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SECTION 1
INTRODUCTION

This document is the Final Report for the GPHS-RTGs (General Purpose Heat Source-
Radioisotope Thermoelectric .Generators) in support of -the Cassini RTG Program. This
program spans the period 11 January 1991 to 31 December 1998. As noted in the
following historical summary, this program encountered a number of changes in direction,
schedule, and scope over that period. The report provides a comprehensive summary of all
the varied aspects of the program over its seven and a quarter years, and highlights those

aspects that provide information beneficial to future radioisotope programs.

In addition to summarizing the scope of the Cassini GPHS-RTG Program provided as
background, this introduction includes a discussion of the scope of the final report and offers

reference sources for information on those topics not covered.

Much of the design heritage of the GPHS-RTG comes from the Multi-Hundred Watt (MHW)
RTGs used on the Lincoln Experimental Satellites (LES) 8/9 and Voyager spacecraft. The
design utilized for the Cassini program was developed, in large part, under the GPHS-RTG
program which produced the Galileo and Ulysses RTGs. Reports from those prbgrams
included detailed documentation of the design, development, and testing of converter
components and full converters that were identical to, or similar to, components used in the
Cassini program. Where such information is available in previous reports, it is not repeated

here.

1.1 SCOPE OF CASSINI GPHS-RTG PROGRAM

The Cassini GPHS-RTG program was initiated by the General Electric Company (GE) in
1991 under Department of Energy (DOE) contract DE-AC03-91SF18852, entitled "General
Purpose Heat Source Radioisotope Thermoelectric Generator (GPHS-RTG) for the
CRAF/Cassini RTG Program”. As a result of business transactions during the period of this
contract, in 1993 GE Aerospace became Martin Marietta Aerospace, and in 1995 Martin
Marietta became part of Lockheed Martin. GE/Martin Marietta documents and equipment
were transferred to Lockheed Martin.
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The program was sponsored by the DOE Office of Special Applications and administered by
the Oakland Operations Office. Initially, this was a 74 month program consisting of the

following scope:

1. Serve as System Integrator working with NASA and DOE to establish system
specifications and interface definitions for the CRAF (Comet Rendezvous-Asteroid
Flyby) and Cassini (the Saturn Orbiter/Titan Probe) missions and to update the
GPHS-RTG design to meet mission requirements.

2. Establish and qualify manufacturing, testing, and inspection facilities for unicouples
and ETGs (Electrically Heated Thermoelectric Generators).

3. Manufacture, assemble, test, and deliver three ETGs.

4. Provide technical support for the fueling of RTGs and launch/field support for
launch-site activities.

5. Conduct an appropriate RTG safety program and prepare safety assessments.
6. Fabricate, but not assemble, a fourth ETG.

7. Provide an option to assemble and to support fueling of a fourth RTG.

The schedule for accomplishing this scope was based on providing two RTGs for each
mission and a common spare (one unfueled ETG and one fueled RTG remained from the
Galileo/Ulysses program) for launch in August 1995 (CRAF) and April 1996 (Cassini). The
program was to end in October 1996, five months after the Cassini launch. It was stipulated
that the RTGs for these missions would be fabricated with few, if any, changes from existing

converter and heat source designs.

In 1992 NASA canceled the CRAF mission and delayed the launch of Cassini. The GPHS-
RTG program was subsequently redirected to provide two (2) new ETGs for conversion to
RTGs and to fabricate but not to assemble a third ETG. The latter was to be assembled in
part and packaged for long term storage. The tasks which resulted from the redirected
program were:

Task 1 Spacecraft Integration and Liaison
Establish the two top level specifications for the missions: a) GPHS-RTG Systems

Specification and b) Environmental Criteria and Test Requirements Specification for the
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GPHS-RTG. This was to be done via liaison with the user (NASA/JPL) and the DOE Office
of Special Applications (OSA).

Task 2 Engineering Support

Establish engineering documentation for the Cassini GPHS-ETGs, GPHS-RTGs, and
ground support equipment. Convert all GPHS-RTG project engineering documentation (i.e.
engineering drawings, specifications, procedures, etc.) to the current contractor engineering
documentation system. Incorporate design changes required to accommodate unique

Cassini mission/spacecraft requirements with approval of DOE OSA.

Establish acceptance criteria for the following Electrically-Heated Thermoelectric Generator
(ETG) and RTG units which will be transferred from the Galileo/Ulysses Project to the
Cassini RTG project: a) the spare F-5 GPHS-RTG, and b) the spare E-2 ETG and associated

components.

Perform structural, thermal, and thermoelectric design analyses of the GPHS-RTG in order
to support definitive design bases in such areas as system response to launch dynamic
loads, heat source support and preload, thermal interface definition, radiation properties,
and cooling requirements during and prior to launch. Develop power predictions for

specified mission profiles.

Provide technical review and oversight of ETG/RTG handling, fueling, acceptance testing,
qualification of the ETG to RTG conversion process, and hardware acceptance and
operations at the Government Fueling Agency facility as defined in the Contractor/Fueling
Agency Interface Working Agreement. The contractor shall also interface with various
Government Heat Source Production facilities as defined in the Encapsulated Fuel Form

Interface Working Agreement.

Task 3 Safety
Prepare safety assessments of the GPHS-RTGs based upon use on the Mariner Mark |l

spacecraft with Titan 1V/Centaur launch vehicles. Prepare a Safety Test Plan, provide

engineering and/or quality oversight for safety tests conducted at Government laboratories,
perform response analysis, prepare the Safety Analysis Reports, and participate in the
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Interagency Nuclear Safety Review Panel (INSRP) reviews with DOE and NASA to obtain

launch approvals.

Task 4 Qualified Unicouple Production

Re-establish a unicouple manufacturing facility which meets existing Government furnished
specifications and procedures for manufacture of thermoelectric materials and fabrication of
unicouple devices. Provide for the training and qualifying of operators, supervisors and
inspectors.  Qualify the production facility and procedures by the manufacture of
qualification lots of unicouples and by the fabrication and test of three qualification 18
couple module assemblies. Two 18 couple module assemblies are to be tested at

accelerated life test conditions and one at normal operating conditions.

Task 5 ETG Fabrication, Assembly, and Test
Manufacture, assemble, acceptance test and deliver to the Government Fueling Agency two

(2) ETGs and deliver to DOE parts and sub-assemblies for a third ETG. Adhere to national,
state, and local safety, health, and environmental laws in the manufacture of ETGs.
Maintain in place, to the end of the contract, the manufacturing line for unicouple fabrication

after all unicouples are completed.

Task 6 Ground Support Equipment (GSE)
Determine and implement the necessary work required to refurbish and/or upgrade existing

Government Furmnished Equipment (GFE).

Task 7 RTG Shipping and Launch Support

Participate in the design and development effort of another contractor fabricating a new RTG
transportation system. Provide launch site support for the receiving, shipping, storage,
maintenance, and flight preparation of RTGs, including spacecraft integration, support

activities, and testing of the RTGs.

Task 8 Designs, Reviews, Mission Applications
Participate in RTG application and improvement studies for the Department of Energy as
authorized by DOE OSA.
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Task 9 Program Management, Quality Assurance and Reliébility

Establish and implement project management/control, quality assurance, environmental,
and reliability activities required for the contract with the focus on providing three RTGs for
the Cassini mission to be launched in October 1997. The program period of performance
was extended to April 1998. Task 5 was further modified to maintain the unicouple
fabrication facility by providing periodic maintenance. Because a new launch vehicle
(Titan 1IV-B) was to be used to launch the Cassini spacecraft, together with two Venus
swingbys followed by an Earth swingby, the safety program was considerably expanded to
include effects of an inadvertent Earth reentry during the swingby at velocities much greater
than previously analyzed.

1.2 SCOPE OF FINAL REPORT

This report focuses on the GPHS-RTG, as provided for use on the Cassini mission. The
report is organized to begin with the requirements summary, excerpted from the appropriate
system and product specifications. This is followed by a description of the flight RTGs, the
ETGs insofar as they differ from the RTGs, and the principal refurbishments incorporated
into the GSE. The principal difference between the Cassini RTGs and the previous RTGs,
namely the PRD (Pressure Relief Device) is discussed. A discussion of the work which went
into the re-establishment of the unicouple production, together with improvements in the
processes and their requalification, are also presented. The database of thermoelectric
performance provided by 18 couple module and other unicouple testing is introduced as
part of the supporting data discussion. This approach addresses the principal activities

defined in the statement of work.

The RTG performance is addressed as a separate topic. This section of the report provides
summaries of the results of the electrical performance tests, power projections and
comparisons with flight data. The latter is limited to the time from launch to 1 April 1998.
This section also includes a summary of the qualification program and RTG flight
performance data from the Galileo and Ulysses missions. Other topics of special interest,
advanced thermoelectric material developments, multicouple tests, a solid rivet attachment

study, a small RTG study, and residual hardware are treated separately.
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1.3 REFERENCE DOCUMENTATION

All drawings and specifications referenced in this report are Lockheed Martin documents
unless otherwise specified. Much of the documentation for the GPHS-RTG activities for the
Cassini mission is contained in previously released reports. It is beyond the scope of this
report to duplicate that information. The following is a listing of significant documents, along

with a discussion of the information they provide.

Design Review Report for Updated GPHS-RTG

CDRL A.2, dated 31 March 1992, presents the design changes, rationale, and approach for
the Cassini set of modifications e.g., the Pressure Relief Device which was modified in order
to accommodate launch on the Titan IV-B to be barometrically operated similar to the design
used on the MHW RTG.

GPHS-RTG Interface Working Agreement for the Cassini RTG Program
GESP-7231, dated 8 February 1996, depicts the responsibilities of Lockheed Martin, Mound
EG&G, and DOE relative to heat source assembly and the RTG.

Product Specification for the General Purpose Heat Source for Cassini

Specification PS23009146, dated 14 June 1995, updates the specification for the GPHS
previously developed under the Ulysses and Galileo programs to reflect the Cassini
changes. The changes include an increase in the fuel load and modification of the fuel

capsule weld shield.

Product Specification for the GPHS-ETG for Cassini
ETG specification PS23009147, dated 2 May 1995, updates the specification to the Cassini
requirements. These changes were the result of changes in requirements due to launch

vehicle environments, etc.

Product Specification for the GPHS-RTG for Cassini
Specification PS23009148, dated 31 January 1996, incorporates and updates the RTG
product specification to the requirements for the Cassini mission. These changes were the

result of changes in requirements due to launch vehicle environments, etc.
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System Specification for the GPHS-RTG for Cassini

Specification SS23009149, dated 5 March 1996, incorporates changes and updates the
system requirements, consistent with the Cassini mission. These changes were the result of
changes in requirements due to launch vehicle environments, etc.

Environmental Criteria and Test Requirements for the GPHS-RTG

Specification PS2300150, dated 6 March 1996, incorporates and updates the
environmental criteria to which the Cassini RTG could be subjected and updates the
acceptance test requirements.

Final Reliability Assessment Report for the Cassini Mission
GESP-7252, dated 14 March 1997, provides a summary assessment of the reliability of the

GPHS-RTG in meeting the end of mission power requirements for the Cassini mission.

RTG Design Qualification Report

GESP-7242, dated 11 August 1995, summarizes the results of analyses, inspections, and
tests performed to demonstrate that the General Purpose Heat Source - Radioisotope
Thermoelectric Generator (GPHS-RTG) is qualified for the Cassini mission in accordance

with the requirements of specification PS23009148.

RTG Safety Assessment Report
This report, dated 5/7/93, gives an early assessment of the safety of the RTG design relative

to its performing its mission.

Final Safety Analysis Report (Including Addendum)

CDRL C.3, dated November 1996 through May 1997. This is the final in a series of reports
which analyze RTG safety relative to fuel release throughout all phases of flight. Launch
environments for the Titan IV-B are used in assessing the impact of a series of launch
accident scenarios, reentry of the GPHS due to failure to attain the proper trajectory, and the

effect of an inadvertent reentry during the Earth swingby.

Monthly Technical Progress Reports
Monthly reports were issued for the duration of the program. These reports provide

technical detail on activities occurring during the reporting period as they occurred.
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Plans, procedures, and topical/engineering reports were issued during the program’s
period of performance (some in the GESP series) and are specifically applicable to the

GPHS-RTG for the Cassini program. These are listed in the appropriate sections.
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SECTION 2
REQUIREMENTS

Requirements for the GPHS and GPHS-RTG are defined in the following Lockheed Martin

specifications:

PS23009146B Product Specification, General Purpose Heat Source for Cassini
PS23009148E  Product Specification, GPHS-RTG for Cassini

In addition, the physical interface requirements for the GPHS-RTGs with the Cassini
spacecraft are defined in the following JPL (Jet Propulsion Laboratory) drawing:

10135938B Radioisotope Thermoelectric Generator Interface Control Drawing
Following in this section is a discussion of the GPHS and GPHS-RTG requirements and
physical characteristics excerpted from the above documents. The specification paragraph

numbers do not coincide with the paragraph numbers of this report. The specification

paragraph number is listed herein in parentheses following the paragraph title.

2.1 GPHS REQUIREMENTS
The following requirements for the GPHS are excerpted from PS23009146B, “Product

Specification, General Purpose Heat Source for Cassini.” The specification should be
referenced for a full description of detailed requirements. Further, in some instances,
individual requirements have remained unchanged from those of the previous program
documented in report GESP-7209. Both the specification and report are useful
supplements to the information contained herein. As noted above, numbers in parenthesis

following paragraph titles are specification section numbers.

2.1.1 Operating Life (3.2.1.1)
The required period of operation for the GPHS Assembly (GPHSA) shall be 18 years,

including two years storage and test in the RTG and 16 years mission operation.
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2.1.2 Storage Life (3.2.1.2)

The GPHSA shall perform satisfactorily after two years storage and test in the RTG. Storage
and test time are defined as commencing with installation of the heat source assembly into
the converter and ending at Beginning of Mission (BOM). Storage of fuel pellets or fueled
modules in their respective storage containers shall be consistent with satisfying the

requirements for the GPHSA as specified herein.

2.1.3 Fuel (3.2.1.3)

The fuel form shall be plutonium dioxide. The 238Pu content of the total plutonium isotopes
(including 236Pu, 238Py, 239Py, 240Py, 241Py, and 242Pu) in the fuel powder shall not be less
than 82.0 percent, as of the date of precipitation. The 236Pu present in the fuel powder shall
not exceed 2 micrograms/gram of the total plutonium content, as of the date of precipitation.

Detailed requirements for fuel feed powder shall be as defined in LANL Specification
26Y-318180.

2.1.4 Thermal Power (3.2.1.4)

2.1.4.1 Fuel Pellet

No thermal inventory requirements are specified for the fuel pellet. However, in order to
meet the thermal output requirement of the fueled clad, each fuel pellet shall be pressed to
contain 151.0 +.7/-.5g of fuel. Detailed requirements for the fuel pellet shall be as defined in
LANL specification 26Y-318181.

2.1.4.2 Fueled Clad

The thermal output of a fueled clad shall be 62.5 + 2.0/-1.5 watts thermal. Detailed
requirements for the fueled clad shall be in accordance with LANL specification 26Y-
318182.

2.1.4.3 Module
As of Cassini BOM (October 1997), the variation of thermal output from GIS to GIS within a
module shall be less than 10%. Also when referenced to BOM, the total thermal output of

each module shall be 236 to 240 watts, however, module thermal outputs which are less
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than or greater than these values are acceptable, provided the thermal output requirements
of the GPHSA are satisfied.

2.1.4.4 Heat Source Assembly (18 Modules)

¢ The difference between the total thermal output of adjacent groups of three stacked
modules shall not be more than 20 thermal watts.

e The difference between the total thermal output of the two nine packs of modules within
the RTG shall not be more than 20 thermal watts.

e The total heat source thermal output per RTG at BOM shall be a minimum of 4258 watts.
This requirement shall be met after accounting for all measurement uncertainties, e.g.,
calorimetry uncertainty.

Note:  The F-5 RTG is calculated to have a heat source thermal output of 4029 watts at
BOM. This information is provided for reference only.

2.1.5 Mission Temperature

The GPHSA shall be capable of operating in the converter in a space vacuum of 1 x 10-10

torr for a period of 16 years at an exterior surface temperature of 1100°C or less.

2,1.6 Neutron Emission Rate (3.2.1.8)

The specific neutron emission rate from the unshielded GPHSA shall not exceed 7.0 x 103
neutron/second/gram of plutonium-238, exclusive of any neutron multiplication obtained
from the configuration of the fueled clads in the assembled heat source or attenuation within
the RTG.

2.1.7 Weight (3.2.2.2)
The unit weight of a fueled module, exclusive of lock members, shall not exceed 3.20 Ibs.
The weight of the GPHSA, including lock members but excluding the midspan support plate,
shall not exceed 57.70 Ibs.

2.1.8 Coatings (3.3.1.6)
Thermal control and material protective coatings, if required, shall be stable for a period of

10.75 years at mission operating conditions and two years storage environment.
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2.1.9 Cleanliness (3.3.7.1)

All fabrication and assembly operations shall be done in a manner that will prevent the
inclusion of foreign substances that would degrade the performance of individual
components or assemblies. -As a minimum, all parts shall be visually clean. Additional
requirements with respect to cleanliness level and/or procedures shall be defined on the
individual drawings and specifications. Just prior to installation in the converter, each
module shall be cleaned by vacuuming on each of its six external faces. The cleaning
process shall be repeated and the module visually inspected for damage due to the vacuum
process. The module shall then be vacuum cleaned a third time with a tool containing an
in-line filter. The filter shall be inspected for conductive particles using a 16X stereoscope.
Acceptable criteria for graphite felt particles are:

Allowable Quality Linear Dimension
None >30 mils

1 10 to 30 mils

5 5to 10 mils

no criteria <5 mils

* No metal particles greater than 5 mils are acceptable.

» Any metal particles detected within 0.235 inches of the outer edge of the circular
filter paper may be artifacts of the filter installation and are not applicable to
acceptance or rejection of the part.

e There are no criteria for material protruding from the Fine Weave Pierced Fabric
(FWPF), i.e., pieces of z rods.

2.2 RTG REQUIREMENTS
The following RTG requirements are excerpted from PS23009148E, “Product Specification,
GPHS-RTG for Cassini.” The specification should be referenced for a full description of
detailed requirements. Further, in some instances, individual requirements have remained
unchanged from those of the previous program documented in report GESP-7209. Both the
specification and report are useful supplements to the information contained herein. As
noted earlier, numbers in parentheses following paragraph titles are section numbers in
Cassini specification PS23009148E.
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2.2.1 Operating Life (3.2.1.1)

The required period of operation for the RTG shall be 18 years, including two years in test
and storage, and 16 years mission operation. For the F-5 RTG only, the required period of
operation shall be 28 years, including twelve years in test and storage, and 16 years
mission operation.

2.2.2 Storage Life (3.2.1.2)

RTGs, except the F-5 unit, shall be capable of satisfactory performance after a maximum
storage period of two years. F-5 shall be capable of satisfactory performance after a
maximum storage period of twelve years. RTGs shall be pressurized with inert gas during
storage, maintained in a short-circuited condition, and stored in a facility that maintains an

inert, temperature-controlled environment..

2.2.3 Electrical Requirements (3.2.1.3)
2.2.3.1 Voltage (3.2.1.3.1)
The RTG shall supply power as specified below when operated at 30 +0.7/-0.5 volts DC, as

measured at the output power connector.

2.2.3.2 Acceptance Power (3.2.1.3.2)
The RTG shall produce no less than the indicated electrical power under the conditions

listed in Table 2-1, as determined at the output power connector. Power shall be normalized
for a fuel loading of 4410 watts for F-2, F-6 and F-7 and to 4100 watts for F-5, based on the

actual GPHS thermal output at the time of acceptance testing.

2.2.3.3 Launch Power (3.2.1.3.3)
The RTG electrical power, with a xenon cover gas, in October 1997 and within 30 days of

the xenon gas exchange, shall be a minimum of 172 watts for F-2, 155 watts for F-5, and
174 watts for F-6 and F-7.

