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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting
on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the infor-
mation contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the uzs of, or for
damages resulting from the use of any information, apparatus, method,
or process disclosed in this report.

As used in the above, '"person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent fhat such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment or

contract with the Commission, or employment with such contractor.
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FOREWORD

This report presents the results of studies performed by Isotopes,
Ine., Nuclear Systems Division, to obtimize and baseline a TAGS-85/2N
RTG for the Viking Lander Capsule prime electrical power source. These
studies generally encompassed identifying the Viking RTG mission profile
and design requirements, and establishing a baseline RTG design con-

sistent with these requiz§ments¢”wActivities in this report were per-

formed under AEC Contract AT(29—2)—26;8§\
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SUMVARY

The principal goal of the NASA Viking project is to send two in-
strumented spacecraft, each consisting of a Lander and Orbiter, to
Mars during the launch opportunity that occurs in the summer of 1973.
Arrival at Mars will be early in 19T4, at which time the Viking Lander
Capsule (VLC) of each spacecraft will descend to the Martian surface
for a 90 day minimum surface mission. The landed weight will be
approximately 1100 pounds. The Orbiter will remain in Mars orbit
and provide data storage and communicétions support for the Lander as
well as gather scientific data fro@ orbit. The Titan III-C Centaur
launch vehicle will be used for earth orbit insertion and subsequent
insertion into the Mars interplanetary trajectory.

The prime power source for the VLC portion of the spacecraft
will consist of multiple radioisotope thermoelectric generator (RTG)
units. The anticipated RTG electrical power requirement for the VLC
is a minimum of 140 watts during the 90-day surface mission. This
value is based on data currently being considered by the Viking inte-
grator contractor, Martin Marietta Corporation-Denver Division.

The baseline RTG design selected for the Viking mission employs
TAGS-85/2N thermoelectrics and an intact impact heat source (IIHS)
containing a 675 thermal watt inventory of Pu-238 fuel. Each RTG
weighs 28.2 pounds and produces a nominal hh.l watts at 2.9 volts at
beginning-of-life (BOL). At end-of-mission (EOM),conservatively

assumed in this study as occurring one year after launch, the nominal

INSD-2650-29
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power output is 40.7. With reliability considerations, the L40.T watt
nominal value yields 38.5 watts at a 0.99 reliability. Thus, four of
the baseline RTG's make up the RTG complement for the VLC. The base-
line TAGS-85/2N RTG configuration is similar to that of units presently
on test at Isotopes (see frontispiece). At the Vriting of this report,
three TAGS-85/2W engineering units, two of which have been hard-
mounted and vibrated to simulated Viking dynamic levels, have been
fabricated and performance tested. Other units are scheduled for
fabrication during this calendar year. TAGS-85/2N thermoelectric
materials were selected for this mission because of their demonstrated
stability and high conversion efficiency. The existing SNAP 19 con-
figuration was retained to the fullest practical extent due to the
demonstrated dynamic and performance capability on the Nimbus program.
Table S-1 summarizes the performance and configuration of the baseline
design.

Each Viking RTG occupies an envelope 10.75 inches high by 2h.k

inches across the fin tips. Ninety TAGS-85/2N thermoelectric couples

convert the thermal energy from the heat source to electrical energy.
In the current Nimbus design the couples are arranged in three series-
parallel strings (three couples in a branch, thirty branches in seriesl
but it is anticipated that the arrangement will be modified for Viking
to a two series-parallel arrangement (two couples in a branch, forty-
five branches in series) to increase the load voltage from 2.9 to 4.4

volts, thus enhancing converter reliability and Joule efficiency.

INSD-2650-29
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TABLE S-1
SUMMARY OF VIKING TAGS-85/2N RTG CONFIGURATION AND PERFORMANCE CHARACTERISTICS
RTG System
Number of RTG units L

Power output at 2.9 volts (watts)
BOL (nominal) (1) . ‘ 176.4

EOM (0.96 reliability) (1) 156.8
EoM (0.99 reliability) (1) ‘ 154.0
Weight (pounds) : 112.8
RTG Unit
Thermoelectric materials
N-leg 3M-TEGS-2N(M) (2)
P-leg ' Isctopes-TAGS-85 with 0.100
inch SnTe segment
Heat Source
Type Intact impact (IIHS)
Fuel PuOs microspheres
Thermal inventory (watts) 675
Dimensions
Height (in.) 10.75
Diameter, across fin tips ok L
(in.)
Weight (pounds) 28.2

Nominal Performance

Power output (watts)

BOL 4.1
EOM Lo.7
Load voltage (volts) - 2.9 (k.k) (3)

(1) Assumes parallel electrical hookup of RTIG's
(2) Supplied by 3M Company

(1) Value in parantheses is for RTG configuration with two series-parallel
strings for the thermoelectric circuit.

@@ ERER -
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At fueling the RTG is sealed with approximately one atmosphere of
argon internal pressure. With the passage of time, helium generated by
fuel decay is released to the thermoelectric converter through a filter
vent in the fuel capsule. Simultaneously the argon and released helium
permeate to space through the RTG Viton O-ring seals in a controlled
manner. This behavior is well understood and has a predictable influ-
ence on electrical power output and generator internal pressure and gas
composition.

The baseline intact impact heat source (IIHS) design for Viking
is consistent with requirements for maximum enhancement of nuclear
safety. Analyses herein permitted nuclear safety evaluation and
decisions with regard to design selection. Component design criteria
was provided by evaluation of three major postulated abort categories:
launch pad, flight (orbital and superorbital) and impact/post-impact
containment. In each case environments consequent to the malfunctions

were considered as well as the response of each candidate configuration.

The specific objective was to estimate the fuel release probabilities for

each environment for the design. These release probabilities were com-
bined with indices which are measures of the resultant nuclear safety
and summed for the candidate heat source designs. The outcome was the
selection of the baseline ITHS design.

Integration studies performed included evaluation of mechanical,
thermal, electrical, nuclear radiation and magnetic interfaces as well

as associated ground handling equipment. These studies show the base-

INSD-2650-29
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line RTG design‘is compatible with expected mission environments
and will satisfy the Viking mission electrical power requirements.
Analyses were performed for both single RTG units and stacked units;

Martin Denver is presently evaluating both arrangements.
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1. INTRODUCTION

A, SNAP 19 NIMBUS RTG DESIGN

The SNAP 19 radioisotope thermoelectric generator (RTG) was developed
by Isotopes, Inc., under contract with the U.S. Atomic Energy Commission
for use on the Nimbus weather satellite, RTG subéystem S/N 9, launched
aboard the Nimbus ITI satellite iﬁ April 1969, is representative of the
present operational configuration. The Nimbus ITII RTG subsystem, shown
in Fig. I-1, consists of two electrically and mechanically independent
RTG units bolted together at two end cover flanges in a stack configura-
tion. The stacked RTG units are mounted on the Nimbus spacecraft sensory
ring through a support base and standbff. All electronic equipment
associated with the complete RTG power supply system (i.e., power and
telemetry signal conditioners) is contained within modules in the space-
craft temperature-controlled sensory ring.

The SNAP 19 Nimbus III RTG power supply system is designed to provide
approximately 50 watts(e) of dc power at a spacecraft bus voltage of 24.5
VDC during orbital operation for a minimum period of one year. The RTG
subsystem supplies approximately 57 watts of unconditioned power at 2.7
VDC. The electrical output is obtained byydirect conversion of thermal
energy, produced during the normal decay of the radiocisotope fuel, to
electrical energy in a thermoelectric converter consisting of lead
telluride (PbTe) thermoelectric elements. Waste heat from the conversion

process is rejected to the enviromment by the finned RTG unit housings.

INSD-2650-29
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FIG. I-1. SNAP 19 NIMBUS IIIRTG POWER SUPPLY SYSTEM S/N 9
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Figure I-2 shows the configuration of the SNAP 19 Nimbus ITI RTG
unit. Each unit contains a 625-watt thermal inventory derived from
plutonium dioxide (Pu02) microspheres. The Pu02 radioisotope fuel is
contained within an intact re-entry heat source (IRHS) consisting of a
superalloy fuel capsule and graphite re-entry body. The superalloy
capsule assures containment of the radioisotope fuel by providing impact
protection for inadvertent ground handling and launch pad accidents and
low altitude launch aborts where the re-entry heating pulse is low. The
graphite re-entry body provides for fuel containment‘dg?ing re-entry from
high altitude launch aborts and orbital decay from‘short-lived, off-
optimum orbits. The graphite housing remains intact for all credible
re-entry heating conditions to assure that the fuel is not dispersed in
the upper atmosphere. TFor the high altitude abort and orbital decay
re-entry modes, the superalloy fuel capsule in some cases may melt within
the graphite housing during re-entry to form a solidified fuel/metal
matrix prior to impact. After earth impact the fuel is jmmobilized in

the matrix and confined to the point of impact.
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B. GUIDELINES FOR VIKING RTG STUDY

This study of the application of SNAP 19 RTG technology to the Mars

Viking mission has been conducted by Isotopes in accordance with the

applicable portions of AEC Contract AT(29-2)-2650. In directing the

activities of this study, the following technical guidelines were

established:

(1)

(2)

(5)

The RTG/spacecraft electrical interface was assumed to

be at the RTG electrical connector plug, and the

mechanical interface to be at the RTG mounting flange.

The TAGS-85/2N RTG units presently being fabricated and
tested at Isotopes are the baseline Viking units.
Performance parameters for the SNAP 19 3P/2N Nimbus IIT
design are also presented.

The baseline heat source provides intact-impact capability
(ITHS), with the alternate being the present SNAP 19

intact re-entry heast source (IRHS).

RTG system configurations considered include single generator
units as well as the present SNAP 19 stacked, two-unit con-
figuration to permit spacecraft integration flexibility.
End-of-mission is considered to occur approximately one year
after launch, however generator performance up to five years

after launch is presented.
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C. SCOPE COF VIKING RTG STUDY

The SNAP 19 Nimbus RTG system was developed and optimized for the
Nimbus spacecraft and an Earth orbit operating enviromment.” It has been
the purpose of this study to identify and evaluate those modifications
required and/or desirable for adaptation of the RTG to the Viking Lander
Capsule (VLC). This work has been performed in conformance with the
guidelines set forth in the preceding section and guldance obtained
through discussions with AEC, Sandia, NASA Project and Viking Integrator
Contractor personnel. The principal consideration which gave direction
to the study was the requirement for from two to four RTG units to
satisfy the VLC power profile for a minimum operational period of 90 days
on the Martian surface. The number of units to be selected and power
requirements depend on the results of studies now being performed by the
Viking Integrator Contractor, Martin Marietta Corporation-Denver Division,
which was awarded the Viking contract in May 1969, Martin Denver is
currently evaluating an all-RTG power system in addition to the hybrid
RTG/battery system presented in their Viking proposal. Present indica-
tions are that an RIG unit with a minimum power output of approximately
36 watts at end-of-mission is desirable for the all-nuclear, four RTG
configuration, while a minimum output of approximately 25 watts per RTG
is sufficient for the two-RTG, hybrid configuration. Current emphasis
at Martin Denver and NASA is being placed on the four-RTG configuration,

~

and thus has been given priority in this study.
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The Viking RTG study has been primarily concerned with the follow-
ing areas:

(1) Thermoelectric converter design and performance

(2) Heat source design and re-entry performance

(3) Housing/radiator weight optimization

(4) RTG/spacecraft interface considerations.
A brief description of each area of study is presented below.

1. Thermoelectric Converter

The present SNAP 19 Nimbus IIT thermoelectric converter contains
lead telluride N and P-type thermoelectric elements. Thermoelectric
material deéignations are 3M-TEGS-3PB for the P-type material and 3M-
TEGS-2N(M) for the N-type.*¥ These materials have demonstrated stable
performance in long-term endurance testing of both fueled and electric-
ally heated SNAP units on the SNAP 11, 19 and 29 programs. Although the
experience factor is an incentive for retaining these materials, a signif-
icant increase in system efficiency and specific power can be realized
with a change in only the P-leg thermoelectric material. An Isotopes
proprietary silver antimony telluride/germanium telluride P-type thermo-
electric compound (designated TAGS-85) has demonstrated stable performance
in life testing of couples, modules and commercial RTG units. This
material has replaced the lead telluride P-leg previously used in the

SNAP 29 based on module and couple testing performed on that program.

*These thermoelectric elements are supplied by 3M Company.
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SNAP 29 RTG modules and couples are presently on test incorporating this
material, Also, three engineering electrically heated test units of a
Viking type RTG incorporating the TAGS-85 material in the P-leg of the
thermoelectric couples have been fabricated at Isotopes, ana initial
electrical performance and dynamic testing performed. Additional Viking
type units are scheduled for fabrication and testing during the current
calendar year.

Power output from fueling of the RTG through five years after launch
has been determined for both the TAGS-85/2N and 3P/2N thermoelectric con-
figurations. Variations in RTG performance due to changes in fuel load-
ing, selection of inert fill gas, and housing seal leakage have been
.conducted.

2. Heat Source

The baseline Viking RTG unit can be mated with either the existing
intact re-entry heat source (IRHS) or the intact impact heat source (IIHS)
which is currently being developed at Isotopes. The basic difference
between the IRHS and ITHS is in the fuel capsule materials technology.

