchanger, or boiler,
is the interface between the heating fluid, NaK, and the working fluid, mercury.
Figure 5-58 shows schematically the relationship of the boiler to the other
major power conversion system components in the 90-kWe system. Figure 5-59
shows it in relation to the 35-kWe system.

During the evolution of the SNAP-8 boilers, three major design
improvements separate the initial design from the final boiler concept. This
evolution is shown in Figure 5-60. The first improvement was a change from a
tube~in-shell, cross-counterflow design to a tube-in-~tube with pure counter-
flow. As a result, heat transfer improved with the increased NaK and mercury
flow. The change also provided accurate diagnostic data in terms of boiler
tube length. Along with the change from tube-in-shell to tube-in-tube, was a
decrease 1n the tubing ID from 0.902 to 0.652 inch, and in increase in the
number of tubes from 4 to 7 which resulted in a decrease of mercury flow area
from 2.56 to 2.34 square inches.

The second major change was in the mercury containment material from
9% chromium -~ 1% molybdenum steel (9M) and Haynes 25 steel to the refractory
metal, tantalum. References 50 and 51 detail the results of using 9M and
tantalum as mercury contalnment materials. The ramifications of this change
were fourfold.

(1) Since 9M or Haynes 25 was wetted only intermittently by liquid
mercury, the "dry-wall” boiling correlations based on SNAP-1
and SNAP-2 experience were applied. However, mercury does wet
tantalum above 1000°F. The heat transfer is improved in the
vapor~quality region of the boliler and is less sensitive to
contaminated, mercury~side surfaces.

(2) The 9M and Haynes 25 alloys were susceptible to NaK-side embrit-
tlement (carburization) and mercury-side corrosion/erosion.
Tantalum proved to be resistant to mercury corrosion and erosion.
These conclusions were reached during extensive metallurgical
programs using scale models of boiler configurations with NakK
and mercury at simulated operating conditions for long periods
of time.

(3) The use of tantalum created a need for a transition joint
between it and the Type 316 stainless steel since the two
materials cannot be joined by the standard welding methods.

(4) Due to the large differences in thermal expansion between
tantalum and Type 316 stainless steel (ogg/arg = 2.5), a
means of accommodating the differential growth had to be

devised.
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A bimetal boiler was designed using a stainless steel tube
coextruded with a tantalum inner liner for mercury containment. The purpose
of the tantalum was to improve wetting by the mercury which improves
"conditioning"¥ of the boiler. An experimental 1/Tth~scale, single-tube
bimetal boiler was designed and tested to investigate the bimetal tube and
bimetal tube Jjoint structwral reliability, and the single-fluted helix
configuration for heat and momentum transfer performance characteristics.

A 1200-hour test showed that the design had excellent and immediate perform-
ance throughout its operation. This meant that clean mercury flow-passage
surfaces were provided and maintained in the leak-tight mercury loop. A full-
scale boiler design was completed, and one was fabricated. However, this
boiler was not used because the double-containment design was preferred over
the coextruded, bi-metal design.

The third design change was from single-wall mercury containment to
double-wall containment (Figure 5~61). This concept meets the requirements
of a man-rated system which specifies double isolation between the radio-
active primary loop NaK and the mercury loop. Each tantalum tube is placed
inside a Type 321 stainless steel tube, with the volume between the two tubes
filled with static (nonflowing) NaK. Seven of these double tubes are placed
within an outer tube which contains the flowing NaK. This design is termed
the bare-refractory, double-containment (BRDC) boiler.

Tests were made using an experimental tantalum/stainless steel,
double-containment, single-tube boiler indicated that the two most important
requirements for proper conditioning of the boiler were cleanliness of the
boiler tubes, and the assurance of a vacuum-tight system to preclude surface
oxidation.

During the design period of the bimetallic bollers, NASA-LeRC
designed and fabricated an all tantalum tube-and-header configuration for the
mercury with a double~contaimment feature wutilizing static NaK as the heat
transfer fluid between the flowlng NaK in the primary loop and the mercury.
The bimetal tube boller was designed as a 30-ft long assembly; however, the
NASA-LeRC bare-refractory, double-containment boiler was fabricated as a 37-ft
long assembly to coincide with the mercury and NaK interfaces of the 35-kWe
ground test system.

*The term '"conditioned,”" when used in reference to SNAP-8 mercury boilers,
really describes how well heat is transferred from the inner surface of the
mercury containment tube to the mercury. When the liquid mercury "wets" the
tube surface, heat transfer is rapid and efficient. A boller operating at

the optimum level of heat transfer is termed "conditioned.” A number of things
can inhibit the ability of the mercury to '"wet'" the mercury containment material -
various contaminants, the rate of mercury flow, and the method by which the flow
is directed through the containment tube. Tantalum wets as a function of time-
temperature and surface cleanliness. If the surface is clean, tantalum will wet
immediately. When wetting is poor, heat transfer is less than optimum, and a
boiler is said to be "deconditioned." Heat transfer to the mercury results in

a decrease in NaK temperature. Hence, the slope of a NaK temperature profile
corrected for heat loss 1is directly proportional to the local heat flux. A
decrease in the slope of the temperature profile in the boiling section is a
typical indication of boller performance degradation or deconditioning.
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The first three BRDC boilers were designed and fabricated by NASA-
ILeRC. BRDC Boiler No. 1 was tested in the LeRC W~1 and General Electric
test facilities. BRIC Boiler No. 2 was tested exclusively in the Aerojet
35~kWe facility, and BRDC Boiler No. 3 was tested at the LeRC W-1 test Loop.

Boiler No. 4 was designed at Aerojet, fabricated at NASA-LeRC, and
tested in the Aerojet 35-kWe system facility for 1620 hours and 28 cycles
from March through June, 1970. Some deconditioning occurred during the ini-
tial runs due to system contaminants. However, as testing progressed, the
boiler became conditioned and its performance met all design criteria. No
instability was observed over the extreme range of off-design testing, and
no failures or incipient failures occurred. One area of con¢ern was a high
circumferential thermal gradient ( ~ 500 F) in the shell between the mercury
inlet and the NaK outlet collector ring. The measured thermal map was similar
to the one for BRIC No. 2. It was deduced at the time of BRDC No. U4 design
that the thermal gradient in BRDC No. 2 was due to forced convection of the
flowing NaK past the baffles. BRIC No. 4 employed a very low-leakage baffle
as well as evacuated annular tubes surrounding the mercury containment tantalum
tubes in this area to reduce heat transfer from the NaK to the colder mercury.
Further analysis indicated that natural convection was the predominant mecha-
nism for nonsymetrical circumferential thermal gradients, resulting in stratif-
ication of the NaK (the colder, more dense fluid gravitating to the bottom).

With the changes in system configuration and performance criteria
that accompanied the development of the 90-kWe system, BRDC Boiler No. 4
became obsolete. The design of the new BRDC Boiler No. 5, which will meet
the new system requirements, has been completed. The number of tubes was
increased from seven to twelve and was designed in an "S" configuration
rather than being helically coiled, as the previous boilers had been. The
design is shown in Figure 5-60.

The remaining portion of this boiler report will concentrate on
the mechanical design, thermal design, interfaces, and predicted performance
on BRDC Boiler No. 5. Boiler No. 5 will be compared to Bolilers No. 1 through
No. L for purposes of referencing design changes and presenting calculated
performance. The philosophies and criteria used for the design of boilers
are covered in detaill in Reference 52.

5.5.2 Design Description

Common to all bare-refractory, double-containment boilers is a
header arrangement for both the tantalum and stainless steel tubing with the
tantalum headers outboard of the Type 316 stainless steel headers. All of
the BRDC boilers utilize transition joints at both the mercury inlet and
outlet. These transition joints provide the means of connecting the tantalum
tube /header system to the stainless steel outer NaK containment tube. The
tubing which forms the second wall between the mercury and the primary NaK is
of Type 321 stainless steel to form the barrier between the primary NaK and
the static NaK systems. [n all the BRDC boilers, the primary-loop NaK enters
and exits perpendicular o the mercury flow axis or boiler tube axis and is
unbaffled throughout the boiler length. Boilers No. 4 and No. 5 were designed
with NaK helical turbulator coils rather than baffles, in the high heat flux
(ligquid and low quality mercury) section to preclude NaK stratification.
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The mercury-side geometry in the boilers consists of an inlet flow
restrictor, a 16-groove multipassage plug insert, and swirl wire ex rtending
from the plug insert end to the mercury outlet. Pictorial representations of
BRDC Boiler No. 1, 3, 4% and 5 shown in Figures 5-62, 5-63, and 5-64 (since
No. 1, No. 2, and No. 3 are similar, only No. 2 is shown) A comparison of
design features of the various bollers is given in Table 5-XI.

All mercury-side components such as headers, concentric reducers,
plug inserts,. tubing, and mercury inlet orifices, are of pure tantalum. The
exceptions are the swirl wire which is made of 90% Ta/10% W and the TA/316SS
bimetal Joints. The components and subassemblies, that comprise the BRDC
Boiler No. 1 through No. 5, have consistently been fabricated with the same
type of materials.

Comparing the overall configuration of BRDC Boiler No. 2 and No. 4,
all of Boiler No. 4 lies within the envelope generated by the coiled shell
while Boiler No. 2 does not. This difference represents a move from the pre-
prototypic to a prototypic design. BRDC Boiler No. 5 design is the prototype
design planned for the 90-kWe SNAP-8 system.

5.5.3 Design Requirements and Criteria

As system requirements for the boiler were amended and the results
of boiler technology programs became available, new operating requirements,
design criteria, and interfaces were established which had to be met by the
boiler design. Table 5-XIT lists the nominal design parameters and require-
ments for BRDC Boiler No. 1 through No. 5 as dictated by revisions in the
state-point operation of the power conversion system. The values of Boiler
No. 1 through No. 4 are similar in almost all instances with the exception
of mercury vapor pressure drop, inlet pressure, and pinch-point temperature
difference. The decrease in vapor pressure drop from 85 to 65 psia was pri-
marily due to a decrease in plug-insert length from 4.0 to 3.5 ft. The
attendant decrease in inlet pressure and pinch-point temperature difference
from 395 to 375 psia and 57 to h3 F are directly attributable to the decrease
in plug-insert length. The relationship of vapor pressure drop and pinch-
point temperature differences is discussed in the section on thermal design.

Differences in the operating conditions between Boiler No. 4 and
No. 5 resulted from a reduced reactor operating temperature and an improved
cycle efficiency. The reduction of the mercury-side pressure drop by a
factor of two while maintaining boiler stability and a tube ID of 0.652 inch
necessitated a change in the number of tubes from seven to twelve. Other
operating criteria for BRDC Boiler No. 4 and No. 5 which itemize emergency,
maximum, and minimum conditions are listed in Tables 5-XTTIT and 5-XIV.