Table 2-1. RTG Acceptance Power Requirements
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Test Conditions

Voltage 30 vDC
Chamber Pressure . <1 x 1075 Torr
Chamber Equivalent Sink Temperature +32°C

RTG Internal Pressure Vented to Chamber

Acceptance Power

F-2 (Fuel loading 4410 watts) 291w
F-5 (Fuel loading 4100 watts) 255 W
F-6, F-7 (Fuel loading 4410 waits) 293 W

2.2.3.4 Mission Power (3.2.1.3.4)

The RTG steady state electrical power during October 1997, when operating in space
vacuum and after complete venting of the cover gas, constitutes BOM power. Mission
power shall be no less than the following when based on the heat source thermal power
listed in Section 2.2.3.13 of this report.

BOM Sixteen Years Later
(October 1997) (October 2013)
F-2 274 W 198 W
F-5 249 W 182 W
F-6, F-7 276 W 199 W

2.2.3.5 Circuit Condition (3.2.1.3.5)

The RTG shall be capable of operating open-circuited with cover gas for a period of 12
hours during testing operations plus 2 hours at the launch site with no permanent damage
or degradation. When the RTG is evacuated it shall not be open-circuited for more than 3

minutes. Short circuit shall be possible without time restriction.

2.2.3.6 Dynamic Capability (3.2.1.4)
The RTG shall be designed to withstand the effects of vibration, acoustic noise, acceleration,

and shock environments that it will experience during ground testing, transportation, launch,
and subsequent mission maneuvers. These environments are defined in the Environmental
Criteria and Test Requirements, GPHS-RTG for Cassini: specification 23009150.
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2.2.3.7 Thermal Requirements (3.2.1.5)

2.2.3.7.1 RTG Case Temperature

The RTG case temperature shall be no greater than 260°C as measured by the average of
the RTG case resistance temperature devices (RTDs) under normal conditions of ground
test and pre-launch activities. The inboard mounting flange and electrical connectors shall
not exceed 240°C. |

However, some transient temperature excursions are permitted above 260°C for
assembly/test operations. The total excursions shall not exceed: (1) 350 hours to a
maximum temperature of 265°C, (2) 92 hours to a maximum temperature of 270°C, (3) 11
hours to a maximum temperature of 280°C, and (4) 80 minutes to a maximum temperature
of 295°C. ‘

During launch and space operations, temperatures on the RTGs shall not exceed the
following allowable temperature excursions, which were also defined for the Galileo
mission: (1) 146 days to a maximum temperature of 280°C, and (2) 41 days to a maximum
temperature of 290°C. Temperature excursions for the Cassini mission will be enveloped

by these temperature excursions.

2.2.8.7.2 External Cooling Connections

An Active Cooling System (ACS) shall be provided on the RTG to meet the requirements
listed in Table 2-2. The ACS shall meet the proof pressure, pressure drop, and leak
requirements defined per drawing 47J306130, even though the ACS will not be utilized on

the Cassini mission.

2.2.3.8 Magnetics (3.2.1.6)

With the RTG operating at rated current, the total dipolar magnetic field vector shall not
exceed 78 nT at 1 m from the geometric center of the RTG, with or without compensating
magnets. Compensating magnets, if required to meet this requirement, shall be provided
and installed by JPL.

The RTG shall be equipped with holders for compensating magnets to be used on the
external portion of the RTG, identical to those used for the Ulysses mission as defined by
drawing 47D306809.
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Table 2-2. RTG Cooling Requirements*

Coolant Water/28 £ 2% ethyl alcohol
Flow Rate 450 + 22 Ib./hr
Maximum coolant pressure 90 psia in shuttle loop
250 psia during GSE start-up
Allowable pressure drop 12 psig
Coolant inlet temperature (°F) Minimum Maximum
Pre-launch 35 100
Ascent (First 2-5 minutes) 35 85
Ascent (On orbit, doors closed) 70 120
On orbit, doors open 35 110
Orbit entry 35 85
Active cooling heat transfer Greater than or equal to 3500 watts
(In vacuum with average radiant sink
temperature of 25°C and coolant iniet
temperature of 30°C)

* These requirements apply to each individual RTG.

2.2.3.9 Instrumentation (3.2.1.7)

The RTG shall be equipped with four (4) resistance temperature measurement devices
(RTDs). The RTDs shall be capable of measuring over the temperature range of -9 to
+300°C. The capacitance between RTD and RTG case shall be less than 400 picofarads.
The detailed requirements for the RTDs are defined in specification NS0010-13-20.

2.2.3.10  Multiple Heat Source Criticality (3.2.1.8)

For the Cassini mission, the total number of isotope heat sources, either in their as-
designed and assembled shape and configuration, or in possible configurations resulting
from credible accidents, aborts, and post abort environments, shall not be capable of a self-

sustaining fission reaction in any arrangement and/or combination with reflecting materials,

as verified by analysis.

2.2.3.11 Pressurization (3.2.1.9)

The RTG shall be capable of withstanding an internal nominal gas pressure, argon or
xenon, of 25 psia (maximum of 30 psia), with an external vacuum at an outer case
temperature not to exceed 260°C. The gas pressure decay rate shall be such that a
minimum positive pressure of 0.5 psi exists in the RTG relative to room ambient pressure

(14.7 psia) after a period of 30 days from initial pressurization of 25 + 0.5 psia.
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2.2.3.12 Venting of Cover Gas (3.2.1.10)
The PRD shall be designed integral with the RTG to enable venting of the RTG and it shall

be activated by a decrease in the barometric pressure during launch. The design shall also
incorporate provisions for ensuring that the PRD will not prematurely activate during ground
handling and pre-launch operations. Adequate assurance shall be demonstrated through
test and/or analysis to show that RTG venting (caused by the malfunctioning of any of the
elements on the RTG/PRD side of the interface with the spacecraft) will not take place during
launch prior to the PRD being exposed to a pressure within the payload fairing of less than
or equal to 13.0 psia. Detail requirements of the PRD are defined in specification
PS23003753.

2.2.3.13 General Purpose Heat Source (3.2.1.11)

The RTG shall be fueled with 18 General Purpose Heat Source modules containing Pu238
oxide as the thermal power source. Thermal inventory of the GPHS, extrapolated to BOM,

shall be as a minimum, as follows:
F-2 4258 watts

F-5 4029 watts
F-6, F-7 4258 watts

2,2.3.14 Insulation Resistance (3.2.1.12)

The insulation resistance, as measured between the thermoelectric circuit and the outer

case multifoil insulation, shall be equal to or greater than 1000 ohms under all conditions.

2.2.3.15 Electrostatic Cleanliness Requirements (3.2.1.13)

General

The potential difference between any point on the outer surface of the RTG and ground
structure shall not exceed 10 volts when subjected to an electron irradiation charging
current of 5 x 1010 A/em2. Verification of compliance with this requirement can be

accomplished either by test and/or by using the requirements as specified below.
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RTG Surface Materials

The exterior (exposed to space) RTG surfaces shall be electrically connected and shall be
capable of being grounded to the spacecraft structure through the case ground. The
resistance to ground of RTG surface materials for both conductive and partially conductive

materials is given as follows:

Conductive Material Ground Resistance

Conductive (metallic) surfaces will be grounded through a resistance, r, as follows.

r<2x 1019%A ohm
where A = exposed surface area of the material (cm?)

This requirement will be used for each connector outer shell to the RTG case, and any other

metallic protuberance on the RTG.

Partially Conductive Material Ground Resistance
Partially conductive materials which are in contact with a grounded substrate shall satisfy

the following relation. This can be used for the anodized PRD attachment bolt heads.

pt <2 x 101 ohm-cm?2
where p = anodized material resistivity (ohm-cm)

t = thickness of anodized coating (cm)
2.2,3.16 Internal Charging
All metallic elements greater than 3 cm? in surface area or longer than 25 cm shall have a
conductive path to ground with a resistance of <108 ohms when measured in air and <1012
ohms when measured in a vacuum. This requirement does not apply to elements of the
RTG electrical power circuit, for which isolation requirements are defined separately. No
further testing is required to demonstrate compliance with this requirement, since

verification has been adequately demonstrated for previous models of the RTG.
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2.2.3.17 Electrostatic Discharge Susceptibility
The ETG shall not be damaged by a 3 mJ arc discharge (13 KV from a 35 pF capacitor or
equivalent) at a distance of 25 cm (10 in.) from the RTG exterior surface. This requirement

includes all associated instrumentation.

2.2.3.18 Miscellaneous

o Teflon on an exterior surface is not permitted.

e Non-conductive surfaces which can be shown to store not more than 3 mJ of
electric charge are permitted. '

o Conductive external surfaces < 0.5 cm2 need not be grounded.

e Dielectric parts of disconnected electrical connectors exposed to space shall be
covered with a grounded metallic surface. This requirement is not applicable since
both RTG connectors will have mating connectors attached.

¢ The temperature instrumentation leads shall be covered with a conductive wrap or
shield. The wrap shall be grounded to the case.

o Coatings used on the RTG must not outgas in excess of limits specified in NASA
SP-R-0022A while in the operating environments in space.

¢ A molydisulfide nickel fused coating is acceptable for use on the inside of the PRD
housing.

2.2.3.19 Physical Characteristics (3.2.2)

2.2.3.19.1 Envelope (3.2.2.1)

The overall dimensions of the RTG shall be capable of meeting the envelope requirements
as defined in JPL ICD 10135938.

2.23.19.2 Mass (3.2.2.2)

The flight mass of each RTG, excluding gas fill, shall not exceed 56.7 kg (125.0 Ib.). All
delivered units shall be within 1.0% of one another. The mass measurement error shall be
less than or equal to 0.1 kg.

2.2.3.19.3 Center of Mass (3.2.2.3)
The RTG shall be designed to have its center of mass on the longitudinal axis of the RTG

and as near its midpoint as practical. The center of mass of all the units shall be within a
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right circular cylinder, 0.64 cm. in diameter by 1.27 cm long with its axis along the
longitudinal axis of the RTG. The actual location of the center of mass of each RTG shall be
known to lie within a 1.5 mm diameter sphere. The center of mass location shall not change
more than +0.0025 cm over any 4 week period of transverse accelerations (normal to the
RTG longitudinal axis) of 0.01g due to spacecraft precision maneuvers while the spacecraft
is spinning at 5 RPM. Such a requirement may be met by demonstrating analytically that

the cg shift, under cruise conditions, is within these limits.

2.2.3.19.4 Moments and Products of Inertia (3.2.2.4)
The moments and products of inertia of the RTG about its three orthogonal axes shall be

calculated. The calculated moments of inertia of each RTG shall be determined to an
accuracy of 0.05 kg-m2. The calculated products of inertia of each RTG shall be known to an

accuracy of 0.012 kg-m?2 in the spacecraft X-Z and Y-Z planes.

2.2.3.19.5 Mounting and Lifting Provisions (3.2.2.5)

The RTG mechanical design shall incorporate features for mounting to the spacecraft as
shown in the JPL ICD 10135938. The design for the Cassini spacecraft shall incorporate a
single mounting location on the RTG with four mounting points. Attachment bolt and
alignment pin holes in the interface flanges shall be drilled from a template as defined by
drawing 47D305773. Lifting features shall be incorporated to allow lifting of the RTG by
ground handling equipment as identified on the JPL ICD 10135938.

2.2.3.20 Connections (3.2.2.6)

2.2.3.20.1 Pressurization and Venting

The RTG shall be equipped with two separate vent systems: one to permit pressurization
and venting of the RTG during ground testing and the other to permit venting of the RTG

automatically after launch.

The gas management valve, as shown in drawing 47D305293, shall be used for ground
testing. This vent system shall include a manual valve that shall be used to control flow
during venting and pressurization, and shall be designed to indicate clearly the open
position. The RTG shall be vented after launch by a Pressure Relief Device (PRD) per
drawing 23003764.
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2.2.83.20.2 Electrical Power Connectors

The electrical output of each RTG shall be delivered at the electrical power connector. The
power connector shall be a five (5) pin, hermetically sealed connector as defined by
drawing 47C305095. Both positive and negative power pins in the connector shall be
redundant and shall be separated by a distance adequate to prevent shorting of the RTG

power output. One pin shall be used for case ground.

2.2.3.20.3 Instrumentation Connector
The outputs from the RTD temperature transducers shall be terminated in a separate
instrumentation connector as defined by drawing 23008081. The physical location of this

connector shall be in close proximity to the power connector.

2.2.3.20.4 Thermoelectric Couple Interconnectors
The thermoelectric couples shall be in a series-parallel, cross-strapped configuration to
provide high reliability as shown on drawing 47J305306.

2.2.3.20.5 Electrical Isolation

The thermoelectric power circuit shall be electrically isolated from the RTG housing and
from the temperature instrumentation circuits. At time of acceptance, the dc resistance
measured from the electrical power circuit to RTG case with the generator operating at
nominal operating voltage and temperature, shall be no less than 1000 ohms. The dc
resistance between the RTD instrumentation circuit and the case shall be at least 1 megohm

at 10 volts, measured at room temperature and at 300°C.

2.2.3.20.6 Case Ground

The RTG outer case shall incorporate a ground conductor to carry the case ground to the
spacecraft structure through a separate pin in the power connector. This shall be in addition
to structural grounds provided by the case. Resistance between the connector grounding
pin and RTG outer case shall be less than 20 milliohms.

2.2.3.20.7 External Cooling Connections
Location of the input and output connections for the ACS shall be as shown on JPL ICD

10135938. These provisions were not utilized on the Cassini mission.
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2.2.3.20.8 Electrical Cabling (3.2.2.7)

Each RTG shall be provided with two separate GSE electrical cables, one for power and
one for instrumentation, for use during ground operations. Power connectors and
receptacles on these cables shall comply with National Fire Code, Electrical, Vol. 5, AlA File
No. 40-E-7.

2.3 PHYSICAL REQUIREMENTS

The physical requirements for the Cassini RTGs are primarily defined in JPL ICD
10135938B. (Other physical requirements are included in the RTG Product Specification
PS23009148E, previously discussed in Section 2.2.) The following physical requirements

are excerpted from the ICD.

2.3.1 Static Envelope Dimensions
Each Cassini RTG must be enveloped by a right cylinder 18.00 inches in diameter and no

more than 45.50 inches long axially.

2.3.2 Mounting

The inboard flange must have provision for four holes equally spaced on a 9.520 + 0.020/-
0.005 inch mounting circle as shown in the ICD (drilled per Lockheed Martin drawing
47D305773).

2.3.3 Electrical Power Connector

The electrical power receptacle shall mate with connector MS3106A18-118S.

2.3.4 Instrumentation Connector

The RTG instrumentation receptacle shall mate with connector MS3106A18-1S.

2.3.5 Handling Attachment Points
Ground handling attachment points shall be as specified in ICD 10135938B.

2.3.6 PRD Safety Pin
The PRD safety pin shall be removed before flight.
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2.4 VERIFICATION OF REQUIREMENTS

Verification that the RTG design meets requirements is documented in “RTG Design
Qualification Report,” GESP-7242. The General Purpose Heat Source was previously

qualified on the Galileo/Ulysses programs with documentation provided in GESP-7191.
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SECTION 3
CASSINI RTG DESIGN DESCRIPTION

3.1 FLIGHT UNIT DESCRIPTION
This section provides a genéral description of the GPHS-RTG. A more detailed design
description of each of the RTG subassemblies is provided in Section 4.

The GPHS-RTG, shown in Figure 3.1-1, consists of three basic parts: the heat source, the
thermopile, and the converter shell. The heat source produces a nominal 4400 watts of
thermal energy by the radioactive decay of its Pu2® isotope fuel. The thermopile converts
some of the thermal energy of the heat source into a nominal 300 waits of direct current
electrical power by means of the thermoelectric process. The outer shell provides

containment and structural support for the heat source and thermopile, rejecting surplus

heat by means of its radiating fins.
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Figure 3.1-1. General Purpose Heat Source - Radioisotope Thermoelectric Generator
(GPHS-RTG)
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3.1.1 General Purpose Heat Source

The General Purpose Heat Source (GPHS) is comprised of 18 modules, in two stacks of 9
modules each separated by a.midspan plate. A cut-away view of a single GPHS module is
shown in Figure 3.1.1-1. The modules are composed of five main elements: the fuel, the
fuel cladding, the graphite impact shell, the carbon insulation, and the aeroshell. Each

module contains four plutonium dioxide (PuQ,) fuel pellets, with a thermal inventory of

Glscap FUELED

\ CLAD FLOATING FUEL
AEROSHELL - MEMBRANE  PELLET
T ©- J

GRAPHITE IMPACT
SHELL (GIS)

CARBON BONDED
CARBON FIBER
(CBCF) SLEEVE

Figure 3.1.1-1. General Purpose Heat Source Module

approximately 62.5 watts per pellet. Each pellet is encapsulated within a vented iridium
cladding, which functions as the primary fuel containment. The encapsulated pellet is
called a Fueled Clad (FC). Each GPHS module contains four FCs encapsulated within two
cylindrical Fine Weave Pierced Fabric (FWPF) containers, known as Graphite Impact Shells
(GISs). Thermal insulators made from Carbon Bonded Carbon Fiber (CBCF) surround each
GIS. These insulators are designed to provide acceptable iridium temperatures during

normal operation, during possible reentry, and at possible impact. Two GlSs with thermal
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insulator disks and sleeves are placed in a rectangular FWPF aeroshell to form a GPHS
module. The aeroshell is the primary heat source structure that provides reentry protection
for the FCs. Eighteen GPHS modules provide the total thermal inventory required for the

GPHS-RTG. FWPF lock members are used to facilitate stacking and to resist shear loads
due to lateral loading.

3.1.1.1 Radioisotope Fuel
The radioisotope fuel is an isotopic mixture of plutonium in the form of the dioxide, PuO,.

The 238Pu content is 82.2 weight percent of the total plutonium, based on the assay data for
the fuel used in the F-2, F-6, and F-7 heat sources (References 3.1.1-1 to 3.1.1.-3). Specific
details regarding the fuel feed powder may be found in Reference 3.1.1-4. The physical
form of the fuel is a cylindrical, solid ceramic pellet, chamfered at each end. The pellets
have a diameter of 2.76 + 0.02 cm and a length of 2.76 £ 0.04 cm. The average geometric
density of the fuel is 9.89 g/cm3 and the average specific thermal power of the fuel at BOM is
0.404 Wt/g, based on the assay data for the fuel used in the F-2, F-6 and F-7 heat sources
(References 3.1.1-1 to 3.1.1.-3). The resultant calculated average power density based on
the average density and specific power is 4.0 W/cm3- The half life of the 238Pu isotope is
87.75 years.