The SNAP 19 IRHS utilizes a single-wall superalloy vented capsule,
whereas a higher melting, double layer, vented capsule is required to
achieve the Isotopes' IIHS concept of containment of the radioisotope
fuel during re-entry and on Earth impact. The ITHS concept incorporates
a hex-shaped graphite heat accumulator block as an integral part of the
graphite heat shield. This modification enhances the success probability

for intact re-entry from superorbial velocities by providing additional

E@iNEENEAY
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heat shield ablation/heat sink capability and for fuel containment
on earth impact by lowering the impact velocity through increased drag.

3. Housing/Radiator Optimization

The SNAP 19 Nimbus ITT subsystem consists of two RTG uhits bolted
end-to-end in a stack arrangement but otherwise mechanically and elec~-
trically independent. This study has considered optimization of the
housing and fins for the Viking mission thermal and dynamic environments,
and has considered both single RTG's and stacked configurations.

4. Spacecraft Integration

RS BRJ —~ B R & R RS B 8 &) & B &) BT & w2 ‘i%?hj &

Use of RTG power for the Viking Lander Capsule requires an examina-
tion of the various technical interfaces between the spacecraft and RIG
system. These interfaces can generally be categorized as either mechan-
ical, thermal, electrical, magnetic, nuclear radiétion or operational
support in nature. During the study these interfaces were examined
quantitatively where possible and qualitatively where specific definition

was not available.
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IT. VIKING RTG OPTIONS

This chapter presents the results of performance studies performed
for the Viking RTG optiéns. The baseline RTG configuration is a TAGS~-
85/2N unit employing a 675 thermal watt heat source. The 3P/2N RTG
configuration is similar to the SNAP 19 Nimbus III units incorporating
625 thermal watts. Performance parameters are presented for both the
baseline intact impact heat source (IIHS) and the alternate intact

re-entry heat source (IRHS).
A. TAGS-85/2N RTG

The TAGS-85/2N RTG, considered as the baseline design for the
Viking mission, is a modified SNAP 19 Nimbus RTG. Figure TI-1 depicts
the modified design, and shows the internal details of a unit,

Each RTG unit weighs 28.2 pounds and produces & nominal 44.1 watts at
beginning-of-life, decreasing to 40.7 watts at end-of-mission, conser-
vatively defined in this study as one year after launch. The baseline
heat source design is a 675 thermal watt ITHS. An RTG unit occupies an
envelope approximately 11 inches long by 24.4 inches across the fin tips.
The internals of the generator are sealed by Viton O-rings at each end
of the finned magnesium thorium alloy cylindrical housing. The initial
fill gas is argon at approximately 1 atmosphere absolute pressure.

1. Design Description

A detailed description of each major component in an RTG unit

follows:

INSD=-2650-29
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FIG. II-1. VIKING RTG CONFIGURATION
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a. Thermoelectric converter

The thermoelectric converter consists of six thermoelectric modules
containing a total of 90 thermoelectric couples connected electrically
in three series-parallel strings. To enhance power conditioning equip-
ment efficiency and to decrease joule losses, the 90 couples may be
electrically connected in two series-parallel strings in future SNAP 19
units to increase the output voltage 50%. Reliability analyses presented
in Chapter VI show that virtually no reliability penalty is entailed with
this circult configuration modification.

The converter thermoelectric materials are Isotopes-TAGS-85 with a
0.1 in. thick SnTe segment at‘the hot end (P-leg) and 3M-TEGS-2N(M) (N-
leg), selected because of their demonstrated high conversion efficiency
and long-term stability in various SNAP-type devices and the Isotopes
commercial RTG (Sentinel) line. The RIG designation TAGS-85/2N thus
signifies the N and P leg materials. Figure II-2 is an exploded view
of the baseline couple. This couple design is identical in materials
and fabrication to that being used in the SNAP 29 RTG design and in
three existing Viking type engineering RTG's (S/N 26, S/N 27, and S/N
28) presently on test.

Figure II-3 shows a single thermoelectric module with 15 couples.
Also shown in the figure is the module cold end hardware which consists
of alignment buttons, springs, pistons and heat sink bars. This hard-
ware provides compressive forces on the thermoelectric elements through
aligrmment buttons adjacent to the copper connecting strap thermoelectric

leg. One side of the button is flat to permit radial movement and the
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3M-TEGS-2N(M) (0. 377 in.

TAGS-85 (0. 270 in. ,‘ diameter x 0,500 in. long)
diameter x 0.400 in. long) '
Bonding wafer (P only) SnTe segment (P only) (0.285 in.

-diameter x 0,100 in. long)

Fe cup (2)

Braze wafer (2)

Ni hot shoe

FIG. 1I-2. TAGS-85/2N COUPLE CONFIGURATION
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other side is spherical to alliow for angular misalignment. A spring-
loaded piston with a concave surface bears on each alignment button to
allow for axial movement and keeps the elements in compression. The
springs and pistons are retained by a heat sink bar mechined to match
the generator housing inner diameter and to accept the pistons with
minimal clearance to reduce the temperature drop across this interface.
The buttons, pistons and heat sink bars are made of 6061-T6 aluminum
alloy, selected for its high thermal conductivity and low density. Fach
cold end component (except the spring) is hardcoated (a process which
results in a thin oxide coating on the surface of the treated parts) to
provide multiple redundant electrical insulation barriers.

The six thermoelectric module assemblies are rositioned at 60-
degree increments around the hex-shaped heat source. Electrical insula-
tion at the hot end of the thermoelectric modules is provided by a mica
sheet. The thermoelectric couples within each module assembly are
wired in 3 series-parallel strings, with the six modules connected in
series.

Figure II-4 shows the alternate two series-parallel string electrical
schematic for the thermoelectric circuit. ‘Also included in the figure is
the cold strap hardware configuration required to achieve this electrical
arrangement,

Johns Manville Type 1301 Min-K thermal insulatibn is used for both
the thermoelectric modules and at both ends of the heat source to minimize
heat losses. The Min-K is cast into the required configurations at Johns-

Manville and trimmed upon final installation in the generator.
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The thermoelectric converter (along with ﬁhe rest of the internals
of the generator) is initially sealed in argon. With the generation of
helium associated with the radioisotope fuel decay and the subsequent
release of this gas through the heat source filter, a heligm/argon atmos-
phere is established in the RTG. (Additionally, some nitrogen and oxygen
" enter from the ambient air during storage with the oxygen being gettered
by a zirconium sponge contained in an annular stainless steel cup next
to the heat source.) The Viton O-rings in the housing permit a controlled
release of these gases by permeation. The resultant equilibrium_pressure
in the generator is controlled by the leakage rate through the seals and
the rate of helium release from the fuel.

b. Housing/radiator

The RTG housing (finned cylinder and end cover details) is fabricated
from a magnesium-thorium alloy. The end covers are bolted to the cylinder
top and bottom flanges with titanium bolts and nuts, and provide preload
for (1) the Viton O-ring seals installed at these joints and (2) the fuel
block through predetermined compression of the Min-K thermal insulation.
The electrical power outlet in each unit, also sealed with a Viton O-fing,
is mounted in the side of the cylindrical housing section. Six fins are
welded at 60-degree increments around the cylindrical housing to provide
the required radiator area.

Mounting of the individual RTG units to the spacecract is provided
by six holes equally spaced on a 7.5 inch diameter circle in the flanges
of the RTG unit. This attachment arrangement may easily be modified if

deemed necessary to satisfy a particular mounting requirement.
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The housing/radiator design employs the same basic design features
used on previously built and tested SNAP 19 units with some modifications
reduce weight. The cylindrical housing is the same diameter and wall
thickness as previous units. The fins and end cover thickness have been
weight optimized for the Viking mission enviromments.

All housing, fin and end cover (radiator) surfaces are coated with

a zirconium oxide/sodium gilicate mixture developed under the SNAP QA

program and subsequently used on both the SNAP 11 and SNAP 19 RTG systems.

The coating consists of finely milled zirconium oxide, which is bonded
to the radiator substrate by a sodium silicate inorganic binder. This
coating composition is attractive for space RTG radiators since it
exhibits a high surface emissivity (0.83) in conjunction with a low
solar absorptivity (0.2). SNAP 9A data have demonstrated the excellent

stability of this coating in a space enviromment for a period now

approaching six years.

c. Heat source

The proposed heat source for the Viking RTG is a hexagonal right
prism in configuration and utilizes a helium-vented, two-layer capsule.
The capsule inner liner is a molybdenum-50% rhenium alloy to provide for
fuel compatibility. The outer liner, which functions as the strength
member, is constructed from TZM (titanium-zirconium-molybdenum) for
protection against severe mechanical environments suéh as impact, blast
and shrapnel. The capsule contains 675 thermal watts of PuO2 fuel. For

re-entry protection, a graphite heat shield fabricated from Carb-I-Tex

INSD-2650-29
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graphite is provided. The heat source is designed to provide for intact-

impact re-entry of the heat source through re-entry heating and subsequent

earth impact.

A summary of design characteristics for a TAGS-85/2N RTG unit is
presented in Table IT-1 and a weight summary is presented in Table IT-2.

2. Predicted Performance

The performance of the Viking RTG depends primarily on the follow-
ing parameters:

(1) thermoelectric stability,

(2) initial fill gas,

(3) percentage of fuel decay-generated helium released

from the plutonium fuel,

(4) tightness of the RTG housing seals, and

(5) fuel decay.
Thermoelectric stability is discussed in Section III-B and parameters
relating to the RTG fill gas are discussed in Section III-C. The
nominal TAGS-85/2N RTG performance that results from variations on these
parameters is presented in this section. For detailed reliability
aspects of the RTG performance refer to Chapter VI.

a.» Initial argon fill

Power and temperature profiles for generators filled with argon at
the time of fueling are presented in Fig. II-5, II-6 and II-7 for helium
release rates (from the fuel) of 100%, 50% and 25%, respectively. Net
power output and RTG temperatures are presented parametric in load voltage
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TABLE TII-1

TAGS~-85/2N RTG UNIT DESIGN CHARACTERISTICS FOR 675 WATT IIHS

T/E Converter

Conversion materials TAGS-85/2N

Hot shoe material Nickel

Hot end cups for T/E Ferro~-Vac-E iron
Cold end caps for T/E Ferro-Vac-E iron
Number of T/E modules 6

Number of T/E couples 90

N-element dimensions

Diameter (in.) 0.377
Length (in.) 0.500

P-element dimensions

Diameter (in.) 0.270

Length (in.) 0.100 SnTe + 0.400 TAGS
Thermal insulation Johns-Manville Type 1301
Cold end electrical stirap material Oxygen-free Cu
Number of parallel strings 3

Heat sink assembly

Number of assemblies 6
Pistons, hardcoated Al 6061-T6 180
Alignment buttons, hardcoated

AL 6061-T6 180
Springs, SS 180
Module bar, hardcoated Al 6061-T6 6

INSD-2650-29
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TABLE II-1 (Continued)

Heat Source

Radioisotopic fuel Pu02 microspheres
Fuel power density (watts/cm3) 2.7
Materials
Heat shield Carb-I-Tex graphite
Strength member TZM
Inner liner Mo-50% Re
Compliant support pads Ta felt
Compliant support cup Ta
Dimensions

Hex~shaped heat shield

Across flats (in.) 3.500
Length (in.) 6.750

Wall thickness (in.) 0.562

Capsule strength member

ID (in.) 2.030
Wall thickness (in.) 0.060
Capsule thermal inventory at

BOL (watts) 675

Capsule inner liner

ID (in.) 1.970
Wall thickness (in.) 0.020
Housing/Radiator

Housing material MgTh (HM31A-T5)
Fin and end cover material MgTh (HM21A-T8)
Housing OD at flanges (in.) 8.15v
Housing OD (in.) : 6.45
Length, including end covers (in.) 10.75

INSD-2650-29 i
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TABLE II-1 (Continued)

Overall diameter, including fins (in.)

End cover minimum wall thickness (in.)

Housing wall thickness (in.)

Assembly bolts and nuts

O-ring seals
Fin dimensions
Tength, root-to-tip (in.)
Height (in.)
Root thickness (in.)
Tip thickness (in.)

Number of fins

Coating on fins, housing and
end covers

Bolts

Miscellaneous

|- -uw_éi:fﬂ_J = ®m) B 8 &) A A & &) BD) BD 2D &0 8D {é{i N .-

Hot end electrical insulation

Getter

Initial fill gas

k. L
0.156
0.093

No. 10 and 1/k 1in.
diameter Ti alloy

Viton-A

Zirconia with sodium
silicate binder

Ti

Mica
Zirconium sponge in

stainless steel container

Argonat approximately
1 atmosphere

INSD-2650-29
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TABLE II-2

TAGS-85/2N RTG UNIT WEIGHT SUMMARY

Item Weight. (1b)
T/E Modules (6) 7.86
Couples, straps and wiring 3.22
Cold end hardware 3.91
Min-K insulation 0.73
Housing/Radiator 10.24
Housing and fins 7.66
End cover, fueling end 1.16
End cover, joined end 1.02
Retaining hardware and O-rings 0.40
Heat Source (IIHS; 675 watts)‘ | 8.1k
Fuel and ZrO, filler 4.10
Capsule components 1.78
Heat shield components 2.26
Miscellaneous 1.94
Min-K at ends : 0.84
Getter 0.75
Miscellaneous (shims, mica, plug) 0.35
Total 28.2

INSD-2650-29
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for six mission times up to 5 years. The load voltages shown in the

figures assume the present three series-parallel string electrical

F

arrangement. For the two series-parallel string arrangement, the load
voltage will be 50% higher with the power output virtually identical to
that shown for three series-parallel strings. TFor all performance analyses
in this report, the present three series-parallel arrangement is assumed

except where noted otherwise.

peak power points occur between 2.8 and 3.0 volts during the 5-year
period analyzed and the range of helium release rates expected. Hot
Junction temperature varies approximately linearly with load voltage and
generally decreases with time at any load voltage. A nominal seal tight-
ness factor of 3 x 1072 scc/sec, typical for SNAP 19 type generators,

was assumed to construct the curves. Complete release (100% rate) of
all helium generated by fuel decay, which apparently has occurred on the
Nimbus III generators S/N 24 and S/N 25 (see Section III-C), is conserva-
tive for power prediction analyses and was assumed herein in conjunction
with the 3 x 10> scc/sec seal tightness for nominal performance pre-
dictions.