Mechanical design criteria used for BRDC Boiler No. 4 and No. 5
were as follows:

L The boiler envelope and interfaces shall be as described by
the power conversion system requirements.
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Figure 5-62 BRDC Boiler No. 2 with Mercury Inlet Section Removed

Figure 5-63 BRDC Boiler No. 4 Prior to Installation in 35-kWe Systenm
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Figure 5-64 BRIC Boiler No. 5, Cutaway View
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TABLE 5-XI COMPARISON OF BARE-REFRACTORY DOUBLE-CONTAINMENT BOILER GEOMETRY

BRIC Boiler No.

Design Items 1,2, 3
Number of tubes T
Boiler length, ft. 37.0
MPP length, ft. k.0
WaK tube OD, in. 5.0
Tube spacing, in. 1.56-(1)
Swirl wire diameter, in. 0.062
Swirl wire pitch, in. 2.0
NaK turbulator coil diameter, in. none
NaK turbulator coil pitch, in. none
Tantalum tube 0D, in. 0.750
Tantalum tube ID, in. 0.652
Oval tube minor QD, in. 0.88 @)
Oval tube major 0D, in. 1.098
Oval tube wall thickness, in. 0.0k0
Transition Jjoint type brazed and
coextruded
Bellows material Type 304 SS
Static NaK 0o getter material Zr foil
Boiler dry weight, 1b. 845
Boiler wet weight, 1b. 1110
Boiler shape Helix
straight ends
Boiler coil diameter, in. L3
Boiler coil pitch, in. 10
Primary NaK volume, in3 5486
Static NaK volume, in. 1155
Hg volume, in. 1235
Hg inlet orifice diameter, in. 0.075
No. of tube bundle supports 16

L

~~
|_.I
S

[\ Y)"]
no

oOo0noO Mo VWU
Y]
A\

~_NokHOoOONOWNO

coextruded
sleeve
none used
Zr Toil
572
The
Helix-fully
coiled
54,25
6.0
3697
923
835
0.070
10

—_—2

12
21.0
2.7
7.62
annular
0.062
2.0
0.125
6.0
0.750
0.652
0.88
1465
0.049
coextruded
sleeve
none used
Zr Toil
833
1030
S

25- radius
none
L6ho
1510
1203
0.050
T

1).. . . . .
( )Dlmen31on shown is on an equilateral triangular array

(E)Made from 1.0 in. OD x 0.040 in. wall

Type 321 SS
(3)\ade from 1.125 in. OD x 0.049 in. wall Type 321 S5
(u)Made from 1.250 in. OD x 0.049 in. wall Type 321 SS
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TABLE 5-XIT NOMINAL DESIGN OPERATING PARAMETERS - BRDC BOILERS

Boiler No.
Parameter 1, 2, 3 L 5
Nak flow, 1b/hr 48500 48500 57148
NaK inlet temperature, °F minimum 1280 1280 1185
NaK temperature drop, oF 170 170 170
Maximum NaK AP, psid 3 3 3
Mercury (vapor) flow, 1b/hr 11800 12300 13775
Mercury (vapor) exit pressure, psia 265 255 148
Mercury (vapor) exit temperature, °F 1250 1250 1165
Mercury (liquid) inlet temperature,®F 500 500 350
Mercury (vapor) AP, psid 85 65 32
Mercury (liquid) orifice AP, psid 55 55 143
Mercury inlet pressure, psia 395 375 323
Maximum total mercury AP, psid 141 141 175
Pinch-point AT, °F 57 43 38
Boiler terminal AT, °F 30 30 20
Mercury vapor superheat, °p 190 190 197
Thermal power, KW 517 517 600
Stability AP/P, % £+ 2.0 + 2.0 +2.0
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TABLE 5-XIII BRDC BOILER NO. 4 OPERATING CRITERIA

Mercury Inlet Mercury Outlet NaK Inlet NaK Outlet Static NaK

Low Schedule
Inlet press.= Zero Qutlet press.= Inlet press.= Outlet press.= Press. = 30 psia
to 400 psia zero to 259 psia zero to 30 psia zero to 27 psia Temp. = TO to
Inlet t%mp. = T0 Outlet temp.= Inlet temp. = Qutlet temp. = 1280°F

to 500 F 70 to 1250°F 70 to 1280°F 70 to 1110°F
Flow = 0-5400 1b/hr Flow = 48500 1b/hr

in 60 sec
Flow = 11800 1b/hr

@ steady state
High Schedule
Inlet press.= zero Outlet press. = Inlet press. = Outlet press. = Press., = 30 psisa

to 400 psia zero to 259 psia zero to 30 psia zero to 27 psia Temp. = 70 to
Inlet tegp. = 70 Outlet temp. = 70 1300°F

to 500°F 1 to 1300°F Inlet temp.= 70 Outlet temp.= TO
Flow = 11800 1b/hr to 1330°F to 1160°F

@ steady state Flow = 48500

1b/hr

Emergency Conditions
Press.=600 psia Press.= 330 psia Press.= 75 psia Press.= 75 psia Press. = 75 psia
Temp .= 600°F Temp .= 1375°F Temp. = 1450°F Temp. = 14500F Temp. = 1450°0F
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TABLE 5-XIV BRDC BOILER NO. 5 OPERATING CRITERIA

Mercury Inlet

Mercury Outlet

NaK Inlet

NaK Outlet

Static NaK

Low Schedule

Inlet Press.= Zero
to 323 psia
Inlet Temp. = 70
to 350°F
Flow = 0-T7hO
lb/hr in 75 sec.
13,775 1b/hr @
steady state

Outlet Press. =
zero to 148 psia

Outlet Temp. = 70
to 1185 to 1165°F

Inlet Press. =
zero to 60 psia
Inlet Temp. = 70
to 11850F

Flow = 57148
1b/hr.

Outlet Press. =
zero to 57 psia

Qutlet Temp., =
70 to 1015°F

Press. = 30 psia
Temp. = TO to 1185°F

High Schedule

Inlet Press. =
zero to 333 psia

Outlet Press.=
zero to 147 psia

Inlet Press.=
zero to 60 psia

Qutlet Press, =
zero to 5T psia

Press. = 30 psia
Temp. 7O to 1211°F

Inlet Temp. = Outlet Temp. = Inlet Temp. = Outlet Temp, =
70 to 350°F 70 to 1211 to 70 to 1211°F 70 to 10L4°F
Flow = 7740 1b/hr to 1190°F Flow = 5T1L8
in 75 sec. ib/hr.
13600 1b/hr steady
state
Maximum Conditions
Press, = 500 psia' Press. = 222 psia | Press. = 90 psia Press. = 90 psia Press. = 90 psia

Temp. = 600°F

Temp. = 1375°F

Temp. = 1L85°F

Temp. = 1485 F

Temp. = 1485°F




° No bellows shall be used to accommodate the differential
thermal expansion between the tantalum and stainless steel.

] The mercury lines at the inlet and outlet shall incorporate
a coextruded tantalum-to-stainless steel transition joint.

° The boller shall utllize multipassage plug inserts and swirl
wire turbulators in the tantalum tube.

° Double containment, utilizing stagnant (nonflowing) NaK as
the heat transfer fluild between the tantalum tube OD and the
Type 321 stainless steel oval tube ID, shall be employed.

] The tantalum tube shall be placed in the Type 321 stainless
steel tube such that the clearance will accommodate the
differential thermal expansion.

° NaK flow in and out of the boiler shall be manifolded through
tee's or collector rings to uniformly distribute the fluid
and to lessen the system piping loads at the shell.

® The boiler design shall be capable of continuous steady-state
operation for 5 years and a maximum of 100 cycles. A
cycle 1s defined as cold mercury injection with the boiler at
the opgrating temperature to shutdown with the beiler cooling
to 1007°F. ' ' a

° The boiler design for stress shall include 1% creep in
5 years and low cycle fatigue.

5.5.h Mechanical Design

Boiler No. 5 was designed for an effective boller length of 21.0 ft
from the flowing NaK inlet port to the NaK outlet port, as shown in Figure 5-65.
The two radii of the S-shaped boiler are identical at 25.0 inches. The Nak
containment tube, or shell, is T7.625 inches outside diameter with a 0.120-inch
wall of Type 316 stainless steel. The NaK shell was designed to be first
coiled, then split in two halves and welded along the centerline perpendicular
to the plane of the curvature. The NaK inlet and outlet tees, or manifolds,
are also designed in two halves, welded along their centerline parallel to the
plane of the 3-inch inlet and outlet ports.

The 12-tube bundle 1s spaced in an annular array, co-axial with a
central tube which has a 3.5-inch outside diameter and a 0.090-inch wall.
This central tube, which is evacuated and sealed, decreases the flowing NaK
inventory, and helps to support the tube bundle. Seven tube bundle supports
are placed throughout the boiler tube length - two in each 180-degree bend
section and one in each of the three straight sections.
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NaK~-side turbulator wires are wound on the 3.5-~inch central tube
and around the tube bundle. The wire diameter is 0.125 inch, the helix pitch
is 6 inches, and the material is Type 316 stainless steel. The wires are
wound with opposite helixes to more effectively turbulate the NaK flow. The
turbulator coils extend from the NaK outlet tee for a distance of 10.0 ft
along the boller.

The overall design described above and the detailed descriptions to
follow have incorporated the best design features of Bolilers No. 1 through
No. 4 plus design considerations to minimize circumferential and axial thermal
gradients at the mercury inlet end of the boiler.

5.5.4.1 Mercury Inlet Section

The inlet header is shown in Figure 5-65 as a centrally located,
axial entry configuration. A coextruded, tantalum~to-Type 316 stainless steel
transition joint is shown identical in size and length to the Jjoint success-
fully used in Boiler No. 4 for 1600 hours and 28 starts. The tube is 1.25
inches OD by 0.750-inch ID which includes a 0.150-inch wall of Type 316 stain-
less steel and a 0.100-inch wall of tantalum. The tube is electron-beam
welded to the stainless steel end cap. The total length of the bonded area
of the transition joint is 8.0 inches. The tantalum concentric reducer is
also electron-beam welded to the transition Jjoint.

The evacuated annular insulator between the tantalum dome and the
shell reducer is designed for thermal management. The phenomenon of induced
convective patterns, wherein the colder and heavier NaK surrounding the
tantalum tubes sinks, has been a persistent problem in all boilers tested.
The design minimizes this effect by the use of the axial honeycomb structure
in the area between the stainless steel header and the tantalum header.

The oval static NaK tubes surrounding the 12 tantalum tubes are
spaced on a 5.625-inch diameter circle (Figure 5-65); the spacing provides for
more evenly distributed NaK flow. The 0.050-inch diameter orifices at the
entrance of the tantalum tubes were calculated to produce a pressure drop of
143 psid at full flow conditions. The pressure drop versus flow for the
orifice, added to the pressure drop versus flow for the remainder of the
boiler was calculated to ensure a positive slope throughout all phases of the
startup and steady-state operation of the boiler. This was a requirement of
the SNAP-8 system to preclude problems in control and reactor operation.

