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3 I FOREWORD
¢
- l This document was prepared under Navy Contract NN0025-74-C-
: 0020 "Engineering Services in Connection with a Preliminary
- Safety Analysis and Design Review of the Navy's 2 KW(e) Radio-
X isotope Thermoelectric Generator." The work was directed by the
u Naval Facilities Engineering Command - Nuclear Power Division

T A

(NAVFAC-NPD). Mr. Jerry N. Wilson was the Navy's Progranm
Manager. Critical program reviews have heen provided by
Mr. Maurice Starr and Commander George Krauter of NAVFAC.

£

- The project was conducted by Mueller Associates, Inc.
(Mr1), Baltimore, Maryland. Mr. Andrew J. Parker, Jr. was

the Project Manager. The following members of the MAI

. engineering staff contributed significantly to the Program:

Mr. William J. Shadis, Mr. Thomas A. King, and Mr. James S.
Mooxe, Jr. Dr. Ralph R. Fullwood of Science Applications,
Incorporated (SAI), Palo Alto, California, under subcontract

to MAI, was a key contributor fcr safety analysis efforts.

Dr. Dennis F. Hasson, a materials consultanrt, provided in-depth
materials analysis expertice during the program.

av

Special thanks are due Ms., Sharon A. Lynch who typed
and verified the final report.

All assaessments, views, conclusions, and recommendations

contained herein are those of Mueller Associates, and do not
necessarily reflect the views and policies of NAVFAC-I'PD.
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ABSTRACT

A Preliminary Safety Analysis Report (PSAR) and Design
Review nave been conducted for the 2 KW(e) Radioisotope
Thermoelectric Generator (RTG). rhe objective of the PSAR
was to appraise the risk to public health and safety resulting
from the handling, transportation, emplacement, operation and
recovery of the RTG system. The objective of the Design Review
was to determine the state of development of the RTG system and

its components and assess its ability to properly and reliably
function in an undersea environment.
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GLOSSARY

EOL - End of Life

BOL - Beginning of Life

GTA - Gas Tundsten Arc welding procedure
SRzTiO4 - Strontium ortho-titanate

(9OSr) - Strontium Isotope 90
Wth - Watts thermal

W(e) - Watts electric

KW - Kilowatts

nyW - Milliwatts

MCi - Megacuries

rem, r - Roentgen Equivalent Man
mr - millirem

TE - thermoelectric

TEM - thermoelectric module

SAE - Prefix of numerical coding sequence of the Society of
Automotive Engineers for designating steel alloy

constituent contents
OD - Nutside Diameter
ID - Inside Diameter
ml/l - milliliters/liter
am/cc - grams per cubic centimeter
mpy - mils per year
psig ~ pounds per square iich - gauge
MPCC - maximum permissible concentration
Ksi - thousand pounds per square inch
g - gram
std. - standard

in situ - in the natural or original position
preening - the act of smoothing or dressing a surface, usually

with an abrasive
FY - fiscal year

IEEE - Institute of Electronic & Electrical Engineers

U - micro
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1.0 Introduction and Background

1.1 Description

A program to develop an energy conversion system utilizing
a radioisotope heat source and producing 1 to 10 KW of eclectric
power for terrestrial and undersea use was start2d in 19638.
Designated the Isotopes Kilowatt Program, the sponsors were the
Naval Facilities Engineering Command - Nuclear Power Division
(NAVFAC-NPD) and the U.S. Atomic Energy Commission. A concep-
tual design of a 2 KW(e) Radioisotope Thermoelectric Gencrator
(RTG) subsequently evolved. Developmental work, performed by
the Naval Civil Enginearing Laboratory, Naval Ship Research and
Development Center, Oak Ridge National Laboratory, the 3M

Company, and Westinghouse Astronuclear Laboratory, for the system

components progressed to various stages of completion.

In the summer of 1974, Mueller Associates, Inc. (formerly
Richard P. Mueller and Associates, Inc.) was commissionod by
NAVFAC-NPD under contract number ..00025-74-C-0020 to perferm
a preliminary safety analysis, including a design review of
the 2 KW(e) RTG. Up co that time, the project work emphasized
individual component development, integration and support
procedures. Consequently, a systems-analysis approach design
review was specified for the PSAR so that information voids
and deficiencies would be identified. Ac stated in the Scope
of Work, the preliminary safety analysis was to: "Include all
design criteria and evaluate whether structures, systems,
components, and their interfaces provide reasonable assurancoe
that the unit may Le handled, transported, emplaced, opcraled,
and recovered without undue risk to the health and safety of
the public."

Radioisotope Thermcelectric Generators utilize a principle
of physics known since the 19th century: an clectromotive
force is produced in a circuit of two different conductors
vhen a temperature difference exists between the junctions.

The decay of a radioisotope which releases heat energy causes
a temperature difference within the thermoelectric modules.
RTG systems have pbeen designed and manufactured to produce

electric power in the unit ranye of microwatts to several hundred

watts. They have been successfully employed in a variety of
adverse environemnls including deebd ocean, Arctic reaion, and
outer space. RTG lifetime design criterion for minimum power
output has typically been about 10 ycars. The goal of the

2 KW(e) RTG program is an RTG that will produce two Kilowatl:
(minimum) of electric power for a 10 year lifetime, which
represents a significant extension of a proven technology.
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Figure 1.1 presents a system description of the 2 KW (e)
RTG. Seven fuel capsules of Hastelloy C~276 containment material,
each fueled with Sr,TiO, will produce a total heat load o
34 KW(th). The capguleé are sealed in a SAEl1010 (low-carbon)
steel combination heat accumulator block-radiation shield.
The shield, in addition to absorbing ionizing radiation,
transfers heat to twelve parullel heat pipes, also installed
in the heat block-shield. The heat pipes are made from tubular
stainless steel (Allcy 316) and utilize a potassium working
fluid. Through the mechanism of latent heat of vaporization,
potassium vapor transfers the heat energy to thermoelectric
modules. One thermoelectric module is welded to the condenser
end of each heat pipe. The thermoelectric modules convert
the heat energy to electricity. After passing through the
thermoelectric modules, the remaining waste heat is dissipated
in surrounding seawater. To maximize the quantity of available
heat delivered to the thermoelectric converters, the heat block
is insulated. The top and bottom surfaces are covered by
Kaowool fibrous insulation. Sidewalls are insulated by a fusible
insulation system consisting of aluminum alloy 1100 screen, and
aluminum alloy 5052 foil. During normal operation, the alumi-
num acts as an insulator. (Laboratory simulation of the RTG
recorxrded heat losses o%f less than 10%.) Should the RTG system
suffer overheat conditions that result in a temperature excursion
of the heat block beyond the operating temperature range, the
aluminum insulator will melt and allow heat to radiate from
the side walls thus cooling the system sufficiently to prevent
damage or destruction of the radioisotope containers.
Finally, an envelope consisting of a pressure vessel and foun-
dation structure provides system integrity and stability, (A
more detailed description of system components is presented
in Section 3.1,)

This document, presented in eight sections with appen-
Aices, summarizes the evaluation of the 2 KW(e) RTG from a
systems vantage considering safety and performance aspects.
Section 1 presents general RT® “-»nkground information, a
system description, an overview of the developrent of the
Isotopes Kilowatt Program, and the function of this document
within the program. Section 2 describes the life cycle of
the RTG. Section 3, Reference Designs, defines the RTG
system, environment at different phases, procedures and
responsibilities. Section 4 uses the life cycle selected in
Section 2 and identifies the accidents using Failure Mode
and Effects Analysis (FMEA). This is the technique recommended
by the IEEE for systems in the design pnase. Section 5
pi'esents a safety analysis evaluation of the RTG design.
Section 6 identifies testing and development required to
ensure adequacy of design and Section 7 presents recommended
design modifications. Appropriate reference documents,
codes, standards, etc. are included at the end of each document
section.




Reproduced from
best available copy.

-

y
-
-

e

s
i I ‘ a,.257"
3 { ,/ N ¢
o / 1'
} ! |
]
| ;
i :
]
| . ]
S SEcTion A-A :
2 ; wi =
Y. YW —THERMOELECrEIC
! 170DULE™S ;
T (12 RrQUIRED) !
) - CHEAT BLOCK-SHIFLD
. % T '.l i _'.- ;"l' !
t . r—; ,.._7._' .T Yy \\p.i\{v /
i HENIIR ;
- CLOS”RE"’“\ ”uvf,h o l-\{‘ t\\\ SN !
t . LAl T ~ . E
): " j tm\\‘ ‘:‘ ‘\ » 1
, ! H | | . o 4
’M i i :
- e NS il : ;
' £ o L V[ug WA ‘,i'l”)i‘ ( .‘2 U A LI T F X7 R R R
“ '{!13.". A I Eo LI A ED)
ettty
Fii i 0 THERMAL ~ Al RREREARLD
) [ LAV ATION X ,T;. R *t t'm:» - F e L CASTR ES
cooE R b i Ljn,. by (7 REQUIRED)
) 'IL iy l | “ )’ti L
. e Y r \
{ —— i i 11
' Ji U t i !
AT Il AL A
l‘ ‘A l. s ) .
' L " "
J SUFPORT SVIRT - e ' e el n v
, RS
! THERNAL INSLATION ~ AR A
LI B "
||.|| e
" Il‘ l’n‘p |l
0D } ") ? l|| ;!" vy 1,
VIX D CROCUSYMEI T o - Q..'“:. T
SONE  PpoT =

FIURE Ll REFERENCE LI RIGN

\rds 2 )25
-3-




The last Section (8) summarizes significant data reported

in the body of the report. ™he appendices include miscellaneous
engineering analyses, evaluations of RT; component materials
selections, and safety regulations applicable to radioisotopic
materials and systems such as the 2 Kil(e) RTG.