The effect of seal tightness and helium release rate on power is
minimal as shown in Fig. II-8. Power output at the end-of-mission (one
year after launch) varies less than h% about the nominal for ﬁhe range of
seal tightness and helium release rates expected. The maximum effect on

Generator power is relatively flat between 2.6 and 3.2 volts, and E;

reducing power from the nominal expected value at end-of-mission, L4O.7

P
>

|
i
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watts, 1s seen to be less than 2%, and occurs for lOO% helium release
and the tightest seal, 1 x 1072 scc/sec.

From Fig. II-9, the beginning-of-life design hot junction tempera-
ture is 1058°F at a cold junction temperature of 390°F and a fin root
temperature of 330°F. Assuming 100% helium release from the fuel and
3 x 1075 scc/sec tightness to be nominal values, the hot junction
temperature decreases to 1009°F over the period from nine months pre-
ceding launch to one year after launch. During this same period, the
nominal power changes from 4l.1l watts per RTG to 40.7 watts at the 2.9
load voltage design point which results in maximum power at end-of-
mission for the nominal design conditions.

For the Viking mission, electrical power may not be required at
all times, such as during interplanetary cruise, and the RTG may be
placed on short circuit if desired. Thus the power profile shown in
Fig. I11-9 may be considered as an ' 7
effect on the'temperature profiles of short circuiting the RTG will be
to decrease the hot junction by approximately 100°F from the values
shown assuming the fin root temperature does not vary appreciably from
the 330°F design value (lOOOF effective environmental sink temperature).

Table II-3 summarizes the performance parameters for the Viking
TAGS-85/2N RTG for beginning-of-life (BOL) and end-of-mission (EOM)
conditions. As is shown in Chapter VI, a 40.7 watt EOM nominal power
output per RTG results in a 0.99 probability of obtaining 154 watts

from four such units connected in parallel (38.5 watts per RTG). Thus
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TABLE II-3

PERFORMANCE SUMMARY FOR TAGS-85/2N RTG DESIGN
(INITIAL ARGON FILL)

BoL” BoM”
Nominal input power (watts) 675 666
Nominal output power (watts) , hi,1 40.7 (38.5)3
RTG efficiency (%) 6.53 6.11
RTG specific power (watts/lb) 1.56 1.4
Load voltage (volts)u | 2.9 (L.4) 2.9 (L4.4)
Load current (amps)lL 15.2 (10.0) 14.0 (9.2)
Hot junction temperature (°F) 1058 1009
Cold junction temperature (°F) 390 365
Fin root temperature (°F) 330 327
Total internal pressure (psia)?’ k.7 7.3
Helium concentration (%)5 0 59

lBeginning-of-life, defined as at fueling 9 months prior to launch.
2End—of-mission, defined as one year after launch.

30utput power at EOM for a 0.99 reliability shown in parentheses.
uValues in parentheses are for two series-parallel strings.

>Based on 100% He release from capsule and 3 x 10-2 scc/sec seal
tightness (see Section III-C).
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a 2.5 watt margin is provided over the 36 watt minimum RTG power require-

ment based on present Martin Denver studies for an &ll-RTG power system.
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As is shown in Section I1I-A, the nominal BOL performance of a
TAGS-85/2N RTG with the alternate Nimbus IIT 625-thermal watt IRHS is
37.8 watts. End-of-mission nominal power is approximately 34.8 watts.
No further performance increase with the present SNAP 19 IRHS can be
realized, as 625 watts is its present capacity.

b. Initial helium fill RTG

The principal advantage of an initial helium fill in lieu of an
argon fill is a somewhat flatter electrical power profile and lower hot
Junction operating temperatures as illustrated in Figs. TI-10, IT-11,
and IT-12, at the expense of a lower output for mission periods of less
than two years. The five-year power and temperature levels, however,
are essentially equivalent to those for argon filled generators, since

by that time the equilibrium gas compositions and pfessures are nearly
the same. Posf fueling, BOL, power of the helium generator is 38.3
watts as compared to LL.l watts for an argon filled unit. The temporary
power and temperature increases of generators, shown in Fig. IT-13,
result from the pressure and helium concentration changes for a périod
after launch.

For the Viking mission, an initial argon fill offers a significant
performance advantage at one-year after launch, 40.7 watts compared to
38.7 watts (at 100% release rate), and thus is the recommended fill gas

approach. As an initial helium fill offers no performance advantage
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over an argon fill for the Viking mission, the former was not considered

further in this study.
B. 3P/2N RTG

In this section the performance of a 3P/2N RTG is presented for the
Viking mission. With the present Nimbus III 625 watt fuel inventory,
the RTG weight is 26.7 pounds and the nominal power output is 26.6 watts
at end-of-mission.

1. Design Description

The 3P/2N RTG unit design option evaluated for the Viking mission,
is similar to that of the present SNAP 19 Nimbus III RTG with the follow-
ing exceptions: |

a. The fins and housing have been optimizedfor the Viking

mission to the configuration shown in Fig. II-1.

b. A 625 watt intact-impact heat source (IIHS), identical

to that for the TAGS-85/2N design e#cept for fuel loading,

has been substituted for the Nimbus III 625 watt intact

re-eﬁtry heat source (IRHS) with the latter considered

as an alternate.
With the exception of the thermoelectric converter P-leg and shoe
materials (see Fig. II-14), the detailed description and construction
materials are identical to those previously presented for the TAGS-85/
2N RTG in Section ITI-A,

A summary of design characteristics and weight parameters for a

3P/2N RTG unit is presented in Tables II-4 and II-S.

s
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é;;;;;}-‘r*——__- Bonding wafer (P only)
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Q;;;;)-i—-————- Bonding wafer (P only)
o e o

Fig. II-14. 3P/2N Couple Design
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TABLE II-k

3P/2N RTG UNIT DESIGN CHARACTERISTICS FOR 625 WATT IIHS

T/E Converter

Conversion materials
Hot shoe material
Cold end caps for T/E
Number of T/E modules
Number of T/E couples
N-element dimensions

Diameter (in.)
Length (in.)

P-element dimensions

Diameter (in.)
Length (in.)

Thermal insulation
Cold-end electrical strap material
Number of parallel strings
Heat sink assembly
Number of assemblies
Pistons, hardcoated Al 6061-T6
Alignment buttons, hardcoated
Al 6061-T6
Springs, SS
Module bar, hardcoated Al 6061-T6
Heat Source
Radioisotopic fuel
Fuel power density (watts/cm3)
Materials

Heat shield
Strength member

3P/2N
Ferro-Vac-E iron
Ferro-Vac-E-iron
6

90

0.377
0.500

0.377
0.500

Johns-Manville Type 1301
Oxygen-free copper

3

180

180
180

PuO2 microsphefes

2.7

Carb-I-Tex graphite
T2
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TABLE II-L (Continued)

Inner liner
Compliant support pads
Compliant support cup

Dimensions

Hex-shaped heat shield
Across flats (in.)
Length (in.)

Wall thickness (in.)

Capsule inner liner
ID (in.)
Wall thickness (in.)

Capsule strength member
ID (in.)
Wall thickness (in.)
Capsule thermal inventory
at BOL (watts)

Housing/Radiator

Housing material

Fin and end cover material

Housing OD at flanges (in.)

Housing OD (in.)

Length, including end covers (in.)
Overall diameter, including fins (in.)

End cover minimum wall thickness (in.)

- Housing minimum wall thickness (in.)

Assembly bolts and nuts

O-ring seals
Fin dimensions

Length, root-to-tip (in.)
Height (in.)

Mo-50% Re
Ta felt
Ta

MgTh (HM31A-TS)
MgTh (HM21A-T8)
8.15

6.45

10.75

18.0

0.156

0.093

No. 10 and 1/b in.
diemeter Ti alloy

Viton-A
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 TABLE II-L4 (Continued)

Root thickness (in.)
Tip thickness (in.)

Number of fins

Coating on fins, housing and end
covers

Bolts

Miscellaneous

Hot end electrical insulation

Getter

Initial fill gas

Zirconia with sodium
silicate binder

Ti

mica

Zirconium sponge in
stainless steel container

Argon at approximately
1 atmosphere

INSD-2650-29
. II-32

o e e O OO OFEOE E ‘![2?3» )




TABIE II-5

3P/2N RTG UNIT WEIGHT SUMMARY

Item Weight (1b)
T/E Modules (6) 8.35
Couples, straps and wiring 3.71
Cold end hardware 3.91
Min-K insulation 0.73
Housing/Radiator 8.30
Housing and fins 5.72
End cover, fueling end ' 1.16
End cover, joined end _ 1.02
Retaining hardware and O-rings 0.40
Heat Source (ITHS - 625 watts) 8.09
Fuel L.05
Capsule components 1.78
Heat Shield components 2.26
Miscellaneous 1.94
Min-K at ends 0.84
Getter 0.75
Miscellaneous (shims, mica, plug) 0.35
TOTAL o | 26.7

INSD-2650-29
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2. Predicted Performance

The nominal performance of Nimbus III type 3P/2N RIG's employing a
625 watt ITHS (or IRHS) is shown in Fig. II-15 for various mission
operating periods. The nominal power output at end-of-mission (one year
after launch) is 26.6 watts at 2.4 volts. Hot and cold junction operat-
ing temperatures are 938°F and 390°F, respectively, at end-of-mission,
decreaging from initial 978%F and 4159F values at beginning-of-life.
Figure II-16 shows the power and temperature profiles for the nominal
helium release rate (100%) and argon leak rate (3 x 1072 scc/sec) values.
The performance is essentially identical to that predicted for the SNAP 19
Nimbus III application where the RTG operates ét a fin root temperature
of 354°F with a 625 watt fuel inventory.

Table II-6 summarizes the nominal performance parameters for a
3P/2N RTG., As is evident, the 26.6 watts obtained at end-of-mission is
significantly less than the LO.7 watts available from'the TAGS-85/2N RTG
previously discussed. However, as is shown in ChapterVI , approximately
50 watts at a 96% reliability is available at end-of-mission from two
3P/2N RTG's connected in parallel. Thus, the 3P/2N units may be satis-
factory for the RTG/battery hybrid power supply concept which requires
approximately 25 watts from each of two RTG's.

Additional power may be obtained from a 3P/2N generator by increas-
ing the fuel inventory and decreasing the operating fin root temperature
by increasing the fin area. This evaluation, discussed in detail in

Section III-A, shows that nominal beginning-of-life power outputs up to
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36 watts are feasible. Thus, a 3P/2N RTG cannot be satisfactorily
utilized for the present Martin Denver all-RTG system which requires

36 watts minimum per RTG at end-of-mission.
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TABLE II-6

PERFORMANCE SUMMARY FOR 3P/2N RTG DESIGN

(INITIAL ARGON FILL)

BoL” B’
Nominal input power (watts) 625 617
Nominal output power (watts) 30.3 26.6 (2&.8)3
RTG efficiency (%) 4.85 4.32
RTG specific power (watts/1b) 1.13 1.00
Load voltage (volts)u 2.4 (3.6) 2.4 (3.6)
Load current (amps)™ 12.6 (8.4) 11.1 (7.4)
Hot junction temperature (°F) 978 938
Cold junction temperature (°F) 415 390
Fin root temperature (°F) 350 348
Total internal pressure (psia)5 14,7 5.0
Helium concentration (%)5 0 6.1

L Beginning-of-life, defined as at fueling nine months prior to launch.

2

End-of-mission, defined as one year after launch.

3 Output power at EOM for a 0.96 reliability shown in parentheses.'

L

Values in parentheses are for two series-parallel strings.

5 Based on 100% He release from capsule and 3 x lO'5 scc/sec seal

tightness (see Section III-C).
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ITTI. PERFORMANCE STUDIES

A. RTG OPTIMIZATION

This section presents the results of RTG optimization studies per-
formed for TAGS-85/2N and 3P/2N RTG concepts for the Viking Lander
mission. In the studies, the radiator fin root operating temperature
was varied and the resultant effect on RTG fuel inventory, specific
power, electrical power output and weight determined for a fixed hot
Junction temperature. Two generator housing lengths, the present 8.9
inch and a longer 9.5 inch housing, were evaluated. Although the
present 8.9 inch long housing will accommodate the IIHS, increasing the
housing length to 9.5 inches is proposed to increase the thermal in-
sulation thickness at the ends of the heat source.