The tantalum plugs placed in the tantalum tubes downstream of the
orifices are 2.7-ft long. Sixteen equally spaced helical grooves are cut
along the length of each plug at a 6-inch pitch. Circumferential annuli are
cut at 10~-inch intervals to ensure a redistribution of mercury flow, should"

a helical groove become blocked or not perform properly. The tantalum tube

is swaged onto the tantalum plug. The swaged plug assemblies and the orifices
were planned to be tested with water to determine the actual pressure drop
through each.
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A coiled 0.062-inch diameter wire (90% tantalum - 10% tungsten)
with a 2-inch pitch was placed downstream of the plug for the remaining
length of the tantalum tubes to maintain a centrifugal field for mercury
droplets in the vapor so that the droplets would contact the hot tantalum
tube walls and vaporize. . ' '

. Zirconium foll is shown in the tantalum dome area and the space
between the tantalum header and the stainless steel header (Figure 5-65).
Zirconium was found to be an excellent hot getter for dissolved gases in the
static NaK as evidenced by the post-test analysis of Boiler No. 1 and No. 2.

The boiler shell is shown expanded radially in the area between the
stainless steel header and the tantalum header to allow for the annular
vacuum chamber within the shell. The purpose of this vacuum insulator is
discussed later in this report.

5.5.4.2  NaK Inlet and Outlet Manifolds

The NaK inlet and outlet manifolds are designed as collector rings
which surround twelve 1.25-inch diameter holes spaced between mercury tubes
and drilled into the T.625-inch OD flowing NaK shell. The headers are forged
in two parts and welded in the plane of the 3-inch port.

] The predominant reasons for the manifold design are (1) better
distribution of heat in the critical zones where shell failures had previous-
1y occurred on earlier boiler designs, and (2) the uniforn distribution of
the NaK entering and leaving the boiler. The acceptability of the design was
borne out by plastic model tests with water as well as by the results of
Boiler No. 4 tests. Mixing of the NaK leaving the boiler results in better:
measurement of the NaK mixed-mean temperature which is essential if good
thermal performance data are to be obtained.

5.5.&.3 Tantalum Tube Bundle and Static NaK Tubes

The 12 tantalum tubes are of equal 21-ft lengths. They are not
colled along their lengths as in Boilers No. 1, 2 and 3 which were coiled to
obtain equal length tubes in a coiled boiler. Boiler No. 4 was not coiled
however (resulting in unequal lengths), and its performance met all design
criteria. The tantalum tubes are 0.75-inch OD by 0.049-inch wall (the same
as Boiler No. 4).

Each tantalum tube is placed in a Type 321 stainless steel oval
tube which contains static NaK. The tantalum tube must then be held against
the side of the oval tube so that it is at the greatest radius in both halves
of the S-shape. This means that the tantalum tube must cross over in the
straight mid-section of the S (see Figure 5-65). Since the coefficient of
thermal expansion for the stainless steel oval tube is more than twice that
of the tantalum tube, the oval tube will grow outward (or to a larger diameter)
relative to the tantalum tube. Consequently, no loading will be experienced
between the two metals as the boiler is heated or cooled. Seven lattice-type
spacers hold the tubes in the proper positions relative to the evacuated center
tube and the NaK shell.
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A 0.125-inch diameter wire with a pitch of 6 inches is wound on the
center tube for 10 ft, starting at the mercury inlet, prior to installation
of the 12 tantalum tubes and stainless steel static NaK tubes. Another wire
of the same diameter, pitch, and length is wound on the outside of the 12
tubes counter-rotational to the wire on the center tube. The purpose of
these wires is to promote mixing of the flowing NaK in the sectioh of the
boiler where the greatest amount of heat transfer occurs. The adequacy of
this configuration was vividly demonstrated in a full-scale plastic model of
the boiler through which dye was inJjected in flowing water. The test also
confirmed the calculations of the flowing NaK~side pressure drop.

5.5.4.4  BEvacuated Center Tube

The center tube runs the full length of the boiler and is attaﬁhed
to the stainless steel headers. It is formed to shape, evacuated to 10~
torr, and seal-welded. This tube was placed in the center of the tube bundle
coaxial with the shell. The main purpose of the tube is to decrease the NaK-
side free flow area which results in a NaK velocity of 3.4 fps. With this'
velocity, the Reynolds number is 110,000 and assures turbulent flow and good
heat transfer.

5.5.4.5 Mercury Outlet Section

The mercury vapor outlet, like the liquid mercury inlet, is a con-
centrically located, axial discharge configuration. A coextruded tantalum-
to-Type 316 stainless steel transition joint, ildentical in diameter, length
and wall thicknesses to that successfully used in Boiler No. L4 for 1620 hours
and 28 starts, is shown in Figure 5-65. The outlet tube is 2.26-inch OD by
1.76-inch ID with a 0.150-inch wall of Type 316 stainless steel. The total
length of the bonded area of the Jjoint is 8.0 inches, the same as the mercury
inlet joint. Zirconiwm foil is used in the static NaK area surrounding thé
bimetal Joint-to-dome weld for hot gettering interstitials in the NakK.

5.5.4.6 Stress Analysis

Table 5-XIV 1temizes the operating criteria used for the stress
analysis of Boller No. 5. The criteria define the transient, steady-state,
and maximum conditions for the flowing NaK side, mercury side, and the static
NaK side. Table 5-IX defines the expected boiler~to-system interface loads.
The stress computation methods, detailed hand calculations, results, and
conclusions appear in Reference 53. Particular emphasis was placed on the
mercury inlet section where the most severe pressure and thermal transients
occur.

The following areas were stress analyzed in detall using the
criteria for pressure and temperatures noted above with design safety factors
of 1.25 against creep and yield strength, 1.50 for ultimate strength, and
1.50 for fatigue strength.

® NaK shell

® Static NaK tube
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TABLE 5-XV

NAK AND MERCURY INLET AND OUTLET INTERFACE LOADS - BRDC BOILER NO. 5

Force (1b) Moment (in.-1b)
Interface Description x Py Fz Mx My Mz Load Type
-15.1 -10.1 39.4 433 Lak 283 Thermal, T = 1190°F
Boiler Mercury Outlet -12 -9 28.5 333" 267 235.5 Weight
-27.1 -19.1 67.9 766 681 518.5 Total
-2.1 0 0 0 19.1 -4.25 Thermal, T = 417°F
Boiler Mercury Inlet 2 -8 0 -ig -20 -250 Weight
-1 -8 0 ite} -.9 -254.,25 | Total
+17.7  |-67 +26.6 | -h3k 276 |-50k4 Thermal, 1185°F,AT =
1110°F
Boiler No. 1 NaK Inlet -1.h (485 +h -659 -259 +347 Weight
3-in. OD x 0,085-in, wall,
316 88 6.3 18 30.6 -1093  |-535 -157 Total
-1 2 11 388 -234 102 Thermal, 11850F,AT =
1110°F
Boiler No. 1 NaK Outlet -95 -29 -10 Lol -2010 1545 Weight
3-in. OD x 0,083 in, wall,
316 8S -96 =27 1 882 -2okk 1647 Total
-1 2 11 ~513 4o -183 Thermal, 1185°F, AT=
1110°F
Boiler No. 2 Inlet -95 -123 -10 Lo2 90 -1024 Weight
3-in. OD x 0.083-in. wall,
3165S -96 -121 1 =111 530 -1207 Total
Lo 11 3 331 -830 -9k Thermal, 1015°F, AT =
| 940°F
Boiler No. 2 Outlet | 39 2 -31 132 -248 -134 Weight
3-in. OD x 0.83-in. wall,
316 85 88 13 -28 463 -1078 -228 Total




) Center evacuated tube

° Stainless steel mercury inlet header

° Stainless steel mainfold sections

° Stainless steel vacuum insulators

° Mercury inlet section

® Mercury outlet section

® Overall boiler stresses with recommended system mountings

The mercury inlet and outlet sections were analyzed with the use of
the thermal data discussed in the next sections in conjunction with a finite
element computer program (References 52 and 53). These sections have axisym-
etrical geometry and pressure/temperature distribution directly suited to the
application of this computer program. The shell, tubing, stainless steel
headers, stainless steel manifolds and the vacuum insulators were calculated
by hand. Liow-cycle fatigue analyses employed the Manson equation and the
finite element computer program, where applicable. Thermal ratcheting was
also considered.

The bimetal coextruded transition joints were stress analyzed and
the results compared to those values obtained from the Boiler No. 4 analyses
gince the Joints in Boiler No. 5 have the same dimensions as those in
Boiler No. L.

Analysis of the boiler shell stress levels was made for the mount-
ing scheme shown in Figure 5-66 using a piping flexibility computer code.
Here the boller cross-section was transformed into a pipe with an equivalent
section modulus. It should be noted that the boiler is shown "cold sprung"
so that the boiler shell stresses remain below the allowable during steady-
state hot operation. The stresses in the boiler shell are alsoc below the
allowable limits at room temperature when the cold springing is performed.
The results of the analysis showed that this was an acceptable method of
mounting the boiler (Reference 53).

5.5.5 Thermal and Dynamic Design

5.5.5.1 Mercury-Side Heat Transfer, Dynamics and Performance Evaluation

Boiler No. 5 was designed, from the heat-transfer viewpoint, with
the same approach used for Boiler No. 4. The heat and momentum transfer
correlations for the mercury side of the boller were for a two-phase, helical=~
flow regime with wetted tube walls. The correlations developed for the boiler
heat transfer design were formulated into the BOiler DEsign and PErformance
(BODEPE) analysis computer code (References 52 and 54). This computer code
was used to evaluate 1/T-scale and full-scale boiler actual performance data
with the predicted performance. The results of the 1/T-scale boiler evalua-
tion were applicable to the Boiler No. 4 design, and provided the basis for
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determining many of the performance-related aspects of the boiler design.

The soundness of the mercury-side correlation and the l/T—scale analysis were
borne out by the excellent performance of Boiler No. 4 during tests in the
35-kWe system over a wide range of operating conditions.

Predicted performance of Boiler No. 5 at steady-state is shown in
Figure 5-67. In Boiler No. 5, there is no excess superheat length which was
normally added to the previous boiler designs as further margin to assure
complete vaporization of the mercury. This was not done for two reasons:
(1) the added length did not improve the performance in the tests of Boiler
No. 4 which had excess length, and (2) the envelope restrictions of the power
conversion system package precluded the addition of the extra lerngth. Boiler

pressure variations are not expected to exceed the * 2% (the ratio of the vapor)

outlet pressure deviation to the vapor outlet pressure) that was experienced
with Boiler No. 4 (which was the most stable boiler tested in the SNAP-8
program). Table 5-XVI summarizes the thermal computation for Boiler No. 5
and corresponds to the performance predictions of Figure 5-67.