1.2 RTG Safety Methodology

The 2 KW(e) RTG contains 5 megacuries of strontium-90
(90gy) » @ known hazardous material. The design incorporates
barriers to protect the public from harm or injury under all
circumstances. ™his preliminary safety analysis is performed
to determine which, if any, of the operations and accidents
that may occur during the RTG life cycle could compromise
these barriers. The probability of occurrence of those
identified is estimated and the consequences are calculated.

The barriers protecting the environment from the isotopic
fuel during normal operation are: (1) Solid, low solubility
ceramic fuel in the form of SRyTiO4, (2) Thick (0.325 in.)
fuel encapsulation of high-nickel superalloy. (3) Heat bhlock-
shield of 5.8 in. minimum barrier thickness, (4) Pressure
vessel of high strength steel and (5) Site remote from human
activities and food chains. To assure that these barriers
maintain this integrity, engineered safety features, such as
emergency cooling are provided. The design is examined and
found to satisfy the single failure criterion i.e. that the
failure of no single system or component can compromise the
protection of the environment.

The "life cycle" of the RTG begins when the fuel (half-
life 28.75 years) leaves the isotope facility. At this time,
the minimum protection is the first two barriers with the
other barriers being added depending upon the selected life
cycle. The RTG life cycle description (Section 2.0) discusses
the optional event orderings of the life cycle and the
relative occurrences of each. The safety methodology of
Section 4 identifies accidents using Failure Mode and Effects
Analysis (FMEA). The significant accident scenarios identified
by the FMEA are analyzed to assess design adequacy under normal
and accident conditions. Event probability estimates are
included, when available, with the possible accident consequences.
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2.0 RTG Life Cycle Safety Logic Description

2.1 Life Cycle Options

The development of the RTG life cycle evolves through
the occurrence of a series of events. These events include
the assembly of components into an RTG system, subseyuent
system transportation, emplacement, and operation. Retrieval,
transportation, and disassembly of the system will complete
the life cycle. The ordering and occurrences of many of the
life cycle evernts are optional. As a result, several iife
cycle descripcions can be hypothesized. On the following page
numerous life cycle descriptions are prescnted. The acdivan-
tages and disadvantages of each option are considered, and
based on these, one option is selected as the most desirable.

The RTG includes three major subassemblies:

a) The encapsulated heat sources

b) The heat block shield

c) An assemblage consisting of the pressure vessel,
heat pipes, thermoelectric modules, fusible insulation
and non-fusible insulation

In order for the RIG to become functional, these sub-
assemblies must be brought together at any one of the following
locations:

l. An Isotope Facility, where the heat sources will be
encapsulated

2. An Intermediate Assembly Site, having special asscrbly
equipment, intermediate between the Isotope Facility
and the Dock Facility

3. A Dock Facility, located close to dockside and
equipped with the special equipment needed fox the
assembly of the subsystems

4. Dockside, where the RTG is loaded aboard ship

Thereafter, the assembled RTG will exist at the following:

Ship-Board, where the RTG is stored for transportation
t» the mission site

In transit, between the ship and the site

At the Seabed Site, where the RTG performs its mission
At the Seaburial Site, where the RTG is not retrieved
(probably the same as 7)

O~ (&)

Table 2-1 presents the numerous comhinations of assembly and
disassembly events possible at the different locations.
The brackets identify the areas of option. For Sea Burial,
there are only six options while recovery prescnts six options

e ooy - .




for disassembly (primed) or 36 total combinations. Figure
2.1 is a schematic presentation of these combinations.

TABLE 2-1 - Possible Options in the
RTG Life Cycle

(a) Combinations Resulting in Sea Burial

4,5,6,7.8

LTI TR T
coCoooyo
W N
acoaaanaq
WwWwn W

(b) Combinations Resulting in Retrieval

ablcl cl'abl
ablc?2 c2'abl
ablc3 4,5,6,7,6',5',4" c3tabl
ab2c?2 c2'ab 2
ab2c¢3 c 3' ab2'
ab3ac3l c 3'ab 3

2.2 Discussion of Possible Options

2.2.1 Assembly

2.2.1.1 Assembly of Sources and lHeat Block Shield
at (a b 1) the Isotopes Facility

The Isotopes Facility is suitable for assembling the heat
sources into the heat block shield because of the availability

of remote handling equipment for radiological and thermal
protection.

Once the sources and shield have been assembled, the
local radiation levels are reduced substantially to permit
personnel to work nearby with the RTG unshielded. The large
mass of this assembly also provides thermal inertia and
convective cooling that facilitatos handling. The shield
block surface temperature will be about 480°F.

The heat block shield provides the rugged packaging
necessary for a type "B" container as specified by the
Nuclear Regulatory Commission (NRC~-formerly AEC) and DOT
reqguirements for commercial transportation. The only item of
these requirements (Appendix F) that is not satisfied is the
maximum contact surface temperature limit of 180°F.
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The incorporation of the sources and heat block-shield at
this point in the life cycle is highly desirablce. The resulting
package is suitable for handling and transportation without
other hardware.

2.2.1.2 Full Assembly at the Isotopes Facility (a b 1l c 1)

This is a satisfactory option and depends primarily on
contract agreements. The shipping weight of the assembled
RTG is increased somewhat over the fueled shield block alone
but not excessively for either special truck or rail transport.
Normal vibration of the shipment could have adversc effects.
Provision for emergency cooling in the event of heat pipe
failure must be included.

A method must be devised to remove waste heat from the RTG
thermoelectric modules to keep the <omponents at or below
normal working temperatures.

2.2.1.3 Source-Shield and RTG Assembly at An Intermediate
Assembly Site (a b 1 ¢ 2)

This option coumbines the problem of shipping the source-
shield assembly with its high contact temperature and the
problem of cooling the RTG, once assembled. HNeither probiem
if overly difficult. The advantage of tiic Intermediate
Assembly Site is that it could have eguipment for test and
assembly not present at either the Dock Facility or the
Isotopes Facility. This could be the location of the
prime contractor wherein are locatcd eguipment and procedures
required for assuring quality control and guaranteciny per-
formance.

2.2.1.4 Ssource-Shield and RTG Assembly at the Dock
Facility (Reference Design) (a b 1 ¢ 3)

This option takes advantage of the rugged heat block
shield as a transportation container for the heat sources
and minimizes the amount of contine..tal transportation of the
assembled RTG. It still requires a solution to redace the o
contact temperature problem to the DCT/NRC specification of 180°F
and it also requires a solution to the problem of maintaining the
RTG temperature to operational bounds when in surface shipment.
The principal constraint on this option is the capability of
the Dock Facility in terms of equipment and procedures to
pexform the necessary assembly and tests.
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2.2.1.5 Full Assembly at the Intermediate Asscnbily Site
(ab2c 2)

This option requires contincntal transport ot the heal
source without benefit of the heat block shield acting as the
shipping container. This could be done using a conmercial
spent reactor fuel cask but requires the special remote handliny
equipment discussed under a b 1. This option seems to offer
no advantages.

2.2.1.6 Partial Assembly at the Intermediate Asscmbly Site -
Complete Assembly at Dockside (a b 2 ¢ 3)

This option combines the disadvantages of shipping the heat
sources without the heat block shield and continental transport
of the assembled RTG. It requircs remote handling facilities
at the Intermediate Assembly Site and test and assembly equip-
ment at the Dock Facility.

2.2.1.7 Full assembly at the Dock Facility (a b 3 ¢ 3)

In this option, the sources would be¢ shipped in cooleid
shielded casks. Commercial spent fuel casks already licensed
for this purpose could be used. The satisfacticn of some
rcgulatory requirements would be facilitated. The buck Facility
would need all the special handling, assembly and test equip-
ment mentioned earlier.

2.2.3 Transportation to Dockside (4)

Regardless of where assembly is completed, the normal
mode of transportation to dockside weuald be by a whoirled
carrier. A mobile heat removal system capable of maintaining
an acceptable thermoelectric nodule temperature would bLe
required.

2.2.4 Transportation to the Mission Site (5)

The RTG will bLe loaded onto the ocean trunsport vessel by
crane and secured for the ocean voyage. The RTG, may be secured
to its fovandation at the dock or on arrival at the mission site.
The heat removal systems used to protect the TENM must continue
to operate atc all times. Personnel protection from all hot
exposed KRTG surfaces must be provided.

2.2.5 Enmplacement (&)

After arrival at the mission site, the RTG/Seabed foundation
and mission package will be lowcred over the side of the vessel
by cable and winch. Upon entering the water, the auxilliary
heat removal system used to protect the TEM's during surface
transport must be removed. The surrounding seawater will
provide cooling thereafter.

s
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The most credibla accident possible during shipboard
handling and emplacement is cable breakage or winch brake
failure. In either case, the RTG will either fall onto the
ship or into the water.

2.2.6 Operation at the Mission Site (7)

Nuring operation of the RTG, failures that could have
safety implications require failures of the barriers as
described in Section 1.2.

2.2.7 Seaburial (8)

Should the RTG be lost or difficult to recover and it is
deemed that its non-recovery is acceptable, the option of
seaburial may be exercised. The accident and failure modes
for this option are no different from normal operation up to
th. point of recovery. Seaburial means that the RTG barriers
will be subject to the site environment forever.

2.2.8 RTG Recovery from the Mission Site (6')

The recovery of the RTG will probably be made by some
form of grappling. The RTG foundation mounting will be
designed to release the RTG so that the foundation (which will
probably be imbedded in the ocean bottom) can remain behind
and only the RTG be recovered. Recovery of the RTG pcses no
unusuwal safety problems not associated with recovery of a
similar weight and size device. If the cable or grapples should
break after the RTG is removed from its foundation, the RTG
may become misoriented and imbedded in the Seabed. Location
and recovery after such an incident will be extremely difficult.