1. Radiator Parameters

The RTG radiator consists of the outer cylindrical housing, end
covers and six fins spaced at 60-degree increments around the housing.
The radiator emissive coating is a zirconium oxide/sodium silicate
(binder) mixture developed on the SNAP QA program. Measured coating
properties show the thermal (infrared) emissivity to be ~ 0.83 and
the solar absorptivity to be ~ 0.2. Telemetered SNAP 9A S/N 0oL RTG
housing temperature data received from Transit Satellite 1963-49B pro-
vide evidence of the excellent stability of this coating after approxi-
mately six years of space operation. Figure III-1 shows radiator
temperature data for the dirst three years of operation. APL reports

no apparent degradation through the present.
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For the Viking RTG, heat rejection was assumed to occur from the
finned cylindrical housing and one end cover. The end cover adjacent
to any mounting structure after installation was assumed to be adiabatic.
The effective environmentalsink temperature was assumed to be lOOOF,
a conservative maximum anticipated value for Martian daylight operation
based on Martin Denver proposal studies., Figures III-2 through III-4
show typical heat rejection capability curves for the finned cylindrical
housing where Q/L is the heat rejected per inch of housing (fin) height
(excludes heat rejected from end cover ).

2. TAGS-85/2N RTG

The results of the optimization study for the TAGS—85/2N RTG are
shown in Table TII-1 and Fig. IIT-5. A BOL design hot junction tempera-
ture of 1050°F was selected based on existing thermoelectric data (see
Section ITII-B). Thermoelectric element size was maintained constant at
the present TAGS-85/2N values (P-leg 0.270 in. dia. x 0.500 lg., N-leg
0.377 in. dia. x 0.500 lg.) for the engineering models presently on
test at Isotopes. Specific power is seen to be rather insensitive over

the fin root temperature range considered (325°F to 4OOCF), being approx-

imately 1.6 watts per pound. These results show that the trade-off is
essentially one of output power for weight and depends on the particular
spacecraft requirements. The intact impact heat source (ITHS) proposed
can easily accommodate the fuel inventories required for any of the
cases whown.

Considering the power requirements of the Viking mission for a four

RTG system (minimum of 36 watts per RTG at end-of-mission at a high

INSD-2650-29
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TABLE ITI-1

& &) &

TAGS-85/2N RTG BOL PARAMETRIC EVALUATION DATA

(Effective Sink Temp. = lOOOF, 9.5 inch housing length)

- % B Q‘E; S

Net RTG
Fin Root Cold Junction Hot Junction Fuel Output . RTG Specific-  Fin Size (in.)
Tempgrature Temperature  Temperature Inventory Power ‘Weight Power Fin Root Fin Root
(°F) (°F) (°F) (watts) (watts) (1bs) watts/lb to-Tip Thickness
375 430 1050 634 38.9 2k .0 1.62 5.6 0.1
350 Los5 1050 660 ko1 25.8 1.63 7.3 0.2
330 390 1050 675 Lh,1 28.2 1.56 9.0 0.3
325 385 1050 680 Ll 7 28.7 1.55 9.9 0.3
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reliability--see Chapter VI), a nominal fin root operating temperature
of 3306 was selected; As is shown in Chapter VI this design condition,
with a Ll4.1 watt BOL power output, results in & nominal power.output of
Lo.7 watts (38.5 watts at a 0.99 reliability for four units connected in
parallel) &®:EOM (one year after launch). Thus, the 36 watt minimum -
requirement is satisfied and a 2.5 watt margin provided. The BOL fuel
inventory is 675 watts, and 9.0 inch wide fins (root-to-tip) with an 0.3
root thickness are required for the proposed 9.5 inch housing length.
These fing are approximately 1.5 wider than the present Nimbus IIT fins
( ~ 7.5 inches long with 0.3 inch fin root). Stress analyses performed
have shown fhat the 1.5 inch fin length increase will not result in a
structural dynamics problem for the anticipated Viking environment.

3. 3P/2N RTG

Table III-2 and Fig. III-6 present the study results for a 3P/2N
RTG. TFor these studies the BOL hot junction temperature was maintained
at 1000°F. The present SNAP 19 3P/2N thermoelectric element dimensions,
0.377 inch diameter'by 0.500 inch long, were retained, afid the fin root
and fuel inventory varied so as to maintain the design 1000 °F hot junc-
tion temperature selected’after examining the thermoelectric data prei
sented in Section III-B. BOL power outputs approaching 36 watts appear.
practical for a-3P/2N RTG with an increase in fuel inventory and fin
width and root thiékneSS'over the present Nimbus III configuration.
Specific power is rather insensitive at approximately 1.2 watts per
pound. Comparison of the 3?/2N RTG with the TAGS-85/2N unit shows that

for a 675 watt thermal input, power output is 35.3 watts and Lk.1 watts
at BOL respectively.

INSD-2650-29
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TABLE III-2
3P/2N RTG BOL PARAMETRIC EVALUATION DATA

(Effective Sink Temp. = 100°F, 9.5 inch housing length)

2 | ' Net RTG
- Fin Root Cold Junction Hot Junction  Fuel Output RTG Specific Fin Size (in.)
Temperature Temperature - Temperature Inventory Power Weight Power Fin Root Fin Root
. mig}?) (°F) (°F) (watts) (watts) (1bs) watts/1b  to-Tip Thickness
H .
E 375 430 1000 627 30.5 24.2 1.26 5.7 0.1
H R
v3
5 \.'\o) 350 405= 1000 655 33.2 25.9  1.28 7.3 0.2
330 390 1000 671 34.9= 28.5 1.2 9.2 0.3
325 385 1000 67T 35.5 30.0 1.18 9.0 0.4
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B. THERMOELECTRIC SUPPORTING DATA

1. Property Data

In the past several years, Isotopes has developed a new P-type
thermoelectric material, TAGS-85, composed of silver, antimony, ger-

manium and tellurium in the form (AgSbTe GeTe . This P-t
( 2)0.15 ( 8.85 yPe

material operates in the general témperature range of lead telluride
with a significantly higher energy conversion efficiency. The super-
iority of this material, as evidenced by the test data discussed in
the followlng sections, Jjustifies its use for the Viking mission. The
rationale that supports this recommendation of TAGS is presented by
first examining initial performance and then the longer term behavior.
As might be expected, the largest body of evidence illustrating the
superiority of TAGS has been obtained from initial performance data.
It is clearly evident from both analytical and experimental investiga-
tions that the initiael and long term characteristics of TAGS are un-
equalled on an effiéiency and output power basis.

Three principal physical properties are indicators of thermoelectric
performance: Seebeck coefficient, & ; electrical resistivity, p; and
thermal éonductivity, k. From these properties, a conclusion can be
drawn on the poﬁential.worth of a material by calculating two performance
indices: figure—of-mgrit, Z = Pk 5 and the ZT product (where T =

temperature). Over the same temperature range, the materisl with the

greater figure-of-merit will have the superior performance. The ZT

index is of particular interest in that, as a rough approximation,
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thermoelectric efficiency is related to it by the formula

ZT) (T_- T
(z1) (T, - T.)
n =
/8 T
where 77T/E = thermoelectric efficiency
Ty = hot junction temperature
Te = cold Jjunction temperature

Figures III-T through III-11 present @, p, k, Z and ZT as a function
of temperature for the materials PbSnTe (3P), PoTe (2P), SnTe and TAGS-85.
At all temperatures, and even after an operational time in excess of that
typical of storage and the Viking mission (~1 year after launch) the ZT
factor is highest for TAGS.

Figures III-12 and III-13 show the change in Seebeck coefficient and
electrical resistivity with time obtained from greater than 10,000 hours
of testing. Seebeck and resistivity vary linearly on a logarithmic time
scale. These data are the fundamental thermoelectric property data used
in performance prediction for long term operation.

2. TAGS Performance Data

Current hardware efforts utilizing TAGS thermoelectric material con-
tinue to demonstrate the superior performance achievable with this
material over current lead telluride P-type materials. All of Isotopes'
current RTG programs have changed to TAGS as thé P-leg material. The
SNAP 19 Nimbus III design has been modified from 3P to TAGS on three
test generators oriented towards future applications such as Viking.

SNAP 29 has fabricated sufficient TAGS-85/2N couples to build 8 modules,
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Figure of Merit-Temperature Product

FIG. III-11.

1,

1,

1,

1.

60

40

20

00

0.80

0.60

0.40

0.20

1 1 | - | 1 J

200 400 600 800 1000 1200
' Temperature (°F)

iNITIAL FIGURE- OF-MERIT- TEMPERATURE FRODUCT

INSD-2650-29
III1-18




6T-III
62-0592-USNI

Seebeck Coefficient (uv/°F)

130

120

110

100

90

80

.01

FIG. 1OI-12,

Time (yr)

TAGS PROPERTY VARIATION WITH TIME--SEEBECK




900 - L

800 |-

700 |

Electrical Resistivity (uf2-in.)

2
=] .
H 1 &
H =
RO N
n o =
o r F
e} 7
500 | _ =
800° F = =
B
500° F =
400° F
4001 3000 F
1 I -J
0.01 0.130 1.0 10.0
Time (yr)

? FIG. II-13. TAGS PROPERTY VARIATION WITH TIME--RESISTIVITY




o o om m m B R &) & B R & D & &) i[:]\‘i:i .

— =

~
oy’

employing well over 100 watts each with 4 to be delivered as s genera-
tor and 4 to bé life tested. The Sentinel terrestrial RTG program has
delivered 13 modules utilizing TAGS, all of which are successfully
operating in the field.

a. SNAP 19

The SNAP 19 generator design which until recently used 3P/2N
couples for energy conversion, now incorporates TAGS-85/2N couples.
This change has been initiated because of the superior thermoelectric
efficiency over 3P over the temperature range of interest, roughly
300°F to 1000°F. Generators S/N 24 and 25, which were fabricated late
in 1968 for Nimbus III, utilized 3P/2N couples. Génerators 26, 27 and
28 have very recently been built with TAGS-85/2N couples and are dis-
cussed below.

(1) Couple power check

During the fabrication of couples for use in generators,
sampling techniques are employed for quality control of the process.
The most meaningful performance inspection is that provided by statis-
tically selected couple power checks. TAGS-85/2N couples are power
checked at 1050 F hot junction, 400%F cold junction temperatureg and
matched load. From thesé couple power checks, the subsequent generator
pover may be accurately predicted after suitable corrections are made.
These corrections take into consideration the additional connections and
wiring in the circuit; the fact that a generator is operated at opti-

mum efficiency’ load and not matched load, and operating temperature

differences,if any.
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As of this report, TAGS—85/2N couples have been fabricated on
SNAP 19 from Lot 01 (qualification lot) and Lots 02 through 05 (pro-
duction lots). These production lot couples, as well as Lot 06 for
which no power check data are yet available, have been used in gen-
erators 26, 27 and 28. A summary of their performance, based on the
destructive power checks, is given in Table III-3.

Based on the results of -a comprehensive computer program,
a power prediction of the couple was made and is shown in Fig.III-1h
Noted on that figure are the voltages corresponding to maximum power
(when external resistance matches internal resistance, hence the term
matched load) and maximum efficiency (always at a higher voltage than
maximum power). Values of predicted open circuit voltage and power
are also listed on Table III-3 for comparison with test results. The
correlation is good and thus lends credence to other predictions at
the generator level.

Note from Fig. III-14 that at maximum efficiency load (.095
volts), the couple power is 0.52 watts at lOSOOFVAOOOF. With 90
couples in a SNAP generator, the gross output power (before strap and
wire loss corrections) would be 46.8 watts while the RTG gross load
voltage would be 2.85 volts. These values are in excellent agreement
with the results observed on generators 26, 27 and 28.

(2) Generators S/N 26, 27 and 28

Generators S/N 26, 27 and 28 were the first SNAP 19's built

with TAGS-85/2N thermoelectric couples. They differ from the Nimbus

’
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TABLE III-3

SNAP 19 Couple Power Test Summary

(T, = 1050°F; T, = 40O°F)

N-Leg P-Leg Couple
N-Leg P-Leg Couple Open Open Open
- Quantity Load Output Output Output Circuit Circuit Circuit
Lot Lot Power Voltage Power Power Power Voltage Voltage Voltage
No. Size Checked (volts) (watts) (watts) (watts) (volts) (volts) (volts)
g o1 18 5 077 .319 256 .572 .093 .062 154
= .
H E 02 110 5 077 311 245 .552 .092 .061 .153
= O\ . .
RS 03 68 5 - 076 T .316 .23 .557 .092 .061 .153.
n , - ’ -
*© ok 39 4 076 . .318 .2L6 .557 092  .060 .151
05 92 I ..076 .316 245 .553 .091 061 152
Average (pegt) .316 .248‘ .558 .092 .061 .153
Lo w011 .013 .017 .002 .002 .002
Standard Deviation (Test)
.297 .250  .5h5 .091 .064 .155

Average Predicted
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IIT 3P/2N configuration generators in that the 0.500" long and .377"
diameter 3P elements have been replaced with 0.400" long and .270"
diameter TAGS-85 elements, segmented with a .100" thick SnTe segment
at the hot end. Generators S/N 26, 27 and 28 are to be operated at hot
and cold Jjunction temperatures representative of the Viking mission.
Power checks of S/N 26 at power inputs of 625 watts and 690 watts to
the heaters resulted in power outputs of 36.6 and 43.0 watts, re-
spectively. Power checks of S/N 27 and 28 at TOO watts to the heaters
resulted in power outputs of L4k.l and 43.3, respéctively. (Extra
thermal losses in an electrically heated generator at the higher power
inputs due to reduced insulation for vibration capability amount to

25 watts thermal.) Required power input for equivalent power outputs
of a fueled unit will therefore be lower by 25 watts thermal.) Results
of these tests are illustrated in Table III-k. |

A parametric test in load voltage was completed on each generator
(Figs. III-15, III-16 and III-17). S/N 26 was tested after 340 hours
and S/N 27 and 28 were tested after the initial power checks and in-
stallation of pressure transducers. The peak power parameters are
recorded iﬁifabie ITI-5 for comparison between generators.