Comparative design data plots of plug insert pressure drop and plug
exit vapor quality versus pinch-point temperature difference of BRDC Boiler
No. 4 and No. 5 is shown in Figure 5-68. Reduction of the plug insert length

and the NaK temperature band while maintaining a specified pinch-point tempera-

ture difference decreases the plug insert pressure drop and the plug insert
vapor quality. This behavior is inherent to this plug configuration and test
results have shown the optimum pinch-point gange is from 30 to TO'F for a
given plug insert length. For less than 30°F difference, the plug exit vapor
guality is too low and hoiler pressure variations become excessive. A dif-
ference greater than TOF means that the plug insert pressure drop is too high,
thus reducing cycle effilciency.

Test data from BRDC boilers with plug lengths of 4.0 ft, 3.5 ft,
and 3 ft showed that the boiler pressure drop versus mercury flow increases
with flow to a maximum value then decreases as the flow is increased to the
rated value. It has been concluded that this behavior is characteristic of
this mercury-side geometry (a multipassage plug insert and a bare tube with
a swirl wire). Whether this effect is detrimental when the system is tested
with a reactor is not known, although system analyses indicate that thermal
shock of the reactor can occur as a result. However, it is desirable to have
a boiler that would have, at all conditions, an increasing pressure drop with
increasing flow. Figure 5-69 compares the mercury side pressure drop versus
liquid mercury flow for Boilers No. 2, No. 4, and the l/T-scale boiler.

The pressure drop through the short tube orifices wupstream of the
plug inserts rises as a square function of the increased flow. Therefore, by
choosing an orifice of the proper size, a positive slope of total boiler
pressure drop (the sum of the boiler tubes and the orifices pressure drops)
is attained for any flow rate. The orifice size was calculated to be 0.050
inch in diameter with a square edge and 0.052-inch diameter orifice with a
well rounded entry radius. A plot of orifice AP, and total pressure drop
using an 0.052 inch square edge orifice is shown in Figure 5-70 for BRDC
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TABLE 5~XVI BRDC BOILER NO. 5 - PREDICTED THERMAL DESIGN
CHARACTERISTICS AND OPERATING PARAMETERS
NaK Inlet Temperature
Schedule
Parameter Dimension Low High
NaK Flow Rate 1b/hr 57148 57148
NaK inlet Temperature OF 1185 1211
NaK Temperature Drop o 170 167
NaK pressure Drop psid ~3 ~3
Hg Flow 1b/hr 13775 13600
Hg Exit Pressure psia 148 1kt
Hg Exit Temperature oF 1165 1190
Hg Inlet Temperature op Leo Leo
Hg Vapor Region Pressure Drop psid 32 46
Hg Flow Restrictor Pressure Drop psid 143 140
Hg Inlet Pressure psia 323 333
Pinch-Point Temperature Difference oF 38 54
Terminal NaK-to-Hg Temperature OF 20 22
Vapor Superheat o 197 22l
Mean Preheat Flux Btu/hr-rt°  N18465 215553
Mean Multipassage Plug Boiling Flux Btu/hr-ft2 Loo37 71292
Mean Swirl Wire Boiling Flux Btu/hr-ft2 57921 63338
Mean Superheat Flux Btu/hr—ft2 5176 5707
Boiling Termination Point ft 15. 13.4
Multipassage Plug Vapor Exit Quality | percent 12 18
Thermal Power Required KW 600 598
External Power Loss (Assumed) KW 5 5
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Boiler No. 5. The orifice pressure drop was determined to be 128 psid at
100% mercury flow. The pressure drop using the 0,050-inch diameter orifice
was determined to be 143 psid which is in agreement with the value noted in
Table 5-XVI. The degree of positive slope for the total boiler pressure
drop wouwld be greater using the smaller orifice as discussed in

Reference 50.

5.5.5.2 NaK-Side Pressure Drop

The power conversion system requirement allows for a boiler NaX~side
pressure loss of 3.0 psid, maximum. Preliminary calculations for Boiler No. 5
indicated a total pressure drop of 1.50 psid at 57,500 lb/hr. Water tests of
a 10-ft long plastic model of the boiler corroborated the calculations (as did
similar tests for Boiler No. 4), the value being 1.70 psid. The predicted NaK
pressure drop data for Boiler No. 5, based on the water tests, are plotted in
Figure 5-T1.

Dye injection tests were employed to observe the effectiveness of
the NaK turbulator coils in Boilers No. 4 and No. 5. The tests were conducted
on the basis of equal velocities (i.e., the water velocity = NaK velocity) at
2.5, 3.0, 4.0, and 5.0 fps. The Reynolds numbers for water at these velocities
were much lower than the NaK Reynolds numbers for the same velocities. From
test observations, good mixing occurred at velocities from 3.0 to 5.0 fps
within 1.0 to 1.5 feet from the point of injection. At 2.5 fps, the mixing
was slower and took about 2.5 ft to develop. The tests described above were
run for the tube bundle. Dye tests in the NaK manifolds were made at the same
water velocities noted above. At all velocities the dye was distributed evenly
throughout the manifolds almost immediately. The flow model was full-scale in
cross section with respect to internal dimensions.

The vacuum chamber between the stainless steel header and the tantalum
header (see Figure 5-65) is necessary to reduce the thermal gradient across the
stainless steel header. The vacuum chamber between the tantalum dome and the Nak
shell is required to reduce the thermal gradient in the shell and in the area
adjacent to the end of the NaK outlet manifold. The static NaK volume in this
area is minimized to decrease the avalilable heat to the cold mercury during
startup; this reduces the thermal gradient in the axial direction.

The compartmentalization (axially oriented honeycomb) of the area
around each tantalum tube between the stainless steel and tantalum headers
is an approach designed to minimize the natural convectlon of the static Nak
as the colder mercury flows through the tantalum tubes. The NaK outlet
manifold is placed around this area to further reduce the natural convection
by supplying heat over the entire circumference. These approaches were not
employed in the Boiler No. 2, although the method of manifolding was success-~
fully demonstrated with Boiler No. L4,

An analysis of the natural convection phenomenon in liguid metals
can be seen in Reference 50. It should be pointed out that there is very
little information available on the natural convection of liquid metals with
the tubes-in-shell configuration described herein, operating in a horizontal
attitude.
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5.5.5.3 Boiler Thermal Analysis

The analyses and results of the various design approaches for an
accepbable mercury inlet section that would meet the startup transient and
steady-state conditions are summarized below. The analyses were concerned
with the following criteria:

° The inlet dome mercury volume should be as small as possible
to minimize the time to £ill during startup, yet not be so
small that mercury boiling and flashing in the dome causes
such a high back pressure (due to the small orifices) on the
mercury pump that startup becomes impossible. This can occur
since the boiler is preheated to the NaK inlet temperature
prior to mercury injection.

° No thermal gradients in any of the materials should be so
high as to cause thermal stresses which exceed the allowable
strength of the materials during the transient and steady-
state operating conditions.

However, it became evident as the design evolved, that the thermal
gradients in the dome were too severe for a thick, flat dome which held the
mercury volume to a minimum. A thinner, fairly flat dome was unacceptable
from a pressure-stress standpoint. It was determined that a hemispherical
head was the least stressed but it also resulted in an unacceptably large
mercury volume. An elliposoidal dome proved to be the most acceptable as to
stress, size and mercury volume. This configuration was analyzed for the
transient and steady-state conditions. At the same time, the mercury inlet
steady-state temperature was decreased from 420 to 35OOF, in keeping with the
latest change dictated by the change from the four-stage turbine to the dual
multistage reaction turbine concept (90 kWe system).

5.5.6 System Interfaces

EFarlier in this section, the system regquirements were outlined and
discussed with regard to the boiler. The followlng discussion deals with
the constraints the boiler places on the system.

The S-shape of the latest boiler design requires that it be supported
in a manner that will minimize excessive loads transmitted to the turbine inlet
and to prevent excessive stresses in the boiler shell. The loads transmitted
to the turbine inlet are due to the thermal growth of the boiler and turbine in
two planes. Minimization of these loads to the required values was done by
looping the piping between the turbine 1lnlet and boiler outlet and anchoring
the mercury outlet end of the boiler rigidly. To prevent over-stress in the
boiler shell, the boller is coldsprung so that, as it heats up, the thermal
growth will return the boiler to the as-fabricated shape. This mounting scheme
was shown in Figure 5-66. The spring mount is used since there will be some
rotation of the boiler straight section and requires that the mount have some
resiliency.
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Other constraints on the system that result from placing the looped
piping between the boiler and turbine inlet are the allowable line pressure
drop and allowable stress.

Liquid mercury inventory in the boliler inlet area affects system
startup rates and the attempt was made to keep this volume or weight to a
minimum (about 25 1lb). From the standpoint of boiler thermal gradients and
stress, the minimum weight that was attained was 35.6 1lb. From the systen
viewpoint, this may reguire an increase in the initial mercury flow ramp
with time in order to compensate for the increase in inventory before flow
through the orifices and boiler tubes begins.

The double=-containment feature of the boiler requires a volume
compensator (metal bellows expansion reservoir) to accommodate the static
NaK thermal expansion as the boiler is heated to operating temperatures.
This means that the system needs additional piping, increased system weight
and must provide space for mounting the expansion reservoilr.

5.5.7 Performance

5.5.7.1 Steady-State Performance Mapping

The Boller design was completed in October 1970. However, this
unit was not fabricated. Therefore, Boiler No. 5 performance will be dis-
cussed in terms of Boilers No. 4 and No. 2 data by comparing steady-state
operating parameters such as ligquid carryover, NaK temperature profiles,
stability, mercury-side pressure drop, terminal temperature difference, and
NaK-side pressure drop. Discussion of operating problems is presented in
the form of structural failures, contamination of the boller mercury flow
path, and material analyses of Boilers No. 2 and No. 4, and how these results
are related to Boiler No. 5.

The purpose of the steady-state performance mapping was to observe
the boller performance over a wide-range of off-design conditions. The
ranges covered in the Boiler No. 4 mapping were:

. Mercury flow 3,000 ~ 12,000 1b/hr
° NaK flow 25,000 - 49,000 1b/hr
e  NakK inlet temperature 1,150 - 1,300°F

These ranges of parameters extend from the design point to loweg flows and
temperatures which simulated Boiler No. 5 operation at the 1200 F power
conversion system state-point (see Table 5-XII).

Figure 5-T72 is a carpet plot of the mercury vapor pressure drop
associated with the preheat boiling and superheat regions of Boiler No. L.
The magnitude of the pressure drop corresponds to predicted values. As was
described earlier, each of the curves has an inflection point and negative
slope of pressure drop with increasing mercury flow. Note that the inflec-
tion point of the curves is a function of the NaK flow, NaK inlet temperature
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and plug insert length. These curves are characteristic of the mercury vapor
pressure drop behavior of Boller No. 5 also; only the magnitude of the values
would be reduced for Boiler No. 5. During test, this negative slope phenome-
non gave rise to some system instability (i.e., the NaK heater response) and
would be an undesirable condition to have in a reactor system. Figure 5-T70
shows that the slope can be kept positive by simply sizing the orifice; this
was done on the Boiler No. 5 design.