If the RTG has failed during its mission, it is possible
that the failure may be due to the presence of a small seawater
leak. When the RTG is brought to the surface, the pressure
vessel may be pressurized up to 10,000 psia which can constitute
a personnel safety hazard if pressure equilibrium cannot bhe
maintained. Some safe means to achieve pressure equiiibrium
is needed.

Standard radiological surveys of the RTG should be performed
to determine if radioisotoupe leaks are present.

2.2.9 Ocean Transporc to Dock (5')

Nnce the RTG is successfully rcemoved from the ocean, the
surface transporation heat removal system must be reinstalled.
At the end of the specified 10 year mission, the RTG heat flux
is still 79% of the original value and hence the RTG must be
handled in about the same manner as during emplacement.

-10~
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One possible option not shown in Figure 2.1 or Table 2.1
is that the RTG may be recovered for a new mission assigument
at a different location before the ten year lifetime is com-
pleted. The vessel may go directly to the new site and emplace
the RTG without returning to dockside. This poses no

additional safety problems other than those consicered during
the original emplacement.

2.2.10 Transportation From Dockside (4') and Disassembly

If the RTG is returned for repair or salvag.', it will be
returned to a dock and be off-loaded onto a wheeled vehicle
for transport to a location nearby for disassembly. Mo
additional safety problems are posed other than those that
occur in the original one-emplac.ment trip. As before, an
auxilliary heat transfer system must continue to operate
if il is desirable to vrotect the TEM's. If the RTG is aliuwed
to overheat, the fusible insulation will melt and the RTG
will cool to a surface temperature of about 400°F. It is not
possible to transport any d~zvice at that temperature by
commercial carrier. bisassa2mbly is simply a reversal of the
assembly process by one of ‘he six options discussed earlier.
The same considerations as to safety and handling agoly.

2.3 Summary and Selected Optior

The meaningful options available for RTG transportution
and assembl’ heve been discussed. Advantages and disadvantages
for each opticn have been presented. At this time, no specific
assembly and transport procedure has teen expressed in the
Refercnce Documents. Obviously, all of these possible com-
binations cannot be discussed in the detail reyuired for safety
analysis and henceforth only a selected procedure will be
used. The selected procedure is composed of options a L 1 ¢ 3,
that is, the sources are installed in the heat block-shicld at
the isotope facility. This unit is then transported by commercial
surface transportation to a Dock Fac.lity and assembled into
the RTG subassemblv. It is subjected to various tests to
assure its performance; sealed, retested and icaded aboard ship
to execute its mission. It 1is recovered and disassembled by a
reversal of the assembly process thus completing the life
cycle (ablc34567¢6'5" 4" c3'abl') which is reviewed
in-depth under this contract.

it it




3.0 Reference Designs

3.1 Radioisotope Thermoeclectric Generator

The 2KW (e) RTG (shown in Fig. 3.1) is essentially a system
of three subassemblies comprising six major components: fuel
capsules, a combination heat block-biological radiation shield,
heat pipes, thermoelectric modules, fusible thermal insulation,
and an enclosure vessel. A discussion of the function and
design status of each component follows:

3.1.1 Fuel Capsule

Seven fuel cagsules of Hastelloy C-276 alloy, each containing

the radioisotope 90Sr in the form of Sr,Ti0,, will provide
approximately 34 KW (BOL) of thermal energy?4860 watts per
capsule). Capsule exterior dimensions are 102.3 cm (40.28" long
by 10.4 cm (4.1") diameter. The capsules will be fabricated
into a hollow cylinder from bar stock. Top and bottom end caps

Yill be fabricated for electron beam welding to the cylinder
Fig. 3.2).

For each capsule, 24.95 kg (55 lbs.) of SroTiO4 is to be
placed in liners of Hastelloy C-276. Lincrs will be sealed by
Gas Tung.ten Arc (GTA) or plasma arc welding, leak tested and
decontaminated prior to insertion into the capsule. Design
details of the liners are nof: available. This assembly is
loaded into the capsule housing. The fuel capsule fabrication
and performance design criteria are listed in Table 3-1. Com-
parisons of Hastelloy, Inconel-625 and other materials for this
application are presented in Appendix C.

3.1.2 Heat Block-Biological Radiation Shield

The fuel capsules are installed in the heat block radiation
shield (Fig. 3.3). As the name implies, this component serves
a dual purpose; the transfer of heat energy and the absorption
of ionizing radiation. In the current design the block is a
finned cylinder of SAE 1010 steel though an alternative
material, Nickel Alloy 201, has been considered. (A further
discussion of these alternatives is presented in Appendix B).
The fuel capsules are to be installed in a hexagonal array on an
11.3 in. diameter circle with the seventh capsule located at
the heat block center. The heat block-radiation shield acco-
modates 12 heat pipas (See Section 3.1.3). These are arranged
symmetrically on a 21.5" cixrcle. Heat block information is
summarized in Table 3-2.

-12-
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TABLE 3-1

SUMMARY OF FUEL CAPSULE INFORMATION

Fuel Capsule Parameter Specifications
Quantity 7
. 90
Fuel: Sr.Ti0o, (”"Sr)
27774
Fuel Half Life (years): 28.75
Fuel Weight (Approximate kg per capsule) 24.95 (55 1bs)
Fuel Power Capacity (Per capsule—wth):BOL 4860
' EOL 3820
Housing Material: Hastelloy C~276
Normal Operating Temperature (°F)
Fuel: 1900
Housing Surface: 1360
Welds: Top E.B. - .120" DP. Min.
Bottom E.B. - .120" DP. Min.
SrzTiO4 Form: Cylindrical Pellets
Pellet Dimensions: (Inches)
Length: 1.92
Diameter 3.4
Pellet Quantity (Per Capsule): 20

Maximum Temperatures
Accident (Loss Of Coolant)

Operating Temperature* (OF)
Fuel: 2400
Housing Surface: 1890
Shipping Temperature* (°F)
Fuel: 1580
Housing Surface 1020
Shipping Accident Temperature* (OF)
60° Burial: 1165
110° Burial: 1190

* Temperature is maximum for test

~-16-
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TABLE 3-1 (continued)

|
SUMMARY OF FUEL CAPSULE INFORMATION |
|

Fuel Capsule Parameter Specifications ]
vy
Hastelloy C-276 Seawater Corrosion -4 ]
Rate (in./yx.): 10 ]
"
Design Life (Years): 10 ;
Maximum Pressure: 15,000 psia
4
Vibration: Frequency (CPS) 5 - 5000 |
Force Loading (G) Unknown
Thermal Shock: 1400°F to 32°F
Impact: Capsule Free Fall from
30!
Puncture: 7 KG mass dropped from
height of 1 Meter
Thermal: 2000°F for 30 min.
Immersion: (Water) 2' above capsule for
24 nours

Housing Dimensions:
(See Fig. 3.1)

Outside Diameter, in. 4.100 (+ .002)

Inside Diameter, in. 3.450

Length, in. 40,280
'y .1:
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1 i
| B
1 -17- |
i |
i
3
]

H
l




L pane b aah el

po——

e 1 et ST g et o e i 5. T IR S

N

TR S e o el - _————— —— ———————— e e -——

TABLE 3-.

SPECIFICATIONS, DESIGN AND PERFORMANCE DATA
FOR TEE HEAT BLOCK-SHIELD

Material

Diameter
Fin root, in.
Fin tip, in.

Height, in.

Number of fins

Fin height, in.

Fin thickness, in.

Holes for heat pipes
Number
Diameter, in
Length, in.
Centerline circle, in.

Heat block-shield assembly shipping
weight without fuel capsules, 1b.

Radiation Dose at Surface (mr/hr)
Normal Operating Temperature (OF)

Accident Conditéon Operating
Temperature ( F)

Shipping Temperature (°F)
Power Loss KW (th) During

Normal Operations

Shipping Accident o
609 Burial:in Sand ( F) o
out of sand (°F)

110° Burial:in Sand (OF) o
out of Sand (°F)

-18-

SAE 1010 Steel
35.5
40.5
60
45
2.5
0.5
12
1.008
55
21.25
16,500
<200
1150

1360
480
5.8

(1100°F -~ surf. Temp.
1.0 psia)

770
600

825
635
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3.1.3 Heat PiEes

A program of heat pipe development and testing was conducted
in an effort to improve operational performance and increase
confidence in component reliability. The present design, in
addition to being fabricated to dimensional specifications, was
required to meet the following operational specifications:

1. The heat pipe shall be capable of delivering a minimum
of 3500 watts to its condenser section at 900°F for
a minimum of 10,000 hours.

2. The heat pipe shall be capable of operating in the
temperature range 900°F to 1100°F for a minimum of
10,000 hours.

3. The heat pipe shall be capable of being started from
room temperature by vertical insertion into a 1000©F
heat block.

4. The heat pipe assembly shall be capable of operation
in attitudes ranging from vertical to 60° below vertical.

5. The heat pipes shall use potassium as the working fluid.
(See Section 6 for further discussion on the selection
of working fluid) .

Figure 3.4 presents a sketch of heat pipe elements. Additional
design criteria are listed in Table 3-3.

3.1.4 Thermoelectric Modules

The design for the Thermoelectric Modules (TEM's) is shown
in Fig. 3.5. Design details are shown in Fig. 3.6. Principle
components of the TEM are two piece conductor rings, a duplex
inner clad, and glass seals, located at nickel power pin penetra-
tion points. The tubular, layered, design maximizes the component
reliability while minimizing temperature drops between the cir-
cuit and both the hot and cold reservoirs.

Design and performance criteria for the modules arc presented
in Table 3-4. These criteria were developed for a five year system
life. A recent upgrading of the RTG design life to ten years
requires that the existing TEM design be optimized for ten year
performance. This will be done within the framework of the
current TEM conceptual design, i.e. dimensions and materials
will change; but not the configuratiopn.