The thermoelectric ﬁaterial properties change exponentially with
time, with most of the change occurring early in life, as evidenced on
Fig. III-18. A greater change occurs from O to 3 months than from 3
to 9 months. Compariéons on S/N 26 between the initial power check

results and data from the parametric test indicate a burn-in during the

INSD-2650-29
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TABLE III-4

RESULTS OF POWER CHECKS ON TAGS-85/2N GENERATORS

Generator
) Generator S/N 26 Generator Generator Prediction
Parameter S/N 26  measured normalized** S/N 27 S/N 28 (peak power point)
" Date of power check 5/8/69  5/9/69 5/9/69 5/29/69 6/1/69 --
Heater power watts 600 665 675 675 675 675
(equiv. fueled)
Power output watts 36.6 43.0 4.0 4.1 43.3 k.1
Efficiency (overall) % 6.1 6.5 6.5 6.5 6.4 6.5
s Load current amps 14.0 6.2 16.2 15.5 15.3 15.4
H ,‘f’) Loaed voltage volts 2.61 2,66 2,72 2.8Y 2.83 2.85
H O\ :
é)\ \.o"I Open circuit
3 voltage volts L.26 L.59 4,62 L.62 k.59 L.Th
Hot junction | :
temperature _ op 987 1038 1048 1021 1016 1054
Cold junction
temperature oF 395 Lol L08 361 360 390
Fin root
temperature oF 339 349 . 353 306 304 --
Generator argon
pressure psia 14 ik 14 14 14 14
Hours of operation®" 6 17 17 9 6 0

* Excluding outgassing time
**% Normalized to 675 watts heater input

;
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" Parameter

TABLE III-5

SUMMARY OF PEAK POWER POINTS OF PARAMETRIC TESTS

Heater power (equiv. fueléd) watts

Power output

Efficiency (overall)
Load curreqt

Load voltage

Open circuit voltage

‘Hot Junction temperature
Cold junction temperature
Fin root temperature
Hours of operation

Generator argon pressure

watts
K

amps

volts

volts

hrs

psia

Generator

s(N 26
675

43.5
6.4
15.4
2.88
L.91
1060
396
336
340
1L

Geperator

- s/N 2t
675
43.1
6.4
15.4
2.79
4.63
1026
380
331
60
~29

e ™ .. e ol ) 1l!“1.“[2”1 E

Generator

s/N 28 -
675
42.1
6.2
15.0
2.81
4.58
1030
382
337
60

~29

675
k2.9
6.4
15.3
2.83
L.71
1039
386
335
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" initial 340 hours on the order of 0.5 wa£ts.

A greater change was observed between initial power check and
parametric test over a shorter period (~60 hours) on 5/N 27 and s/N
28. The difference was an average of 1.1 watts and is attributable
to a change in generator argon pressure from 14 psia (power check) to
29 psia (parametric test). This pressure increase causes greater
thermal losses through the MinK insulation. The increase in internal
gas pressure was accomplished during installation of the pressure
transducer, which was performed after the power check but before the
parametric test.

The average power output from the first power checks of three

the 675 watt (equivalent fueled) thermal inventory. Generator S/N 26
is being maintained near initial optimum load voltage (2.86) with 675
watts (equivalent fueled) electrical input and a fin root temperature
of 3250F. Stability of significant performance parameters will con-
tinnally be monitored as time accrues.

On June 12 and 13, generators S/N 27 and 28 were successfully
hard-mount vibrated on?ioad in the heated condition to the levels
shown in Table iII-6. Vibration was performed in all three axes with
sinusoidal input first,‘follbwed by random input, in each axis. Out-
put power was unchaqged as a result of the tests.

b, SNAP 29 |

Four SNAP 29 90-couple TAGS-85/2N modules (S/N 001, 002, 007,

and 008) have been fabricated and placed on life test. Four

!
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TABLE III-6

VIBRATION LEVELS FOR GENERATORS S/N 27 AND 28

Sinusoidal
Frequency Range Amplitude
Direction : (cps) (g's, 0 to peak)
z (axial) axis 20 - 500 15
500 - 2000 10
x, v (lateral axes) 20 - 500 10
500 - 2000 T

Vibration limited to 0.25 inch single amplitude * .025 inch

Sweep rate: 2 octaves/minute

Single sweep per axis

Random
Frequency Range Level
Direction - (eps) ( 2 /o s)
X, ¥, Z > - 20 - 2000 0.15 (17 grms)

Two minutes in each axis; total, 6 minutes

INSD-2650-29
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additional modules are being fabricated and will be delivered as an
electrically heated thermoelectric generator (ETG) system. Couple and
module performance on SNAP 29 are discussed below.
(1) Couple power check
Sampling techniques similar to those employed on SNAP 19
are wséd on SNAP 29 for quality assurance. Of this sampling, the most
significant is the couple power check. The couple performance pre-
dicted by computer analysis for SNAP 29 couples operating at Th = 1050CF
and Te = 350°F is presented in Fig., III-19. The SNAP 29 Program has
fabricated 940 TAGS-85/2N couples, of which 85 were power checked at
matched load. A compilation of data from these power checké is shown
in Table III-7. Comparison of the analytical and test results illusi
trates the excellent correlation obtainable. Good correlation between
couple power checks and module performance is also obtained by sub-
tracting the predicted strap and wire losses from the product of the
average couple power and the number of couples.
The advantage of a TAGS-85/2N couple over the 3P/2N couple
is indicated in Table III-8. Over the SNAP 29 temperature range(lOBOOF/
350°F), the TAGS couples have a 24% better efficiency and 45% higher
output power per unit couple area than the 3P couple. The difference
is almost as great over the SNAP 19 range of temperature (1050°F/LOOOF).
It should be noted that the SNAP 29 couple is not of optimum
geometry. The P-leg was sized with the existing 0.560 inch diameter
N-leg to satisfy module povwer  reguirementamand thus'could not be

rqduced in diameter to the optimum efficiency geometry.
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TABLE III-T

SNAP 29 COUPLE POWER TEST SUMMARY

(T, = 1050°F; T, = 350°F)

N-Leg P-Leg Couple
, N-Leg P-Leg Couple Open Open Open
Quantity Load Output Output Output Circuit Circuit Circuit N
Lot Lot _ Power Voltage Power Power Power Voltage Voltage  Voltage :
No. Size Checked (volts) (watts) (watts) (watts) | (volts) (volts) (volts) B
20 60 40 080 - .790 .895 1.58 .096 .065 .161 ‘;}
= 21 4o 3 .080 i
2 ;
= 22 64 3 .080 | =
RN
| 23 80 3 .080
Ne)
- 2h 80 6 .080 LTTT .886 1.56 .097 .065 .162
125 80 L .080 !
26 80 3 .080 |
. _ !
27 6l 3 .080 |
28 80 3 080
- 29 80 L .080
30 80 3 081 % L7199 .911 1.60 098 .065 .163

31 20 L .083

I -wggi);-w _—t BT et e e EE BN ST G O W O O T “;%] | il
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_ Hot/Cold Junction

TABLE III-7 (Continued)

& ‘[ZE'S &

N-Leg P-Leg Couple
N-Leg P-leg Couple Open Open Open

Quantity - Load Output Output Output Circuit Circuit Circuit

Lot Lot Power Voltage Power Power Power Voltage Voltage  Voltage

No. Size Checked (volts) (watts) (watts) (watts) (volts) (volts) (volts)
32 56 3 .080 805 .96 1.65 .099 .068 167
33 3 .080 .813 .931 1.64 .098 .067' .164

Total 940 85 '
Average (Test) .080 .788 .898 1.58 097 .065 162
Standard Deviation (Test) 027 Nollht JOLT .002 .002 .002
Average (Predicted) 729 .889 1.62 .09 .068 .16k
TABLE III-8

COMPARISON OF OPTIMIZED TAGS-85/2N AND 3P/2N COUPLES AT BEGINNING-COF-LIFE

T/E Efficiency

Output Power per Un%t Couple Area
)

. Temperatures (%) : (w/in
(°r) 3P/2N TAGS-85/2N % Improvement 3P/2N TAGS-85/2N % Improvement
,1050/300 7.31 9.12 24.8 2.91 4.26 L6. L
1050/350 6.87 "~ 8.53 b2 2.53 3.68 45.5
1050/1400 6.4 3.1k

T.91 23.4 2.17

W7




(2) Couple thermal cycle and life tests

Nineteen SNAP 29 TAGS-85/2N couples have been life tested up
to 2700 hours at a cold junction temperature of 375°F and hot junction
temperatures of 1025, 1050, and 10759F. These couples are being op-
erated at matched load conditions. Five of the couples underwent
three deep thermal cycles and all of the couples received a two-hour
power check prior to the life test. Analytical predictions for be-
ginning-of-life and 2160 hours (3 months) are illustrated in Fig. III-20
for the three temperatures of interest (1075, 1050, and 1025°F). Ex-
perimental power-time maps of the individual legs and couples for each
of the hot junction temperatures are presented as Figs. III-21 to III-26.
In each case the mean power is indicated. In general a burn-in was
expefienced during the first 1000 hours, after which time virtually stable
power was observed. Couple life test results are summarized in Table
ITI-9. On all nineteen couples, the internal resistance and open circuit
voltage of the TAGS leg increased, thus verifying the expected increase
with time of the electrical resistivity and the Seebeck voltage as pre-
.viously discussed. ”The five couples which underwent thermal cycling
prior to the life test experienced slightly higher power reductions.
Correlation between predicted and measured endurance test data is good
as illustrated in Table III-10.

(3) Large TAGS module

A 90-couple 2N-TAGS module of an earlier design was endurance

tested at T = 1015°F and Te = 350°F for about 4200 hours. The test

INSD-2650-29
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TABLE IIT-9

SNAP 29 COUPLE LIFE TEST SUMMARY

Average Average Average Average Average

— Average
% Number N-Leg N-Leg P-Leg P-Leg Couple Couple
- 7 T /T Number Couples Power Loss Power Loss Power Loss Power Loss DPower Loss Power Loss
H R b/~ of Thermal 0-1000 1000-2160 0-1000 1000-2160 0-1000 1000-2160
L\ (°F) cCouples Cycled hrs hrs hrs hrs hrs hrs
1
(SANV
Ne 1025/375 L 0 8.8 % 0.8 % 3.2 % 0 % 6.5 % 1.2 %
1050/375 10 5 9.6 % 0.7 % 9.3 % o % 5.6 % 0.7 %
1075/375 5 0 9.3 % 2.7 % 10.2 % 1.1% 7.3 % 3.7 %




TABLE III-10

COMPARISON OF PREDICTED AND TEST RESULTS OF SNAP 29 COUPLE LIFE TESTS *

- Predicted Average Measured
N-Leg P-Leg Couple " N-Leg P-Leg Couple
T /T Output Output Output Output Cutput Output
Time b/%e Power Power Power . Power Power Power
~ (hours) | (°F) (watts) (watts) (watts) (watts) (watts) (watts)
=
g 0 1025/375 67 .75 1.k42 .69 ST 1.31
H N
ZQC‘),? 0 1050/375 .70 .81 1.51 .78 .92 1.52
3y ) 1075/375 .70 .89 1.58 | .80 .98 1.58
2160  1025/375 .63 .72 1.35 .62 .75 1.22
2160 1050/375 .66 .78 1.43 .T1 .83 1.k2
2160 1075/375 .69 .83 1.52 .T1 87 1.42

* Note that Py + P # P, since individual leg powers are at their respective

OUFLE
peak voltages.
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was interrupted by a test loop failure. Operational performance of the
module, known as the large TAGS module (LTM), is illustrated on Fig.
IIT-27. This module actually appreciated 2.4% in power over the 4200
hours tested.

(4) Module life tests

Four SNAP 29 TAGS-85/2N modules have been placed on life tests.
Two of these modules, S/N 001 and S/N 002 have, at this writing, com-
pleted over 1500 hours while the other two modules, S/N 007 and S/N
008, have just completed the initial power check. These 90-couple modules
are being tested at Ty, = 1050°F and T, = 375°F. Modules S/N 001 and 002
developed leaks early in thebtesting (following thermal cycling); were
purged with argon after-S/N 001 experienced an unexpected power reduction,
probably due to oxidatibn of the thermoelectrics. The power ievel of
S/N 001 ap?reciated after the argon puige was initiated, and the power
loss after 1880 hours is 5.8%. The severity of the leak in S/N 002
was not so great as S/N 001, and the power loss is minimal, about 1.7%
after 1640 hours. The performance of both modules is illustrated in
Fig. ITI-28. The trend is toward stability.

The initial power check of modules S/N 007 and 008 indicate
initial power outputs of 117.1l and llT.h watts, respectively. Average
initial power output of the four life test modules is li6.5 watts,
which compares Vell with the predicted output'of 114 watts.

C. Sentinel

F

The Sentinel commercial RTG program has fabricated and operated
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23 thermoelectric conversion assemblies (13 for the field and 10
for the laboratory) which utilize series-connected TAGS/Isotopes N
couples. The TAGS assemblies have approximated, 190,000 hours (as of
6/15/69) without failure. These systems have a S5-year predicted
reliability of 0.977 with a value of 0.85 or greater at a 50% confidence
level being demonstrated to date.