Variation of the pinch-point temperature difference¥ with NaK flow,
mercury flow, and NaK inlet temperature is shown in Figure 5-T7T3 for Boller
No. 4. These data show the pinch-point temperature differences at which the
boiler operated for the various test conditions. The plot is representative
of how Boiler No. 5 pinch-points will vary with lower ranges of operating
conditions. '

The stability of Boiler No. L4, as measured by fluctuations of the
mercury oubtlet pressure, was less than + 1% at 1300 F and less than * 2.0% at
conditions simulating Boiler No. 5 design conditions. The maximum instability
measured on Boiler No. 4 was + L.0% and occurred at a pinch-point temperature
dif;erence of about 8.OOF. The Boiler No. 5 design is expected to be within
+ 2%.

Vapor outlet end terminal temperature difference (NaK inlet at the
mercury outlet) is shown in Figure 5-Th4 for Boiler No. 4 plotted as a func-
tion of NaK flow, mercury flow and NaK inlet temperature. The terminal
temperature difference corresponds to the design prediction, at a value
between 40 and 50 F. Boiler No. 5 terminal temperature differences are
expected to be about the same magnitude at design conditions and will vary
with changes in flows and NaK inlet temperatures in the same manner as did
Boiler No. k. It should be added that Boiler No. L4 test data are all
measured with surface-reading thermocouples, as opposed to immersion types.
From previous boiler test e%perience, the immersion thermocouple when in the
vapor stream reads about 30 F higher than the surface type. Therefore, add-
ing 30°F to the mercury vapor temperature with the NaK temperature remaining
the same, a "true" terminal temperature difference becomes 10 to 20 F, which
gives a better comparison with the design expectations.

Also of interest is the observation that the terminal temperature
difference reaches a minimum for a given NaK flow and inlet temperature as
the mercury flow is increased. Then, as the mercury flow is increased further,
the terminal temperature difference also increases. Thege reversals in the
terminal temperature difference occur at pinch-point temperature differences
of between 8 to 20°F. The phenomenon 1s explained by the fact that, at low
pinch~point temperature differences, the plug exit quality of the mercury is
reduced. Also, the plug-insert is becoming flooded with liquid mercury with
most of the mercury boiling occurring in the unplugged tube region (swirl
wire only). With the boiling length increased, the superheat length is de-
creased, more ligquid droplets are presented in the vapor stream, and the vapor
superheat temperature is reduced.

*¥The pinch-point temperature difference is defined as the difference between
the bulk temperatures of the mercury and NaK at the mercury vapor-to-liquid
interface. This point lies in the plug insert at the liquid mercury inlet.
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With the increase in terminal temperature difference, there was
evidence that the boiler became less stable. This effect, however, would not
significantly affect Boiler No. 5 operation at these low pinch-point tempera-
ture differences would not be encountered over the reactor dead band or at
the system state point. Figure 5-T75 is a plot of Boiler No. 4 terminal
temperature differences at conditions simulating Boiler No. 5 operation at
the system state-point.

A test was conducted to evaluate the boiler response to the normal
variation of the boiler NaK inlet temperature or reactor temperaturg deadband.
The responses of key boller parameters over a range of 1170 to 1235 F is shown
in Figure 5-T6 together with the predicted responses. The results were in
accordance with the expectations. The fact that the boller pressure drop test
data are higher in magnitude than the predicted is due to the difference in
plug insert lengths of Boilers No. 4 and No. 5.

Although boller performance is primarily gaged in terms of the
mercury-side parameters, another important boiler parameter which relates to
system operation 1s NaK-side pressure drop. PFigure 5-T7 presents the pre-
dicted and actual Boiler No. 4 NaK pressure drop as well as the predicted
Boiler No. 5 NaK pressure drop. The predictions for both Boiler No. 4 and
Boiler No. 5 were based on water flow tests of cross-sectional, full-gcale
plastic flow models discussed earlier. In view of the good agreement between
the actual and predicted pressure drop for Boiler No. U4, it is expected that
Boller No. 5 NaK-side pressure drop will be as shown. Variations of the Nak
temperatures are not sufficient to cause any measurable discrepancies between
the calculated and actual values since the Nag density changes by only 2%
over a range of temperature from 1150 to 1300°F.

5.5.7.2 Boiler Performance Degradation

During testing, thermal and dynamic performance declined in Boilers
No. 2, No. 3 and No. L. The loss in performance was observed by noting a
change in mercury vapor pressure drop, a decrease in the NaK temperature pro-
file in the plug insert and boilling sections, and an increased terminal tem-
perature difference. The times when boiler performance degradation occurred
were different for Boilers No. 4 and No. 2, or No. 3; however, Boiler No. 4
deconditioned within four minutes after initial startup, remained that way
for four days, and then returned to conditioned operation for the remainder
of the 1620 hours of operation. Boilers No. 2 and No. 3 conditioned initially
and their performance declined gradually over a period of operation. Figure
5-T78 graphically illustrates the difference between a conditioned and a decon-
ditioned boiler and represents a degradation of plug insert effectiveness
(i.e., lessening of heat transfer) for Boiler No. 4. The loss of plug insert
effectiveness could be caused by enlargement of the plug grooves by corrosion,
erosion, by a film of surface oxides and contaminants, or by a combination of
all these. Corrosion and erosion have been eliminated as the causes since
post-test examination of the Boiler No. 2 tantalum surfaces revealed that these
conditions did not oceur. Boiler No. 1 was operated in excess of 15,000 hours
without pressure drop or plug insert heat transfer degradation. Since the test
faclility did not contain sources of oil contaminants, Boiler No. 1 was not
expected to degrade. Examination of Boiler No. 1 pressure drop versus mercury
liquid flow showed it to behave in the identical manner as curve No. 1 of
Figure 5-79 for Boiler No. 2.
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After the initial conditioned run, Boiler No. 2 never returned to
a fully conditioned state. The fact that the unplugged tube length was over=-
designed, allowed the boililer to behave in a stable manner and still produce
the required superheat and vapor quality.

Boiler No. 4 eventually returned to its predicted performance level
and remained conditioned. While the boiler was in the process of conditioning,
each shutdown resulted in a partial loss of performance. This cycle recondit-
ioning persisted only until the boiler became fully conditioned and future
shutdowns (28 in all) had no effect on the boiler performance. This improve-
ment over Boiler No. 2 was the direct result of minimizing oil contamination
(from the mercury pump and the turbine-alternator) and from a tighter control
of air in-leakage to the mercury loop.

5.5.7.3 Materials Analysis

Many materials studies were conducted during the course of the SNAP-8
program to fully evaluate various metals in contact with NaK and mercury. Tests
were conducted in a 1/19th-scale (based on SNAP-8 ligquid mercury flow) loop
designated as Corrosion Loop No. 4 (CL-4). Materials tested were 9% chromium -
1% molybdenum steel (9M), columbium, tantalum and Type 316 stainless steel.

The degree of mercury wetting, mass transfer deposition, corrosion and erosion
were primary concerns. The significant results of the tests were:

° The magnitude of mercury corrosion was as predicted by the
corrosion analysis for the test section, however the pattern
of corrosion was not as predicted.

® Corrosion product buildup (mass transfer) at the liquid-vapor
interface of the entrance plug section was greater than
anticipated.

° The corrosion rate in the test section preheat region was less

than predicted for this test section but the pattern of corros-
ion was as predicted.

° Immediate conditioning and good heat transfer performance at
initial startup indicdated good mercury wetting of the metals
when the surfaces were clean.

) Mercury velocity has a sigrificant effect on mercury corrosion
rate. Reduced velocities result in a reduction of the mercury
corrosion rate.

A LLoO-hour corrosion test of 9M was conducted at the same time in
a Corrosion Loop No. 3 (CL-3) facility. Mercury and NaK corrosion potential
for a long period of time was evaluated, with the following results:

° Tube cracking was observed on the mercury-exposed side of the
OM tube and pitting of the 9M inlet plug was observed. The
greatest amount of pitting was noted where the heat transfer
from the NaK to the mercury was the greatest.
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™ Decarburization of the 316 SS shell exposed 80 NaK was noted
in the hottest section of the facility (1310 F) but there was
no evidence of corrosion.

° The NaK-side of the OM tubing exhibited decarburization as
well as surface cracking. No decarburization was observegd
in tube sections where the NaK temperature was below lQTOQF.

These tests made 1t apparent that 9M would not provide sufficient
mercury corrosion resistance to meet the SNAP-8 operating life requirements.
The CL-4 facility was modified to evaluate tantalum as the mercury contain-
ment material. Both explosively-bonded and hot coextruded tantalum inner
liner to 316 SS outer tubing samples were tested. The hot coextruded tubing
was determined to be superior to the explosively-bonded tubing. The most
important results of the investigations of tantalum as a mercury contaimment
material were:

° Tantalum has excellent wetting characteristics and good heat
transfer is attained as a result.

® Air in-leakage and/or oll contamination deconditions the
tantalum wall, degrades the heat transfer and can eventually
destroy the tantalum liner.

° Chemical cleaning of the tantalum surfaces can be successfully
used on contaminated tubes to achieve rated heat transfer
performance.

A 1/Tth-scale (based on SNAP-8 liquid mercury flow) test facility
was built to more closely simulate an actual boller relative to mercury
containment tube size and length. The test boiler (SB-1) construction was
of a bare tantalum tube in a double-contaimment 321 SS tube, with both being
contained in a 316 SS outer shell. The objectives of testing were:

® Evaluate the heat transfer performance of a bare-refractory,
double-containment boiler design.

° Evaluate the ability of the materials of construction to with-
stand long-term exposure to SNAP-8 enviromments.

The principal conclusions of the testing were:

) A tantalum, double-contaimment design will meet the heat
transfer requirements of the SNAP-8 system.

) A tantalum boiler is sensitive to deconditioning by surface
oxidation and/or contamination but will recondition over a
period of time, depending on the degree of surface oxidiza-
tion or contamination.
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) The NaK and mercury at temperatures up to l3OOOF did not
degrade the strength or ductility of the tantalum tube and
welds.

. The mechanical properties of Type 316 SS and 321 SS can be
degraded by sigma formation after long-term exposure to NaK
at temperatures up to L300 F.

Another test section (SF-1), similar to SB-1 section, was fabricated
to evaluate a metallurgically bonded (explosively bonded) bimetal tube of
316 SS on a tantalum liner.. The principal objectives of the testing were to
determine the following:

° The structural rellability of the bimetal tube concept for
mercury contaimment in the SNAP-8 boiler; specifically, the
tantalum liner, the tantalum-to-stainless steel bond, and
the bimetal weld Jjoint.

® The mercury corrosion/erosion effects on the tantalum and
316 stainless steel.

. The potential for a 5 year life of an explosively bonded
bimetal tube.

The principal conclusions ascertained from the testing were:

° Explosively bonded bimetal tubing is suitable as a mercury
contalnment material if proper care is exercised during the
explosive bonding process to ensure that intimate contact
between the two metals is attained over the full surface of
the tubes.