-19-
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Length

Working Fluid
Charge (£fluid mass)

Wick Material

TABLE 3-3

HEAT PIPE DESIGN DATA

Type of Wick Structure

Pipe Wall Material

Operating Temperature Range

Thermoelectric Module Power Requirement

(Each)

Heat Pipe Power Capacity (Each @900°F)

-20~-

1"
.834"

79"
Potassium
Unspecified

Type 316 Stainless
Steel

Wrapped Screen

Type 316 Stainless
Steel

900°F to 1100°F

2.7 KW (th)
35 KW (th)

PRI
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TABLE 3-4

1 TEM-17 REFERENCE MODULE SUMMARY

Number of Couples 23
CALCULATED PERFORMANCE DATE
E.O.L.
B.0.T. FUgﬁoﬁgéAY CONST TH
Heat Input (watts) 2600 2200 2560
T, (°F) 1000 872 1000
T (°F) 75 75 75
Load Voltagz (volts) 2.2 2.2 2.2
Efficiency (percent) 7.7 6.7 7.3
Power Output (watts) 200 148 189
[ Power Degradation
(pct/10,000 hrs)
| Module Induced - 1.3 1.3
! Fuel Induced - 4.6 n.
| Total - 5.9 1.3
-24- vl
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DESIGN DATA

Inner Diameter (inch) 1.092
Outer Diameter (inch) 2.642
E Circuit Length (inch) 5.33
N-Leg Washer Thickness (inch) 0.130
P-Leg Washer Thickness (inch) 0.093

Tungsten Foil Axial Thickness (inch) 0.0004
Tungsten Foil Radial Thickness (inch) 0.049
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2,1.5 Fusible Thermal Insulation

Insulation around the heat block is required in order to
minimize parasitic heat losses. However, in the event of
coolant system (heat pipe) failure, it will be necessary to
reject heat by another method in order to avoid damaging or
destroying the integrity of the fuel capsules. This dichotomy
is satisfied by 6 1/2 inches of aluminum foil and screen
insulation (see Fig. 3.7) which consists of 8 layers of foil
to every layer of screen. Support for the insulation system is
provided by a frame that consists of inner and outer frames
of expanded steel. These alloys melt in the temperatv.:.e range
of 1125°F to 12159F, and thus allow the heat block and fuel
capsules to reject heat through the previously insulated sides
of the RTG. Specifications for the insulation, including
propertias of the aluminum alloys employed follow in Tables 3-5
and 3-6.

s W2 W

3.1.6 Pressure Vessel

The RTG is intended for operation at maximum design seawater
depth of 20,000 f2et. To accomplish this, the system will be
enclosed ina high strength pressure vessel (See Fig. 3.8). The
vessel will be a cylinder with external ring stiffeners. To
minimize bending stresses, the top end cover will be torispherical,
(a spherical cap segment at apex, blending into a toroidal section)
and the bottom end cover will be hemispherical. Twelve thimble-
like protrusions will be required on the top cover to accomodate
the thermoelectric module unicvs. The pressure hull material
will by HY-100 steel. A bolted closure joint will be required.

(A discussion of closure alternatives is presented in Appendix

FEHd ¢ - Heent i B BE 53 B an

ua A.) Design data fur the pressure hull is given in Table 3-7.

- 3.2 Ocean System

- The RTG must be exposed to free moving water and held in

- a near vertical attitude on the sea bed. The RTG configuration
and weight are such that a large foundation is needed for these

- purposes. The system will provide electric power to a nearby

experiment or mission package via submarine cakles. This entire
assembly, consisting of the RTG, electrical penetrator, support
foundation and mission package is called the "Ocean System."

3.2.1 Foundation

The Foundation affords the generator (especially the thermo-
electric modules) protection from the effects of ocean currents,
earthquake activity, animal and plant life, and the slope of the
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TABLE 3-5

CHEMICAL COMPOSITION AND MELTING RANGE OF
THE FUSIBLE INSULATION WIRE AND FOIL

Alloy
1100 5052

Element (Screen) (Foil)
Silicon plus iron (max), % 1.0 0.45
Copper (max), % 0.20 0.10
Manganese (max), % 0.05 0.10
Magnesium, $ 2.2 - 2.8
Chromium, % 0.15 - 0.35
Zinc (max), % 0.10 0.10
Other Elements

Each, % 0.05 0.05

Total, % 0.15 0.15
Aluminun (min), % 99.00 Remainderxr
Melting Range, deg. F 1190-1215 1125-1200

TABLE 3-6

DIMENSIONS OF THE FUSIBLE INSULATION FOR HEAT-ELOCK

Expanded Metal Liners

Type TFlattened Expanded 1% in. No. 16-18
Metal
Nominal thickness, in. 0.047
Width, in. 48
Material Stainless steel
Inside diameter
Inner liner, in. 41.375
Outer liner, in. 54.469
Number of Foil Lavers 38
Number of Screen Layers 301
Total Insulation Thickness, in. 6.5
Average Screen Layer Thickness, in. 0.021
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HULL CONFTGURATION - HY-100 - STEEL (20,000' APPLICATION)
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TABLE 3-7

PRESSURE VESSEL SPECIFICATIONS

Detail of Ring Stiffeners

W

Lo

i -
o

i 1

L |

|t T f

Hull and Stiffener Material: HBY-100 Steel
Hull Surface Finish: 63 RMS

"0" Ring Material: BUNA-N

Design Depth: 20,000’

Cylindrical Section: Length: 60.0"
Shell Radius: 27.5"

Out-of-Roundness Tolerance:

Submerged RTG Weight: 21,520 1lbs.
Submerged Foundation Weight: 2,680 lbs.
Total System Weight: 24,200 lbs.

Detail of Ring Stiffeners:

H: 2.250" W : .24"

Lg: 5.45" F s 2.43"
w

. n Y . (1}

W, 4.05 F.: 0.61

Frame to Shell Area Ratio: 0.2
Weight to Displacement Ratio: 1.377
Internal Operating Pressure: 16 psia
Internal Gas: Argon

~29-~
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ocean floor. The Foundation also facilitates installation and

retrieval, as well as offers security from other damage (either

malicious or unintentional) by man. It also maintains the RTG

[ in an attitude that will allow the heat pipes to function

at maximum efficiency. The design for the support and foundation
structures is shown in Figures 3.9, 3.10, and 3.11l. This

design includes the use of magnesium bolts to secure the

foundation to the support elements. It is intended that these

bolts will corrode in a few days, thus allowing the recovery .
of the RTG without the added weight of the foundation. The
figures present only a conceptual design. No considerations

of corrosion effects are given. Contrary to the pressure vessel
reference design, no external stiffening rings are assumed.
Incorporating the stiffening rings into the pressure vessel/ )
support structure is required and may require modifications to 4
the conceptual foundation design. s ’

3.2.2 Electrical Penetrator

A design for an electrical penetrator has been recommended.
This design, shown in Fig. 3.12, was prepared for the U.S. Navy
for use in depths of 0 to 20,000 feet. Both plug and receptacle
have compression glass sealed and insulated pin contacts designed
for pressures experienced at 20,000 feet. Redundant "O-ring" ;
seals are also featured. The penetrator housing material is
Inconel-625. Though the figure shows a 90 degree plug, a
straight penetrator can also be used.

% 3.2.3 Mission Experiment or Package . i

There are presently no reference designs or specifications
relating to the types of missions for which the 2 KW (e) RTG might
be used. However, it is assumed that any such mission will be ]
located near the RTG and connected to it by a submarine trans- e 1y
mission cable. i

} 3.3 Emplacement. Maintenance and Retrieval Systems

Emplacement and retrieval systems for the 2KW (3) RTG
have been discussed in reference to an undefined mission that
may require covertness. Covertness, defined as concealing
what is being done rather than where it is being done, would
require a ship that is as small as possible or a ship that would
not reveal the intent of the mission. The USNS HAYES (T-AGOR-16),
with a proposed 25 ton crane, was suggested as a satisfactory
cnoice for a deepwater installation vessel. A maximum sea

3 state of 3 has been specified for emplacement or retrieval.
Installation of the RTG will be accomplished in the following
way:
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loading frame {AJ6 steel)

ring {A36 steel}

» power cable

cooling water container
{ncoprene coated fabrnic)

wire rope coupling

loading frame {A36 steal)

===
§
1]

power codble

N
T

)
AN\

A
Vs

1{]-‘- fabric clamp

le— tension members
{A36 steel)

power conditioner

— gxpanded metal cage

pressure thimbles =

<
<
(

fabric clamp

/

~— bolted loading flange
{HY 100 steel)

l_., chain

Figure 3.10 Recommended structure (upper).
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NOLTR 74-31

POLYURETHANE BOOT

CABLE CLAMP
STRAIN RELIEF
PREPOTTING
l BACK SHELL
t
N

| EPOXY PREPOT

L—PLUG SHELL
SOCKET CONTACT

-Ph ! CONTACT

? HERMETIC SEAL INSULATION
& o-ne

~~ COUPLING RING
FRONT INSULATOR

SOCKET CONTACT
(DOUBLE-ENDED)

POLARIZING KEY RECEPTACLE SHELL

O-RINGS
RPG END CLOSURE—+ / }j% O-RING WITH
/ff/é 2%  BACK-UP RINGS
- ]+ WASHER
A ~—— LOCKNUT
U} SOCKET CONTACT

T POTTING COMPOUND

(FROM REFERENCE 12)

Fig. 3.]12 RECOMMENDED 0-20,000 FOOT -DEPTH CONNECTOR




A recall buoy with an anchor will be lowered to the sea-
]; floor using a synthetic line. This line should be of sufficient
strength to support the weight of the RTG. However, it will
be subject to loading only during recovery operations. The
synthetic line will be attached to a central top connection
]; point of the RTG. The RTG will then be lowered to seafloor hy
: an electromechanical cable unreeled from shipboard. An electro-
i ]: nmechanical cable allows monitoring the RTG and mission data

during descent.