All of the Sentinel RTG's utilize an earlier design for the couples.
An improved couple using exothermic bonding technidques is now being pro-
duced. Figure III-29 presents test results of the TAGS P-leg of a pre-
prototype exothermic bonded couple. Over the 5500 hour test, the TAGS
demonstrated excellent stability after the initial burn-in period.

d. Long Term couple ‘tests

Couples of various geometries utilizing TAGS as the P-leg material
have been life-tested as long as 21,000 hours. The ratio of normalized
couple power output to initial couple power (P/Po) is shown as a func-
tion of time in Fig. III-30. The average ratio of P/Po is presented in

Table III-11. As is evident, excellent long term power stability is

demonstrated.
TABLE III-11
TAGS LONG TERM STABILITY

Time "No. of Average

hours Couples P{Po

0 6 1.00

5000 6 1.02

10000 5 0.99

20000 3 0.93

TNSD-2650-29
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3. 3P/2N Performance Data

Data for evaluating the performance of 3P/2N thermoelectrics were
primarily frdm the SNAP i9 S/N 20 generator and Nimbus III.flight units
s/N 24 and S/N 25, from SNAP 11 generator and module testing, and from
SNAP 29 module testing. Currently, the SNAP 19 S/N 20 generator has

operated in excess of 11,000 hours, while two SNAP 11 generators (Q/N;

1M and Q/N-3) have each accumulated test times in excess of 18,000 hours.

Additionally, two SNAP 11 modules operating at 900 and 1000CF, respec-
tively, have each accumulated operating time of 17,000 hours. On the
SNAP 29 program, & total of five modules have been fabricated and test-
ed with a maximum operating time of TOOO hours.

a. SNAP 19 S/N 20 generator

The SNAP 19 S/N 20 generator is an experimental unit built to
evaluate 3P/2N material in a SNAP 19 configuration. Endurance testing
was performed at a thermal input of 570 watts while at Isotopes, and
630 watts since shipment to JPL. The 570 watt input resulted in an
operating hot junction temperature of ~ 900°F. With a 630-watt inbut
the hot junction is ~ 960°F.

E-I characteristics were determined initially for various thermal
power inputs (570, 630, and TOO watts) at a 340°F fin root temperature.
The curves are shown in Fig. III-31. The maximum power outputs for
these power inputs were 26.0, 31.1 and 36.9 watts, respectively. Cor-
responding hot junction temperatures were 9050, 9550 and lOl5oF,

respectively.
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Figure III-32 is a plot of the endurance data during testing at
Isotopes. The initial power output was 25.8 watts, decreasing to
24,7 watts at 5235 hours.

It is notable from the data received from JPL, that the 5T70-watt
peak power output, 25.4 watts (Fig. III-33), is approximately that
measured at Isotopes when generator testing was discontinued (2k.7
watts) at ~» 5300 accumulated operating hours. As shown in Fig. ITI-33,
the measured power output at 2.4 volts and a 630-watt power input (the
same as that for the Nimbus III generator) is .29.9 watts.

b. SNAP 19 S/N 24 and S/N 25 generators -

Figure III-34 shows the results of acceptance testing performed
on the Nimbus III fueled, flight RTG units S/N 24 and S/N 25. Testing
was performed in a vacuum chamber in which the chamber wall tempera-
ture was adjusted to yield the design fin root temperature of A,35MOF.
The peak power outputs at acceptance for the two units were 31.4 and
29.6 watts for the S/N 24 and S/N 25, respectively. At the writing
of this report, S/N 24 and S/N 25 have been in earth orbit over two
months and produce the same electrical power as Just after launch
( ~~ 25 watts per generator).

c. SNAP 11 generators

Performance data for two SNAP 11 3P/2N generators, Q/N-1M and
Q/N—3, currently on test at Sandia Corporation and JPL, respectively,
are presented in Figs. III-35 and III-36. Neither of these generators
was intended for endurance testing, thus, data comparison can be made
only for instances when similar test points occurred during parametric
tésting.
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FIG. III-33. RESULTS OF JPL SNAP 19 S/N 20 TESTING

INSD-2650-29
III-58




;
>
J
b
.
1

‘
‘
.
‘
‘
d
‘
‘
;
J
]%)

(volts)

E
ocC

I, (amp)

= 1000

1 990

4 980

7 970

T 960

HJ (°F)

1 950

1 940

1 930

920

(watts)

P
o

X - . . . .
H1.4 1.5 1.7 1.9 2.1 2.3 2.5 2.7
1.3
| E; (volts)

FIG. III-34. SNAP 19 VACUUM TEST E-I DATA FOR SYSTEM 9

INSD-2650-29
II1-59




40 - O Raw data - .
Isotopes ® Normalized to 1000° F, 350°F

checkout

RTG defueled and air testing
— continued at Sandia Corp,

30 | > 10, 000 hours
2 o8¢ 0 00 0000 ., 3 o
& RTG fueled and tested
= at ORNL at simulated
a lunar conditions
8 20k (HJ = 900° to 1000° F)
4
[V
2
0
o
‘-‘ -
% Hot junction temperature = 1000° F

Cold junction temperature 350° F

Load condition-matched (Rload = Rinternal)

Constant power input = 815 5 watts
Environment = air

15,000 hours

10 1 1 1 L
0 3000 6000 9000 12, 000

Operating Time (hr)

FIG. III-35. SNAP 11 GENERATOR Q/N-1M TEST DATA 3P/2N

INSD-2650-29
III- 60

f




o

Lv)

<

)
o
d
4
l
‘
‘
‘
‘
‘
‘

J
J
J
|

~

7/20/66 Isotopes 1/25/67 [nitiation of 11/14/67
testing JPL testing 1\
29
28 OmmOmmm == =P e e ~O- ===
O~ .
27 © Pin = 810 watts, air
z 2 )
520 o—0 - . , -5
z 22 in - 715 watts, simulated lunar night
5ol |
&
3
0 22r o— ﬁJJ
g 21F Pin = 634 watts, simulated lunar night
0 L
5 20
22 r
S
21 P - . : —0
20 L in - 590 watts, simulated lunar night
| — 1 1 1 . L i {% 4 '
0 1000 2000 3000 4000 5000 6000 8000 9000

Time (hr)

FIG. III-36. SNAP 11 Q/N-3 PERFORMANCE SUMMARY-3P/2N GENERATOR

3r
Ab A
AA
&a
@ A AN, A AA AA A A A AABLAL A
©
=
— 2 -
[
2
Q? > © (o2 ) o 00
® oo © 00 ®0000°% 0 00090900 0000
—g .
o
=
- Cold junction temperature = 400° F
Z, Load condition-matched (Rigaq = Rinternal)
O Box No. 4, hot junction temperature = 900° F
A Box No. 2, hot junction temperature = 1000° F
1 | 1 1 1 —J
0 3000 - 6000 9000 12,000 15,000

Operating Time (hr)

FIG. III-37. POWER VERSUS TIME FOR SNAP 11 MODULE BOXES-3P/2N

INSD-2650-29
II1-61




The thermoelectric elements in the SNAP 11 generator are 0.346
inch in diameter by 0.500 inch long; a generator contains a total of
T2 thermoelectric couples. This compares with the 0.377 by 0.500 inch
long elements and 90 couples in the 3P/2N SNAP 19 generator.

The Q/N-1M generator was a demonstration unit which was fueled at
ORNL with a curium-242 heat source and was subjected to a 90-day simu-
lated lunar mission in a vacuum environment. After successfully
completing the simulated mission, the generator was defueled and sent
to Sandia Corporation where it is presently on test at a hot Junction
operating temperature of .~ 1000°F (815 watts power input). Total
operating time to date, including all pre‘vious Isotopes and ORNL testing,
is greater than 18,000 hours. As shown in Fig. III-35, the generator
power output has decreased from ~25.8 to 23.3 watts during the 15,000
hour test time for which data have been published.

The SNAP 11 Q/N—3 generator test data are shown in Fig. III-36 for
the first 9300 hours; actual test time is in excess of 18,000 hours.
Initial air and vacuum testing was performed by Isotopes; the generator
was then shipped to JPL, where it has been subjected to air, vacuum and
dynamic testing. (As this generator is undergoing air and vacuum testing,
only similar test points can be compared, thus explaining the infre-
quency of data points in the figure.) Examination of the test points
shows that a maximum decrease in power of 0.5 watt has occurred in the
generator after 9300 hours of test time. It should be noted that during
~ 50% of this test time, the hot Jjunction temperature operated in the

800°F range due to the air parametric testing performed, and at tempera-
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tures in excess of 900°F during the remaining 50% of the test time.
Although data are presently not available beyond 9300 hours, communi-
cation with JPL has verified that generator performance has remained
virtually unchanged during subsequent ﬁesting. Testing of this gen-
erator at JPL is continuing.

d. SNAP 11 modules

An investigation of the performance of 3P/2N thermoelectric couples
at hot Jjunction temperatures of 900° and 1000°F was initiated on the
SNAP 11 program and later continued on the SNAP 19 program. Two modules ,
each containing six thermoelectric couples connected in series, were
fabricated and tested. The N and P element size (0.377 in. diameter by
0.500 in. long) of these couples are the same as for the SNAP 19
generator.

Figure III-37 shows the results of module testing for the 3P/2N
materials at hot Junction temperatures of 900° and 1000°F. In these
tests the hot junction is maintained at a constant temperature by con-
trolling the power input. Initial power output for the 900°F module
was 1.81 watts, decreasing to 1.7l watts after ~ 17,000 hours. However,
power output remained virtually unchanged after the first 3000 hours
of operation.

A comparison of the results of these 9OOOF data was made with SNAP
19 generator S/N 20. Based on the 5000-hour test data point from the
900°F module, the predicted power output of the SNAP 19 generator S/N 20
is 25.0 watts. This result is in excellent agreement with the actual

S/W 20 generator normalized power output (at 900° and LOO®F junction

\\‘;( /AR
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temperatures), being 25.2 watts at ~ 5000 hours.

Initial power output for the 1000°F box was 2.60 watts, decreasing
to 2.25 watts after .., 17,000 hours. Again, power stability was demon-
strated after ~ 4000 hours of operation.

A comparison of the results of the 1000°F module data was made with
SNAP 11 generator Q/N-lM. Based on the 15,000-hour test data point
from the 1000°F module data, the predicted power output of the SNAP 11
Q/N;lM generator is 26.1. This is in excellent agreement with the Q/N—
1M date where the normalized power output (at 1000° and 350°F junction
temperatures) is 25.8 watts after ~ 15,000 hours of testing.

From these discussions, the ability to correlate generator and
module data Ffor 3P/2N thermoelectrics is evident.

e. SNAP 29 modules

The design hot and cold junction temperatures of the SNAP 29
3P/2N modular generator are lOSOo and 350°F, respectively. Figure
III-38 shows the normalized (to 1050°F hot junction; 350°F cold junc-
tion) power histories of typical'SNAP 29 modules. Operating times up
to 7000 hours have been accumulated, with power decreases on the order
of 8% noted. The data trend indicates the power output to be stabiliz-
ing in the 5000 to 6000 hour test period.

4,  Mechanical Properties

In handling and working with TAGS elements, 1t is obvious that the
mechanical properties of the material are superior to the P-type lead

tellurides. In order to compare the mechanical strength of the two
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materials more quantitatively, several tests were performed. Both cast
and hot pressed TAGS samples were used while cold pressed and sintered
PbTe (purchased from 3M) was used. Three types of tests, tensile tests
with couples and compression and drop fests with elements, were per-
formed. The tensile tests were performed by bonding metal hooks to the
cold caps of the couple, restraining the shoe in a fixture and then ap-
plying a tensile force until the thermoeouple leg was pulled apart.
The drop tests were subdivided into two types; in one case elements
were dropped onto a steel ball,and in the other case the ball was
dropped onto the element. The compression test consisted of placing an
element between the platens of a hydraulic press and compressing it
until failure occurred.

Tab;e IIi—lQ shows the results of the tensile tests on couples.
A1l of the couples subjecfed to this test were operated 100 hours prior
to testing. The couples used in these tests were from production lots,
and the two groups were run at different times. The validity of the
test is indicated by the near duplication of the average value of the
pressure required to pull off the N-leg of each lot. Of the twelve
N-legs removed, eleven broke in the bond and only one bque in the
element, indicating the relative strength of the two. There is a
dramatic difference between the average strengths displayed between the
TAGS and 3P, a factor of five. The difference is all the more empha-
sized by the fact that all six TAGS couples broke at the bond while all

but one of the 3P couples broke in the elements. Further, the data
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Couple

3P/2N

TAGS-85/2N

TABLE III-12

TENSILE TESTS ON SNAP 29 COUPLES

Identification

26-21
26-22
26-23
26-25
26-27
26-28

67-25
67-69
67-125

N-leg, Bsi
203
396
357
272
388
418

Av 339 (1)

283
337
371

Av 344 (1)

(1) Characterized by bond-feilure

(2) Characterized by element-failure
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P-leg, psi
122

2
101
170
105

91

Av 122 (2)

626

Av 625 (1)




indicates that the TAGS bond is superior to the 2N bond by a factor

of two. No quantitative statement about the relative strengths of

TAGS and 2N can be made, but a qualitative indication results from the
fact that TAGS has withstood a factor 6f two tensile load without failure.
Finally, both TAGS and 2N are clearly superior to 3P in tensile loads.

Two types of drop tests were conducted. Type 1 consisted of drop-
ping the element a known distance onto a steel ball embedded in a wooden
block; The impact area on the element was controlled by dropping the
element inside a glass tube located over the ball. Type 2 was similar to
type 1 except that the ball was dropped onto the element. The steel ball
weighed 24.7 grams and was dropped a distance of h-% inches. The ele-
ment was placed on a Transite block one inch thick.