Each pellet contains approximately 151 grams of fuel and provides a thermal inventory of
approximately 62.5 watts at the time of FC calorimetry. The 72 pellets within the F-2, F-6
and F-7 GPHSs provide a projected thermal power of 4368, 4413, and 4404 watts,
respectively, at launch. A total of 10.9 kg of PuOz fuel per RTG (with 82.2 wt % 238Pu) is

required to meet mission power requirements. A thermal power reduction of approximately
0.8 percent per year will occur due to alpha decay. Table 3.1.1-1 summarizes the average
fuel composition and characteristics of the flight units at BOM as provided in References
3.1.1-1 through 3.1.1-3.
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Table 3.1.1-1. Flight GPHS Fuel Composition and Characteristics at BOM*

F-2 RTG F-6 RTG F-7 RTG
238pu Weight (q) 7,693.695 7,774.060 7,756.398
2%9p,, Weight (g) 1,426.545 1,447.791 1,441.775
24°Pu Weight (g) 199.873 212.380 202.623
24, Weight (g) 20.236 20.754 20.540
2425, Weight (g) 11.836 14.134 12.534
236p, Weight (g) 1.07 X 104 1.14 X 104 1.13 X104
Total Pu Weight (g) 9,352.185 9,469.119 9,433.869
Other Actinides (g) 235.073 166.955 184.739
Impurities (g) 14.456 15.538 14.263
Oxygen (g) 1,275.940 1,243.133 1,263.327
Total Fuel (g) 10,877.654 10,894.745 10,896.198
Pu-238/Total Pu (%) 82.266 82.099 82.219
Avg. Pellet Weight (g) 151.078 151.316 151.336
Heat Output (W) 4,368.06 4,413.78 4,403.68
Avg. Pellet Heat (Wt) 60.668 61.302 61.162
Avg. Pellet Density (g/cc) 9.832 9.936 9.895
Activity (Curies) 133,934 135,368 135,040

Fueled Clad (FC)

accident environments.
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*BOM - Beginning of Mission, Launch date of 15 October 1997

Each fuel pellet within a GPHS module is individually encapsulated in a welded iridium
alloy (DOP-26) clad which has a minimum wall thickness of 0.055 cm. The clad consists of
an iridium alloy shield cup and an iridium alloy vent cup. The DOP-26 alloy is capable of
resisting oxidation in a post-impact environment while also being chemically compatible

with the fuel and graphitic components during high temperature operation and postulated

The fueled clad is designed with an iridium frit vent that permits release of helium gas
produced by the decay of the Pu-238 fuel without releasing fuel particulates. The FC also
contains a decontamination cover which is welded over the FC vent hole to permit

decontamination after encapsulation welding. A weld shield is located inside the FC to
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provide thermal protection to the fuel during closure welding and to prevent contamination
of the weld by the fuel. The decontamination cover is removed from the FC prior to installing

the FCs into the heat source assembly. The iridium FC components are shown in Figures

3.1.1-2 and 3.1.1-3, and the encapsulation requirements are defined in Reference 3.1.1-5.

3.1.1.3 Graphite Impact Shell (GIS)

Two FCs are encased in a Graphite Impact Shell (GIS) made of FWPF, a carbon-carbon
composite material. The FCs are separated by a FWPF floating membrane within the GIS.
The FCs are oriented such that the frit vents face the floating membrane. The cylindrical
GIS is designed to provide impact protection to the FCs; its minimum wall thickness is 0.424
cm (0.167 inches). The GIS design is shown in Figure 3.1.1-4.

3.1.1.4  Aeroshell
Two GISs, each containing two FCs, are located inside each FWPF aeroshell. A Carbon
Bonded Carbon Fiber (CBCF) insulator surrounds each GIS within the aeroshell to limit the

peak temperature of the FC during inadvertent reentry and to maintain a sufficiently high
temperature to ensure its ductility upon subsequent impact. The aeroshell serves as the
primary structural member of the GPHS module as it is stacked inside the GPHS-RTG. It is
designed to contain the two GISs under a wide range of reentry conditions and provide
additional protection against impacts on hard surfaces at terminal velocity. It also provides
protection for the FCs against overpressures and fragment impacts during postulated

accident events. The aeroshell design is shown in Figure 3.1.1-5.
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3.1.1.5

A summary of the heat source components, materials, and their associated weights are

Materials and Weights

presented in Table 3.1.1-2. The weights shown in this table are averages for actual

components.
Table 3.1.1-2. GPHS Component Mass Summary
LMMS-VF No. Per Unit Total
Component Reference Material Heat Weight Weight
Drawing Source (kg) (kg)
Fueled Clad 47C305993 PuO/Ir 72 0.207 14.893
Graphite 47D305396 FWPF Graphite 36 0.091 3.266
Impact Shell 47D305397
Floating 47C305610 FWPF Graphite 36 0.007 0.245
Membrane
Insulator 47D305608 CBCF Graphite 36 0.004 0.155
Aeroshell 47D305398 FWPF Graphite 18 0.402 7.242
47D305399
47D305609
Lock Members 47B305212 FWPF Graphite 32 0.001 0.044
Midspan Plate 47E305117 FWPF Graphite 1 0.259 0.259
GPHS 47D305112 - - - 26.104
Assembly

Note:  Unit weights are rounded to the nearest gram and cannot be used to accurately determine
total weight.

3.1.2 Thermopile Assembly and Outer Shell

The thermopile consists of 572 thermoelectric unicouples, multifoil insulation, and an
internal frame. The unicouples, shown in Figure 3.1.2-1, are individually fastened to the
outer shell. The two SiGe legs of the couple and their corresponding sections of the hot
shoe are doped to provide thermoelectric polarity; the N-type material is doped with
phosphorous and the P-type with boron. The silicon alloy thermocouple is bonded to a cold

stack assembly of tungsten, copper, molybdenum, stainless steel, and alumina. Copper
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Figure 3.1.2-1. Silicon Germanium Unicouple

together in the space between the inside of the outer shell and the outside of the insulation
system to form the thermopile electrical circuit. A two string, series-parallel, electric wiring
circuit is used. This permits continued operation in the event of a single thermocouple open
circuit or short circuit failure. Each unicouple is electrically insulated from the multifoil
insulation.

Thermal insulation for the thermopile assembly consists of an axial section and two end
caps that are a part of the inboard and outboard heat source support assemblies (Figure
3.1-1). All of the insulation is of multifoil construction, consisting of 60 alternate layers of
0.0003 inch molybdenum foil and Astroquartz cloth. An additional metallic layer is provided
by a thicker foil on the inside of each end cap, and by an inner molybdenum frame that
supports the axial section of the insulation. In an unrestrained condition, the 60 layers of
insulation stack up to approximately 0.7 inch in thickness. The insulation assembly has 572
penetrations through which the thermocouples pass, and four penetrations for supports for
the inner molybdenum frame. The two end caps each have four penetrations for the heat

source support preload studs. The inboard insulation cap has four additional penetrations

3-10



Final Technical Report

GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18
April 1998

that are plugged during RTG assembly and one penetration (previously used for electric

heat source instrumentation wires) that is left open as a vent.

The converter shell is composed of the outer shell and the end domes, which are the major
structural elements of the RTG. They are composed of aluminum, with sufficient strength to
withstand launch loads, but intended to burn up in the event of a postulated reentry. The

outer shell incorporates eight external fins to enhance radiative cooling in space.

The converter heat source support system consists of an inboard and outboard heat source
support assembly, and four midspan support assemblies. The function of the heat source
support system is to support the GPHS modules with respect to the outer shell and dome

assemblies.

Accessories mounted on the outer shell include the Gas Management Valve (GMV),
Pressure Relief Device (PRD), Active Cooling System (ACS), RTG power connector, and
four Resistance Temperature Devices (RTDs).

The GMV is a component of the gas management system that permits control of the internal
atmosphere in the converter. During storage and ground operations of the RTG, the
converter is filled with inert gas. The end domes and all penetrations are sealed with
C-seals, capable of retaining the gas for periods of at least 30 days without refilling. After
launch, the PRD is actuated and punctures a diaphragm in the converter shell, thereafter

allowing the RTG to operate with an internal vacuum environment.

The ACS on the converter permits circulation of cooling water through tubing passages
near the base of each fin. This cooling lowers the temperature of the outer shell during the
period of launch when the RTG is enclosed. This system was originally designed for

launches on the Shuttle and was not used on the Titan IVB Cassini mission.

The RTG power connector, mounted on the converter shell, provides the electrical interface
with the spacecraft. The instrumentation connector provides an interface that enables
measurement of the outer shell temperature by means of RTDs which are located at four

radial locations near the inboard end.
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3.1.3 Electrically Heated Thermoelectric Generator (ETG)

All RTGs are first configured as ETGs during their initial assembly and processing. In this
configuration they are heated by an Electric Heat Source (EHS). A special dome is
mounted on the inboard end, and a spool piece is mounted between the inboard dome and
the converter outer shell. In addition, ETGs have specific instrumentation used during
processing. The special dome incorporates a valve used in processing and testing. The
spool piece provides penetration for instrumentation connectors, needed for internal
instrumentation, and four separate single-pin connectors provide electrical power to the
EHS. During conversion of an ETG to an RTG, the EHS is replaced by GPHS heat source
modules. The spool piece and internal instrumentation leads are removed, and the special

dome is replaced by one of flight configuration.

3.1.4 Mass Summary
Table 3.1.4-1 is a summary of weights for RTGs F-2, F-5, F-6, and F-7.

Table 3.1.4-1. Weight Summary (lbs)
F-2 F-5 F-6 F-7
124.16 123.34 124.48 124.62

A typical mass summary for a flight RTG is summarized in Table 3.1.4-2.
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Table 3.1.4-2. Component Weight Summary

Weight
Quantity (Ib.)
Housing
Quter Shell 1 14.34
Fins 8 4.22
Emissive Coating X 0.33
Auxiliary Cooling Tube Manifold 1 0.57
Nuts 8 0.11
Converter
Unicouples 572 11.90
Unicouple Sealing Screws 576 1.54
Thermoelectric C-Seals 576 0.13
Rivets 672 0.65
Thermoelectric Spacers (Al,Oz) 572 0.64
Nut Plates 286 0.84
Foil Insulation - Thermopile 1 12.15
insulation Support Frame 1 1.91
Power Connector 1 0.29
Gas Management Assembly 1 0.36
Electrical Straps X 1.65
PRD 1 0.94
C-Seal (Domes) 2 0.08
Other Insulation X 0.20
Pressure Dome 2 1.68
Screws (Pressure Dome) 44 0.18
Assembly - RTD 1 0.67
Inner Frame Support Assembly
Fitting 2 0.35
Leg 4 0.08
Shoe 8 0.06
Nut 4 0.004
Clip 4 0.003
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Table 3.1.4-2. Component Weight Summary (Cont’d)

Weight
Quantity (Ib.)

Heat Source Support System

Outboard Support Assembly
Frame
End Cap Insulation Assembly
Pressure Plate
Retainer Screw
Stud Insulator
Barrier (Iridium)
Barrier (Tungsten)
Preload Stud
Insulation, Fibrous
Insulation, M49A1
Foil Disk
Shim
Latch
Stud, Latch
Screw, Latch

Heat Source Support System

Inboard Support Assembly
Frame
Pressure Plate
End Cap Insulation Assembly
Spring Washer
Collar
Guide
Preload Stud
Pressure Plate
Insulation, Fibrous
Insulation, M4SA1
Barrier (Iridium)
Barrier (Tungsten)
Washer
Foil Disk
Washer, Inboard
Stud Insulator
Latch
Screw, Latch

0.91
0.64
0.68
0.006
0.27
0.01
0.004
0.15
0.004
0.002
0.004
0.004
0.20
0.08
0.03

H DA DD

> >
a v

o IR L

1.12
0.79
0.58
1.13
0.15
0.37
0.15
0.49
AR 0.004
0.002
0.01
0.004
0.03
0.004
0.03
0.27
0.08
0.03
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Table 3.1.4-2. Component Weight Summary (Cont’d)

Weight
Quantity (ib.)
Heat Source Support System
Midspan Support Assembly
Cap 4 0.24
C-Seal 4 0.02
Pivot 4 0.13
Support 4 0.25
Nut, Lock 4 0.1
Nut, Spring Washer 4 0.24
Spring Washer 12 0.40
Seat 4 0.07
Insulator 4 0.07
Can Assembly 4 0.04
Barrier 4 0.004
Shoe 4 0.004
Ring 4 0.03
Locating Pin 4 0.05
Insulation AR 0.02
Washer 4 0.04
Washer 12 0.02
Converter 65.96
Midspan Plate 1 0.57
General Purpose Heat Source 18
Fueled Capsule 72 32.832
GIS 36 7.200
Floating Membrane 36 0.540
CBCF Set 36 0.342
Aeroshell (Incl. caps, lock screws) 18 15.966
Lock Members 32 0.096
56.976
RTG 123.51
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3.2 GROUND SUPPORT EQUIPMENT (GSE)

The GSE required for processing and testing of the ETG for the Cassini program is
described in this paragraph. Use of the GSE is illustrated in the following typical sequence
of events. The ETGs are delivered to Building 800 (the processing and test facility) in the
ETG shipping container (ETG-SC). After initial inspection and completion of resistance
measurements, the ETG is removed from the ETG-SC using the outboard handling fixture
and the ETG lifting fixture. It is then placed into the Loading and Assembly Station (LAS) for
processing and test. With the ETG outboard dome removed, the LAS is evacuated to
1.0 x 10° torr, and a slow heat-up of the ETG is performed using the EHS until an input
power of 4400 watts and a vacuum pressure of 1.0 x 10”° torr are maintained. Control of
applied EHS power and ETG parameters are accomplished using the Readout Console
(ROC). This sequence of increasing heat as a function of chamber pressure (a measure of

outgassing) is a final step in the manufacturing process. After this processing cycle is

completed, an ETG performance test is run while still in the LAS. Following the

performance test the LAS is backfilled with argon gas using the gas management system
(GMS), thus enabling the use of the LAS as a glove box. '

After doming operations are completed (during which the LAS GMS maintains the inert,
oxygen-free environment) a pressure decay test is performed using the gas service cart
(GSC). After removal from the LAS, the ETG is again placed in the ETG-SC for transport to
Mound Laboratory (Miamisburg, Ohio) for conversion to a RTG and subsequent flight
acceptance tests. The RTG is then put in storage and the portable test unit (PTU) is used for

monitoring the RTG performance as required.

The following is a list of the GSE used on the Cassini program for those tasks mentioned.
This GSE was built and used first on the GPHS-RTG program. The GSE was refurbished
and retested as required for the Cassini program. Each is described in more detail in the

paragraphs indicated.
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Paragraph GSE Item Specification Procedure

3.2.1 ETG Shipping Container CP 47A14648 |

3.2.2 RTG Shipping Container CP 47A14647

3.23 Readout Console CP 47A14638 81249703

3.24 Portable Test Unit CP 47A25002 GESP 7167

3.25 Gas Service Cart CP 47A25000 S1249229

3.2.6 ETG/RTG Handling Equipment | CP 47A14649

Additional tools and special fixtures are utilized as required to complete preparation of the

ETGs for delivery. These items are covered in other sections of this report.

3.2.1 ETG Shipping Container (ETG-SC)

The ETG-SC is used to provide physical protection to the ETG during handling, shipping,
and storage. The ETG-SC (47E305499G1) is constructed of two welded stainless steel
assemblies: a domed upper half which measures 30 inches in diameter and is
approximately 44 inches high, and a lower base assembly measuring 48 inches wide by 68
inches long. With the upper assembly mated to the base, and with the metal wheels
lowered, the ETG-SC is 72 inches high and weighs approximately 1800 pounds (Figure
3.2-1). A gas monitoring and pressurization system is built into the ETG-SC. One system is
built into the base assembly with an internal Wiggins quick-disconnect interface for the ETG
and an external pneumatic fitting for the GSC. This system makes use of a 30 inch Hg to 30
psig gauge and two Nupro bellows valves (modified to allow safety wiring) for isolation and
control of gas flow. The second system, built into the upper dome half, has a valve and
gauge configuration that is the same as the base assembly. However, instead of the
Wiggins interface this system opens through a port into the internal cavity formed‘ by the
upper half when secured to the base assembly. Two pressure relief valves are incorporated
into the dome to prevent over-pressurization. This second system provides for seNicing of
the argon gas used to enclose the ETG in a protective environment. Stainless steel tubing
is used throughout with the system enclosed in a box structure. The 10 inch steel wheels

are manually retractable to provide a stable configuration when tied down for shipment.
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Figure 3.2-1. ETG Shipping Container

3.2.2 Base and Protective Cover Assembly (BPCA)

The BPCA is used to provide physical protection to the GPHS-RTG during handling and
storage at the launch site. The BPCA shares a common base assembly (47E305499G2)
with the ETG-SC. The domed upper half is replaced with the protective cover (47E305551)
for designation as the RTG BPCA (47E305060, Figure 3.2-2). The cover is of open mesh
construction which allows ventilation for the RTG and protects personnel from the heated
surface of the RTG. The entire RTG transfer container is of welded stainless steel
construction and measures 48 inches wide by 68 inches long by 74 inches high with the

metal wheels lowered and weighs approximately 1800 pounds.
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Figure 3.2-2. Base and Protective Cover Assembly

A gas monitoring and pressurization system is built into the base assembly with an internal
Wiggins quick-disconnect interface for the RTG and an external pneumatic fitting for the
GSC. This system makes use of a 30 inch Hg to 30 psig gauge and two Nupro bellows
valves (modified to allow safety wiring) for isolation and control of gas flow. Stainless steel
tubing is used throughout with the system enclosed in a box structure. The 10 inch steel
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wheels are manually retractable to provide a stable configuration when tied down for
shipment. During the Cassini program the protective cover assembly was modified by

adding a four inch high hat section to the top of the cover. This allows proper clearance with
the RTG when the JPL adapter is installed on the RTG for transfer to the launch site.

3.2.3 Readout Console (ROC)

The ROC provides the capability to monitor the performance of an RTG/ETG and to supply
power for the EHS. It also includes the equipment to monitor, swiich, and display the
ETG/RTG temperatures and output voltage and current. A programmable data acquisition
system provides the normal data acquisition sequence and test parameters. Programs are
loaded into the data logger at the start of the test by floppy disk. An alarm system monitors
critical ETG/RTG parameters and signals out-of-limit conditions. Temperatures and
performance data, such as ETG/RTG voltage, current, thermopile-to-case, and foil shunt
resistances, are recorded. ETG/RTG operation times are displayed on elapsed time meters.
The ROC also monitors the voltage, current, and temperature of the EHS, providing out-of-
limit alarms for these parameters as well. The ROC is a two bay rack (Figure 3.2-3) which

requires a 208 Vac, 3 phase, 60 Hz, 50 amp power source. The Digitec Model 3000 data
logger (with a Model 3300 scanner) was upgraded to an HP 75000 Data Acquisition
System (DAS). In addition to the DAS upgrade, an HP Deskjet 500 printer was added to
provide hard copies of normal interval data as well as alarm data. A Fluke Model 8520A
digital multimeter (DMM) displays real time and/or backup manual data acquisition and a
Sorensen Model DCR-150-70A power supply provides power for the EHS heat source. The
ROC also contains six additional panels. The console control panel controls rack power
and power status indicators, an RTG simulator panel for ROC checkout, a DMM input
selector panel, the EHS monitor panel, ETG/RTG monitor panel, and a load panel. The load
panel displays open circuit and shunt resistance readings as well as real time current and

voltage.

3-20



Final Technical Report

GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18
April 1998

PEHbLat s Ittsidie

Figure 3.2-3. Readout Console

3.2.4 Portable Test Unit (PTU)

The PTU is a suitcase-sized package 24 inches long by 20.5 inches wide by 6.5 inches high
and weighs approximately 40 pounds. The PTU is an AC/DC powered instrument which
measures the RTG voltage, current, and shunt resistance, usually when the RTG is in the
BPCA. The PTU contains a Fluke model 8600A DMM, internal self test circuits and a
switching network which, in conjunction with the DMM, allows the RTG short/open circuit
voltage, current, and resistance measurements to be displayed. The DC power supply
(batteries) in the DMM provides for approximately six hours of continuous operation. The
batteries can be charged continuously from a 120 volt AC source. Operation of the PTU in
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the AC mode does not affect the charging rate of the batteries, since the batteries always
supply operating power. Operation gf the PTU is identical in either the AC or DC mode.
The PTU/RTG interface cables and the AC power cable are housed in each lid of the PTU.

3.2.5 Gas Service Cart (GSC)

The GSC is a portable, self contained, pneumatic system approximately 4 feet wide by 2.5
feet deep by 5 feet high. The GSC is capable of storing and supplying various gases from
different supply bottles secured to the cart and is used primarily to pressurize shipping
containers, ETGs, and RTGs. A Welch mechanical pump is utilized for evacuation prior to
backfilling operations. This pump is equipped with an oil free filter to preclude any oil
backstreaming. An in-line thermocouple gauge is installed to allow vacuum pressure to be
monitored and an absolute filter in the exhaust train provides radiological safety. A Wallace
Tiernan 0.35 psia pressure gauge with 0.05 psia subdivisions accurately monitors pressure
conditions. A micrometer valve is installed in the system for gas flow rate control during
backfiling operations. This valve has an in-line 60 micron filter to prevent particulate
contamination of the system or the test specimen. A gas sample port is available for taking
RTG gas sampling.