The electrical load can now be attached to the RTG by one
of several methods. A mission cable of equal length to the depth
of the site (20,000') is likely here. This reguires the
simultaneous lowering of electromechanical and mission cables
and presents the problem of entanglement of the cables. The
electrical load could also be attached underwater using a sub-
mersible vehicle or remotely controlled tethered vehicle.
A third possibility would be to attach the mission cable to

N S

! the RTG while both are on-board ship and lower the RTG using
the electromechanical cable. The latter two methods will
' . minimize entanglement problems. (See Fig. 3.13).
N In these latter two methods the electromechanical cable
is not connected to the mission load. Ic can be connected to
- either an auxiliary electrical load with a recall buoy, (better
suited to a shallow water deployment) or it can be used to
trigger an electrical release on a second anchor and recall
e buoy. The second recall buoy and auxiliary electrical load (ox
anchor assembly) would then be lowered to the seafloor usiny

oo a small line which is released once the package is on the
: bottom. (See Fig. 3.14).

The effect of currents on the cables has not been
addressed. Also, the possibility of the cable being buried by
sediment has not been addressed. These considerations are }
significant when considering a 10 year mission lifetime. No ‘
maintenance systems have been stated in conjunction with the
Isotope Kilowatt program.

£

t—i

3.4 Undersea Site

3.4.1 General

The ocean environment surrounding the emplaced 2KW (2)
RTG strongly impacts design requirements and is critical
to the RTG's performance and public safety. As a basis
for the subject safety and design assessment, an undersea site
description assigning values to the most important juantifiable,
environmental parameters, was developed and is presented in this
section.
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Tn most cascs, the site description is bauced upon a typical
worst~case or most cr.tical condition for each parameter and,
as a result, does not correspond to any site which actually
exists in the ocean. Two parameters, however, are not deter-
mined by the worst-case approach. Volcanic activity is so
difficult to forecast and the potential hazard so great, that
a site requirement must be that the RTG is not emplacel within
the influence of any known or suspected volcanic activ-w.ty. The
required bottom bearing strength has been determined as
.857 1b./in.2. This was calculated assuriing the foundation
configuration of Figure 3.9, and is thus consistent with the
requirement of covert handiing of the RTG.

Selection of a typicel worst-case value for a given parameter
will depend upon the range of ..iu2s found in the ocean. De
fining what is "typical" depsands upon knowledge of deep ocean
conditions. ‘The information used in this site description was
derived from standard oceanugraphy and ocean engineering data
sources. For some parameters, for instance seismicity, not
enough data are available to define typical conditions, so that
the values used were chosen conservatively. The safety analysis
will point-up those areas in which site requirements must be
relaxed.

3.4.2 Site Description

a. Depth - 20,000 feet (maximum)

b. Temperature - 1°¢ (minimum)

c. Salinity - 35 parts per thousand (maximum)

d. Dissolved Oxygen - 5 ml/1l (maximum)

e. Bottom Bearing Strength - .857 lb./in.2 (minimum)
f. Rate of Deposition of Sediment - .02"/10 years (maximum)
g. Bottom Slope - 4° (max imum)

h. Seismicity - Maximum Horizontal Acceleration - 1.0g
i. Vulcanicity - none

j. Animal and plant life - none

k. Wave Action/Water Current - 12 mph (maximum)

1. Sea-State during Er.placement - 3 (maximum)
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3.4.3 Discussion

3.4.3.1 Depth - 20,000 Feet

Depth is the major independent variable since many environ-
mental parameters are correlated to it. Assigning a site depth
limits the range of typical temperatures, salinities, dissolved
oxygen, fauna and flora, wave action/water currents, ectc.

Besides being a controlling factor, hydrostatic pressure at
depth places some of the most critical demands upon the design.
It affects structural and leak tightness requiremerts and site
accessibility for emplacement and retrieval. Site depth was
selected as 20,000 feet, the maximum design depth.

3.4.3.2 Temperature - 1%¢

Site temperature affects corrosion rates and determines
final operating temperature of the RTG ccmponents. Ceep ocean
temperatures vary little with an expected range of 49C to 0°cC.
For the purpose of this evaluation, the site temperature is
assumed to be 1°cC.

Several locations in the ocean and surrounding seas have
very high temperatures near the bottom due to volcanic activity
or similar causes. These sites must be avoided as they would
result in a degraded conversion efficiency of the thermoelectric
modules, and could cause the fusible insulation to melt.

Surface temperatures can vary from 28°¢C to just under n°c.

During emplacement and retrieval, the RTG will be subject to
these temperatures.

3.4.3.3 Salinity - 35 parts per thousand

The ocean salinity varies in a narrow band near 35 parts
per thousand and is important with respect to corrosive ecffects.

3.4.3.4 Dissolved Oxygen - 5 ml/1

The great bulk of the ocean contains a dissolved oxygen
concentration between 1 and 6 ml/1l, but 5 mi/l is a typical
value for the bottom of the Atlantic Ocean, which compzred to
ocher oceans has a high dissolved oxygen content.

3.4.3.5 Bottom Bearing Strength - .857 lb./in.2

As discussed, a foundation-base configuration and total
weight has been assumed for the RTG and used to calculate the
minimum allowable bottom bearing strength.
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3.4.3.6 Rate of Sediment Deposition - .02"/10 years

Some areis, such as those near the mouth of a large river
often have deposition rates much higher than .02"/10 years.
llowever, most of the ocean has rates of deposition between .004
and .4 inches per thousand years. Deep-water rates character-
istically are very low, so that .02"/1l0 years is a relatively
high rate, barring turbidity currents, and the like.

3.4.3.7 Bottom Slope - 4°

The grgat majority of the ocean floor has a slope of
less than 4°. This is about the average "break-in" slope
of the continental shelf.

3.4.3.8 Seismicity - 1.0 g

Earthquakes are known to cause "turbidity currents" which
sweep down from the ocean slopes and cover the bottom. T ese
currents are sediment-~laden water which can attain speeds =&

12 mph. as they sink along the ocean floor. They have been
known to leave deposits of sediment 100 feet deep. A turbidity
current could completely bury the RTG in sediment. Siting to
avoild known or csuspected turbidity current areas is necessary
to assure containment.

The maximum horizontal acceleration of 1.0 g is very high
and is very rare on land. This value was chosen because of a
lack of data and the unknown effect of ocean sediment on
seismic shifts. (See Appendix E).

3.4.3.9 Vulcanicity

It is assumed that the mission site shall be located far
from any underwater volcanic activity. This should not
severely limit the usefulness of the RTG but it is necessary
due to the extreme environmenits associated with volcanic
activity.

3.4.3.10 Animal apAd Plart Life

Encrusting organisms are not expected to be a problem on
a surface 25 to 20°F hotter than its surroundings.

3.4.3.11 Wave Action/Water Current

The site shall be expected to have a maxim"m bottom current

of 12 mph. This is a high value and average currents are much
smaller. The high velocities are associated with the turbidity

~40-

ALY

2 -t nnin

sk am

T AtUY e enam e v = meeaac

L




¢

=1

ws -

N

*n

!

.
e e i g TN Sl S
A - -
L .

£

-

LDt e e

5]
&

A oo

- m e o d————— - - - - - - ~ war -

currents discussed above. This high valuve shall be used in
analysis to be certain that the RTG can withstand all but the
most catastrophic ocean currents. (See Appendix E.)

3 4.3.12 Sea-state during Emplacement

It is expected that the RTG shall be emplaced in a maximum
sea-state of 3. The great weight of the RTG and the difficulty
of deep-sea installation make emplaccment in heavier seas
impractical.

3.5 Data Acguisition System

The emplaced RTG will be equipped with a mission package,
a performance data acquisition system and possibly, an active
retrieval system. None of these items have been defined in the
available references. It will be assumed here that the mission
package will periodically or continucusly relay or transmit
the mission data it obtains. If the mission package operates
as intended, it will be obvious that the RTG is functioning.
However, if the mission package does not operate, it is not
necessarily indicative of an RTG failure. It would be desirable
to include a separate data acquisition and backup transmission
system to provide information on the functioning of the RTG
power supply. Valuable RTG parameters that could be monitored
are:

1. Output voltage

2. Output current

3. Component Temperatures

4, RTG Attitude

5. Presence of moisture inside the pressure hull.

Such performance data would be most important during the
emplacement operation while the RTG is still attached to the
emplacement cable and could be easily retrieved in the event
of a failure. It is likely that several types of partial
failures could be detected and the RTG retrieved before a major
failure occurred. This would also inciease the reliability of
an active retrieval system. For instance, an attitude indicator
could warn of a slow tilting of the RTG due to differential
compression of the sediment and permit system retrieval before

the RTG fell on its side. As another example, if a slow moisture
build-up inside the pressure hull due to a slow leak were detected,

the RTG could be retrieved before increasing pressure damaged
the systemn.
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3.6 Reference Operational Procedures and Responsibilities

3.6.1 Normal

Operational procedures for normal and emergency conditions
must he established for each phase of the RTG life cycle. .
Responsibility for each procedure must also be established.

Secondary procedures and backup personnel should be designated

to provide for unforeseen circumstances. At the present time, .t
none of the reference documents have delineeted complete procedures
or responsibilities for the 2KW(e) RTG. However, some useful
information is available from procedures established for other
RTG's and may be used as a model for this program.

System size, weight, radiation, high temperature and
mechanical design place severe constraints upon the procedures. -
Of these constraints, radiation is the most critical to the
public safety. Any handling and/or movement of any RTG must
be monitored by personnel tvained in radiological safety. The ..
procedures must minimize both danger to personnel and to the
public but should not jeopardize performance for success of the
mission. The pertinent phases of the RTG life cycle are listed
below. The associated discussions slhiould not be considered
complete but do indicate the range of procedures required.