) Tantalum has excellent resistance to corrosion from liguid
mercury.

. The use of Type 316 SS at temperatures above SOOOF and exposed
to a mercury vapor quality of 88% or less is unacceptable due
to excessive corrosion. Microstructural changes resulting
from extended exposure (greater than 2500 hours) at l3OOOF can
cause degradation of mechanical properties in Type 316 SS.

Test section SB-2 was fabricated which included reduced tube and
plug lengths to simulate Boiler No. 4 for test evaluations prior to fabrica-
tion of the full-scale boiler. Test results indicated that the shorter plug
and tube length did not cause a decrease in the performance of the boiler.
The excess superheat length incorporated in previous boillers was deleted in
this design, yet the quality of the superheat was not degraded.
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Many other peripheral test programs were conducted to ensure
materials compatibility with NaK and mercury including such studies as
mercury droplet vaporization, tantalum-mercury wetting experiments and
thermal contact resistances of surface deposits. These are noted in
Reference 52.

Other materials investigations related directly to full-scale
boller designs and post-test analyses are discussed below.

a. Results of Tantalum/3l6 Stainless Steel Transition Joint
Thermal Cycling Tests.- Evaluation of low-cycle fatigue effects by thermal
cycling was performed on represengatlve Ta/3l6 5SS coextruded tube specimens
afteg 5353 hours exposure at 1350°F, and 275 thermal cycles between 250 and
1350 'F. The results and conclusions from the tests are summarized below:

The specimens did not debond, nor was there any evidence of a
tendency to debond., The tantalum liner was ultrasonically inspected without
detection of defects.

Tantalun hardness increased from Rockwell B (RB) 78 before testing
to RB 85 after 4864 hours at 1350°F measured within 0.010 inch of the bond
interface. This effect was attributed to interstitial element diffusion
from the 316 SS to the tantalum. The 316 SS hardness 1ncreased from a pre-
test value of RB 86 to RB 90 after 4864 hours at 1350 p

A T% decrease in inside diameter of the specimens occurred after
3043 hours. It is concluded that th% wide difference in the expansion co- 6
efficient of the tantalum (4.1 x 107° inch/inch) and the 316 SS (10.T7 x 10~
inch/inch), the difference in thelr yield strengths, and the relaxation of
the residual fabrication stresses caused the decrease in dlameter. This
change will not significantly affect boiler performance (i.e., pressure drop).

No cracking occurred in either the 316 SS or tantalum after flatten-
ing tests (opposite ID surfaces in contact) in the pre-thermal cycle test
specimen. However, after 4095 and 4864 hours at 1350°F, the 316 SS cracked on
the OD surface when the specimen was flattened to a 0.10-inch ID separation.

Microscopic examination revealed that no change in the diffusion
zone width between the 316 SS and tantalum had occurred from exposure at 1350 F.

b. Results of Material Analysis of Previous Boilers.- Boilers No. 1
through No. 5 were designed to use the same materials, namely:

° Type 316 stainless steel for the flowing NaK containment tube,
headers, turbulators, tube bundle supports, and evacuated
center tube.

° Zirconium folil for the getter material placed at the mercury
inlet and outlet transition joints in the static NakK.
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° Tantalum for the mercury contaimment tubes, headers, plug
inserts, and orifices.

e 90% tantalum - 10% tungsten mercury-side swirl wire.

The materials analyses of BRDC Boiler No. 1 (performed by the
General Electric Company after the unit was tested for 15,250 hours at steady-
state operation) and of BRDC Boiler No. 2 (performed by Aerojet) are summarized
as follows:

Type 316 stainless steel is less prone to form sigma phase than is
Type 321 stainless steel. From the 1300 °p operating area of Boiler No. 2,
the percentages of sig%a phase in 321 SS and 316 SS were 3.8 and 1.5, respec-
tively. From the 1150 F operating area (mercury inlet end) the amounts were
1.2% sigma in 321 SS and none detectable in the 316 SS by optical methods.
It was concluded that these amounts of sigma phase formation did not present
a problem.

The zirconium foil placed at the mercury inlet and outlet transition
joints served its intended purpose which was to absorb dissolved gases (oxygen,
nitrogen, hydrogen and carbon), thus maintaining a relatively pure static Nak.

Swaging the tantalum tubes over the plug inserts to prevent crossover
flow between the plug grooves was successful. This operation produced a near
zero-clearance contact between the tube wall and the land area of the grooves
that was maintained during the boiler operation.

There appeared to be no life-limiting problems associated with the
use of tantalum. Corrosion or erosion was not detectable in either Boiler
No. 1 (15,250 hours operation) or Boiler No. 2 (8,700 hours operation). It
is expected that no appreciable corr051on/er051on of tantalum would be present
after 5 years.

Static NaK corrosion of the tantalum surfaces, in general, did not
occur except at two TIG welds (performed in the field under less than ideal
conditions) where it was evident that the NaK had removed oxides from the
heat-affected zone with resultant voids. It was postulated that the oxide
was present due to an insufficiently pure inert atmosphere when welding. It
is concluded that NaK corrosion of tantalum is not a life-limiting factor.

Metallic deposits were observed on the tantalum tubing inner surface
from the plug insert exit end to the end of the tubing at the mercury vapor
outlet. These deposits (i.e., mass-transfer products) generated in other parts
of the mercury loop, were carried by the mercury stream in elemental form and
in solution and deposited on the walls of the boiler during evaporation of the
mercury. The metallic elements were nickel, iron, chromium, and cobalt, and
were deposited in various quantities depending on the quality of the mercury
vapor. Figure 5-80 compares mercury vapor quality, mercury temperature,
percent of element, and percent tantalum plotted versus the boiller length.
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These results show that maximum deposition occurred at about 15 ft from the
mercury inlet where the vapor quality was a maximum of 98% and superheating
begins. These mass-transfer elements, once deposited, form intermetallic
compounds of CRETa, TaNi3, and FeTTa with the tantalum. They did not diffuse
into the tantalum to any extent nor éid they affect the mechanical properties
of the tantalum. The deposits were as much as 0.002-inch thick in some loca-
tions; however, the effects on heat transfer rates would be minimal. It was
concluded that the mass-transfer deposits will not inhibit boiler operation
for 5 years.

The boller design is good from a metallurgical standpoint and
tantalum, 90% Ta-10% W, 316 SS, 321 SS, and zirconium as boiler materials
are acceptable for 5 years of operation.

5.5.8 Technical Summary

SNAP-8 boiler design and development has demonstrated that:

° Tantalum is a satisfactory mercury containment material for
5 years of operation.

o Correlations are available to accurately predict NaK-side and
mercury-~side pressure losses and heat transfer values.

° Care must be exercised to preclude mercury-side air and oil
contamination for immediate and continued boiler conditioning.
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5.6 CONDENSER

The SNAP-8 condenser, shown in the mercury loop schematic
(Figure 5-81 for the 90-kWe system and 5-82 for the latest, 35-kWe system),
is a heat exchanger that condenses the saturated mercury vapor entering from
the turbine exhaust. NaK, the coolant, is pumped through the condenser to a
radiator where the heat it absorbs from the condensing mercury is rejected to
space. In addition, the condenser must also maintain a back pressure on the
turbine as required by the system, and subcool the mercury to maintain an
acceptable net positive suction head (NPSH) for the mercury pump.

5.6.1 Development Background

Two major problems were confronted in the design and development of
the condenser: (1) the lack of a generalized correlation for condensing
mercury heat-transfer coefficients, and (2) the absence of a rational set of
design criteria for application to zero-gravity condenser operation.
Therefore, the condenser development included detailed analytical investi-
gations of heat-transfer modes and single-tube tests. The condenser size and
nunber of tubes was found to be influenced by the mercury inlet wvelocity,
condensing mercury heat-transfer coefficient, and the diameter and spacing
of the tubes.

The resulting SNAP-8 condenser is a counter-flow tube-in-shell
heat exchanger (Figure 5-83). It consists of 73 tapered tubes for mercury.
Containment surrounded by a tapered shell containing the flowing NaK coolant.
Tapered tubes were used to maintain vapor velocity through the condenser
length. This provides a continual movement of condensing droplets and results
in a stable liquid-vapor interface in a very low or zero-gravity environment.

Concurrent with the condenser analysis and design, NASA-LeRC
conducted the Mercury Evaporation and Condensation Analysis (MECA) project on
both a straight and tapered tube. The tests determined local overall heat
transfer coefficients, local NaK-side heat transfer coefficients, local
mercury-condensing heat transfer coefficients, and mercury-side flow and
pressure characteristics. The results of these single-tube tests led to the
conclusion that the tapered tube design was best suited to the SNAP-8
application. A limitation of approximately 8 psia inlet pressure and a
condensing length of 4O inches were set for the multitube condenser design.
In addition, these data also indicated that the proposed design was conserv-
ative from a comparison of the design overall heat transfer coefficient of
960 Btu/hr-ft2-OF to the test value of 1900 Btu/hr-ft-OF.

Four units were fabricated to the reference configuration shown in
Figure 5-83. The tapered mercury containment tube material selected was
% Chromium - 1% Molybdenum Steel (9M) which was acceptable for the NaK and
mercury temperatures at which the condenser operates. This material was also
utilized for the mercury outlet reducer and for the mercury headers. Type 410
stainless steel was selected for the tapered shell, NaK manifolds, and
mercury inlet transition section. Type 410 SS was chosen based on its
comparable coefficient of linear thermal expansion to the tube-side-material,
oM.
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MERCURY OUTLET

Figure 5-83 SNAP-8 Condenser Cutaway View (Top) and
Actual Hardware (Bottom)
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The header configuration was the main mechanical design problem
because of the number and close proximity of the tube joints. Two approaches
used were a welded-and-back-brazed technique and a rolled-and-welded
technique. The first two condensers built used the welded-and-back-brazed
method. The remainder of the mechanical design made use of the available
industrial heat exchanger fabrication techniques, i.e. rolled-and-welded.

Three condensers were tested at Aerojet and at NASA-LeRC. The first
unit fabricated was tested at Aerojet under conditions identical to its space
application with the exception of zero gravity. The test objectives were to
investigate the relationships between flow rates, temperatures, condenser
inventory, and condensing pressure. These tests showed that the condenser
complied with the power conversion system requirements. The total test time
on this unit was 2000 hours with no structural failures encountered.

The second unit fabricated was tested at Aerojet in 35-kWe test
system for 16,274 hours with no structural failures and has the longest
operating time for any single component tested in the 35-kWe system. Much of
the information to follow 1s based on the data taken from tests of this
condenser.

A third unit was held as a spare. The fourth was shipped to
NASA-LeRC for installation in the W-1 loop (which was similar to the Aerojet
35-kWe loop) where it was tested for 2568 hours and 1hk startup-shutdown
cycles. Here again, performance was as expected with no structural failures.