3.2.6 ETG/RTG Handling Fixtures
Special fixtures are required for handling and lifting the ETG/RTG, for personnel safety as

well as mechanical necessity. These fixtures are briefly described below.

The outboard handling fixture (47D305498) is a circular aluminum ring which clamps onto
the outboard end of the ETG/RTG and provides an interface for the lifting sling (47D305505
G1/G2). The lifting sling is a four point aluminum fixture designed for either outboard use
(G2) as described above or inboard use (G1). The inboard configuration mates with the
mid-ring assembly (47D306262) which is the mounting interface with the ETG shipping
containers and BPCAs. The RTG handling sling assembly (47D305515) is a two piece
aluminum fixture used to rotate the ETG/RTG to provide access to the inboard end for mid-
ring removal. This fixture is more commonly referred to as the turnover fixture. The RTG
BPCA lifting yoke (47C305560) is a steel |-beam fixture which mates to the lifting lugs of the

BPCA protective cover. This lifting yoke is used in the removal of the protective cover or for
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liting the entire BPCA (with or without the RTG) by crane. The dome clamping ring
(47D306459) is a special fixture which facilitates proper seating of the C-seal during

doming operations.
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SECTION 4
DETAILED DESIGN HISTORY AND SPECIAL STUDIES

4.1 HERITAGE FROM GPHS-RTG PROGRAM

411 GPHS

The General Purpose Heat Source for the Cassini program is virtually identical in design to
that for the Galileo and Ulysses missions. However, several minor modifications were made
to the GPHS to facilitate manufacture, assembly, and inspection processes for the Cassini
program. These included changes to the fueled clad weld shield, weld vent notch, fuel
mass, and allowable impurities. The differences from the heritage design are summarized

below.

Weld Shield

During the Cassini program the weld shield design was revised to eliminate the shield-to-
cup attachment welds and facilitate clad vent set fabrication. Further, the absence of the

shield attachment welds simplified clad vent set inspections. Figure 4.1.1-1 (based on
Lockheed Martin Energy Systems Drawing M2D920101A009) shows the heritage shield
design which included weld tabs for fastening the shield to the non-vented cup. To simplify
the use of the weld shield, the revised configuration (designated type ll) is shown in Figure
4.1.1-2 and was developed by Oak Ridge, Savannah River Plant, and Los Alamos
personnel. The type Il weld shield is not welded into one of the two clad cups and therefore
is non-integral. Instead, it is installed separately in the non-vented cup at the time of fuel
pellet loading. It is positioned inside the receiving cup by sliding it down until it reaches the
wall curvature near the cup bottom. For this reason, the nominal height of the blank from
which the type Il shield is formed (13.97 mm) had to be greater than the heritage weld shield
(8.14 mm nominal) which was welded to the cup wall at a location above the bottom
curvature. (The type Il shield is held in place by spring action of the shield against the
inside wall of the cup.) The required shield height in each case was chosen to ensure that
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the shield was positioned behind the clad girth closure weld center line. The added mass of
the type Il weld shield was quite small and was easily accommodated within the overall RTG

mass requirement of 125 pounds.

Weld Vent Notch

To provide greater venting area for the interior of the fuel cladding during girth closure
welding, the weld vent notch in one of the two mated cups was widened during the Cassini
program. The change affected only the width of the notch, not the height and is shown in
Figure 4.1.1-3. The notch width increased from 0.25-0.35 mm to 0.45-0.60 mm, while the
notch height remained unchanged at 0.15-0.20 mm. Weld thickness and bulge
measurements (comparing mated cups with two standard vent notches against cup pairs

with one enlarged and one standard vent) showed that the widened notch did not cause

unacceptable welds and that acceptable welds could not be made with standard size
notches. For this reason, both weld vent notches were considered acceptable for use on

Cassini fueled clads.
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Figure 4.1.1-3. Weld Vent Notch Change (Nominal Dimensions in mm)
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Fuel

For the Cassini program, fresh fuel derived from newly exposed targets was not used.
Instead, existing fuel was returned to the DOE Savannah River Plant and reprocessed. The
LANL fuel powder and pellet.specifications were revised to reflect the use of reprocessed
fuel with the revisions primarily affecting Pu238 content and allowable levels of some cationic
impurities. These new Cassini limits are documented in LANL specifications 26Y-318180
and 26Y-318182 and are based upon the fuel actually produced by SRP during
reprocessing.

Finally, during the Cassini program, nominal pellet weight was increased by one gram to
151 grams. This was done to slightly favor higher pellet thermal output, judged to be a
prudent step using reprocessed fuel. The added mass was accommodated within the 125

pound RTG mass limitation.

4.1.2 Converter Assembly

4.1.2.1 Electric Heat Source

The Electric Heat Source (EHS) was used during processing and testing of the Flight Unit
converters prior to their conversion from an ETG to an RTG. The EHS was required to
duplicate the thermal and mechanical characteristics of a GPHSA, that is, an assembly of 18
GPHS modules and lock members, together with a midspan plate. In addition to meeting
requirements for thermal power output, operating surface temperature, external geometry,
mass, and mass distribution, the EHS was required to have sufficient strength and rigidity to
withstand support preloads and the mechanical environment encountered during dynamic

testing.

The EHS, shown in Figure 4.1.2-1, consisted of the following major components: (i) a
graphite aeroshell that simulated the outside geometry of the aeroshells of stacked GPHS
modules, (ii) graphite end caps that simulated the interfaces with the inboard and outboard
heat source support assemblies, (iii) a graphite midspan plate that simulated the interface
with the midspan supports, (iv) alumina insulators that supported the heating elements and

provided electrical isolation, (v) graphite heating elements for the upper and lower sections,

4-4



* 904N0S 1B9H 2M109]7 ‘I-2°'L'v 94nbi4

¢ advosani
Hiaddn

-<-
j'. avai
HIMOd

JOVid ¥ dAL
sava1 "HaMod
advosga.ino
HaMOT L
SOYNIH LHOAdNS
NOILVINSNI {108
H3aLlv3H 1sSvTivd lsv1iva

3sO
17083A3

ENLEERE
NOILVINSNI

alvid dAl
NOILYNINYZL NVdSOIN H31vaH
3NILNIdH3S ANILNIdHIS

8661 Isnbny

8144 "ON juawnaoQq uie pesipiooT
uo|ssilN Juisseg aui 10} $91Y-SHID
Hoday jealuyas) jeul

45



Final Technical Report

GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18
August 1998

(vi) tungsten power leads that attached to the heating elements and penetrated through the
inboard end cap, and (vii) a molybdenum ballast that added to the mass and heat capacity

of the EHS. The EHS was capable of operating from a power source of variable voltages
up to 150 volts dc, providing power up to 4500 watts.

4.1.2.1.1 Heritage from GPHS Programs

The design of the Electric Heat Source was based on the design that was used on the MHW
and identical to that used on the GPHS-RTG program. The graphite serpentine heater
element, POCO outer shell, serpentine termination connections, tungsten power leads,
alumina intermediate support rings, molybdenum ballast and the POCO end caps were all
similar to features of the MHW program electric heat source. The GPHS electric heat source
was smaller in cross-section and twice as long with almost twice the power output as the

MHW electric heat source.

4.1.2.1.2 Design Features and Rationale

This paragraph describes the EHS in more detail, and provides some of the rationale for
design selections. Table 4.1.2-1 provides a simplified parts list for the EHS from drawing
47J306060. Additional details of construction and materials can be obtained by reference

to the drawings listed.

The outer shell of the EHS was made from POCO graphite, grade AXF-5Q. The decision to
use this material, rather than the FWPF graphite from which the GPHS aeroshell was
fabricated, was made on the basis of cost and delivery. FWPF had a long lead time and
was not normally made in billet sizes large enough to make the EHS shell, even in two
pieces. To compensate for the higher coefficient of thermal expansion of POCO, the EHS
was made appropriately shorter so that it matched the length of the Isotope Heat Source
(IHS) at operating temperature. This difference also meant that when required for dynamic
testing, it was necessary to apply a calculated preload such that the preload occurring at
launch temperature would match the preload on an IHS. Even with POCO, the billet size
available necessitated machining the outer shell in two halves, with a separate midspan
plate.
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Table 4.1.2-1. Parts List for Electric Heat Source
(Reference LMMS Drawing 47J306060)

Reference Drawing Number

Part Nomenclature

47D305001 Upper Shell
47D305002 Spacer Sleeve
47D305003 Heater Element
47C305004 Support Tube
47E305581 Ballast, Lower Half
47D305007 End Cap, Upper
47D305008 End Cap, Lower
47B305009 Eye Boit
47E305581 Ballast Bolt
47C305012 Support Ring, Center
47C305011 Support Ring, End
47C305013 Support Ring, Intermediate
47C305017 Sleeve, Center
47B305015 Angle Terminal
47B305016 Clamp Washer
47B305019 Power Lead
47E305581 Ballast, Upper Half
47C305014 Support Ring
47C305021 Midspan Support
47B305023 Bolt, Terminal
47B305024 Nut, Terminal
47B305025 Bolt, Terminal
47B305026 Nut, Terminal
47B306061 Screw, Locking
47C305027 Dowels
47D305018 Lower Shell
47B301557 Washers
47B302017 Bead

47B305006 Spacer, Insulator
47B302110 Sleeve, Insulating
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The length of the heater elements was also limited by available billet sizes, so that separate
elements were made for the upper and lower halves. In order fo extend the heater
elements as close as possible to the end caps and to provide more uniform heating near the
ends, the heat element terminations were located at the midspan. Upper and lower halves

were made symmetrically so that the only contributions to non-uniform heating were the °R

losses in the power leads between the inboard end and the midspan. This non-symmetrical
heating was identifiable in thermal vacuum testing of the GPHS-RTG Engineering Unit,
where the temperature of the outer shell was consistently higher on the inboard half than on
the outboard half. The heater elements were machined in a serpentine pattern, following
the practice used for the heater element used in the EHS for the MHW-RTG program. To
account for slight variations in the electrical resistivity of POCO from one heater element to
another, final machining was performed after precision measurement of the resistance of
each heater element. Machining was performed to reduce the cross-sectional area of each

leg of the serpentine without affecting the fit of the heater element with adjacent parts.

Alumina tubing was used as the primary support for the heater elements on their outside
diameter. This was a design deviation from the practice used in the EHS for MHW-RTG
which incorporated a flanged cylinder. The choice of standard alumina tubing facilitated
procurement, but meant that without a flange the sleeve was less readily restrained in the
axial direction. After this design weakness was revealed in dynamic testing, it was
necessary to make selective fit of specially ground spacers in order to limit the amount of

possible axial movement.

Each heater element had two power leads attached to its terminals at midspan and
extended through the inboard end cap. The four tungsten wires projected through holes in
the multifoil insulation in the inboard heat source assembly. In the cavity of the spool piece,
the ends of the EHS power leads were connected to four single-pin connectors by means of
mechanically fastened cable assemblies. Through the muiltifoil insulation, the power leads
were insulated by alumina tubing. Once inside the cavity of the spool piece, Varglas

sleeving was used for electrical insulation on the power leads and interconnecting cables.
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In addition to the major components described above, the EHS incorporated nine
instrumentation thermocouples on its outer surface. These thermocouples were used to
monitor EHS temperatures during heat up and processing of the ETG. The thermocouples
used tungsten-rhenium wire and the junction was covered with a foil strip of niobium. The
junction was secured to the outer shell of the EHS with clips and screws machined from
POCO, and the wires were insulated with alumina tubing. Two bundles of insulated
instrumentation wires passed through two separate holes in the multifoil insulation of the
ETG inboard heat source support assembly. Inside the cavity of the spool piece, the wires
were insulated with Varglas sleeving and attached to a multipin connector in the spool

piece.

The molybdenum ballast in the EHS was made in three pieces to facilitate assembly. The
center piece of the assembly was a dowel, slip fit into holes in the upper and lower halves,
then double pinned. During handling and storage of the EHS, the ballast served as the
structural core. The outboard end cap was attached to the ballast with a through

molybdenum bolt, torqued and keyed. At the inboard end, the ballast projected through the

inboard end cap and was secured with an eye bolt. When lifted by the eye bolt, the load
path was through the ballast to the outboard end cap. Installed in the ETG, the eye bolt was
removed and the load path for the preload was through the end caps and outer shell, while

the ballast was restrained at one end only.

4.1.2.2 Heat Source Supports

4.1.2.2.1 Heritage from MHW

The design concept for the heat source support system on the Cassini RTG was similar to
that used on the MHW RTGs. Similar material combinations and surface treatments were
used in order to take advantage of proven material compatibilities. The primary differences
were due to size and number of supports used. The Cassini and GPHS-RTGs utilize heat
source supports at each end of the RTG and a set of midspan supports. The MHW-RTG
utilized supports at each end, but no midspan supports were necessary. In addition the

MHW-RTG heat source support system used a single, larger preload stud, attached to a

titanium spider frame which reacted the loads through latches attached to a beryllium outer
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shell. Because of the shorter length of the MHW-RTG heat source and the similarity in the
thermal expansions of the materials used, the deflection range for which the preload was
required to be maintained was smaller. The MHW-RTG spider frame was designed to have

sufficient elasticity to accommodate deflections without the need for other springs.

Similarities in the design of the heat source support system included the tapered preload
stud, wrapped with Astroquartz yarn and stuffed with quartz fiber insulation. The zirconia
insulator on the MHW-RTG was larger, and to avoid cracking due to high thermal stresses,
was assembled in three segments. The corresponding zirconia insulators for the Cassini
RTG were designed to have lower thermal stresses and were assembled in one piece. A

design detail adapted from MHW-RTG was the use of tungsten and iridium washers as

diffusion barriers between the zirconia and the graphite pressure plate.

4.1.2.2.2 Design Features and Rationale

The Cassini RTG heat source support system consists of an inboard heat source support
assembly (IBSA), an outboard heat source support assembly (OBSA), and four midspan
support assemblies (MSA).

Inboard Heat Source Support Assembly

The major components of the IBSA are identified in Figure 4.1.2-2. The following is a
detailed description of these components, roughly in order of the load path from the heat
source to the outer shell. Further details on the construction and materials used in the IBSA

can be found by reference to the drawings listed in Table 4.1.2-2.

The pressure plate in contact with the top GPHS module is fabricated from FWPF graphite
and has two truncated hemispherical buttons machined on the outboard side of the plate.
These buttons nest in the pockets of the top module to resist shear loads. The plate has a
pair of tapered ears at each outboard corner. These ears aid in installing the IBSA onto the
top module of the GPHSA and ensure engagement of the buttons into the module pockets.
On the inboard face of the pressure plate are four (4) equally spaced pockets and a center

10-32 UNF threaded hole. Nested within the pockets are zirconia insulators, with thin
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Figure 4.1.2-2.

inboard Heat Source Support

Table 4.1.2-2. Components of the Inboard Heat Source Support Assembly
(Reference LMMS Drawing 47D305125)

Reference Drawing No. Part Nomenclature
47D305126 Pressure Plate, Stud
47C305147 Spring Washer
47C305128 Collar
47C305129 Guide
47C305130 Nut (Adjusting Tool)
47C305131 Screw (Holding Tool)
47C305132 Stud
47C305061 Pressure Plate, Heat Source
47C305229 Insulation Pad
47C305135 Insulator (Zirconia)

4-11




Final Technical Report

GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18
August 1998

Table 4.1.2-2. Components of the Inboard Heat Source Support Assembly
(Reference LMMS Drawing 47D305125) (Cont’d)

Reference Drawing No. Part Nomenclature
47C305136 Barrier (Tungsten)
47C305137 Barrier (Iridium)
47E305109 Insulation Assembly
47B305133 Washer
47B305382 Washer, Inboard
47E305064 Frame
47B305391 Barrier, Preload Stud

barriers of tungsten and iridium separating the zirconia from the FWPF graphite of the
GPHS. Adjacent to and inboard of the pressure plate are 60 layers of octagonally shaped
molybdenum insulation foil, separated by layers of Astroquartz cloth. Through this pack of
insulation there are four holes corresponding in location to the zirconia insulators. A

second pressure plate sits atop the insulation package with its four studs, penetrating the
insulation and nesting on the zirconia washers, separated only by a stainless steel washer

barrier. Each tapered stud, made from Inconel X-750, is wrapped on its exterior with

Astroquartz yamn and stuffed in its interior with quartz fiber insulation.

Extending from the inboard side of the stud pressure plate is an externally threaded sleeve.
Three large spring washers approximately 4.0 inches in diameter are stacked in series
between a threaded collar and a spring washer guide. The collar is then threaded onto the
sleeve of the pressure plate. Mounted over the spring assembly and pressure plate is the
inboard frame. This frame transfers axial and lateral loads from the pressure plate to
latches bolted to the inboard rim of the converter shell. By adjustment of the collar, axial
load is applied to the GPHSA and the frame transfers this load through the same latches to
the outer shell. A nut adjusting tool is used to hold the spring assembly together when the
frame was not latched to the shell. A center holding tool is inserted through the pressure

plate and insulation package. This is then threaded into the center hole in the graphite

pressure plate. These two tools are required to hold the various pieces in relative position

until the assembly has been installed in the converter, then they are removed.
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Outboard Heat Source Support Assembly

The major components of the OBSA are identified in Figure 4.1.2-3. The following is a
detailed description of these components, roughly in order of the load path from the heat
source to the outer shell. Further details of the construction and materials used in the OBSA

can be found by reference to the drawings listed in Table 4.1.2-3.
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INSULATION WASHERS PRELOAD STUD
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Figure 4.1.2-3. Outboard Heat Source Support

Table 4.1.2-3. Components of the Outboard Heat Source Support Assembly
(Reference LMMS Drawing 47D305155)

Reference Drawing No. Part Nomenclature
47D305041 Frame
47E305109 End Cap Insulation Assembly
47D305105 Pressure Plate, Outboard
47B305042 Screw, Retainer
47B305135 Insulator

413




Final Technical Report

GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18
August 1998

Table 4.1.2-3. Components of the Outboard Heat Source Support Assembly
(Reference LMMS Drawing 47D305155) (Cont’d)

Reference Drawing No. Part Nomenclature
47B305137 Barrier (Iridium)
47B305136 Barrier (Tungsten)
47C305132 Stud
47D305229 Insulation Pad
47B305305 Stud, Ratch
47B305391 Barrier, Preload Stud

The OBSA is very similar to the IBSA with the following exceptions. There is no adjustment
of the preload required in the OBSA, so there are no spring washers and the tapered studs
are threaded directly into the frame. The frame is fastened into the latches on the outer shell
through clevis fittings and all the pieces are held together until after installation into the
converter with a small molybdenum retaining screw passing through the pressure plate,
insulation assembly and threaded into the frame. After installation of the OBSA and just
prior to installation of the electric heat source assembly, the bolt is backed off several turns

to allow for thermal expansion of the assembly.

Midspan Support Assembly

The major components of the MSA are identified in Figure 4.1.2-4. The following is a
detailed description of these components. Further details of construction and materials
used in the MSA can be found by reference to the drawings listed in Table 4.1.2-4.