3.6.1.1 Assembly and Disassembly

In general, assembly will be carried out under controlled
environmental conditions with very little danger to the public .
safety. The permissible working environment for thosc assembling
the RTG and ite components is defined by NRC safety codes. The
contractor is responsible for seeing that safety and performance
criteria are met during assembly and disassembly.

3.6.1.2 Ground Transpertation

Ground transportation shall be conducted over carefully
selected routes and by a designated carrier. ™NOT and NRC
regulations on the surface temperature, radiation, size and
weight should be followed as applicable.

Active cooling of the assembled RTG is required at all
times. Special security precautions should be taken to prevent
theft or vandalism of the RTG. Tow underpasses should be avoided
to minimize the chance of an impact accident.
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3.6.1.3 Shipboard Transport

The magnesium bolts that secure the RTG to the foundation
present a possible problem that will require precautions
during shipboard transport. The damp atmosphere, or contact
with the ocean itself will corrode the bolts. This event

must be avoided. Several solutions are feasible that will solve
this potential problem.

) The performance of the RTG should be monitored at all
times. The system must be well secured on board. Psarsonnel
handling the RTG must be protected from thermal burns.

3.6.1.4 Emplacement and Recovery

Any site testing should be performed as required hefore
emplacement. During emplacement, RTG and mission performance
should be monitored at all times. Normal procedures afecting
safety and system performance associated with deep-sea emplace-
ment and recovery must be followed.

3.6.2 Emergency

The Navy provided a brief "Emergency Plan for Navy RTG
No. 41." This plan, though designed for a much smaller RTG,
presents similar considerations to those required for the 2KW(e)
RTG. It defines an emergency involving a radioisotope thermo-
electric generator "as any event which potentiaily constitutes
a Radiological Accident such as fire,collision, or dropping of
the generator so as to dc visible ext.rnal damage, or an event
which can be interpreted to be a loss of control over the
generator, such as theft or vandalism."

Another rezference (OPNAVINST 3040.5 of 28 September 1967)
further defines a Radiological Accident to be, "A loss of
control of radioactive material which presents a hazard to life,
health or property or which may result in any member of the
general population exceeding limits for ionizing radiation . . .
Included are those events having domestic or international
implications and those which may give rise to inquiries by
the public or press." The three most credible types of accidents
which could lead to a radiological accident as defined above
are impact accidents, fires, and loss of control over the
senerator.

The actions to be taken in case of an accident were then
outlined as follows:
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3.6.2.1 Impact Accident

An impact accident could occur either during a transportation
mishap or when loading or unloading the RTG.

3.6.2.1.1 Make every effort possible to rescue injured or
trapped persons and remove them from the accident area.

3.6.2.1.2 When in doubt that the radioactive material is still
confined to its container, assume that the immediate accident
area is radioactively contaminated and that anycne and anything
in the area may be contaminated. Take special care to minimize
personal contact with the outer clothing of inilividuals, the
surface of the ground, vegetation, and the surfaces of other
material within or removed from the accident area.

3.6.2.1.3 Restrict further access to the accident area from 100
feet in all directions until radiation and spreadable contamin-
ation surveys have been conducted. If this impact accident occurs
on board the ship, it will not be possible to restrict further
access for a distanct of 100 feet; in such a case restrict

access for such distance as the ship structure permits.

3.6.2.1.4 It is the normal practice of the U.S. Navy to write

a set of notification procedures for each RTG prior to its
deployment. In the event of damage to the RTG such that there
is any significant increase in external radiation survey
readings (above 200 millirem per hour on contact) and/or spread-
able radioactive contamination (above 2000 dpm/100 cm2) on ox
around the RTG, the notification procedure for this RTG will be
implemented immediately.

3.6.3.2 Fire Involving an RTG

A fire could occur either on land or on hoard the ship.
Response:

3.6.2.2.1 Make every effort possible to rescue injured or
trapped persons and remove them from the accident area.

3.6.2.2.2 Sound the alarm. Inform the fire department that there
is a fire involving a radioisotopic generator. If the fire
occurs on board the ship notify the U.S. Coast Guard.

3.6.2.2.3 If the fire is in the vicinity of the RTG, but does
not involve the RTG, a reasonable effort shall hc mades to remove
the RTG from the fire arca at the earliest possible time without
endangering personnel. Tf the fire occurs on board the ship,
this action will probably not be possible.
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3.6.2.2.4 If the fire has caused an increase in the ambient
temperature in the vicinity of the RTG, and the RTG has not
suffered any visible external damage, then the RTG should be
kept cool with water spray. If the fire occurs during shipment,
then the RTG should be kept cool with water spray, if possible.

3.6.2.2.5 Fight the fire as though toxic chemicals are mvolved.
To the extent possible keep upwind from the fire and avoid smoke,
fumes and dust. Segregate clothing and tools used at the fire
until they can be checked for radioactive contamination before
being returned to normal use. (This monitoring will not be
necessary if radiological safety personnel determine that there
has been no compromise of the RTG fuel containment.) The
Radiological Safety Officer or his assistants will provide film
hadaes or pocket dosimeters to all fire fighting and other rescue
personnel involved in the operation as soon as practical. 1If

the fire occurs on-hoard the ship, the ship should be turned so
that it is headed in a direction such that personnel will be
upwind from the fire.

3.6.2.2.6 Fire department personnel shall be trained in the use
of both the portable radiation survey instrument and personnel
dosimetry and ensure the availability of instruments for update
training. In the absence of radiological safety personnel, fire
department personnel shall monitor the area surrounding the RTG
during and after fire fighting operations. If radiation dose
1 a- rates in excess of 200 millirem per hour are encountered,
RTG container damage shall he presumed to have occurred. The
procedures described in paragraphs 3.6.2.1 above, shall bhe
I - implemented after fire fighting operations have been completed.
!

ay

ny 3.6.2.3 Loss of Control of an RTG

,0ss of control could occur due to vandalism or theft at
any time, or due to a mishap on-board the ship resulting in the
RTG falling overboard. Response:

T 3.6.2.3.1 Determine the current status of the RTG insofar as
’ practicable.

3.6.2.3.2 Determine the last known ueographical location of the
RTG as accurately as possible, together with any information
that may be helpful in determining its present location.

3.6.2.3.3 Implement the notification procedures described
below:

"he Notification Procedure lists those persons to be in-
formed of the accident and how they can be contacted.

2z ‘ “ L ) P a-—u..;
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3.6.3 Summary

3.6.3.1 The operational procedures and responsibilities £for normal
and emergency conditions associated with all phases of the 2KW(e)
RTG system are not presently defined in the reference documents.

3.6.3.2 The size, weight, complexity and large radioisotope
inventory of the system imply that safety will require a
greater effort than for previous RTG systems. o

3.6.3.3 It is recognized that RTG design and safety procedures
are strongly interrelated and should be developed as parallel
efforts.
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4.0 Accident ldentification - Failure Mode and Effects

Anaiysis
4.1 Assembly
4.1.1 Assembly of the Sources into the leat Block Shield

The Strontium Ortho-Titanate fuel remains within the protec-
tive confines of the Isotope Facility until it is safely sealed
into the Hastelloy C-276 capsules. 7The starting point for the
accident analysis is the encapsulated fuel. Each capsule weighs
in excess of 100 lbs. and generates 4860 Watts (th). The
capsule equilibrium temperature in 70°F still ¢ir is about
§00°F. The rate of temperature rise is less than .55°F/sec.

“he rate of rise is slow enough that there is no need to use
heat sink mandibles on the capsule manipulator. A heat source
can be removed from the heat sink and inserted into the

heat block-shield with remote manipulators. Since the fuel
capsules are designed to withstand the 30 £t. drop test
(Appendix F), there is no potential radiation hazard if

they are dropped during handling.

After the seven heat sources are in place in the heat
block-shield, the upper heat block-shield plugs are inserted
using remote manipulators. The source-shield subassembly
may then be removed from the remote handling area and the
plugs may be welded in by hand. The weld pluys provide
secondary barriers to the possible dispersion of radioacti-
vity and will maintain the sources within the heat block
shield under any credible accident scenarios.

The source-shield assembly weighs 16,500 lbs. and has a
rate of temperature rise of .05°F./sec. If exposed ko still
air, the equilibrium surface temperature will be 480 F.
(assuming 86°F ambient temperature). This maximum temperature
would be approached later than 2.7 hours after loading. The
principal hazard existing at this time is contact burns
from improper handling. Table 4-1 is a summary of failure
modes and effects associated with the assembly of the heat
block-shield at the Isotopes Facility.

4.1.2 Assembly of the Source-Shield and the RTG Subasscmbly
at the Dock Facility (a b 1l c 3)

The source-shield assembly will arrive at the Dock
Facility by commercial carrier. It may be off-loaded onto a
wheeled vehicle and transported into the facility to a
location within reach of a crane for handling the assembly.
The RTG subassembly, composed of the pressure vessel, hcat
pipes, thermoelectric units, and fusible and non-fusible
insulation, will also arrive by commercial carrier. Since
this assemblage contains no energy sources, it only consti-
tutes a safety hazard with respect to dropping or rolling.

An assembly jiy, designed to provide alignment during assembly
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of the various components will be necessary.

Care must be exercised during the RTG asscembly process
to prevent dropping or rolling of neavy equipment. The
radiant heat flux from the source-shield assembly will be
noticeable to ncarby personnel but constitutes no safety
hazacrd. However, direct tissue contact with the source-shicld
assembly does present a substantial burn hazard. Third
degree burns would occur from contacts of less than one
second.

The source-shield temperature will begin to risc as
soon as the insulation is installed. llowever, the very slow
rate of rise allows time for the assembly if the £it of all
components has been pretested and procedures have been
practiced. Excessive delays during this process would allow
premature melting of the fusible insulation.