Since the testing of these condensers, the power conversion system
state point was changed which created a need for the condenser to operate at
higher mercury flows, lower condensing pressuresg, increased interface loads
at the NaK manifolds, and lower NaK-side pressure drop. Prediction of the
operation at higher mercury flows and lower condensing pressure was under-
taken by defining the limits of the condenser with a complete performance
map. The next step was to correlate the test performance data with a
mathematical model which analyzed the effects of both pressure drop and heat
transfer. The criteria, analysis, and the resultant mathematical model
developed to accurately evaluate condenser performance at any set of conditions
appears in Reference U,

A redesign of the condenser was completed which reduced NaK-gide
pressure drop and strengthened the NaK and mercury inlet and outlet ports to
accommodate interface loads. These modifications were based on structural
and NaK-side pressure drop requirements only and did not affect the mercury-
side geometry or thermal behavior of the condenser. The two condensers
chosen for the modifications have the rolled-and-welded header design.
Reference 55 documents the changes.
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5.6.2 Design Description

The SNAP-8 condenser is a counter-flow, tube-in-shell heat exchanger
with the condensing fluid, mercury, flowing through the tubes and the coolant
fluid, NaK, flowing through the shell. The mercury inlet and outlet are
concentric and parallel to the tube bundle while the NaK entry and exit flow
directions are perpendicular to the tube bundle (see Figure 5-83). There are
73 tapered, 9M mercury condensing tubes rolled-and-welded to the fixed 9M
headers in a triangular pitch array and are 51.50 inches long. Figure 5-8L
shows one of these tapered tubes.
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Figure 5-84 Mercury Condenser Tapered-Tube Configuration

The tapered shell is made of Type 410 stainless steel with a
0.083-inch wall thickness which encloses the tube bundle and a Type 410 SS
skirt assembly. The annular space between the skirt and the shell is blanked
off at the NaK outlet end only, so that NaK is trapped preventing flow bypass
external to the outer tubes; whereas, the space between the skirt and the
tube bundle forms the flow path. There are two tube-bundle spacers made of
410 SS placed at 28 and 13 inches from the mercury outlet header. These
spacers add stiffness to the tube bundle and prevent contact between adjacent
tubes.

Cold NaK from the radiator enters the condenser through a 410 SS
toroidal manifold and twelve 0.750-inch diameter holes drilled in the shell
and leaves the condenser at the NaK outlet with the same arrangement. The
NaK inlet and outlet is 3.00-inch OD with a 0.083-inch wall thickness. The
NaK flow through the tube bundle is unbaffled, other than the two tube-bundle
spacers noted above.

Condensed liquid mercury Lleaves the condenser through a 316

stainless steel concentric reducer. Mercury vapor enters the condenser
through a conically shaped transition section made of 0.083-inch thick
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410 8S which incorporates four instrumentation ports spaced 90 degrees apart.
A 1.50-inch OD by 0.095-inch wall thickness mild steel port was also provided
in the transition section to evacuate the condenser and mercury loop after
installation in the test loop or power conversion system.

The condenser dry weight is 94.5 1b. The wet weight of the
condenser is 144.7 1b. which includes the dry weight, 32.6 1b of NaK, and
17.6 1b. of mercury. The overall length is 61.2 inches with a maximum
diametral envelope of 12.0 inches (located at the NaK outlet manifold).

5.6.3 Degiegn Requirements and Criteria

Operational design requirements set forth for the initial condenser
design for the 35-kWe system are given in Table 5-XVII. The stability
criterion used to determine the critical tube diameter was a Bond number of
15.3 maximum. A Bond number less than or equal to 15.3 ylelded the critical
tube dimension at the vapor-liquid interface of O.2U4-inch ID. Second, for
stable operation in zero gravity, slug flow in the condensing tube must be
prevented. This established the minimum vapor wvelocity of 100 fps at the
condenser inlet.

Table 5-XVIII lists the most recent operating requirements as
specified by the new power conversion system state point for the 90-kWe
system. The condensing pressure reguirement of 2.5 psia is not attainable
with the use of one condenser unless the number of tubes were increased from
73 to 120 (zero-gravity operation only).

Condenser operating transients during the power conversion system
startup and shutdown are listed in Tables 5-XIX and 5-XX. The condenser
must be capable of operating for 100 startup and shutdown sequences as a
minimum, within an operating 1ife of 5 years.

The mechanical design criteria emphasized the following:

® Condenser fluid connections shall withstand any combination
of radial and axial forces and bending and torsional moments
at the maximum operating temperatures (910°F) and pressures
(120 psia) that the connecting system tubing is capable of
withstanding. Interface loads shall not cause the loss of
fluid containment, excess deformation, or any condition
which would prevent the condenser from meeting the operatlng
life (5 years) and performance requirements.

] The design proof pressure is 275 psia at room temperature
(70°F) which includes a 1.25 load uncertainty factor, a
factor of 1.5 for ultimate strength, and a factor of 1.15
for 0.2% yield strength.

° All welds shall be dye-penetrant and radiographically

inspected for surface and internal defects. Propagating
defects are not allowed.

289



TABLE 5-XVII CONDENSER DESIGN REQUIREMENTS FOR THE 35-kWe SYSTEM

Configuration

1. Counterflow, tube-and-shell, unbaffled

2. Tapered tubes O.45-inch ID at inlet, and 0.125 ID at outlet

3. Shell tapered to maintain constant clearance (0.060 inch) between
tubes except between center tube and adjacent tubes, where
clearance is 0.090 inch.

Iy, Constant tube wall thickness of 0.020 inch

5. Equilateral triangular tube arrangement

Design Data

Mercury flow rate 11,000 1b/hr
NaK flow rate 38,400 1b/hr
Mercury inlet temperature 680°F
Mercury exit temperature 5200F

NaK inlet temperature - 1495°F

NaK outlet temperature 662°F
Mercury inlet pressure 15.5 psia
Mercury outlet pressure 11.5 psia
NaK inlet pressure 45  psia
NaK outlet pressure 4O  psia
Mercury inlet quality 9% vapor
Heat transferred (condenser) 1,330,000 Btu/hr
Heat transferred (subcooler) 47,800 Btu/hr
Mercury vapor inlet wvelocity 150 ft/sec
Condensing mercury film coefficilent 2,000 Btu/hroF—Ft2
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TABLE 5-XVIII CONDENSER OPERATING REQUIREMENTS FOR THE 90-kWe
SYSTEM (For two condensers operating in parallel)

Parameter

Quantity per Condenser

Mercury outlet temperature, °p
Mercury liquid flow at outlet, Ib/hr
NaK-side pressure drop, psid
Mercury-side pressure drop, psid
Heat removal capability, kWe

Mercury inventory within condenser heat
exchange passages (0 to lg), 1b

Condensing pressure fluctuations, psia
Minimum mercury outlet pressure (Og), psia

Mercury inventory excluding heat exchanger
passages, 1b

Initial mercury inventory within condenser
(0 to 1g), 1b

NeK inlet temperature, F

NaK inlet pressure, psia

NeK flow, 1b/hr

Mercury vapor flow at inlet, lb/hr
Mercury vapor inlet pressure, psia

Mercury vapor inlet quality, %

Mercury vapor inlet temperature, OF
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TABLE 5-XIX CONDENSER OPERATING CONDITIONS DURING 35-kWe SYSTEM STARTUP

Phase Conditions During Bach Phase of Start Seguencell)
—Barameter Units I IT ITT IV Vv Vi VIT
Duration of Phage As Noted 5 Hours 1 Min (min.) 5-10 Min 50-100 Seg 5Q=__* Zec T7-10 Min |Steady-Stat
NeK Flow
Initial 1b/hr ~1960 w1960 ~h5h0 4540 7000-21800 7000-21800 hoooo
Final 1b/hr ~1960 540 4540 7000-21800 7000-21800 ~40000 40000
Max Rate of Change | 1b/hr/sec 0 41,3 0 410 0 45 0
NaK Inlet Temperature °r 50-450 50-L50 150-450 150-450 150-460 460 k60
NeK Inlet Pressure
Initial psia 18-50 18-50 33-65 33-65 60-85 60-85 60-85
Final psia 18-50 33-65 33-65 60-85 60-85 60-85 60-85
Max Rate of Change | psi/sec [ .25 0 5 0 0 0
Mercury Vapor Flow
Initial lb/ hr ¢} 6L00 6hoo 11800
Final To/hr w/A N/A N/A 6400 6400 11800 11800
Mex Rate of Change |1lb/hr/sec 264 0 17 0
Merecury Vapor-Liquid
Interface Y \ N
Pressure - Initial, Min s 0 3-1 3-1 1
Final, tax | P52 /A N/ /A 3-14 3-14 1k 1w
Mercury Vapor Inlet
Quality 5 o8 5
Initial o 29 = 9
Final * /A W/ /A 208 298 % %
Condensing Phase A . )
Pressure Drop, Max psia N/A /A N/ .2 .2 5 5
Mercury Inlet Temperature
Initial op u/A N/A /A 70-1300 535-670 535-670 670
Final 535-670 535-670 670 670
Other Requirements - (2) (2) (2) (3) (%) _ _
and Remarks

* To be added at a later date.

(1)

(2)

(3)

()

Phase Description:

1. 95-Hz inverter output,
reactor outlet temper=
ature, increased to
1300°F.

1I. NeX and lubricant-

coclant pumps accelerate
to 220 Hz.

III. 220~Hz operation,

gystem stabilizing.

Iv. Mercu.r{ injection, flow

(vapor) reaches 54% of
rated (vepor) flow.

V. Mercury flow holds at
54% of rated; alternator
output is 400 Hz.

VI. Mercury flow increases

to rated.

VII. System is producing

rated power (35 kWe).