Each midspan support assembly is composed of three parts: a pivot, an insulation plug
assembly, and a spring washer assembly. The insulation plug assembly has a locating pin
fabricated from FWPF graphite, which engages in a hole in the GPHSA midspan plate.
Centered on the outboard surface of the FWPF flange, and separated by 0.001 inch thick
tungsten and iridium barrier washers is a thick walled cylinder of zirconia which acts as the

preliminary thermal insulator for the MSA. Mounted on the zirconia is a spherical seat
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Figure 4.1.2-4. Midspan Support

Table 4.1.2-4. Components of the Midspan Support Assembly
(Reference LMMS Drawing 47D306036)

Reference Part
Drawing No. Nomenclature
478306039 Nut, Spring Washer

47C305147 Spring Washer
47B305102 Support
478305291 Screw
47B305099 Pivot

47B305136 Barrier (Tungsten)
47B305121 Barrier (Iridium)
47B306524 Nut (Tool)
47B305123 Washer
47B305106 Spring, Centering

4-15




Final Technical Report

GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18
August 1998

Table 4.1.2-4. Components of the Midspan Support Assembly
(Reference LMMS Drawing 47D306036) (Cont’d)

Reference Part
Drawing No. ) Nomenclature
47C306031 Retainer Assembly
47B306034 Seat

47B305103 Insulator
47C306027 Can Assembly
47C306033 Pin, Locating
47B305517 Washer

which matches the end of the pivot. All these pieces are stacked in an iridium can, packed
with fibrous insulation, and trapped on the end of the pivot by wiring the ears of the iridium
can with Inconel safety wire. The spring washer assembly consists of a spring washer
guide with three spring washers stacked in series and loaded by means of an Inconel-X750
nut threaded into a helicoil installed in a midspan boss in the outer shell. The nut is locked
in place by a lock nut threaded into the same boss. The pivot is fitted inside the spring
washer guide and contacts a matched spherical seat. These pieces are held together by an

Inconel-X750 centering spring, wired with Inconel safety wire.

4.1.2.3 Thermopile

The thermopile is an assembly of multifoil insulation, molybdenum inner frame, two inner
frame supports, 572 unicouples, and cold side electrical connecting straps. The multifoil
insulation surrounds the heat source and is penetrated by the unicouples. Most of the
radiated heat from the heat source is collected by the hot shoes and passed through the
unicouple where it is converted into electrical power. The waste heat passing through the
unicouples and bypassing the unicouples through the insulation is conducted through the
outer shell to radiating fins. The multifoil lay up was modified for the two RTGs fabricated for

the Cassini mission.

4.1.2.3.1 Heritage from MHW
The design of the Cassini RTG thermopile is based on the design of the MHW-RTG

thermopile. The Cassini and GPHS-RTGs are smaller in diameter but about twice as long
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as MHW-RTG and have almost twice as many unicouples and generate almost twice the
electrical power. The unicouples are identical, the multifoil insulation is made of the same

numbers of molybdenum foils and Astroquartz cloth. Because of the length, the insulation in
the Cassini and GPHS-RTGs are made in five sections while MHW-RTG insulation was in
three sections. MHW-RTG required a degaussing loop around the circumference to
compensate for its single electrical circuit in the thermopile. The Cassini and GPHS RTGs
on the other hand, have two electrical circuits, opposing each other. The intent is to balance
the magnetic fields generated by the two circuits.

4.1.2.3.2 Silicon Germanium Unicouple

The silicon germanium unicouple is the same as that used on the GPHS program. The
unicouple, as shown in Figure 4.1.2-5, consists of an 85 weight percent silicon molybdenum
heat susceptor, or hot shoe, to which the N and P couple legs were bonded. Two
compositions of silicon-germanium are used in the legs, 78 atomic percent silicon for most
of the length and a short 63.5 atomic percent section at the cold end. The lower content
segment is used to provide improved matching for thermal expansion of the bonded parts.
The two SiGe legs and their corresponding sections of the hot shoe wae doped to provide
thermoelectric polarity; the N-type material is doped with phosphorus and the P-type with
boron. The SiGe thermoelectric elements are coated with silicon nitride (SigN,4 ) to reduce
sublimation at operating conditions. The silicon alloy couple is bonded to a cold stack
assembly of tungsten, copper, and alumina parts which separate the electrical and thermal
currents. The thermal current crosses the alumina insulator and passes through the radiator
attachment into the outer shell. The electric current flow between couples is shunted
through separate copper straps bonded to each leg assembly. These straps are riveted
together after insertion into thermopile assembly to form the thermopile electrical circuit.
The cold stack is designed to flex laterally to ensure unicouple load sharing from insulation
loads and thermal deformations. The unicouples are electrically insulated by several layers
of Astroquartz yarn tightly wound around the couple legs and by an alumina wafer beneath

the hot shoe, separating it from the foil insulation.
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Figure 4.1.2-5. Silicon Germanium Unicouple

Instrumented Silicon Germanium Unicouple
The 18-couple modules use a special configuration of the unicouple that is instrumented
with a thermocouple. An instrumented unicouple has a tungsten/rhenium thermocouple

embedded in the hot shoe at the base of , and adjacent to, the “N" leg. The wires extend up

the corners of the “N" leg, trapped between the first and second layers of yarn, as shown in
Figure 4.1.2-6. Cold side thermocouples are formed by twisting the thermocouple wires,
spot welding to a nickel shim and riveting the shim in place with the same rivet used to
connect the unicouple straps together. From the point where the hot shoe wires exit the
wrap at the cold end of the unicouple and for the entire length of the cold end wires, they
wae sleeved in Varglas until their connection to tungsten/rhenium connector pins. The

insulated thermocouple wires are tied to the electrical connector straps for support.
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Figure 4.1.2-6. Instrumented Silicon Germanium Unicouple

4.1.2.3.3 Insulation System

The multifoil insulation assembly, shown in Figure 4.1.2-7, consists of 60 layers of
molybdenum foil and 60 layers of Astroquartz (SiO,) cloth with two types of cloth weave
alternately laid up on the molybdenum inner frame assembly. The inner frame is made up
of six 0.01 inch thick octagonal frames, with 0.01 inch thick back-to-back flanged ribs at
each corner. The eight sides are covered with 0.0022 inch thick foil panels. Each side
panel has two rows of thirty-six, 0.75 inch diameter lightening holes, separated into five
groups by the frame locations. There is also one 1.0 inch diameter midspan hole at the
center of each panel. The frames, ribs and panels are assembled using 0.01 inch thick clips
and 0.032 inch diameter rivets to form a 6.25 inch regular open octagon frame, 40.0 inches
long. All materials are molybdenum. The molybdenum insulation foils are trimmed,
approximately 8.0 inches long, punched with square holes and folded, to form a fifth of two

sides of the octagon's length. The Astroquartz cloth is also trimmed and punched with
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Figure 4.1.2-7. Multifoil Insulation Assembly
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square holes. With the aid of a lay-up fixture these parts are then laid'up on the inner frame
assembly starting with cloth and alternating with foil for ten layers each. Each layer of foil
was rotated circumferentially, so that the fold in each successive layer covers the gap in the
previous layer. This lay up procedure is continued along the length of the inner frame until
there are five sections, each with ten layers of foil and cloth, butted together along the entire
length of the frame. This was the first layer of insulating foil. The six other levels of
insulation cloth and foil are laid up in similar fashion, with each successive level

overlapping the circumferential joints between sections of the previous level.

For the E-6 thermopile, each level was also shifted circumferentially by one flat (45°) from
the underlying level such that the fold in each successive level covered the gap in the

previous level.

The cloth used in all sections of the first three levels was 0.004 inches thick close weave
cloth (Astroquartz #507, M9A2). Improper fit of the foil panels over the alignment pins of the
E-6 thermopile was experienced at levels 4, 5, and 6 due to tolerance stack up and a
drawing error in panel dimensions. The cloth thickness and distance between the fold-line
and centerline of the rows of punched holes (dimension C) were changed from that
specified on the assembly drawing by MRB direction. For level 4, the first three cloth layers
were changed from 0.008 inches thick open weave (Astrdquartz #594, M9OA3) to 0.004
inches thick M9A2 and the remaining four cloth layers were 0.008 inches thick MOA3. An
Engineering Change Notice (ECN RTG-0332) formally changed the cloth type for layer 1
from MOA3 to MOA2. For level 5, the first two cloth layers were changed from 0.008 inches
thick MOA3 to 0.004 inches thick M9A2 and the remaining five cloth layers were 0.008
inches thick MOA3. In addition, the first cloth layer was installed without a 45° offset from the
underlying level 4 panel sections as specified on the assembly drawing. For level 6, the
cloth for all layers 1, 2, and the end sections of layer 3 were changed from 0.008 inches
thick MOA3 to 0.004 inches thick MOA2. Also, cloth panels at layer 1 were not offset 45°

from the underlying level 5 panel sections. For level 7, the first four cloth layers were 0.008

inches thick and the last two or three cloth layers were 0.004 inches thick.
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Changes to the foil insulation lay up were formally made by an Engineering Change Notice
(ECN RTG-0372) to reduce the “bunching” effect at the corners and tearing of the panels
due to stretching the foil over the alignment pins. The manufacturing planning was updated
and was used to fabricate the E-7 foil insulation assembly. The notched corner of the cloth
panel was oriented to match the position of the notch in the subsequent foil panel. Each
layer of cloth and foil within a level was shifted one flat (45°) with respect to the previous
layer of cloth and foil such that the fold covered the gap between the previous layer. The
cloth thickness was not changed from that specified on the 47J305231G1 assembly
drawing.

Circumferential 0.0003 inch thick molybdenum bands are placed at each section joint
around the outside of levels 3, 5, and 7. Each band is spot welded at each corner to one

section only. Nickel shims are sandwiched between the band and foil to weld the
molybdenum bands. (The rippling or bunching of the foil and cloth layers after spot welding

the retaining bands after levels 3 and 5 on the E-6 insulation assembly also confirmed a

panel misfit problem discussed above).

The end foil panels are notched and folded radially inward at 90°. A 0.0022 inch thick
molybdenum ring is placed on top of the level 2 inwardly folded cloth and foil. The folded
cloth and foils of level 3 are held in place by a similar ring spot welded to the circumferential
band by 16 molybdenum clips and nickel shims. This spot welded assembly also
constrains levels 1 and 2. Levels 5 and 7 had similar ring, clip, shim, and band spot welded
assemblies to constrain the remaining layers of cloth and foil. The first layers of cloth and
foil in levels 4 and 6 do not have flanges. Overall thickness of the total insulation assembly

is approximately 0.70 inch.

An analysis on the possible impact of insulation modifications on RTG performance and a

summary of the E-6 foil insulation fabrication history are detailed in Cassini Memo No. 251,
Reference 4.1.2-1.
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4,1.2.3.4 Thermopile Assembly

As the next step in assembly of the thermopile, the completed octagonal inéulation
assembly is removed from its assembly fixture and mounted to the thermopile assembly
fixture. Two layers of 503 Astroquartz cloth are laid against the hot side molybdenum
insulation foil to provide added electrical insulation between the foil and the hot shoe. Each
completely wrapped unicouple assembly is individually installed through 572 of the 576
rectangular holes in the thermopile insulation from the inside, using the hot shoe chamfer to
orientate the unicouples in an “N - P” sequence. The inboard rows adjacent to the +X and -
X axes have only 17 unicouples each. The other hole in each row is taken up with the posts
for the inner frame support. Two more layers of Astroquartz cloth are laid against the cold

side foil, and tied in place with Astroquartz yarn.

Electrical Circuit

The thermopile electrical circuit as shown in Figure 4.1.2-8 was formed by straightening the
unicouple copper electrode straps and riveting nineteen “N” straps to “P” straps in
sequence, together with redundant cross-over straps. This forms 16 two string series-
parallel circuits. Copper jumper straps were used to join the 8 inboard strings in series;
similarly, the outboard strings are joined in series. This circuit permits continued converter
operation in the event a single unicouple fails in either the open or short mode. Two
adjacent unicouples would have to fail open to cause complete loss of power from one of
the two circuits. Four main power straps redundantly connect the inboard and outboard
strings of unicouples and terminate at the inboard end of the thermopile with two positive
and two negative straps. Flexible, stranded, sleeved wires connect these straps with a
hermetically sealed, five pin power output connector. The fifth pin is used for a ground
connection to the outer shell of the converter. The circuit is designed so that the inboard
half is electrically a mirror image of the outboard half. This reduced the magnetic fields and
negates the need for a degaussing loop. All connecting straps are covered with Astroquartz
insulation as required to prevent subsequent shorting to the outer shell. The completed

thermopile, as shown in Figure 4.1.2-9, is then ready for insertion into the outer shell.
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Electrical Interconnect
Pop rivets have been the fastener originally used to make the strap to strap electrical

connections in the thermopile assembly 47J305306G1. Pop rivets were used in the MHW
RTG design and were subsequently incorporated into the GPHS-RTG design.

Continuous monitoring of pop rivet joints in the E-6 thermopile showed that, in general, rivet
joint resistances were increasing. Approximately 10% of the total 668 pop rivet joints in E-6
had changes in resistance that were higher than desired with the initial (just after
installation) resistance in the 0.1 to 0.2 mQ range increasing to a typical range of 0.8 to 1.5
mQ after several weeks. In some instances, high resistance pop rivet joints within the E-6
thermopile also exhibited unstable behavior with measured values changing both high and
low in the 0.2 to 1.0 mQ range. The realization of a pop rivet, joint resistance problem
caused a significant delay in the assembly of the E-6 thermopile and initiated parallel
activities to: |

a) evaluate the impact of high resistance joints on RTG performance;

b) remove and replace the pop rivets from the most undesirable high resistance
joints;

c) optimize the installation (pulling and swaging forces) parameters of the pop rivet
used in the E-6 thermopile to achieve improved electrical performance;

d) seek alternate rivets, both pop and solid, with improved performance; and

e) determine the cause for the instability/increase of rivet joint resistance.

An engineering evaluation of high resistance joints in the E-6 thermopile determined that
these joints would not have a significant impact on RTG power output. If all (688) rivet joints
had a resistance of 1.0 mQ, the RTG power loss would be 5 watts. Relating this to the E-6
thermopile, with approximately 60 high resistance joints, the power loss was estimated to be
only 0.5 watts, which is less than 0.2% of the total RTG power output. Furthermore, it was
assessed that rivet failure resulting in an open circuit was not credible. This analysis

concluded that pop rivet replacement was not required. Despite this conclusion, limited

rivet replacement was performed as a conservative measure. The principal motivation for
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replacing rivets was the concern that rivet joint resistances would increase during RTG

vibration testing. Replacement was a precautionary measure to prevent future test data

interpretation problems. A total of 64 pop rivets were replaced in the E-6 thermopile.
Replacement work was halted when testing work on rivet joint samples provided an
understanding of the problem's cause and demonstrated that high resistance joints were
returned to acceptably low resistance values after being subjected to ETG/RTG thermal-
vacuum (and inert) processing environments. Testing showed the increase of rivet joint
resistance to be related to a connecting strap surface oxidation (chemical) process which
was reversed by thermal vacuum processing. These test results eliminated the concerns of
rivet joint resistance variation during vibration testing since the structural (mechanical)

integrity of the high resistance rivet joints was determined to be sound.

A development task was completed which demonstrated that a modified MS20615-4CU3
solid copper rivet could be successfully used in place of pop rivets to connect the electrical

straps within the GPHS-RTG thermopile assembly. All the tooling and processes needed to
install and remove solid rivets were developed and functionally tested. Fabrication of

representative samples showed that solid rivets produce joints with the desired low and
stable resistance characteristics. Supporting analysis showed that the weight increase of
modified solid rivets in comparison to pop rivets was insignificant. Despite the successful
development and demonstration results, the implementation of solid rivets into the
thermopile design for the Cassini program (units E-7 and subs) was deemed unnecessary.
Concurrent improvement work completed on pop rivets has resulted in achieving
acceptable electrical performance from this fastener. As a consequence, solid rivets were

not needed as an option.

4.1.2.4 Outer Shell

The outer shell assembly consists of a flanged cylinder with 8 radial fins and four midspan
bosses. Rows of holes on both sides of each fin are used to mount the unicouples and hot
frame supports. Other components such as the electrical power connector, four Resistance
Temperature Devices (RTDs), Gas Management System (GMS), and Pressure Relief

Device (PRD) are mounted to the shell and sealed by the use of C-seals. Likewise the end
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flanges and midspan bosses also provide for c-sealing surfaces. The inboard flange has
four barrel nuts mounted at the four main load carrying ribs. These are used to mount the

GPHS-RTG to the spacecraft. For a list of components, see Table 4.1.2-5.

Table 4.1.2-5. Components of the Outer Shell
(Reference LMMS Drawing 47J305033)

Reference Drawing Part
Number Nomenclature
47D305095 Electrical Receptacle Assembly
47D305293 Gas Management Assembly

47C305292 Bracket, GMS
47E305744 RTD Installation
47B305963 Washer - Connector
47C305934 Mounting Plate Assembly - PRD
23003754 Adapter Plate
47B305935 Vent Chamber
47J306130 Shell and Fin Assembly
47D305036 Dome Inboard
47D305302 Dome Outboard
47C302638 C-seals

23003764 PRD Assembly
23009127 Bracket, RTD

4.1.2.4.1 Heritage from MHW

Many design features of the outer shell such as the unicouple mounting, fin/ribs, electrical
power connector, RTDs, PRD, GMS, end domes and C-seals are the same as, or similar to,
the features on the MHW converter. The unicouple mounting is the same as the GPHS-
RTG. The short radial fin/ribs on MHW are integrally machined with the shell. The fin/ribs
for GPHS and Cassini extend 4.0 inches beyond the shell and consist of short stubby radial
ribs integrally machined into the shell, with 3.50 inch radial fins electron beam welded to the
ribs. The mounting of the electrical power connector on Cassini is identical to that for GPHS
and MHW. The connector is a 5 pin for Cassini and GPHS, two positive, two negative and a
ground termination, whereas MHW had only 4 pins, two positive and two negative
terminations. The RTDs are similar to the ones used on GPHS. There arre four RTD
sensors on GPHS and Cassini and only three on MHW. The GMS for Cassini and GPHS is
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the same as MHW except that the valve is mounted on standoffs on the cylindrical shell. On

MHW the valve was mounted on the fin/rib. End domes with the exception of being smaller
in diameter and aluminum, function the same as those of MHW. C-seals are clamped
between the flanges of the domes and the flanges of the shell with the aid of screws passing
through holes in the dome flanges and engaging helicoil inserts housed in the shell flange.
Because the GPHS is designed to be mounted to the spacecraft by the inboard end, the
dome screws in the inboard dome flange are countersunk to provide a flush mounting
surface. Screws in the outboard dome flange are hex head, similar to those used in both
dome flanges on the MHW-RTG. The PRD mounting is similar to the MHW-RTG. See
Section 4.2.1 for details.

4.1.2.4.2 Design Features And Rationale

The outer shell is made from a 2219-T6 aluminum alloy forging and is approximately 8.50
inches in diameter and 42.50 inches long. Because no forging existed to accommodate
these dimensions, a specially forged 8 foot long billet was manufactured by Weber. The

billet was then cut in two, the outside machined to 12.0 inch diameter and the inside was

cored to 4.0 inch diameter. This 48.0 inch long cylinder with a 4.0 inch thick wall was then
heat treated to a T6 condition and quenched in a glycol/water bath to minimize the residual
thermal stresses. After heat treatment of the cylinders, a simple sawcut test was performed
to verify the absence of any residual stresses. If the sawcut opened or closed, there were
residual stresses that must be relieved. Upon completion of a satisfactory sawcut test, a 4.0
inch long, ring-shaped prolongation was removed from one end of one forging in each lot.
Specimens were taken from the ring section in an axial, tangential and radial direction and
tested to verify the mechanical properties were compatible with the values listed in Table

4.1.2-6.
Table 4.1.2-6. Mechanical Properties

Yield Strength at 0.2
Tensile Strength, Percent Offset,
Direction Minimum, PSI Minimum PSI
Axial 54,000 36,000
Tangential 55,000 37,000
Radial 52,000 35,000
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The forgings were sent to Speedring to be numerically machined in incremental steps to
obtain the thin walled, ribbed cylinder approximately 8.50 inches diameter and 42.50 inches
long with inboard and outboard flanges and a midspan ring. The eight radial ribs,
approximately 0.50 inches high and 0.055 inches thick, run the full length of the converter
shell except when interrupted by the midspan ring and four midspan bosses equally spaced
around the circumference, and located on the four main load bearing ribs at the midspan
ring. Each boss is provided with an internal C-seal groove at its entrance. A large threaded
helicoil insert is installed in each of the four bosses. Each rib was paralleled on both sides
by a row of 36 holes. These holes are adjacent to the fins and are used to mount the
unicouples. Four of these holes are used for the inner moly frame supports. There are
three other through holes in the converter shell. At the inboard end are holes for the

electrical power connector and the GMS. At the outboard end there is a hole for the PRD.