Insertion of the heat pipes into the heat shield block
is a difficult installation procedure. All twelve heat pipes
must be simultaneously inserted into the heat block holes.
The heat pipe walls are only 0.083 in. thick and may be
easily damaged by any lateral or twisting movement. The
thermoelectric modules must be actively cooled at all times.
The final assembly prosess is the sealing of the pressurc
vessel. Performance and integrity tests are then performed.
The RTG is then ready for transport to the mission site.

Table 4-2 is a failure mode and effects analysis for the
assembly of the RTG at the Dock Facility.

4.2 Pre-loading Operations

4.2.1 Handling

An electric crane is probably the most practical way to
handle the assembled RTG. Cranes capable of handling this
weight are fairly common. All standard safety procedures
such as dead weight testing and personnel control should be
instituted.

4.2.2 Thermal Control

The RTG must be kept at or below its operating temperatures.
In normal operation, approximately 90% of the heat output
is transferred through the TE thimbles and 10% is lost through
the fusible insulation on the sides of the RTG. The desiyned
operational heat block-shield surface temperature is 1150°F
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and the upper limit on the fusible alloy temperature is
172159F. sSlight changes in the thermal inventory or the
conductances of the various heat flow paths could result
in premature melting of the fusible insulation. It is
essential that the TEM thimbles be cooled on a continuous
basis. The large thermal inertia of the system allows the
cooling to stop for short times such as for transfer to a
different cooling system. However, any delay at this time
will melt the insulation and abort the mission. The RTG
side walls may be cooled tc also eliminate the potential
personnel burn hazards associated with the RTG on shipboard.

4.2.3 Storage

The RTG should be stored in a secure area to wmaintair
control over its large radioisotope inventory. The coeling
reguirements for storage are even more important than thosc
for handling since emerygercy action might not l:e so qguickly
taken. One possible storage environment would be water
immersion. The tank should be large enough to absorb
the waste heat with natural heat traasfer processes. If the
facility is unsuitable for this, heai exchangers such as
those used for handling would also be required for storage.
Continuous automatic monitoring of the RTG power output
would be valuable since a rise in power output would be
indicative of an internal overheating condition. Similarly,
a drop in power would indicate insulation deterioration or
a rise in cold junction temperature. Any substantial
variation in power output should activate an alarm system.

4.2.4 Tests

The RTG subaisemblies should be extensively tested to
establish satisfactory long-term operation of the pressure
vessel, heat pipes, TEM's and associated electrical connections.
The TEM tests should ke sustained for sufficient time periods
to establish the degradation rates due to tellurium diffusion
Such tests will use simulated electric powered heat sources
in a partial or wholie mock-up of the source-shield block.

Three final steps are required to prepare the RTG for
operation (1) lnterior gases and vapors must be evacuated and
replaced by an inert atmosphere, (2) the system must be leak
tested to establish that all joints and scals are within
mission requirements. It is also desirable that the systom
be hydrostatically tested at approximately operating r.ossurc
to examine the effect of any pressure vessel [lexurs : the
leak rates.
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Table 4-3 presents a failure mode and effects analysis
adapted to present key milestones in this section.

4., Transportation

e i T ) Zﬁ“fﬁm

Yy deesy Wew R

4.3.1 Land Transportation of the Source-Shield Assembly

The heat sources will be installed into the heat block-
shield at the Isotopes Facility. This 9 ton assembly will heat
to about 500°F. It does not presont a radiation hazard inasmuch
as the shield is designed to meet all applicable NRC and DOT
transportation ionizing radiation requirements. It may be trans-
ported t+o the Dock Facility by either truck-trailer or by rail-
road car. Accident analyses show the probability of a severe
accident is approximately the same for either mode. The source-
shield assembly will be loaded onto the carrier by crane using
suitable liftiny harnesses attached to lifting fixtures designed
and sized for the task. Heat conduction thrcugh the RTG support
base into the carriecr bed as well as thermal radiation may
cause the carrier to exceed DOT temperature limits outside
of the package boundary. Because the source-shield assembly
presents a burn hazard and exceeds DOT temperature specifications,
the package boundary will be set by a mesh guard structurec which
provides burn protection and meets the 180°F transportation
requirements. The hot rising air currents will cause the upper
part of the guard structure to exceed 180°F. Some baffling
must be provided to mix cooler air in with the hot air. 'The
source-shield assembly will be tied to the carrier in a conven-
ticnal fashion using tie down tendons meeting Federal reyulations.
Due regard should be given for the heat conductivity of the
tie down device if it exce=ds the guard-shield boundary.
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During transportation, the carrier should follow standard
procedures for the shipment of radioactive material. The
carrier will call periodically as required and follow the

preassigned route. Possible accidents alorg the route are
analyzed.

{

fo—vi

Upon arrival at the dock facility, the source-shield will
be unloaded by one of several standard loading procedures. A
crane may be used to set it on a wheeled carrier for transporta-
tion to the assembly area where it will be incorporated with the
pressure vessel assembly to become the 2 KW(e) RTG.

ot rore

7

Table 4-4 presents a failure mode and effects analysis of
events associated with these tasks.

i
.
!

~55-

[ R




eaxe s2TquTY3 MIL
“ UOTSNTOXd U2 ut HIY SI03S ATteToadsa iy o3 obeweq o UOTSTITTOD
SUOT3TPUOD JITUTT-3O0-3NO 3O
uxem 03 SwWIRT® Ssn ’‘sawrly
[ TTe 3' (3,5L) aanjyexodualy
! pToo ubTsap 3 OHIY uTeIUTEW gL 03 obrued é SUuT2eaUIDA0
{ MmaI0
3 Kousbhaswsd TTeO-UO UTPIUTENH uoTjeTnsSUT SuTtazesyasao
'95d 3O STTeMmdpTsS TOO0D 3TqISnI JO SUTITOW é ieTaxed abeaoas
sauty
1T® 3® WIL SY3 Uuo peol uoT3eINsSUT JTqTsSng PeOT TeSTa3
| TeoTI309T@ ue urejuUTe pue ‘KA O3 abeued X -D9T3 3JO SSO7]
W S9T3ITATIO® I9Y3lo woxy
4 ajexedas eaxe pPaTToOAI s9TqUTY] WAL 9243
-uod ® Ut HIY 2Y3 STPpUeH ATTetoadss ‘9HIy 03 abrweq o UOTISTTTIOD
SUOT3ITPUOD JFTWIT-FO-3NO
JO uxem o3 sSwIeTe °9s0 &
: ‘sawty TI® 3e (JoSL) K
3 a2an3exadwal jusTque ubrsap
MOTO9q IO 3© HIY UTRIUTEN W3IL 03 oHeued e but3zesyxsao .
HOTJBTNSUT puTlIEDYISAO
93y JO STTBMIPTS TOO 3TqTSN3 3O BUTITSN é TeT3aRd
T0x3uU0D Tauuosxad
23n3T35UI ‘393 proraad
JUPIO pur IDTYed IPTHOIF Kanlfut TaUuUOSaAdDg b4 Sutddoad SutTpurH
UoT309aI0D IO 309333 AT{TTUN=O 2POR aseyd
asuodsay paxrtnbay oTqTssod=X aanired

A3tTTqRqOad

Z3TTTO®Rg D0Q @Yl 3I° SISV pue dbHexols
'BuTTpuUeH 9I¥ X0 STSATRuUY S30933d pue SPOW 3anTred

£€-y J1dYdE




VY

Laam o aes el ol e

puTlTOW UOTIETASUT BTYTISNI Aq
UOTSSTW JO UOTFRUTWIDZI-DANTTET
adtd 3eay-saioy adTC 3@dY IJU3J

TR O T

S3TYISUDPUOD
a0 ‘szxodea
‘soseb aTge

seb 3a9uT YITM TTIIE™dx
pue S3TABITSIDUN DAoWSDY

axnssaad

sutr3jexsado vmTTd; pue OTaaYd
~SoWw3e 3B 339w MedT 2aInsedN
'sjutol jo uor3zoadsur
DTUOS2I3 TN pue TensTa

xo03 9ptaoad ‘Afjquasse

puUe UOTIONIJISUOD IDAO
T0a3u0d A3TTenb =23n3T3ISUl

*sadtd 3eay UO SS3I3S
upTSIapP-UOU PTOA®R O3 UDBTSSP
JSTT23 UTRIIS 9pPTAOId
+5193396 JUSWUTRIUOD DPTAOIJ
‘oy3zed uoT3lIONPUOD 3'dAY JO
K3tabajur aansse ‘spxnpaosoad
Tox3uod A3TTenb ajn3Tasul

53593 ADUDTOTII®
pue sisa3 butbhe ‘s3s93
peoOT ‘S3593 IDURISTSII

23N3T3ISUI ‘UOTIBAqTA
3sutebe aindds butatm TIe
/2UBWUOITAUD DUT{IOoM I0IT
2TQR3TNS SUOTIODUUOD HUTITM
3eyy 2ansse ‘saxnpadcad
T0x3U00 A3TTeEnbd 33n3zTisul

sowt2 TT® 3I° MIAL uo
pROT TBOTIFODTD UTRIUTRK

uT 320T4g 32dY 1993S OTOT IYS

333 JO UOTSOIIOD DPIA2RIDTIOOVY

UOTSSTW UsSTTiwooor
03 aanjirey Io sielad

uoTsSSTW YystTdwoooe
03 2anTTey ’‘sS,WdL ILIYISA0

2INTTRI pPue HUTIEIYUIBA0 RIL
asneo Jew saanNTIRI SUTITH

uoT3IRTNSUT
aTqTSnI pue WAL o3 obruied

-ITSIPUN da0WdX

X

X

03 aanyred

abeyesT
I9ssaa
aanssaxg

sodTd 3e3H

SuTaT™
TeoTI]09Td

peoT
1013093
JO SsOT

Bursseb-ano

3ISSL

abexo3ls

uoT3IODIIOD IO
asucdsay posatnbay

300334

(*p,3udd) €-¢ ITEYL

-
-
AN
| % 1

ATSYTTUD=O
a1grssod=x
A3TTTqRqOad

9POoN
2anTTRI

aseyd

-57-




S9TQeD U0 SIO3BTNSUT 3edY
9sn I0 ¥YSS JO Duryood seb
X0 PINDTT ®AT3OR 3sn

SPI®TYS uoT3RIpPERX

pUE 9Seq UOTIONPUOD JFesdy
MOT 9sn X0 y¥SS Jo butrgood
seb 10 pTnbTT SAaT3O®R OSN