Figure III-39 and Table III-13 show the results of the type 1 drop
test. In Fig. III-39 the first hot pressed TAGS-85 sample shows the im-
pact spots on the element surface. This element was dropped with the
bottom of the tube approximately one inch above the steel ball. As a
result, the element cocked as i1t emerged and was not struck in the center;
it chipped at the edges. The other two elements were centered when they
struck the ball (the impact mark is on the bottom) and no failure occurr-
ed after five drops. The element bounced when it struck the ball. The
PbTe elements show impact points and fraétures after only one drop. The
cast TAGS-85 elements were dropped Tive times and only one split on the
fifth drop.

New PbTe elements were used in the type 2 test, but the TAGS-85

elements which survived the type 1 test were reused. The results are
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TABLE ITI-13

DROP TESTS OF TAGS AND LEAD TELLURIDE

Element dropped on steel ball
Drop height 12 in.

Material Diameter Length Drop Remarks

(in.) _(in.) No.

TAGS-85 0.380 0.435 5 Chipped on edges; element
(hot not hitting in center
pressed)

5 No failure

5 No failure

5 No failure
TAGS-85 0.37h 0. Lk 5 No failure
(cast)

5 No failure

5 Cracked on 5th drop
5 Cracked on 5th drop
PbTe 0.380 0.445 5 Chipped on edge
(2P)
1 Large chip off top

1 Large chip off top

2 Cracked, then split
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TABLE III-13 (Continued)

24.T-gm steel ball dropped on element

Drop height 4.5 in.

Material Diameter

(in.)

Length Drop
(in.) No.

*TAGS-85

PbTe 0.38

*Samples from typel test

AC AN Y]

0.410 2

Remarks

No failure (hot pressed)

No failure (hot pressed)

No failure (hot pressed)

Split on 1lst drop (cast)

Cracked on 1lst drop;
Cracked on 1lst drop;
Cracked on l1lst drop;

Cracked on 1lst drop;

INSD-2650-29
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tabulated in Teble III-13. The PbTe and cast TAGS-85 samples split
and cracked after one or two drops of the ball. None of the hot
pressed TAGS samples failed.

A rather striking difference was noted in the compressive strength
of TAGS versus 2P and 3P PbTe as shown in Table IIT-14. In most in-
stances, as the pressure increased, the element chipped and fractured
along the outer edges and failure occurred by massive cracking or shear.

Figure IIT-40 shows some of the TAGS-85 and PbTe elements after
test. Note the completeness of fracture in the PbTe elements. These
elements sheared and crushed at almost the same pressure that first in-
dicated failure was occurring. On the other hand, the TAGS material
showed large differences in pressure from the time edge cracks (usually

at a pressure higher than that at which the PbTe elements failed) first

appeared to the time when final failure occurred. Note also that only two

samples failed in a manner similar to the PbTe elements. The other
samples did not shear but chipped along the longitudinal axis. The im-
portant items to note are the much higher compressive strengths of both
cast and hot pressed TAGS compared to 2P and 3P PbTe and the shattering
type failure of the lead tellurides to a more gradual edge-chipping

failure as shown in Fig. III-LO.

The semi-quantitative conclusions that can be drawn are as follows:

(1) Hot pressed TAGS-85 samples are mechanically superior to
the cast TAGS-85 used in these tests. However, new casting
techniques are producing elements with mechanical properties

similar to hot pressed elements.
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TABLE III-1k4

COMPRESSION TESTS OF TAGS AND LEAD TELLURIDE

Pressure (PSI)

Diameter Length Edge
Material (in.) (in.) Chipping Failure
TAGS-85 0.373 0.4k45 19,692 24,361
é?g:sed) 29,17k 35,009
25,294 28,186
1,45k 20,236
Average 26,948
2P PbTe 0.380 0.hk4s5 -— 12,351
--- 12,664
14,070 14, 774
—- 12,971
Average 13,190
TAGS-85 0.37: 0.7 20,k02 21,881
(cast)
21,683 22,405
20,959
18,700 20,236
Average 21,370
3P T 0.500 o.500 11,90
10,610
10,280
10,610
Average 10,850
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(2) Both hot pressed and cast TAGS-85 are superior to cold pressed
and sintered 2P and 3P lead telluride.

5. Sublimation

The relatively high vapor pressures with attendant high sub-
limation rates of thermoelectric materials is a well-known phenomenon.
Table III-15 provides a comparison of the vapor pressures of some thermo-

electric materials of interest.

TABLE III-15

VAPOR PRESSURES OF SOME THERMOELECTRIC MATERTALS

T/E Vapor pressure, torr Background Pressure
Meterials 450°¢ 510 600°C _torr
oN* 2.1 x10°® 1.9 x 105 1 x10°3 2 x 10-9
3p* 5.7 x 107 6x10°°0 2.4 x 1074 2 x 1077
SnTe* 5.8 x 1006 7.6 x 1075 2 x 10*3 2 x 1075
TAGS-85 - 9 x 107 ——- 1x10°°

*#3C-TM-68-500 (Sandia Corporation), Vaporization of Some
Commercial Telluride Thermoelements, D.A. Northrop.

Inspection of the data shows that thermoelectric materials occupy a rather
small vapor pressure range which is much higher than the ordinary struc-
tural materials at comparable temperatures. The vapor pressure of TAGS-
85 was determined at a higher background.pressure than the other materials
shown. A determination at the equivalent background pressure would show
a somewhat higher vapor pressure for TAGS-85.

Control of sublimation can be effected by appropriate generator

design considerations. Specifically with a minimum internal pressure
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of 2 psia maintained throughout the life of the mission and with Micro-
quartz or a similar material packed loosely into the annular spacing
between the elements and the Min-K 1301 insulation, sublimation of the
thermoelectric materials may be reduced to insignificance.

Atoms of the inert cover gas interfere physically with molecules
escaping from the surfaces of the thermoelements by reducing the mean
free path of the molecules. The path reduction is a function of the cover
gas pressure and to some extent its atomic weight. A notable example
of the effectiveness of this means of reducing material losses under
similar conditions is the krypton filled high wattage incandescent lamp.
Such a lamp has a life of about 2500 hours compared to minutes if the
filament was exposed to a hard vacuum. A second and more effective:
means of reducing sublimation is obtained by filling the annular space
with loosely packed Microquartz. In this instance a physical inter-
ference is again provided, but in this particular case the subliming
species thermselves as well as the fibrous Microquartz combine to reduce
the mean free path of the subliming molecules to a much greater degree
than the cover gas alone.

Evidence which provides strong support for the above conclusions comes
from the operational experience of the SNAP 9A generator on-board the
Transit Satellite 1963-L9B launched December 1963. Data from this satel-
lite indicate the internal pressure to be a "hard vacuum'" after two years
in orbit. There is, ho%ever, reason to suspect that a low internal

pressure still exists. Therefore, with a slight internal pressure and,
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gignificantly, no fibrous material packed into the annular space be-
tween the elements and the Min-K 1301 insulation, the generator remains
operational 5-1/2 years after launch, despite 3-1/2 years at a minimal

(<1 psi) internal pressure.
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C. FILL GAS MANAGEMENT

This section presents the results of generator fill gas manage-
ment studies for a Viking RTG. Fuel inventories of 625 and 675 watts
were considered in conjunction with helium release rates ranging from
0 to 100% of the theoretical value generated during fuel decay.
Generator seal tightness* was also varied from 0.01 x 10-5 to 5.0 x
lO_5 scc/sec. This tightness range encompasses actual SNAP 19 gen-
erator hardware ( ranges from 1 to 5 x 10_5 ) as well as alternate
generator designs with twin seals, metal seals or welded housings.
The model used for these analyses is discussed below.

1. Analytical Model

The multi-gas permeability model used for generator pressure and
gas composition predictions is illustrated in Fig. III-41. For a
given generator void volume and average gas temperature (VG and TG),
the relatioﬁship between partial pressure of the gases considered and
permeation rates across soft seals can be expressed as

Q@ = Bx Cx AP where

Q = rate of a permeating gas, scc/sec

B = permeability constant for the gas at the seal temperature
considered

C = 1installation tightness factor of the seal, cm

AP

partial pressure difference across the seal, atm.

* Referenced to 337°F seal temperaturé and one atmosphere differential

argon pressure.
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of the generator); two
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FIG. III-41. MULTIGAS PERMEATION MODEL
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The resistance of the elastomer to gases is defined by B whereas the
configuration match between seals and grooves is given by C. Mnly Q
and AP are time variables. The partial pressure inventories are
calculated and adjusted with time by iterative computer routines

which also consider the replenishment of helium gas in the generator
through gas release from the fuel capsule. Possible sources of error
lie in assumed relationships between permegbility constants of the
various gases with seal temperature, in the measurement of the seal
installation tightness factor (determined from hot argon leakage tests
on previous SNAP 19 generators), and in the assumption that helium
discharge from the capsule is essentially constant through the mission
period. Seal permeability and seal tightness are discussed in Ref.
TII-1. The excellent correlation of generator S/N 20 pressures by this
model (using initial conditions of leak rate and pressure and the time-
temperature-ambient gas history of the seal as input) is illustrated
in Fig. TIII-42. Generator S/N 20 is currently undergoing thermal
vacuum tests at Tet Propulsion Laboratory.

In general, correlation between data and prediction has been good

for both the SNAP 19 endurance test generators (where helium leakage was

not a factor) and for the flight SNAP 19 Nimbus III generators. In the
latter case, good agreement was obtained by assuming a helium release
rate of 96% of the theoretical helium production rate as illustrated
in Fig. TII-43. The 50% release rate pressure profile is also shown.

Tf the lower release rate (50%) had been experienced, pressure would
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have been 2 psi lower than measured in the 5-1/2 months between
fueling and launch. Additional support that the helium release rate of
Nimbug ITI generators is near the 100% generation level is derived
from performance considerations. The 96% level of release corresponds
to a partial pressure of 4.8 psia helium in generators at the time of
launch. A 50% release level would have resulted in a helium pressure
of only 2.5 psia and a generator power output nearly 3 watts greater

at the system level than measured. It is this type of success in
correlation of pressure and power performance which justifies the
detail of pressure work presented below.

2. Results

a. Pressure Profiles vs Seal Tightness and Helium Release

Pressure results for the parametric study in seal installation
tightness and helium release rate from the fuel are plotted in Figs.
III-44 through TII-48 for five periods during mission life, including
five years after launch. The plots are applicable to the proposed
argon filled generators for the Viking mission which operate at a
fin root temperature of about 330°F., Equivalent data for RTG's
initially filled with helium are presented in Table ITI-16.

The allowable pressure range for RTG operation is as follows. At
the high 1limit, increasing parasitic thefmal insulation losses restrict
the maximum pressure to somewhat above two atmospheres. The lower
pressure limit is similarly fixed by performance considerations since

the thermoelectrics experience accelerated losses by sublimation at

INSD-2650-29
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SNAP 19 HELIUM FILLED GENERATOR INTERNAI, PRESSURES (PSIA) FOR

COMBINATIONS OF SEAL TIGHTNESS AND HELIUM RELEASE RATES
INITIAL FUEL INVENTORY 675 WATTS

Seal
Tightness
Factor
sce/sec

1.0 x 10-7

1.0 x 10-6

5.0 x 10-6

1.0 x 1072

1.5 x 102

FIN ROOT TEMP. 330C°F.

TABLE ITI-16

Helium Time from Fueling - Months
Release
Rate
sce/sec 0 3 9 21 33 69
0 13.5 13.48 14,64 14.39 14.15 13.45
2.80 x 106 13.50 1k.01  16.37 18.36  20.32  26.01
7.0 13.50 14.80 18.95 24,34 29.63 L, 98
14,0 13.50 16.12 23.27 34.30 45,15 76.60
21.0 13.50 17.44 27.59 Ly, 27 60.67 108.22
25.2 13.50 18.24 20.19 50.25 69.98 127.20
28.0 13.50 18.77 31.92 sl 24 76.19  139.85
0 13.50 13.29 k.04 11.86 10.02 6.04
2.80 x 100®  13.50 13.82  15.73  15.41  15.13  1k.5k
7.0 13.50 14.61 18.26 20.T1 22.78 27.24
4.0 13.50 15.92 22.49 29.59 35.58 48.51
21.0 13.50 17.23 26.72 38.L46 48.38 69.79
25.2 13.50 18.02 29.25 43.79 56.06 82.55
28.0 13.50 18.54 30.95 L7.34 61.18 91.06
0 13.50 12.50 11.68 5.08 2.25 0.28
2.80 x 106 13.50  13.01  13.22 7.30 4.76 2.98
7.0 13.50 13.77 15.53 10.62 8.52 7.05
14.0 13.50 15.04 19.37 15.15 14.78 13.82
21.0 13.50 16.31 23.22 21.69 21.04 20.57
25.2 13.50 17.07 25.53 25.02 2L .80 2L 6L
28.0 13.50 17.58 27.07 27.24 27.31 27.34
o} 13.50 11.57 9.34 1.91 .53 A7
2.80 x 10-6  13.50  12.06 10.71 3.28 1.90 1.54 .
7.0 13.50 12.80 12.77 5.33 3.94 3.58
14.0 13.50 14.02 16.21 8.74 7.35 6.99
21.0 13.50 15.24 19.63 12.15 10.76 10.40
25.2 13.50 15.97 21.70 14.20 12.80 12.44
28.0 13.50 16.46 23.07 15.56 14.16 13.80
0 13.50 10.73 7.52 .91 .35 .20
2.8 x 1006 13.50  11.20 8.75 1.85 1.26 1.11°
7.0 13.50 11.90 10.60 3.25 2.63 2.7
1k.o 13.50 13.08 13.68 5.58 4,91 k.75
21.0 13.50 14,26 16.76 7.92 7.18 T.02
25.2 13.50 1k.96 18.61 9.32 8.55 8.38
28.0 9.46
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TABLE III-16 (Continued)