The spacecraft mounting holes in the inboard flange consist of a 0.386 inch diameter master
hole, a 0.386 inch wide radial slot 180° opposed to the master hole, and two 0.410 inch
diameter holes, 180° opposed to each other and each 90° from the master hole. = Silver
plated barrel nuts with stainless steel retainers are nested in the main load carrying ribs, in
line with, and just outboard, of the four spacecraft mounting holes. These mounting holes
and barrel nuts are all outside the sealed converter cavity. There are also two sets of two

approximately 3/8 inch diameter mounting holes, spaced 180° apart on the X axis in the

mid-ring, which could be used for spacecraft mounting. The inboard flange also had 20
#8-32 helicoil inserts interspaced with the mounting holes and a large internal C-seal
groove. Twenty countersunk screws are used to clamp and seal the dome with the aid of
the C-seal. The countersunk screws provide a flush surface for spacecraft mounting. The

outboard dome is mounted and sealed in a similar manner, but with a bolt circle of 24 hex

head screws and washers.

4.1.2.4.3 Radiation Fins
The fins are machined from aluminum 2219-T87 plates. These fins were approximately
18.0 inches long and 3.50 inches wide. The 18.0 inch length is divided into five sections by

3.0 inch long relief slots cut across the 3.50 inch width from the fin tip. At the base of each
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slot is a 0.25 inch diameter hole. A 0.19 inch diameter flow passage with a 0.055 inch weld

prep runs continuously along the entire length of one edge, with side ports at each end.

The thickness of the fin tapers across the width from 0.055 at the flow passage to 0.015 at
the tip.

The flow passages are gun bored through the 18.0 inch long fin. In order to accomplish this,
the vendor required a precisely machined plate 0.472 x 5.000 x 22.00 long with sides flat
and parallel within 0.002 inches and all sides free of scratches and gouges. After gun
boring, the plate is machined to provide the thin wall flow passage and tapered fins. The
converter shell has a built-in active cooling system (ACS) which consists of an inlet/outlet
manifold, flow passages at the base of each fin, and 0.25 inch diameter aluminum 6061-T6
tubing. Coolant fluid could be pumped through the manifold, externally mounted at the
outboard end of the shell. From the manifold, the coolant splits into two serpentine flow
paths through the fins in circumferentially opposite directions. The 0.25 inch diameter

tubing joins the manifold to the fins and fins to each other via their side end ports. The two

flow paths join at the -Y axis at the outboard end, where it is transported back to the
manifold through a 0.375 inch diameter tube. Special fixtures, as listed in Table 4.1.2-7, are
manufactured to protect, handle, weld, ship, and store the shell and fin/tube welded
assembly, used to assemble and align the fins, tubes and manifold, ready for attachment to
the shell. Tubes are welded to the fin side ports and the manifold. The tube-to-tube
connections are only mated at this stage of the assembly. Each of the eight fins and tube
assemblies are individually removed from this fixture and placed in the individual fin/tube
support fixtures to provide access to the free tube ends for proof pressure testing with water
at 800 psi. When all eight fin/tube assemblies have been successfully tested and
reassembled to the weld assembly fixture, it is placed in the double walled wooden box.
The shell is placed in the shell/fin assembly storage/shipment can and both items are
shipped to the Ebtech Company for e-beam welding. The individual fintube assemblies are
once again disassembled from the fixture and one-by-one reinstalled and e-beam welded.

During the e-beam welding of the GPHS unit, the free edges of the fins warped because not

enough heat sink material was provided.
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Table 4.1.2-7. Shell and Fin Assembly Fixtures
item Uses

Individual fin/tube support fixture Pressure test individual fin/tube assemblies.

Fin/tube weld assembly fixture Weld tubes to fins.
Align fins and tubing for attachment to shell.
Shipment.

Shell and fin assembly storage and shipment can | Storage and shipment of shell and shell and fin
assembly.

Rotational handling fixture Radiographic inspection of E-Beam welds.

Final tube/tube welds.

Final proof pressure test of ACS.
Clean ACS lines.

Mask for painting.

Paint.

Airbake cure of paint.

Mounting plate and handling sling 100 hour vacuum bake-out.
Etch exterior of shell/fin assembly.

Double walled wooden base Shipment of fin/tube weld assembly fixture.

For the first Cassini units, copper heat sinks are attached to the shell and the fins. To brotect
the shellffin assembly from the weld gun, copper shields are provided at the beginning for
start-up and at the end for run-off. Back-up copper shields are also used behind the
material being welded, in case of blow-through. The shell/fin assembly is mounted :on the
rotational handling fixture and the e-beam welds were inspected radiographically for
defects. After passing inspection the units were placed in the shell/ffin assembly
storage/shipment can and the weld fixture was packed in the double walled wooden box
and returned to Lockheed Martin. The units are again mounted on the rotational handling
fixture, the final tube to tube welds are made and the ACS is proof pressure tested with
water at 800 psi. The ACS lines are cleaned with water, blown dry and back filled with
argon. The manifold is sealed with a GSE cover and gasket. The unit is removed from the
rotational handling fixture and, with the aid of the handling sling, the shell is acid etched.

The unit is reinstalled on the rotational handling fixture and the flanges, sealing surface, and
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area for component mounting, etc. are masked for painting. The unit is painted with a
silicone-base thermal control coating, PD-224, as specified in LMMS specification NS0060-
05-25 and allowed to air dry at room temperature. Once again, the unit is removed from the
rotational handling fixture, installed on the mounting plate, the ACS manifold cover is
loosened and the unit transferred to the vacuum bakeout chamber where it is baked out in
vacuum at 485°F for 100 hours. The unit is packaged in mylar or aluminized mylar film,
mounted in the shell and fin assembly storage and shipment can, and is ready for

component mounting.

4.1.2.4.4 Emissivity Coatings

The thermal control and material protective coatings used on the Cassini RTG external and
internal surfaces were created to be stable for a period of 8.1 years at mission operating
conditions after a storage life of 5.5 years, or 4.8 years operating life after 6 years of storage.
These thermal control coatings were selected for their stability and durability. A new coating
had to be developed for GPHS because the coating (Radifrax RC) used externally on the
beryllium outer shell of MHW RTGs, was not compatible with the 2219-T6 aluminum
material used for GPHS, because of the high temperature associated with the application of
the coating. Emissivity tests were conducted on various coatings and the results are shown
in Table 4.1.2-8, Part I. From these first tests, a GE silicone (B6A) gave the best emissivity
measurements. However, hairline cracks were observed in the coating when aluminum
plates were prepared for static charge tests. To correct the cracking problem, mica was
added and this coating material became PD-113. Because of outgassing at operating
temperatures and results from the electrostatic charging characterization, another 3%
carbon was added to the PD-113. This coating became PD-224 and was the thermal
control coating used externally on the GPHS-RTG. PD-113 and PD224 emissivity test
results are shown in Table 4.1.2-8, Part Il. PD-224 was also used on the internal dome
surfaces. Tests conducted with the PD-224 coating showed that after initial outgassing that
occurs during vacuum processing, outgassing continues, but at a greatly reduced rate with

no measurable change in coating properties. The Qualification RTG, on life test at Mound

4-32



Final Technical Report
GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18

August 1998
Table 4.1.2-8. Emissivity Tests
Part |
Coating Comments
Pyromark 2500 .88 Commercial Product
.87 (Silicone)
(B6A) .92 1.5% Carbon
GE .90
Clear Silicone .80
.79
B6A Modified .80 Ceramic oxides instead
.81 of Carbon Black
Part i
PD 113 .92 Mica Added
.906 1.5% Carbon
PD 224 91 3% Carbon
.90

Laboratories from November 1984 through 1990, had accumulated approximately six years
of operation with no abnormal change in the case temperature which indicates no
degradation of the external coating. In addition, the coating samples used for the higher
temperature excursion tests were in storage for four years and no degradation was
detected. Therefore, no significant change in properties were expected in extrapolating the
coating performance over the extended storage and mission duration. The thermal control
coating (Radifrax RC) used on some GPHS internal components was a borosilicate-iron
titanate, used externally on both SNAP-27 and MHW RTGs. The performance degradation
observed on Voyager missions was such that it could be explained solely in terms of fuel
decay and dopant precipitation, implying no significant degradation of emissive

characteristics of the coating.

4.1.2.4.5 Alternate Paint Formulation

The silicone-based PD-224 paint used to achieve a high thermal emissivity on the exterior
surfaces of the RTG outer shell and other parts was developed in 1980, using resins
commonly available from General Electric at that time. To facilitate preparation of the paint,
alternate sources of silicone resins were sought during the Cassini RTG program. Using
Dow 805 and Dow 1-2530 silicone resins in place of the General Electric materials, a batch
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of PD-224 paint was prepared and the paint was applied to samples for the purpose of

qualification testing. These tests included measurements of thickness, solar absorptance,
total emittance, and adhesion, both as applied and after exposure to thermal vacuum
conditions at a temperature of 300°C and for various durations up to 400 hours. These tests
verified that paint prepared using alternate silicone resins meets all qualification
requirements. In addition, tests were conducted to demonstrate the shelf life of the prepared
paint, after storage at room temperature for periods of six months and twelve months. All the
tests were successful. For use on future programs, the specifications for PD-224 paint will
be modified to permit the use of alternate silicone resins procured from Dow, and to permit a

shelf life of twelve months for the mixed paint before being applied.

Table 4.1.2-9 summarizes the data from Engineering Tests (ETs) used to qualify alternate
resins for the PD-224 paint. Preparation of the paint, except for the use of alternate silicone
resins, was performed in accordance with specification NS0060-05-25, Revision G,
“Material Specification, Coating, Silicone, High Temperature, PD-224.” All test samples

were prepared by painting in accordance with specification NS0060-05-24, Revision J,

“Process Specification for the Application of a High Emissivity, High Temperature Silicone

Coating.”
Table 4.1.2-9. Summary of Paint Qualification Engineering Tests (ETs)
ET No. Date Title
5229 11/21/96 Preparation of PD-224 Paint Using Alternate Silicone Resins
5233 2/14/97 Absorptance and Emittance of Alternate PD-224 Paint after
Vacuum Treatment at 300°C
5234 2/14/97 Preparation of PD-224 Paint Samples for Qualification Testing
5236 6/25/97 Six Month Shelf Life Test for PD-224 Paint (July 1997)
5237 6/25/97 Twelve Month Shelf Life Test of PD-224 Paint (January 1998)

Table 4.1.2-10 provides a summary of the sample test results to qualify the alternate paint
formulation. In all cases, the measured solar absorptance and total emittance exceeded

minimum specification requirements.
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Table 4.1.2-10. Summary of Qualification Test Results

As After Vacuum After Six After Twelve
Applied at 300°C * Month Storage | Month Storage

Thickness (mils) 1.6 (Passed) Not measured 2.0 (Passed) 1.0 (Passed)
Surface Finish Passed Passed Passed Passed
Absorptance

Requirement 0.94 min 0.94 min 0.94 min 0.94 min

Test Samples 0.95,0.95,0.95 | 0.96,0.96,0.96 | 0.96, 0.96, 0.96 0.995
Emittance

Requirement 0.88 min 0.88 min 0.88 min 0.88 min

Test Samples 0.94,0.94,0.94 | 0.93,0.93,0.93 | 0.94,0.94,0.94 0.915,0.914
Adhesion Passed Passed Passed Passed

* Samples removed after 100 hours, 200 hours, and 400 hours exposure

4.2 NEW DESIGN ELEMENTS

Almost all of the GPHS-RTG design configurations used on the Cassini program are of
heritage design, however, there are two exceptions. New designs were incorporated for the
Pressure Relief Device (PRD) and for the RTD Cable Assembly. These new designs and

their related development activities are described in the following paragraphs.

421 PRD

The PRD is a pressure relief device to vent the internal pressure of the converter. It attaches
to a mounting plate bolted to the access boss on the converter shell with the use of an
adapter plate. The PRD has two primary functions:

1. Maintain a seal, isolating the internal RTG from the air environment during
all ground testing, handling, and launch pad operations.

2. Vent the RTG to space during the ascent period of launch, and provide an
orifice large enough to maintain the converter internal pressure below a
desired value during space operations.

The PRD assembly, as shown in Figure 4.2.1-1, consists of a housing, lance, adapter plate,
and pressure activated bellows. The bellows is a heritage design from the MHW program
PRD and has the same three springs as the GPHS-RTG program PRD. Similarly, the lance
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Figure 4.2.1-1. Cassini PRD Installation
Table 4.2.1-1. Components of the PRD (Reference Drawing 23003764)

Part Nomenclature

Reference Drawing #

Design History

PRD Housing Assembly 23003743 New Design

Bellows 47D303452 Heritage-MHW-RTG
Lance 47B305800 Heritage-GPHS-RTG
Safety Pin 47B305775 Heritage-GPHS-RTG
Quick Release Safety Pin MS17986C338 Military Standard
Adapter Plate 23003754 New Design
Protective Cover Assembly 23003740 New Design
Mounting Plate Assembly 47C305934 Heritage-GPHS-RTG
Vent Chamber Assembly 47B305935 Heritage-GPHS-RTG

spring guides.

transport and ground handling operations.

4-36

At atmospheric pressure, the evacuated bellows is compressed against one of its internal
During launch the bellows expands, forcing the lance through the
diaphragm of the vent chamber assembly. This action creates a hole which vents the gas
inside the PRD to space. A nut and bolt is used to prevent an inadvertent puncture during
A standard safety pin with a quick release
mechanism is used on the PRD during activities just prior to launch.




Final Technical Report
GPHS-RTGs for the Cassini Mission

Lockheed Martin Document No. RR18
August 1998

At atmospheric pressure, the evacuated bellows is compressed against one of its internal
spring guides. During launch the bellows expands, forcing the lance through the
diaphragm of the vent chamber assembly. This action creates a hole which vents the gas
inside the PRD to space. A nut and bolt is used to prevent an inadvertent puncture during
transport and ground handling operations. A standard safety pin with a quick release

mechanism is used on the PRD during activities just prior to launch.

4.2.1.1 PRD New Design Overview

Several design improvements were made for the Cassini PRD as a result of experiences
with previous RTG programs. Two view ports were added to the housing to allow
verification of a gap between the safety pin and the bellows. The housing design included a
tapped hole for mounting an accelerometer during dynamic testing. A hard, corrosion-

resistant coating is applied to the inside surface of the housing to prevent galling by the
bellows during operation. ‘

The housing assembly uses captured titanium screws having solid film lubricant. The

screws also have large fillet radii specified. This approach ensured that none of the PRD
installation problems that occurred during the GPHS program (broken screw with Ulysses

mission, extra washers with Galileo mission) would occur with Cassini.

The use of an adapter plate allows the PRD to be mounted to the GPHS mounting plate
(reference Drawing 47C305934). This is an important consideration since a redesign of the
mounting plate would have affected F-2 and F-5 RTGs and would have required refueling of
F-5. The adapter plate uses different sets of holes to attach the storage cover assembly
than those that are used to attach the PRD assembly. This eliminates PRD installation
problems associated with the repeated use of inserts when the protective cover is installed

and removed.

The quick release safety pin minimizes the radiation exposure of technicians preparing the

RTG for launch. Its large handle makes visual verification of its removal prior to launch

easier.
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4.2.1.2 PRD Reliability Testing

The reliability of the PRD in venting the RTG internal pressure was established by the use of
heritage design components, taking advantage of the extensive database of testing and
flight experience from the MHW and GPHS RTG programs. A reliability demonstration
program was conducted for the bellows assembly during the MHW program. These tests
resulted in 34 successful diaphragm punctures by the bellows and included subjecting the
bellows assemblies to mission defined thermal and dynamic environments prior to, and
during, operation. Further reliability demonstration tests were conducted of the force
capability of the springs used in GPHS-RTG, the same springs used in the bellows

assembly. These tests consisted of measuring the stroke force of a PRD assembly (without

a lance) 50 times at operating temperature.

Reliability analysis identified the quick release pin as a Category | Single Point Failure. No
quantitative reliability goals for operations of the PRD were established. However, the
likelihood of failure to remove the quick release pin is very low. Compensating provisions
which prevent this event from occurring include: (1) the pin has a large handle and is
visually obvious when it is in place, (2) written instructions for removal are provided in the
pre-launch check list, (3) operators are trained in this procedure, and (4) supervision and

QA verification are present during the operation of pin removal.

For the Cassini program, several engineering tests were conducted to expand the
understanding of the Cassini PRD. A bellows force characteristic test was conducted to
measure the available force provided by the bellows. A corresponding lance-diaphragm
test was conducted to measure the force required by the lance to penetrate the diaphragm.
Finally, a series of tests were conducted to assess the capabilities of several candidate
coatings for the inside surface of the PRD housing. The conclusion of these tests shows a
large margin exists (at least a factor of +1.18) between the force available to puncture and

the force needed to puncture the diaphragm. A description of these tests follows.

Bellows Force Characteristic Test
Force tests were performed on the engineering bellows, S/N 38. The purpose of the tests
was to characterize the bellow’s available force at different displacements and external

pressures at both room temperature and operating temperature (180°C). Tests were
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conducted with displacements between 0.001 and 0.540 inches and with pressures
between 0.1 and 13+ psia. An adapter assembly was screwed into the bellows in lieu of the

lance. The bellows was enclosed in an insulated furnace from which the adapter assembly
protrudes. The entire fixture, including the load cell, was placed in a vacuum chamber. A
temperature controller connected to one of the heaters maintained the bellows’ temperature
during the elevated temperature tests. The other heater was controlled by a Variac. Figure

4.2.1-2 shows a schematic of the entire test setup.

vacuum chamber
{j—. load cell
;(())rl)tnec e ‘%Ln:—:': — pressure gauge
_‘——"l N\

- | attachment ! |

ump valve furnace assembly 7" Toto 1 ‘
PP : Watlow heater
: Control power
£II1I1] supply

T/C readouts
variable toad cell wire load cell
auto—transformer thermocouple wire instrumentation
for 2nd heater heater wire

Figure 4.2.1-2. PRD Bellows Force Characteristic Test Schematic

Figure 4.2.1-3 shows the force generated by the bellows for the room temperature tests.
Also shown for comparison are the results of the lance-diaphragm tests. Similarly, Figure
4.2,1-4 shows the force generated by the bellows for the operating temperature tests. In
both figures it can be seen that sufficient force is generated by the bellows once it gets down
to an external pressure of 4 psia. These plots provide an indication of the margin that is

available for puncture along the entire stroke of the bellows.
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Figure 4.2.1-3. Bellows Force Test Room Temperature Data
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Figure 4.2.1-4. Bellows Force Test Operating Temperature Data
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Lance-Diaphragm Puncture Tests

Five flanged diaphragms from lot CC11337 were punctured during these tests. Four vent
chamber assemblies (VCA) were punctured (including three during lot acceptance testing).
Both setups used a Tinius Olsen 10000 machine. The purpose of this test was to determine
the force required to puncture and penetrate fully two different diaphragm mounting

configurations(welded and clamped) as well as to measure the size of the holes in order to

verify VCA conductance compared with specification requirements.

For all tests but one, the Tinius Olsen traveled at a constant rate of 0.02 inches/minute while
the lance punctured. In the case of diaphragm S/N 2, the speed of puncture was increased
to 14.4 inches/minute to demonstrate that the puncture force did not differ significantly with
speed. Three different lances were used for the test. Two lances were from PO
HHMC70293, one considered prime and one designated “engineering use only.” The other

lance was a residual lance from the GPHS-RTG program.