The mercury vapor pressure
at startup is in the range
of 0-0.9 psia. Noncondens-
ible gases (for temp =50°F)
in the condenser, prior to
startup, will be at 10
microns Hg initially.

a. Mercury flow from
condenser = 0 1lb/hr.

b. Mercury inventory
accumulated 210 1b.

c. Maximum vapor pressure,
mercury at exit: 1 psia.

a. Condensing pressure =~
vapor pressure of sub-
cooled mercury at exit
22-1/2 psid.

b. 70 1b 2 mercury
inventory 210 lb.
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TABLE 5-XX CONDENSER OPERATING CONDITIONS DURING 35-kWe SYSTEM SHUTDOWN

Phase Conditions During Each Phase of Shutdown Sequencell)
Barameter Units I II III v v VI VII
Duration of Phase As Noted Steady State 7-10 min 50 - ¥ __ sec 300 sec L00-600 sec 60 sec (min)]| 5 hours
NaK Flow
Initial lb/hr Loooo ~40000 7000-21800 7000-21800 4540 540 ~{1960
Final 1b/hr L0000 7000-21800 7000-21800 4540 ~A540 1960 1960
Max Rate of Change | 1b/hr/sec o] =45 o] =410 o) -41.3 0
| NeX Inlet Temperature Op L0 Lo 150-k60 150-1450 150-450 50-450 50-450
NaK Inlet Pressure
Initial psia 60-85 60-85 60-85 33-65 33-65 33-65 18-50
Finel psia 60-85 60-85 60-85 60-85 33-65 18-50 18-50
Max Rate of Change psi/sec o] 0 Q -5 o] -.25 0
Mercury Vapor Flow
Initial 1b/hr 11800 11800 6400 6400
Final 1b/hr 11800 6400 6400 0 N/A N/A N/A
Max Rate of Change | 1b/hr/sec 0 -17 ] -26h
Mercury Vapor-Liquid
Interface
Pressure - Initial, Min 14 14 3-14 1 1k
Final, Max psia 1 3-1h 3-14 1 1 N/A /A
Mercury Vapor Inlet
Quality
Initial % 9% 298 298
N/A N/A N/A
Final % 9% 298 298 [¢] / / /
Condensing Phase
Pressure Drop, Max peie .5 .5 .2 .2 N/A N/A N/A
Mercury Inlet Temperature
Initial 670 670 535-670 535-670 5/A 5/A
Finel ¥ 670 535-670 535-670 70-1300 /A / /
Other Requirements = _ _ (1) (3) (2) (2 (2)

end Remarks

* To be added at a later date.

(1)

(2

(3

(*)

Phase Description

I. System 1s producing
rated power (35 kWe).

II. Mercury flow
decreases to 5i%
of rated.

III. Mercury flow holds
at 54% rated;
alternator output
is 40O Hz,

IV. Mercury injection,
flow (vapor) reaches
5% of rated (vapor)
flow.

220-Hz operation,
system stebilizing.

VI. NeK and decelerate
to 200 Hz,

VII. 95-Hz inverter out-
put, reactor outlet
temperature, decreased
to 100°F.

The mercury vapor
pressure at startup is
in the range of 0-0.9
psia. Noncondensible
gases (for temp 250°F)
in the condenser, prior
to startup, will be at
10 microns mercury
initially.

a. Mercury flow from
condenser = 0 1lb/hr,

b. Mercury inventory
accumlated 210 1b.

¢. Max vapor pressure,
mercury at exit:
1 psia,

v

a. Condensing pressure -
vapor pressure of sub-
cooled mercury at exit

22-1/2 psid.
0 1b 2
R

o



® Acceptance tests of the condenser include water flow tests
of both the NaK and mercury circuits, proof pressure tests,

and helium leak tests.

® The condenser was designed with a reliability goal of .995 in
10,000 hours of continuous rated operaticn in the induced

enviromments. This reliability goal was not re-calculated
for the new life requirement of 5 years.

5.6.4
5.6.h.1

Mechanical Design

Overall Design

To restate briefly, the design incorporates Type 410 stainless
steel throughout except for the tube bundle and tube headers (9M steel), the

mercury exit plenum (316 SS) and the evacuation port (C-1015 mild steel).
Provisions for shell drainage were incorporated by placing six 0.125-inch
diameter holes equally spaced in the shell under the NaK outlet manifold.

Also, the manifolds have a four degree slant
the condenser will be mounted vertically for
the direction of gravity. A mounting collar
0.40L to 0.411-inch diameter, equally spaced
installation scheme. The welds specified in

for drainage of WNaK ullage since
testing with the mercury flow in
is provided with six holes of

to accommodate the system

the overall assembly are manual

tungsten-inert-gas (TIG) welds.

5.6.4.2 Tube-Bundle Subassembly and Tapered Shell

The 73 tapered condensing tubes, tube headers, and tube spacers
comprise the condenser tube-bundle subassembly. Two "egg-crate" or latticed
tube~-bundle spacers maintain the tube spacing and add some stiffness to the
bundle to prevent tube contact. Placement of the supports at 13.0 and 29.0
inches from the mercury outlet tube-sheet was determined from an analysis of
the vibration characteristics of the condenser tubes under sinusoidal and
random vibration. The latticed spacers were fabricated from 0.020-inch thick
410 88, 0.375-inch wide. A typical cross section of the spacers is shown in

Figure 5-85.
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Figure 5-85 Condenser Tube Bundle
Lattice Support
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The NaK containment shell was designed with a taper to maintain a
constant free-flow area and velocity so that the NaK-side heat transfer film
coefficient would remain essentially unchanged. The tapered shell also
facilitates assembly of the tube bundle and shell. The tubes with headers
attached are shown in Figure 5-86. The skirt assenbly between the tube bundle
and the shell is shown in Figure 5-87.

5.6.4.3 Tube-~to-Header Welds

The design approaches for the tube-to-header weld joint configuration
were (1) a welded and back-brazed joint, and (2) a rolled-and-welded joint.
Both concepts were successful in the SNAP-8 program.

The welded and back-brazed joint utilized a trepanned header,
automatic tungsten electrode, inert-gas (TIG) weld, and subsequent back-braze
at 1800°F in a hydrogen atmosphere. This weld joint is shown schematically
in Figure 5-88. Condensers with these joints have accumulated 18,274 hours
of service without a joint feilure. Disadvantages to this type of weld Joint
design, however, were the cost and time involved for the brazing process and
the tube distortion due to the 1800°F braze temperature.

The rolled and welded joint eliminated the back-brazing operation,
replacing it with a grooved header into which the tube was rolled prior to
welding. This type of joint also incorporated a trepanned tube header, with
an automatic TIG weld. TFigure 5-89 shows this weld joint design. This joint
was used in a unit which has been in service for 2658 hours and 1Lh startup/
shutdown cycles without a joint failure. Two advantages of this design
concept are (1) the portion of the tube material rolled into the tube header
will act as the load-carrying member leaving the weld to function as a seal,
and (2) the rolling operation will ensure a controllable fit-up to give the
best possible weld. To verify the acceptability of the rolled and welded
tube header Joint, a development study was made which included manufacture
and inspection techniques.

A seven-tube sample header made from 9M which was used in the
development program is shown in Figure 5-90. From the results of the tube
Jjoint fabrication program, the following conclusions were reached:

) The force required to push an unwelded, rolled tube from the
header was 3000 1b. After post-weld stress relief, one of
the tubes from which the weld was removed required a force
of 2635 1b to push it from the header. It was concluded that
the joint tightness and strength is not significantly affected
by welding and stress relief.

° The weld guality is improved by the tight fit of the tube
after rolling.

° Automatic tungsten-inert-gas (TIG) welding was determined to
be the best welding technique for the application.
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Figure 5-87 Condenser Skirt

Assembly
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A method of gamma radiographic inspection of the tube-to-tube sheet
welds, employing radioactive Americium 241, was developed specifically for
the inspection of the condenser. A schematic of this inspection technique is
shown in Figure 5-91 and uses a source-to-film distance of one-half inch.

The method is superior to conventional X-radiography since there is no inter-
ference from adjacent tubes to cloud interpretation of the radiograph.
Porosity of 0,003-inch diameter was detectable as were cracks in the weld and
weld undercutting with representative inspection samples.

Typical, as-fabricated, tube-to-header welds and back-braze of
tubes~to-header for the condensers fabricated are shown 1n Figures 5-92 and

5-93.

5.6.4.4 NaK Inlet and Outlet Manifolds

Both the NaK inlet and outlet manifolds were designed to be
fabricated from a two-piece forging joined by a girth weld. They were
designed so that they mate with the 3.0-inch OD heat rejection loop piping,
and have a four degree slope from the horizontal for drainage of NaK loop
fluid. The manifold assembly can be slid over the tapered shell and welded
in place. Both manifolds were designed with the same configuration, except
that the inlet manifold has a "flow-splitting" vane. The purpose of this
vane is to uniformly distribute the entering NaK to the twelve 0.750-inch
diameter holes in the shell and thence along the tube bundle.

5.6.4.5 Stress Analysis

Criteria for the stress analysis are given in Table 5-XIX and 5-XX.
Maximum values for temperature and pressure were used for the condenser
stress analysis and the areas of special consideration are:

° Tube bundle

° Tapered shell

° NaK inlet manifold

° NaK outlet manifold

° Mercury outlet plenum

° Mercury inlet transition

Analyses of the tube bundle and condenser shell natural frequencies
for lateral sinusoidal excitation were found to be:

° Tube bundle 110 Hz

° Shell 431 Hz
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Figure 5-92 Condenser Tube-to-Header Welds
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5.6.5 Thermal and Dynamic Design

5.6.5.1 Preliminary Design Analysis

Selecting a SNAP-8 condenser configuration which would meet the
thermal performance requirements of Table 5-XVII required a knowledge of the
mercury condensing film coefficient, NaK film coefficient, and stability
criteria. A detailed literature review at the initiation of the design
effort established the following information.

Based on the data of Reference 56, an average mercury-side heat
transfer coefficient of 2000 Btu/hr—ft2-°F was selected for use in the
design analysis. The NaK-side film coefficient for in-line flow through tube
bundles was established from Reference 57. Preliminary calculations showed
this heat transfer coefficient would vary from about 3000 to 5300 Btu/hr—ft2-°F.

Two design principles for stability were:

p,& D~
B, ﬂTt<15.3
where BO = Bond number
Py = liquid density
g = local acceleration of gravity
T = surface tension
Dt = critical tube internal diameter (al the interface)

From this equation the critical tube internal diameter is Dy = 0.24 inch. To
prevent slug flow, the critical droplet height of the condensate, d, must be
less than one-half the local tube diameter, Di. This condition will be met
if the vapor wvelocity 1s kept above a minimum value. The relationship
between the critical tube diameter and the minimum vapor velocity is:

d/Dt = (constant)(We)"l = (constant) [pg vg2Dt/c:}_l < 1/2

where
d = critical droplet height
Dt = local tube diameter
We = Weber number
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pg = vapor density
vg = vagpor velocity
o = surface tension

The constant in the equation is not an exact term and must be determined
experimentally, but 1t is estimated to be between 1,0 and 3.0. However,
solving the above equation for the vapor velocity and assuming the constant
to have minimum value of 1.0 gives a minimum vapor velicty to prevent slug
flow which in turn gives a maximum flow area.

1/2 _
Vg > (2.0 c/pth) = 100 fps

= /
A & P v Sq. fto
g g g’ 4

The requirement to maintain minimum vapor velocity down the length of the
condenser tube to prevent slug flow (and resultant instability) indicated
the need to taper the condensing tubes. Figure 5-94 shows the effect on
mercury vapor velocity, where the calculated velocity profiles for a
straight and tapered tube of equal surface area versus distance from the
tube inlet are shown. The tapered tube configuration was selected with the
amount of taper being a variable in the configuration selection analysis.

5.6.5.2 Configuration Analysis and Selection

With the basic design information and principles established, a
parametric study was made utilizing an IBM 7094 digital computer. The
computer program analysis resulted in a number of condenser designs which
theoretically met the requirements.

A total of 56 design concepts were analyzed in the computer study,
based on the following input data:

Tube inside d