Seal Helium Time from Fueling - Months
Tightness Release v
Factor Rate
scc/sec sce/sec 0 3 9 2l _33 69

2.0 x 1072 o) 13.50 9.95 6.12 6L .38 .21
2.8 x 1076 13.50 10.40 7.23 1.33 1.06 .90

7.0 13.50 11.08 8.90 2.38 2.08 1.92

14.0 13.50 12.21 11.68 L.12 3.79 3.62

21.0 13.50 13.34 1h.4s 5.86 5.49 5.32

25.2 13.50 1h.02 16.12 6.90 6.52 6.35

28.0 13.50 1L4.48 17.23 7.60 7.20 7.03

3.0 x 1072 0 13.50 8.57 L2k .63 RITS .20
2.8 x 10~ 13.50 8.99 5.15 1.09 .91 .65

7.0 13.50 9.62 6.53 1.77 1.60 1.34

1k.0 13.50 10.67 8.81 2.91 2.73 2.h7

21.0 13.50 11.72 11.10 4.06 3.87 3.61

25.2 13.50 12.35 12.47 b7l 4,55 4,29

28.0 13.50 12.77 13.38 5.20 5.00 4.7k

4.0 x 1072 0 13.50 T.41 3.17 .73 .50 17
2.8 x 106 13.50 7.80 3.9L 1.07 .8l .51

7.0 13.50 8.39 5.09 1.59 1.36 1.02

4.0 13.50 9.37 7.01 2.4 2.21 1.87

21.0 13.50 10.34 8.92 3.29 3.06 2.72

25.2 13.50 10.93 10.07 3.80 3.57 3.23

28.0 13.50 11.23 10.84 L.1h4 3.91 3.57

5.0 x 1077 0 ¢ 13.50 6.k 2.6 .82 .52 13
2.8 x 10 13.50 6.80 3.26 1.10 .79 Lo

7.0 13.50 7.35 L.24 1.50 1.20 .81

14.0 13.50 - 8.26 5.87 2.19 1.88 1.49

21.0 13.50 9.17 7.50 2.87 2.56 2.17
25.2 13.50 9.71 8.48" 3.28 2.97 2.58

28.0 13.50 10.08 9.1k 3.55 3.24

INSD—2650 29
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very low pressures. Anexact lower limit has not been established, but
pressures greater than 2 psia are considered acceptable for stable per-
formance.

As shown in the previous section, evidence from Nimbus IIT is that
helium release from the fuel approaches 100%. This value corresponds

5

to a helium production rate of 2.8l x 1077 scc/sec for a 675 watt source,

a quantity not to be confused with seal tightness rates. As shown in
Fig. III-U6 for the expected seal tightness range of 1 x 1072 sce/sec
to 5 x 10_5(the present RTG design with one Viton O-ring for each
sealed surface has produced seal tightnesses within this range on all
generatos built to date), the generator pressure at the end of the
Viking mission will be approximately 2 psia or greater even for 0%
release from the fuel. TFor the expected release ( ~/lOO%) and seal
tightness ( 3 x lO—5 scc/sec) the pressure will be approximately

7 psia. At 2 years after launch (Fig. III-LT) the expected pressure
is approximately -5 psia.

For ease of interpretation of Figs. ITI-44 through ITI-L48,
pressure profiles of the initdial argon filled RTG are presented in
Fig. III-L9 for various seal tightnesses and for helium pelease rates
of 100% and 50%.

b. Effect of Launch Scheduling on RTG Performence

Post fueling generator test and storage periods of 9 months were
assumed for the pressure and performance analyses previously presented.

An extension or abbreviation of the nine-month prelaurich period will

have minimal effects on pressure levels at encounter but will generally

INSD-2650-29
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be evident at launch. Each combimtion of seal tightness and release
rate is unique. This is illustrated in Fig. III-50 for test and stor-
age periods of 3 and 15 months and release rates of lOO% and SO%. A
seal tightness of 3 x lO'5 scc/sec was assumed. Excessive internal
pressure rise in generators with tight seals and maximum helium rates
during prolonged storage periods can effectively be halted by raising
seal temperatures above the nominal storage value (230°F to 260°F)

by insulating the fins. Impact on initial power performance can
thereby be minimized.

Figure III=51 shows the effect of the prelaunch storage and hold
period for fueling-to-launch-periods of 3 months and 15 monfhs (at
100% and 50% release rates and a seal tightness.of 3 x lO_5 scc/sec)
The variation in performance at end-of-mission (EOM) is approximately
one watt for a given helium release rate, with the shorter storage

time resulting in the higher power output due to the lower helium

pressure in the RTG.

c. Helium Gas Concentration

The change in percentage of helium gas at known pressures during
mission life is of prime interest for performance predictions. A
rising helium content will depress generator thermal efficiencies
after fueling by raising the effective thermal insulation conductivity.
Seal tightness and helium release rates were again combined in para-
metric studies versus helium.concentration at various mission times.
Results are presented in the carpet plots of Figs. III-52 through

III-56. It is of intérest that for mission durations up to 2 years

INSD-2650-29
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the seal tightneés has a rather minor influence on helium concentra-
tion.

d. Effect of fuel inventory and temperature

Figure III-57 presents the total pressure for a Nimbus III con-

figuration generator with a 625 watt thermal inventory and 3500F fin

root (seal) operating tempersture. At the EOM, the generator nominal
pressure is -5 psia. Thus, the effect of the higher fin root tempera-
ture and lower fuel inventory is to reduce the EQM pressure 2 psia be-
low the 675 watt, 330°F design previously discussed.

e. Generators with initial helium fill

Pressure changes with time for a helium filled generator are il-
lustrated as a function of seal tightness and helium release rate in

Table III-16. The current elastomeric seals are more permeable to

helium than to argon. To retain a supporting pressure in the generator,

the helium filled unit must rely on gas replenishment from the capsule
to a greater extent than the argon filled unit. Pressures approach
levels dictated by release rates soon after launch whereas equili-
brium values are approached more gradually by the argon filled gen-
erator. Representative'pressure time profiles are presentedrin

Fig. III-58.

In general, the helium filled RTG will produce a somewhat flatter
power profile over the mission than the argon RIG but‘somewhaf less
integrated power. Either RTG will meet the Viking requirements, al-
though the argon RTG has been selected for émphasis in this study

because of the greater power output available at EOM.
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3. Viton O-Ring Summary

Pressure profiles and % helium concentration as presented above
are supported by six years of elastomeric seal evaluation on SNAP
programs. The Viton A compound V7T7-545 O-rings as procured from
Parker Seal Company are carefully inspected for compliance with di-
mensional and integrity specifications. Similar inspections are
made on generator sealing and groove surfaces prior to installation.
The seals are held tight by rigid covers and flanges which virtually
eliminate seal motion during vibration or handliing of the generators.
The integrity of seals is determined through helium and hot argon
leakage tests of completed assemblies.

The performance of the installed seal dépends on 1ts resistance
to surface deterioration and on the memory of the seal compound at
time and temperature. Viton A unlike some elastomers, is superior in
‘resistance to surface cracking and sublimation under high vacuum (Ref.
III-2). The memory of the compound, which relates fo the capability
to maintain a seal by compressive forces is good at sustained tempera-
tures up to 3756F. Literature claims capability to withstand short-time
exposures to 1000°F.

Viton A has widely been tdsed in sealing applications for space.
It has been operated at temperatures in eicess ofv38OOF during the
qualification cycle of SNAP 19 generators and has succéssfully sealed
the SNAP 9A S/N L generator which has orbited since 1963. Moreover the

seals in the current configuration have been temperature cycled from

INSD-2650-29
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350.F to room temperature at various occasions during the SNAP 19

endurance test generator program. Some of these RTG tests are still
in progress. A summary of Viton A seal applications with SNAP RTG's
is presented in Table III-17. Seal performance in all instances has

been satisfactory.
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VITON SEAL USAGE SUMMARY IN ISOTOPES PROGRAMS

TABLE III-17

Operating Nominal

Serial Time Seal Temp.
Number (hrs) (as of) (°F)
1 4,000 9/66 230-270
2 4,000 7/67 230-270
3 3,800 1965 230-350
L 3,800 1965 230-350
LA 10,400 1/1/68 350

5 11,900 12/67 350

6 13,400 12/67 350

T 4,300 6/8/671  270-350
8 L, 400 6/8/67 270-350
9 800 5/68 230

10 800  5/68 230
11,11A 5,700 1/10/68  270-350
12,12A 5, 700 1/10/68 270-350
13 4,600 1/16/68  270-350
1k 4,600 1/16/68 270-350
15 1,000 5/68 230

16 1,000 5/68 230

17 5,800 12/67 350

18 9,000 L/68 350

19 - 16,000 L/69 350

Generator Program - SNAP 19

Status

Terminated
Terminated
Terminated
Terminated
Terminated
Terminated
Terminated
Terminated
Terminated
At Goddard
At Goddard
Terminated
Terminated
Terminated
Terminated
Terminated
Terminated
Terminated
On test at

First 5460

remainder at NASA-MSFC; test
continuing. '

INSD-2650-29
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TABLE III-17 (Continued)

Generator Program - SNAP 19 (Cont'd)

Operating Nominal

Serial Time Seal Temp.

Number (hrs) (as of) (OF) Status

20 10,150 2/69 350 At JPIL

21 8,300 3/5/69 350 At JPL

2oA 5,000 5/68 2Lo-365 Numbus B Flight System 8A

234 5,000 5/68 2Lko-365 Generators - Terminated

2L 5, 500 6/69 2Lo-375 Nimbus III Flight System

25 5, 500 6/69 2L0-375 Generators - in Orbit

26 1,200 6/69 330 Life Test

27 200 6/69 330 Awaiting Disposition

28 200 6/69 330 Awaiting Disposition
Generator Program - SNAP 11

Q/N-1M 15,000 9/68 250-400 Test continuing at Sandia

Q/N-3 17,000 2/69 250-400 Test continuing at JPL

Q/N-k 8,351 12/20/67 250-400 Unknown history at MSC (Houston)
Generator Program - SNAP QA

Transit > 6,000 6/1/64 275 Satellite memory failure termin-

5BN-1 ated generator data; pressure was

(s/m 6) 6 psia.

Transit 41,000 8/68 275 On 3/66 (20,000 hours) indicated

5BN-2 ‘ pressure reached zero; RTG is

(s/W k) still functioning.

s/N 2 20, 300 -- 215-275 Terminated

s/N 3 10, 800 -- 215-275 Terminated

S/N 5, 13,900 -- 215-275 Terminated

INSD-2650-29
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IV, HEAT SOURCE

The design of an Intact Impact Heat Source (ITHS) for an
RTG is most strongly influenced by nuclear safety requirements. Accord-
ingly, analyses of the heat source reported in this chapter are developed
in a way that facilitates a preliminary safety evaluation and permits

rational decisions with regard to design selection,
A, GENERAL

The primary purpose of nuclear safety analysis is to provide com-
ponent design criteria for the nuclear system. The objectives of these
criteria are twofold:

1. that the system will satisfy total safety requirements, and

2. that the resulting design will be balanced so that no compon-

ent is unintentionally over-designed.

The safety function must be comprehensive to be useful. Failure
of the fuel containment is a matter of concern, whatever the cause.
Although the magnitude of the nuclear assessment varies with conditions
under which fuel release occurs, that is no single event, such as the
re-entry process, which so dominates with respect to nuclear safety
significance that all other considerations may be suppressed in
designing the nuclear system.

Preliminary analyses were performed of all postulated malfunctions
which have a dominant influence on the design of the heat source. Two

candidate heat shields for an intact impact heat source were examined

INSD-2650-29
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in this study. The design options are defined and discussed in Section
B. Equilibrium temperature profiles for these configurations are pre-
sented in Section C.

Malfunction analysis was separated into three categories -- launch
pad and flight aborts (Sections D and E) and impact-post impact contain-
ment (Section F)., In each case, enviromments consequent to the malfunc-
tion were considered as well as the response of each candidate configura-
tion. The specific objective of this analysis is to estimate fuel release
probabilities for each enviromment and candidate heat shield.

In the final section (Section ) release probabilities are combined
with indices which are measure of the resultant nuclear safety assess-
ment and summed for each candidate heat shield. When this 1s accomplished,
it is possible to select the safest design and deduce further modifica-

tions, if required.
B. INTACT IMPACT HEAT SOURCE (IIHS) DESIGN

The ultimate requirements of the heat source are that it maintain
fuel containment under all normal conditions of transportation, handling,
checkout, launch, re-entry aﬁd Earth impact as well as certain abnormal
(but credible) postulated conditions which may occur due to terrestrial
accidents or launch or flight aborts. The fuel cépsule must be made of
materials that are chemically compatible with the fuel, resist oxidation
and seawater corrosion, and have sufficient strength and ductility to
resist shock, vibrafion, shrapnel penetration, and Earth impact at

component temperstures associated with these environments.

INSD-2650-29
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Two types of capsule fabrication have been adequately explored in
past programs and are directly applicable for Viking use. The first
concept available is one utilizing the combination of refractory metals
for strength and impact resistance and refractory/noble metals for fuel
compatibility, corrosion and oxidation resistance. The s