Table 4.2.1-2 lists the peak forces reached during the tests as well as the puncture travel
and area. The puncture travel is the distance the lance moved from first contact with the
diaphragm until the force retumns to zero after puncture is complete. All of the puncture
areas were calculated by taking the area of the triangle defined by the three corners of the
puncture hole for each diaphragm/VCA and subtracting 0.003 in2 which is the approximate
area of the curls that remain after puncture. The average distance between corners of the
puncture holes created by the residual, engineering, and prime lances were 0.420, 0.421,
and 0.437 inches, respectively.
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Table 4.2.1-2. Lance-Diaphragm Puncture Test Results

Peak Puncture Puncture Lance
Force Travel Area Used
Ibs in in2

Diaphragm S/N 1 141 0.45 0.074 Engineering
Diaphragm S/N 2 14.5 0.47 0.074 Engineering
Diaphragm S/N 3 13.2 0.44 0.074 Engineering
Diaphragm S/N 4 14.0 0.45 0.074 Engineering
Diaphragm S/N 15 134 0.43 0.073 Residual
VCA S/N 1 14.2 0.45 0.074 Engineering
VCA S/N 4 16.7 0.41 0.080 Prime
VCA S/N5 16.3 0.41 0.080 Prime
VCA S/N 11 16.9 0.41 0.081 Prime

The larger puncture holes and higher forces for the three prime lance punctures correspond
to the slightly larger head size of the prime lance. The test showed the significance head

size has on required puncture force. The rate of travel of the lance, however, had little effect

on the puncture force. The conductance of the hole created by the punctures is sufficient to
allow proper venting of the RTG by reason of the following:
The relative area of the diaphragm holes is the square of the ratio of the corner-to-
corner distance of the puncture hole to MHWs:

(0.419 inch/0.313 inches)2 = 1.79

The overall conductance is:

1/F2 =1/(2.7 x 2901) + 1/(1.79 x 3750)
(penetration) (diaphragm hole)

F2 = 3617 cc/sec which is 4.7 times greater than LES 8/9

The differential pressure can be calculated from these results using LES 8/9 AP data:

Deita P = 4.3E-5/4.7 = .915E-5 torr (which meets the PRD Product
Specification criteria of <2.5E-5 torr).

An item of interest for the reliability of the PRD is the number of springs that the bellows
needs to puncture. The bellows has three springs. Figure 4.2.1-5 shows the force of one,

two, and three springs versus the required force for puncture for the stroke of the bellows.
This shows that two springs would be sufficient to puncture.
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PRD Housing Coating Tests

Tests were performed to aid in the selection of a coating for the inside of the PRD housing.
The purpose of the coating is to prevent galling of the housing by the bellows. A wear test
and a galling test were completed for the two candidate coatings, Nedox NH-1 and Nedox
CR. Nedox NH-1 was selected due to its superior performance in the galling test and its

ease of processing.

The wear test was a modification of the procedure from ASTM Standard Test Method D
2714. The machine was run at 72 rpm with the equivalent of 45 pounds of bearing force on
test rings coated with the candidate coatings. The initial frictional force was recorded and

when the frictional force reached 110% of the initial value the number of revolutions was
recorded. Nedox CR took 4330 revolutions to reach 110% while Nedox NH-1 took 5710

revolutions. This test gave an indication of how well the coating was bonded to the metal

surface.

The galling test simulated the worst case dynamic load of the bellows against the inner
surface of the PRD housing. At a maximum of 70 g’s, the bellows exerts an inertial force of
40 pounds. For this test, up to 40 pounds was assumed to act through only one convolution
of the bellows and to act as a constant force. Thus, the test has a simulated convolution
bearing against a test plate while the Tinius Olsen machine pulls the test plate in a direction
perpendicular to the simulated convolution and measures the force required to do so. One

uncoated plate and three coated plates were tested.

The resuits of the galling tests are shown in Table 4.2.1-3. The uncoated plate required
significantly more force to move than the coated plates. Before the test, it was expected that
the coated plates would lose their coating either before or upon reaching the 40-pound
bearing load. On the contrary, two of the three coated test plates did not lose their coatings
even at 40 pounds. Only the Nedox CR coating on a 63 rms plate lost its coating and then

only at 40 pounds of bearing load. The overall conclusion of the test is that the coating
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Table 4.2.1-3. Coating Galling Test Results

August 1998

Nedox CR Nedox CR Nedox NH-1
Uncoated Coated Al Aly | Coat Al Aly | Coated Al Aly Steel Bar
Bearing Al Alloy 2219 2219 Plate 2219 Plate | 2219 Plate (63 | (frictional force

Load Plate (125 rms) (125 rms) (63 rms) ms) only)
(Ibg) (Tby) (Ibg) (Iby) (Ibs) (Ibg)

5 4.9 2.4 2.5 1.9 .64

10 7.5 3.2 3.2 3.3 .90

20 16.2 7.0 6.8 7.2 1.63

30 18.6 8.8 10.1 8.7 3.0

40 233" 11.1 16.7 *** 10.2 3.8

* These runs resulted in damaging the simulated convolution to the point of being unusable.

**  This is an average of two runs (15.6 and 17.8 Ib;), both of which involved removal of coating.

did provide significant resistance to galling and, that of the two candidates, Nedox NH-1
was superior. This coating was, therefore, applied to the inside surface of the PRD

housing.

4.2.1.3 PRD Qualification Program

The PRD qualification program was intended to demonstrate the suitability of the PRD
design for the Cassini mission. This was done by a combination of inspections, analyses,
and qualification tests. The qualification tests included a PRD assembly dynamic test

followed by a PRD dynamic operational demonstration.

PRD Qualification Dynamic Tests

The qualification unit PRD was exposed to acceptance level dynamic testing at ambient
pressure. This was followed by a force test on the qualification bellows to verify that no
damage occurred during the vibration testing. Next, the PRD was exposed to qualification
level vibration testing at operational temperature. Finally, the PRD was successfully
demonstrated at operational tempefature while exposed to the acceptance level random

vibration testing in two axes.

The test environments employed during the dynamic testing were derived from the
responses measured at the outboard end of the Q1 RTG during qualification testing for the
GPHS-RTG program. The notching to the Q1 data due to the response of the GPHS-RTG
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PRD design was removed from the input environments for the Cassini PRD. Notching to
the environment required to limit the response of the Cassini PRD was determined during

testing.

Figure 4.2.1-6 shows a schematic of the test setup used for these tests. The PRD was
instrumented with one accelerometer triax mounted on top of the PRD housing which
measured the overall response of the PRD. Another triax of accelerometers was mounted
to the base of the test fixture and was used to control the vibration environments. Figure
4.2.1-7 shows the plot of the PRD dynamic operational demonstration test pressure versus

time. The initial puncture of the diaphragm took place at a pressure of 11.5 psia which
corresponds to an altitude of approximately 6700 feet.
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Figure 4.2.1-6. PRD Qualification Dynamic Test Schematic
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Figure 4.2.1-7. PRD Operational Demonstration Pressure Versus Time
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PRD Bellows Qualification Force Test Failure

During force testing of the qualification bellows, a failure occurred. This test was similar to

an acceptance force test which measures the pressure at which the bellows first moved

and the force available at 0.54 inch stroke and 0.1 psia, except that the qualification test

was performed at an operating temperature of 180°C. The qualification bellows, S/N 37,

began to expand at 13.8 psia at operating temperature. The specification requirement is

that the bellows should not expand at an ambient pressure above 13.0 psia. Prior to this

test, S/N 37 had passed the acceptance force test. Following the failure, all eight prime

bellows underwent qualification force testing. Only one bellows, S/N 29, passed the test

with an initial expansion of 12.95 psia. All nine bellows easily met the force requirement of

the test. After analyzing the data from these tests, it was concluded that trapped gas was

present inside the bellows. Although all nine bellows had passed leak tests, they were

returned to Metal Bellows, Inc. and rewelded with tighter controls. At the same time, the

requirements were changed to require operating temperature tests to be performed on all

bellows. Following rework, all nine bellows passed room temperature and operating

temperature acceptance force tests.

4.2.1.4 PRD Acceptance Test Program

Acceptance tests were conducted on each flight PRD in order to establish acceptability for

flight use. The acceptance test program consisted of the following:

a)

Bellows Force Test. In this test, the force exerted by the bellows assembly was
measured, both at room temperature (25°C) and at operating temperature. This test
demonstrated that the bellows had adequate stroke length and force to puncture the
diaphragm. Tests were conducted before and after dynamic testing in order to
demonstrate that no damage occurred during dynamic tests.

Diaphragm and Lance Vent Test. This destructive test was performed on three
diaphragms taken from the same lot as the flight unit diaphragms, and one lance taken
from the same lot as the flight unit lances. The force required to puncture the

diaphragm was measured and compared with specification requirements.

Seal Integrity Test. This test was a proof pressure and leakage test performed on
each vent chamber assembily.

Acceptance Dynamic Test. This test subjected the PRD to dynamic environments
at the Flight Acceptance (FA) levels.
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Bellows Seal Integrity Test. This leak test was performed prior to launch in order

to confirm previous leak testing. Test methods included detection of both gross

leakage and fine leaks, compared with specification requirements.

4.2.1.5 PRD Documentation

Additional information on the PRD can be found in the following documents:

1.

10.

11.

12.

Fry, J., “PRD Dynamic Acceptance Test,” Test Requirements Document No. 1310-
0803-1, 22 March 1995.

Kauffman, R. R., “Results of F-5 PRD Acceptance Level Vibration Testing,” PIR 1VC2-
Cassini-0093/7063, 9 May 1995.

Kauffman, R. R., “Cassini Pressure Relief Device Transient and Random Vibration Test
Environments,” PIR 1RS1-C/C-0024/6937 Rev. B, 4 August 1993.

Klee, P., “PRD Bellows Gross Leak Test Methodology,” PIR 1VC2-Cassini-108, 31
December 1995.

Kauffman, R. R., “Results of Flight Spare PRD Acceptance Level Vibration Testing,” PIR
1VC2-Cassini-137/7107, 12 June 1996.

Kauffman, R. R., R. D. Cockfield, “Qualification Report for the Cassini PRD,” PIR 1RS1-
Cassini-051/6997, 29 October 1993.

Berger, E., “Product Specification for the Cassini Pressure Relief Device (PRD),”
Specification PS23003753 Rev. C, 11 May 1993.

“Bellows, PRD,” Drawing 47D303452 Rev. F.

Rickenbach, J., “Standing Instruction for Proof and Leak Testing of the GPHS Vent
Chamber Assembly 47B305935,” SI No. 249718, 20 July 1981.

Klee, P., “PRD Engineering Tests - Lance/Diaphragm and Bellows Interaction,” PIR
1RS1-C/C-44/6971, 13 September 1993.

Klee, P., “PRD - Requirement Change for Timing of Bellows Leak Testing,” PIR 1VC2-
Cassini-105/7079, 2 November 1995.

Kauffman, R. R., “PRD Stress Calculations - Rough Notes Supporting Design Review,”
PIR 1AF1-Cassini-0062/7030, 24 February 1994.

4.2.2 Resistance Temperature Device (RTD) Assembly

The Cassini RTDs are identical to the ones used on GPHS, including the sheaths being

bent at 90° to enable the mounting of the sensors on the converter shell’s forward

intermediate ring. There are four RTD sensors mounted on the ring equally spaced
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around the circumference. (See Figure 4.2.2-1.) During flight operations, the temperature
of the case of the GPHS-RTG is monitored using only three of the four existing RTDs. The

three used were selected by JPL.

/ 6.92

X INBOARD DOME .
\ AN

-\ —\ RTDLOCATION . _
TYP4PLACES

7 7 SN
a4 { 1M
.- RTD CONNECTOR—~_— -

2 . REF t— % -
o 212 _] — —— e —
‘/

1 RTD/MIDR
/ g KG MISC 10
MIDRING REF — ~—505 1012392

Figure 4.2.2-1. RTD Mounted on the Ring

During ground operations, the temperature of the case of the GPHS-RTG was monitored
using four resistance temperature devices. A ten-pin electrical connector provides the
interface with test monitoring equipment or with a cable to the spacecraft. The temperature
readings provided useful diagnostic information on the health of the RTG, but were not

essential to proper operation of the RTG.

The first indication that there might be a design deficiency with the sensor cable assembly

came in 1984 when erratic readings were recorded between connector pins A and B,

serving RTD No. 1 on RTG F-5. No anomalies were observed on any of the other flight units

at that time. A Failure Review Board evaluated the impact of this on pre-launch and flight

4-51



Final Technical Report

GPHS-RTGs for the Cassini Mission
Lockheed Martin Document No. RR18
August 1998

operations, assessed the risks of replacing the RTD cable, and determined that no repair or
replacement should be attempted. The F-5 RTG was a flight spare for the Galileo and
Ulysses missions and after 1990, remained in storage at Mound laboratory, where the RTD
continued to operate without anomalies at approximately 438°C (165°C). However, when
flight data became available from the Galileo mission, it was observed that temperature
readings dropped out (indicating an open circuit condition) during extreme temperature
excursions, occurring during Venus flybys. Before proceeding with the RTGs for the Cassini

mission, it was decided to pinpoint the cause of erratic behavior on RTD No. 1 on RTG F-5.

Radiography, confirmed by destructive disassembly of the RTD cable assembly, showed
that the fault lay in the connection between the wire conductor from the RTDs and the

connector pins. Figure 4.2.2-2 shows the details of the wire connections. These
connections were made by brazing the copper wires to cups that were slipped over the end
of the pins and spot welded, and then potting the end of the connector with RTV 566.
Testing also demonstrated that additional strands within the wire could be broken when the
assembly was raised to elevated temperatures. Although this type of connection had been
used successfully on many previous RTGs, the manual braze operation depended on the
skill of the operator to avoid raising the copper wire to an excessive temperature.
Weakening or failure of a single strand in the multistrand wire could not easily be detected
by visual or radiographic inspection. Examination of the failure point was performed using
SEM/EDS (Scanning Electron Microscope/Energy Dispersive Spectroscopy) as well as
optical microscopy techniques. The failure mechanism was determined to be tensile failure
of the wire at the brazed connection due to forces imposed by thermal expansion of the
potting compound. The wire at this point was weakened by excessive heating during the
brazing operation, leading to excessive grain growth and possible intergranular diffusion of
Ni, Cd, and Zn. The design solution was to eliminate the brazing process by using an
alternate joining process. This was accomplished by selecting a connector type with
removable pins with socket ends. This allowed the pin socket to be crimped to the wire

before insertion into the connector and potting of the assembly, as shown in Figure 4.2.2-3.
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Figure 4.2.2-2. Detail of RTD Cable Connection
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Figure 4.2.2-3. Detail of Revised RTD Cable Connection
The original connector design and method of attaching the wires was qualified for the MHW-
RTG program and intended for operation at temperaturés up to 543°K (270°C). The
weakened condition of the copper wire at the brazed connection was not revealed until the

Galileo mission pushed the service temperature beyond its limit, and was not understood

until extensive testing and evaluation at the temperature extreme was performed.
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All strands used in the manufacture of the conductors were soft annealed, nickel clad,
oxygen free, high conductivity copper. Each #20 AWG strand consisted of 19 strands of #32
AWG wire. These #20 AWG wires were sleeved and were individually sleeved with quartz
cloth insulation and twisted in pairs to form a 1.50 inch left hand lay, secured at both ends
with quartz cloth ties and sleeved with an additional liner of quartz cloth (Figure 4.2.2-4).
The cables were attached to the RTD headers in the same manner as those for GPHS. The
cables were formed on a fixture resembling the converter. The cables were wrapped with
nickel foil from the headers to the connector where the foil was terminated with grounding
straps (Figure 4.2.2-5).

| 48.00+1.00

4 SEE NOTE 4e \-[ 3

2 SEE NOTES
4a,4b, 4c & 4d

#20 AWG (19 STRANDS #32AWG) @
NICKLE CLAD OFHC COPPER
SEE NOTE 3

SEE SEPARATE C/S AND PIL

Figure 4.2.2-4. Wire Used in RTD Cable Assemblies

The connector mounting bracket is the same configuration as for the GPHS-RTG except
the stock thickness was increased from 0.40 inches to 0.62 inches to provide additional

stiffness and to prevent accidental deformation of the bracket during handling, as had

occurred on several occasions.
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Figure 4.2.2-5. RTD Cable Assembly
The RTD cable assembly was qualified for the Cassini mission by a program that included
inspections, demonstrations, tests, and analysis. Dynamic qualification testing was
performed with the RTD cable assembly mounted on a test fixture that simulated its
installation on the RTG. Testing was performed at 180°C, as measured on the RTD cable
support bracket, the temperature expected to occur during the critical dynamic
environments of launch. Dynamic environments included both random and transient
inputs at the TA (Type Acceptance) level, applied in sequence in the direction of each of
the three RTG axes. RTD resistances and insulation resistances were measured both
before and after dynamic testing to verify that no damage had occurred. In addition, wire
terminations at the connector and headers were radiographed to verify that there were no

broken wire strands or separated connections.
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Thermal vacuum tests were conducted for qualification of the RTD cable assembly from
ambient temperature to 305°C, holding at 305°C for a minimum of four hours. RTD
resistances were monitored continuously throughout the test to verify that no momentary
open failure occurred, similar to those observed on the Galileo mission. Insulation
resistance was measured at both ambient temperature and at 305°C. Visual examination

and radiographic inspection were again performed to verify that there were no broken

wires or separated connections.

Acceptance testing was performed on all flight RTD cable assemblies, both as mounted on
the fixture used for qualification testing, and as mounted on the RTG during acceptance
testing of the RTG. Thermal vacuum testing on the fixture included testing from ambient
temperature to 300°C, with RTD resistance monitored continuously throughout the test.
Insulation resistance was measured at both ambient temperature and at 300°C. Visual
examination and radiographic inspection were again performed after removal from the test

fixture to verify that there were no broken wires or separated connections.

Dynamic acceptance testing of flight RTD cable assemblies was similar to dynamic

qualification testing, except that input levels were raised only to the FA (Flight Acceptance)
level, and the tests were conducted at 175°C as measured on the RTD cable support
bracket. RTD resistances and insulation resistance were measured before and after
dynamic testing, and the wire terminations were again radiographed to verify that there
were no broken wires or separated connections.
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4.3 SMALL RTG DESIGN STUDY

4.3.1 Objective

A Small RTG Conceptual Design Study was performed in 1996. The objective was to
evaluate various designs for a small radioisotope thermoelectric generator suitable for
missions with modest power requirements. The designs evaluated include those
previously proposed by Orbital Sciences Corporation and those proposed by Lockheed
Martin. The target for these designs was 70 watts of electrical power at the end of a ten
year mission. Assumptions regarding fuel age were treated parametrically, ranging from
F-5 to new fuel. A maximum load environment of 40 g's acting along any axis was
assumed and is consistent with load environments assumed at the beginning of previous

RTG programs.

4.3.2 Design Options

4.3.2.1 Baseline Description

A baseline design and four options were evaluated from a mass and performance
viewpoint. Scoping structural and thermal analyses were completed in support of mass
and performance predictions. The baseline design is a shortened version of the GPHS-
RTG as configured for the Cassini converter, sized for six GPHS modules rather than
eighteen. This design incorporates 192 unicouples. No attempt was made to optimize the
mass of the baseline design. The heat source support system was identical to that of an 18
GPHS module converter except that the mid-span supports were eliminated. The heat
source support system is capable of providing the preload required for an 18 GPHS
module converter with mid-span support. The thermal insulation system consists of sixty
layers of molybdenum foil with layers of quartz cloth between each foil. Aluminum is

utilized for the outer shell and fins.

Design options were considered for both five and six GPHS modules. Figure 4.3.2-1
illustrates the various options for the five module version. In addition, for each option, the

number of unicouples was varied by reducing the number of rows. For example, as shown
later, the maximum power at EOM was achieved for the five module version of Option 1

with 144 unicouples, as compared with 192 unicouples for the baseline.
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OPTION 1 AND 2 OPTION 3 OPTION 4

i

S

Figure 4.3.2-1. Small RTG Configurations Modeled

4.3.2.2 Option 1 Description
The only change from the baseline is to replace the three preload springs in the heat
source system with a single spring which was sized for the lower axial preload required for

six GPHS modules. This option has the minimum development risk of all the options.

4.3.2.3 Option 2 Description
The heat source support system is conceptually identical to Option 1, however, the
individual components of the heat source support system were lightened to be compatible

with the lower required preload for the small RTG. In addition, the PRD was downsized to

be compatible with the lower internal volume of the small RTG.

The quartz cloth separator between the molybdenum foil in the multifoil insulation system
was replaced with zirconia powder. This is a significant mass savings. The required

development for this scheme constituted moderate technical risk.
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4.3.2.4 Option 3 Description |

This option utilizes design improvements representing significant technical risk. The most
significant changes include a welded end closure at one end in place of the bolted flange
and C-seal arrangement, and a single stud heat source support system in place of the four
stud system used in Options 1 and 2. In addition, a graded multifoil insulation system with

zirconia coated foils is employed.

“Graded insulation” utilizes selected variations in foil material through the thickness of the
insulation package depending on temperature. Lighter weight materials were proposed

on the cold side of the insulation package.

A variation of Option 3, utilizing a beryllium outer shell and end domes, is representative of
design changes that attain mass savings by use of alternate materials. The current study

evaluates material selections that include carbon-carbon composites, aluminum beryllium
composites, and aluminum lithium alloys along with beryllium for the outer shell and fins.

4.3.2.5 Option 4 Description

Option 4 utilizes four pyrolytic graphite heat source support studs at each end of the heat
source stack. This concept offers the advantage of lower heat loss through the pyrolytic
graphite stud material because the material has a low conductivity perpendicular to the
layers. However, because the material is weak in shear in the laminar direction, the
support studs are positioned at an angle with the converter axis in order to take most of the

load in compression.

Finite element analysis indicated that a significant increase in preload, and hence weight,
is required for this concept since the supports were positioned at an angle to the converter
axis. When sized for the higher preloads, the basic approach became less attractive from

a mass viewpoint.
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4.3.3 Summary

The power and mass summary are shown in Table 4.3.2-1. There are numerous
combinations of fuel, number of GPHS modules, and design options available to meet the
70 watt electrical, EOM power requirement. Subsequent to determining fuel availability,
the selected design option will determine the number of GPHS modules required to obtain

70 watts electrical EOM power.

Table 4.3.2-1. Power and Mass Summary

F-5 Fuel Cassini Fuel New Fuel
Option 5 Modules | 6 Modules | 5 Modules | 6 Modules | 5 Modules | 6 Modules
EOM
1 Power 70 67 81 71~ 87~
58W
Mass 49.40 43.95 49.40 44.38 49.83
43.95 Ib.
2 61W 73 70 84 ** 74 ** 88 **
40.05 ib. 45.50 40.05 45.50. 40.05 45.50
3 63W 76 67 81* 71* 85*
30.24 Ib. 35.69 30.24 35.69. 30.24 35.69
4 61W 74 65 79 ** 69 ** 83 **
29.54 Ib. 34.99 29.54 34.99 29.54 34.99

*  Only one row of unicouples removed

** These powers were estimated. Once the power requirement was met, cases for design changes
which would drive hot junction temperature above 1000°C were not analyzed.

4.3.4 Desigh Recommendation

Option 2 is the design recommendation from the Small RTG Study. The Option 4 data
illustrated in Table 4.3.2-1 are for a design for which the analysis has not been completed.
A significant mass increase is anticipated when the preload is increased to provide
comparable module separation gaps to the other options evaluated. Thermal analysis
indicates that, from a thermal viewpoint, Option 4 has a slightly lower power output than

Options 2 and 3. Hence Option 4 has no advantage over Options 2 and 3.
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There is a significant mass saving between Option 1 and Option 2 for moderate
development risk. Option 3 offers a significant increase in specific power over Option 2

(approximately 25%), however, the development risks are significant.

During the final design phase for a flight program it is anticipated that the mass delta
between Option 2 and Option 3 could be reduced.

4.3.5 Structural Analyses Details

Structural analyses were performed to establish the sizes of critical components and areas
of the RTGs. In addition, preload requirements were investigated for the three heat source
support configurations as shown earlier in Figure 4.3.2-1. Two versions of Option 4 using
pyrolytic graphite studs for support were investigated. One version incorporates spring
washers at the inboard end only and the other incorporates spring washers at both the

inboard and outboard ends. Preload requirements are important since they affect the

weight of the heat source support structure and the heat losses through this structure.

4.3.5.1 Loads Environment

It was necessary to assume a structural load environment for this study. Figure 4.3.5-1, an
expanded version of the curve provided in Reference 4.3.5-1 (Pluto Express Mission
Science Investigation), provides an estimate of the dynamic loads as a function of effective
component mass for some typical launch vehicles. Based on an assumed RTG weight of
22 kg, Figure 4.3.5-1 yielded an acceleration of 28 g acting along any axis. Reference
4.3.5-1 also provides quasi-static loads of 18 g for the thrust axis and +£0.05 g for the
lateral axis. Combining the dynamic and quasi-static loads yields 46 g for the thrust axis

and 25.9 g for the lateral axis. However, the launch vehicle and the mounting orientation of

the RTG were not defined. Therefore, for the purposes of this study, a maximum load

environment of 40 g is assumed to act along any axis. This load environment is consistent

with the load environment assumed at the beginning of previous RTG designs and was a

reasonable compromise for the 46 g and 25.9 g levels derived above.
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Figure 4.3.5-1. Mass Acceleration Curve
The conditions at lift off were assumed to be:

40 g Longitudinal
40 g Lateral
10 psig Cover Gas (Argon)

172°C  (342°F) Outer Shell (Avg.)
921°C (1690°F) Heat Source (Avg.)

4.3.5.2 Heat Source Module Finite Element Model

The finite element model of the heat source module used throughout this study is shown in

Figure 4.3.5-2. The model consists of 360 elements and 372 nodes. Only the aeroshells
(without the GIS caps) are assumed to carry the structural loads. The lateral shear
restraints provided by the lock members are represented by rigidly coupling adjacent
module interface nodes in the lateral directions at the lock member locations. The total
weight of the complete module assembly is included by adjusting the density of the

aeroshell material.
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Figure 4.3.5-2. Heat Source Module Finite Element Model

4.3.5.3 Options 1 and 2

Options 1 and 2 employs the GPHS RTG heat source support system design which has
been successfully tested and flown on previous missions. Four Inconel X-750 preload
studs support the heat source assembly at each end through zirconia insulators and FWPF
graphite pressure plates. The preload studs transmit the loads to the outer case through a
titanium frame at the outboard end and through titanium support structures which include a
Belleville type spring washer at the inboard end. The spring washer assembly provides a
means for adjusting the longitudinal preload and accommodates relative thermal
expansions between the heat source and the outer case. Changes in the stiffness

characteristics of the support system based on the numbers of heat source modules were

not included in this parametric study.
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Figure 4.3.5-3 shows the finite element model developed for Options 1 and 2 based on a
heat source consisting of five heat source modules. Beam elements are used to represent
the outer shell and the heat source support members with the exception of the spring
washer, which is represented as a spring element having translateral and rotational
stiffness characteristics. This model consists of 2159 elements and 1906 nodes. The length

of the outer shell was adjusted as required to be compatible with heat sources consisting

of two to seven modules.

4 Preload Studs at Each End

INTERFACE ELEMENTS
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Number of Elements 2159
Number of Nodes 1906

Figure 4.3.5-3. Finite Element Model of RTG (Options 1 and 2)
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The longitudinal separation at the module interfaces was calculated as a function of
longitudinal preload for a lateral load of 40 g. The results are shown in Figures 4.3.5-4 and
4.3.5-5. For the purposes of this study it was assumed that a maximum separation of
0.0005 inches is acceptable. Based on this criteria, the required preloads for
5-module and 6-module configurations were found to be 733 pounds and 1080 pounds,
respectively. The required preloads for separation criteria of 0.0005 inches and 0.001
inches are shown in Figure 4.3.5-5.

4.00
X N=2 DO N=5
3.00 O N=3 A N=6
= X O N=4 VN=7
‘E‘ - = w = Criterion
=
.2
5 i \
a 2.00
n
15
3 5 Modules
E 733 Lbs
5 - 6 Modules
= / 1080 Lbs
1.00
0.00

0 500 1000 1500 2000

Axial Preload (Ibs)

Figure 4.3.5-4. Effects of Number of Modules (Options 1 and 2)
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Figure 4.3.5-5. Effects of Allowable Separation (Options 1 and 2)

A contour map of the maximum separation for a configuration having 6 modules with a
preload of 1000 pounds is shown in Figure 4.3.5-6, where the criterion of 0.0005 inches is
slightly exceeded. The maximum separation is concentrated over a small area of the
interface. It is believed that the 0.0005 inch separation criterion is conservative and should
not result in any significant debris or damage to the aeroshells. However, the
corresponding preloads should be considered the minimum permissible level since the
separation would increase rapidly with any decrease in preload. If the number of modules

is reduced below five, a reassessment of the criterion is in order because of the rapid

increase in separation with reduced preload.
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Figure 4.3.5-6. Interface Separation Profiles (Options 1 and 2)

Figure 4.3.5-7 shows the maximum compressive stress to be approximately 2090 psi at the
module interfaces for the configuration having six modules and a preload of 1000 pounds.
This is well below the compressive strength for the FWPF material of the aeroshell
(>10,000 psi).
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Figure 4.3.5-7. Interface Compressive Stress (Options 1 and 2)
4.3.5.4 Option 3
For Option 3, the number of preload studs is reduced from four to one for each end of the
heat source supports, and the titanium support structures are eliminated by transmitting the
loads directly to the end domes. This approach offers potential reductions in weight and
heat loss. Spring washers are incorporated at one end to accommodate relative expansion

between the heat source and the outer case.

The finite element model developed for Options 1 and 2 was modified to represent the

Option 3 heat source support system and analyzed for a lateral load of 40 g. The results
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compared to the Option 1 and 2 configurations are shown in Figure 4.3.5-8. For an RTG
having 6 heat source modules, Option 3 required 1599 pounds of preload versus 1080
pounds of preload for Options 1 and 2 to meet the 0.0005 inch separation criterion. Based
on these results, the end domes for Option 3 were designed with adequate reinforcing ribs

to support the increased preload.

Separation vs Preload for Two Design Options-
6 Modules 40 g's Y Axis
10.00 ,
O Option1and2
A Option 3
=== Criterion

8.00
i'
E
- \
S 6.00
o
5]
[=%
[+}]
[/2)
£
E 4.00
S 1080 Ibs
=

1599 Ibs
2.00 )
0.00
0 500 1000 1500 2000
Axial Preload (Ibs)

Figure 4.3.5-8. Effects of Heat Source Support Design Options

4.3.5.5 Option 4

The heat source support system for Option 4 consists of four pyrolytic graphite stud
assemblies at each end of the heat source which transmit the loads directly from the corner
of the heat source to the outer case. Details of the pyrolytic graphite stud assemblies are

shown in Figure 4.3.5-9. This support system offers potential weight savings by eliminating
the need for support frames to transmit loads to the outer shell. In addition, the low thermal

conductivity of the pyrolytic graphite studs offers the potential for a reduction in heat losses.
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Figure 4.3.5-9. Pyrolitic Preload Stud Support (Option 4)

Two versions of this support system were analyzed. These versions are identical with the
exception that the first, Configuration A, does not include spring washers at the outboard

end while the second, Configuration B, includes spring washers at both ends.

The finite element model of Configuration A is shown in Figure 4.3.5-10. Based on the
results of the analyses of Options 1 and 2, spring washers were selected to provide a
longitudinal preload of 1000 pounds. The resulting spring constant for a stack of nine
spring washers, arranged to provide a useful stroke of approximately 0.02 inches, was
determined to be 8100 pounds pei‘ inch for each spring stack. The force vector line of

action for each stud assembly was oriented to pass through the center of the heat source.
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Figure 4.3.5-10. Six-Module RTG Finite Element Model (FEM) (Option 4)

The results of the analyses are summarized in Table 4.3.5-1. The required preload for
Configuration A to meet the 0.0005 inch separation criterion is approximately 3500

pounds, which exceeds the capability of the selected springs. In addition, the lateral

displacement at the inboard end of the heat source is excessive. The analysis of
Configuration B is discontinued at a preload of 4000 pounds where the calculated

interface separation is 0.0016 inches. As in Configuration A, the lateral displacement of

the ends of the heat source is excessive. From these resulis it is apparent that the force

vectors should be oriented to provide more lateral support of the heat source.

The analyses were discontinued when it was concluded that a considerable amount of

additional analysis would be required to optimize these designs which had the potential for

major weight increases and would require engineering test verification and development

of special assembly and Ioéding procedures.
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Table 4.3.5-1. Maximum Separation at Heat Source Module Interfaces

Separation (in.)
Configuration A Configuration B
Preload Belleville Springs Belleville Springs
(ibs.) One End Both Ends
1000 Excessive Excessive
2400 0.0043 0.0088
2800 0.0018 0.0058
3200 0.0008 0.0038
3600 0.0004 0.0025
4000 0.0002 0.0016

4.3.5.6 Conclusions

A significant reduction in preload is afforded if a small separation is permitted to occur
at the heat source module interfaces. For example, the required preloads for Option 1
and 2 are:

No separation allowed Preload = 1408 Ibs.
0.0005 inch separation allowed Preload = 1080 Ibs.

This reduced preload will result in a weight reduction estimated to be up to 0.8 pounds
and a reduction in heat loss.

Separation of the heat source module interfaces is not a potential stability problem.
Separation increases the length of the heat source stack, which compresses the
preload springs, resulting in stabilizing increase in preload. Also, geometry dictates that
the separation would be limited by the stroke of the springs when they bottom out and
by the minor deflection of the remaining structure.

The limiting criterion should be based on separation at the heat source module
interfaces where excessive impacting could generate graphite debris, resulting in
electrical shorts or damage to the aeroshells. A conservative separation criterion of
0.0005 inches has been selected. This results in very localized areas of separation
and should result in no significant graphite debris.

Options 1 and 2 are state-of-the-art designs and present no new structural problems.

Option 3 is estimated to provide reductions in weight and heat loss compared to
Options 1 and 2. However, creep of the end domes and the resulting loss of preload
would have to be addressed. Several potential solutions are available including
preconditioning to complete the primary creep prior to assembly or clamping to prevent
creeping prior to lift-off.
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¢ Option 4 would require additional analyses to optimize the direction of the force vector
for the pyrolytic graphite stud assemblies and the sizes of the spring washers and
surrounding structure before a fair assessment of this design concept could be made.

Engineering unit tests would be required to verify the structural integrity. Assembly and
fueling procedures would have to be developed, possibly requiring major modifications
of existing tooling.

4.3.6 Thermal/Power Analysis Details
Thermal and electrical power analysis results are a function of fuel loading. Fuel loadings,
assuming the use of F-5 fuel, other Cassini fuel, or new fuel, are shown in Table 4.3.6-1 for

loading at the time of the Cassini launch and time of the Pluto launch, and ten years after

the Pluto launch.

Table 4.3.6-1. Fuel Loading Summary (watts)

1

F-5 Fuel Cassini Fuel New Fuel
Fuel Loading at Time 4029 4388 * --
of Cassini Launch (18 Modules) (18 Modules)
(October 1997)
Fuel Loading at Time 218 237 254
of Pluto Mission (Per Module) (Per Module) (Per Module)
Launch (March 2001)
Fuel Loading at Ten 201 219 235
Yearﬁafrothluto (Per Module) (Per Module) (Per Module)
unc

* Average of F-2 and F-7
4.3.6.1 Baseline Models
The starting point for the thermal analysis was the SINDA model for a single RTG in a
100°F environment developed for the Cassini program. Before going to six or five modules,
an intermediate SINDA model was created which eliminated the midspan ring and bosses,
inboard ring, outboard ring and associated SINDA connections. Once this model was
checked out, baseline models were created for six and five modules with Cassini fuel. The
6-module design was created first with a new TRASYS model, based on the layout for the
6-module design. Iteration between the SINDA run and the RTG performance code
resulted in a final SINDA run for the 6-module baseline. The 5-module baseline design is
based on a length of 2.09 inches (one GPHS module) shorter than the 6-module design. A

summary of temperatures for the GPHS-RTG, 6-module and 5-module baseline designs is
shown in Table 4.3.6-2.
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Table 4.3.6-2. Summary of Temperatures for the GPHS-RTG, 6-Module
and 5-Module Baseline Designs

Temperature Averages °C
Unicouple | Unicouple
Configuration Outer Hot Cold
Shell Junction Junction AT h-c
GPHS RTG (18 Modules) 254 977 280 697
Six Module Design 208 896 231 665
Five Module Design 203 874 226 648

The purpose of creating these baseline models is:

1) Establish a starting point for design improvements. and

2) Show the dramatic drop in hot junction temperatures and ATh-¢c when the number of
modules decreases with same end conductances.

The resultant low hot junction temperatures of 6-module and 5-module RTGs indicate the

need for design changes to increase the hot junction temperature. The design changes

which produce the largest increases in hot junction temperature involve:

1) Reduce the heat losses through the inboard and outboard heat support systems, and

2) Reduce the number of unicouples.

4.3.6.2 Six and Five Module Designs - Cassini Fuel
Since all of the design changes were internal, no new TRASYS models were required.
The SINDA models for 6-module and 5-module baselines were changed consistent with

the proposed design changes. The resultant ATh.c was used with the previous results to

estimate electrical power increases and new Peltier cooling and heating values for the
next SINDA run. The SINDA runs, after one or two iterations, were used as the basis for
the initial performance code runs. The RTG Performance Program used the SINDA
temperatures to calculate RTG performance. This resulted in a new power estimate and
new Peltier cooling and heating terms. Several iterations between the SINDA models and

the RTG performance code were necessary for convergence.

The predicted electrical power and hot junction temperatures for Cassini fuel are shown in
Table 4.3.6-2.
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Table 4.3.6-3. Electrical Power Predictions (Cassini Fuel: 237 Watts per Module at BOM)

Unicouple EOM Power (watts)
BOM Hot Junction After
Power Temperature After 12 Yrs
Configuration (watts) (°C) 10 Yrs + 2 Mos
[ Six Modules
Baseline (Scaled GPHS RTG - 85 896 70 67
192 Unicouples)
Design Changes
4 Pyrolytic Graphite Studs 94 918 Est. 77 74
176 Unicouples 93 943 76 73
One Pre-Load Stud 96 926 79 76
176 Unicouples + One Stud 101 968 83 80
160 Unicouples 99 989 Est. 81 78
Five Modules
Baseline (Scaled GPHS RTG - 71 877 58 56
160 Unicouples)
Design Changes
144 Unicouples 76 940 62 60
One Pre-Load Stud 79 907 65 62
144 Unicouples + One Stud 86 978 70 68
128 Unicouples 82 999 Est. 67 65
128 Unicouples + Smaller 86 1010 Est. 70 67
Studs
128 Unicouples + One Stud 88 1043 *67 65

* Could theoretically increase to 70W by operating in low voltage mode prior to Pluto arrival.
Note: Electrical power predictions based on RTG performance code for BOM (60°F sink) and flight
unit data/TEG degradation code for EOM (0°F sink).

Convergence between the performance code and SINDA was completed for most of the
cases listed. Temperatures shown with Est. were from SINDA only or were estimated by
scaling. Likewise, BOM powers were also estimated when the temperatures were
estimated. EOM powers were determined for periods of 10 years and 12 years plus 2
months after launch. The requirement in the statement of work was 70 waits after 10 years.
The longer mission time is based on the JPL