¥SS 3o butrtooo seb
a0 pTnbTT 2aT30® 9s()

¥SS Jo butTood sebH Io
pTnbtT ®2AT30® °9sn ‘duoz
UoTSNTOXE ‘HUTYIOTO BATH
~09301d ‘TOaA3UO0D TOUUOSIDG

do00S 70 @anzexad

-u93 burjzexado ue Junoooe
O3UT HSUuTyel SdBINIXTI
butazty xodoad ubStsaa

€6€°€LT
¥JD 6p burpasoxs

saanjexadudl 3IDE3IUO0D
woxy Aanfutr TOUUOSIDG

£E6E°CLT
¥3D 67 burposoxa

saxnjeaadwel 3DRIUOD
woxgy Aanlfut Tsduuosaag

€6€°€LT

d3d0 6 burpssoxa
saanjexadwsdly 2ID0EJIUOD
woxy Aanfut Tsuuosaag

Aanfut Tauuosasg

AanCut fauuosasag

X

uoT3

PT

3

B e
oy -

saTqeo
uMOp-9T13
wox3y suang

3TOTYSA
ealxodsuexl
woxy suang

9TYsS pxend
woxz suang

DB3UO0D YSS
wox3y suang

burddoxg

TR A Ty AR Ty R £ 4T A T = T = ‘4

~58-

aaodsuea],
x03 Sutaedaag
pue butproT]

UoT309II0) IO
asuodsay paxrnbay

3O0937Jd

(¥ss) ATquessy PI<TIYS
-22IN0S ¥yl jo 3xodsuel] pueT I0JF STSATRUY S3O08JJF pue

P-v 31avL

ATSYTTUN=0
aTqIssod=x
Z3TTTqRqOoag

oPOoN

Spow
aanTred

aanTI=3

aseydg




*T0I3U00 T3uUuosI3d

2303 TISUT

‘S3ANTATI pue

jusudtnbe SuT3zTT 3S939a4

1 aaxoddns
[}

¥SS IO DurTooo

vsSSs 03

abewep ‘Aanfur TaUUO0SIIJ

% doxqg

2TgeD uMmop
-3T3 I0 STOTUSA
'PIOTYS paend

g seb 10 pTnbTT 3AT3IOR 8SN Axalut Tauuosaad X ¥SS woxy suang HuTtperoTUN
‘ S2INIXTI UMOD-DTY ‘Oseq
/spTqed Ut sxojloes ¥sSS
f393es o3enbape apnioul 03 obeweqg ‘Aanfut [suuosaad o 330 TTed
Tetang
¥SS 2a9TI1dY HUON o TeT3aed
i ¥SS @A31I39x !9fqrssod
' 3I ’‘x93em desp ut Io uoTsIdUNS
Zu3u uorlzearzodsueal pProay SUON o axa3epn
¥SS o3
*spaads uoTt3el obvuieg ‘aordulT TRIUDWUUOITAUD
: ~xodsuexl o3eIopow Ayroads atqrssod ‘Aanfut Tauuosxag o Chad
¢SS 03 obvwep ‘srgqeqoad *039
*spoads uorael Jou 3ang arqissod zoedwr JIuDuW ! IBAOTTOX ‘UOTS
-xodsuexy azexsapouw A3Toads —~uoxtaua ‘ Aanfut Tauuoszad o —~TTTOD 2a24a9S
saTqed
umop-aT3
I0 9TOTUSA
€6E°€LT uoTazelxodsuei]
¥SS 0 burTood ddD 6 burpsooxs aanjexadwal ‘praTys paeunb
seb I0 PINDIT 2aTIDE 3S( 30e3uoD woxF Aanfur [aUUOSIDJ b d wox3y suaxngd 3xodsuexy
UoT3091I0D IO 3058133 JT9MTTUN=0 901} aseyqd
asuodsay paatTnbay a21qIssod=Xx sanirTed

ol e

M b ety e~ g e T

A L

("p,3u0d) ¥-¥ 3I19YL

A3TTTqRqOXd

_59_




4.3.2 Sea Transportation

Upon complction of assembly and performance tests, the
RTG will be lifted by crane, loaded onto a wheeled carrier and
transported to dockside. There a vessel of the T-AGOR-16
type will 1lift it by means of a ship-mounted crane and locate
it on deck, in a low traffic area. The RTG will be rigged to
the deck using cables and/or deck clamps to the foundation.
The TEM's must be maintained at or below their maximum operating
surface temperature of 75°F by heat exchangers. The condition
of the RTG should be continuously monitored by measuring the
output power into the mission load or a dummy load. If the
power varies from the allowable limits an alarm should warn of
this condition.

The hazards of transporting the RTG shipboard to emplacement
site are comparable to those of transporting any 10 ton load
in a similar manner with the added hazard of contact burns to
persor.nel if the RTG sidewalls are not cooled The various
failurc modes and anticipated effects are surmarized in Table 4-5

4.3.3 Emplacement

Upon arrival at the mission site, the emplacement process
begins. Emplacement will not be executed unless the ocean is
ralatively calm (Sea State #3 or less). The winch, crane and
emplacement cable must be dead weight tested in excess of the
anticipated load. The winch is given a final inspection and the
cable is attached to the RTG lifting fixture. The tie-downs
securing the foundation and RTG to the deck are removed.

RTG power is transferred to the mission loop.

The RTG with its Ocean System are lifted off the deck and
into the sea. When the RTG is partially submerged, the
auxiliary heat exchanger is removed. The thimbles must be
submerged in seawater shortly after aisconnecting the heat
exchanger to avoid TEM damage and activation of the fusible
insulation. The winch used for this operation should be of
the constant tension type. Thus, the rolling of the vessel
in the sea results in minimum tension variations.

The emplacement cable is extended until the RTG reaches
the seabed. During emplacement, there must be no transverse
ship velocity that could turn over the RTG. When it contacts
the seabed, drift is counteracted by control of the ship propellers.
After the seabed is contacted, the actual position of the system
should Ye determined. The emplacement cable must then be
disconnected either at the RTG or the ship. If detached at
the ship, a drag device should be installed to prevent the
falling cable from fouling the RTG or Mission Package.
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The failure modes for RTG emplacement are primarily those
associated with any emplacement on the seabed of a device of
about 10 tons. If the emplacement cable should break, however,
the center of gravity of the RTG and foundation may be above
the maximum drag point (depending upon foundation design) and
hence cause the assembly to invert. The heat pipes are
designed for 0 to 90° (horizontal) tilt operation. Any greater
tilt would cause heat pipe shutdown. The foundation covers a
larger area than the cross section of the RTG, so that the unit
would come to rest at an angle greater than 90° to the vertical.
The TEM thimbles would probably be buried in silt, on impact.
Additionally, the impact loads may be sufficient to damage
the TEM thimbles and cause a leak. 1In practically all of these
scenarios, the mission would be a failure and the RTG may leak
seawater. Recovery of the RTG in this inverted, possibly buried
condition would be extremely difficult.

These failure modes and effects are summarized in Table 4-6

4.4 Mission Execution

4.4.1 Operation

The properly emplaced RTG should operate continuously for
its design lifetime of 10 years without mishap. Sites deeper
than about 3,000 feet will not have any problems with marinc
growth. The average deep ocean sedimentation rate is 0.02"/10C
years and hence of no operational or safety consequence. It may
be possible for secismic action to topple the RTG from its
foundation, causing heat pipe shutdown and possibly damaging
the TEM thimbles allowing seawater to leak inside the Pressure
Hull.

Possible operational failures due to RTG design and/or
construction are: 1lecakage around the main joint seals, any
electrical or pneumatic connectors or electrolytic action on
the TEM thimbles.

These and other potential accidents are considered in
Table 4-7.

4.4.2 Maintenance

No maintenance is possible without recovery. Post-recovery
maintenance on shipboard will probably be limited to external
connectors and the mission package. Opening the RTG on board
ship is not considered acceptable due to che potential radio-
logical hazard and the danger of heat pipe breakage.

-63-~

L o -

:a—i-\a\ PR

I Ee T,

BT VS TS i ST}




poTSuelua
2UDALOTESD UDTSSTW DATIOR i (oo =T
10 2NSTULDI] ' IO TISSS{A saT7qRD
sxoddns Wox3 2uTlT 9oueptnb uoISSTW
uoTssTw 93exedas e Is( 2INTIT®F UOTSSTW DTYISSOd % pue arge) HBUTITNOI oTqed
23715 aaao
DOqEDS 23 DATIVIDX POXTT aanyres —uxny poonput uoTy
19ss9A jususdefdwd dody UOTSSTW ‘X940 suaniy HLY X ~-beap a1qed -BpUnNOI 914
STRaS U0 SSdI3S PIOA®R 03} 2XNTIRI pPI31eaADTIOVR (s) Tess
uoT3epUNOy S3T A9 9IY 3IITI S5UT{oRXD UDTSOIIOD SS9I3S X 539 :Horad yea]
SDINJIKTI IO
ssauaxey SUTIITT IS239xd Xanlfutr touuosadg X Hoop uo doaga
pagqess
uoTlepunog u3tsa 30edur
3yaz uwysz Sexp axow durtary uMOp 8pisdn I0 9PTS Uo ’193eMEES UT i
L8 9a0de uD3X0Ss Seap e 9sn spuel p'Ie I3A0 suanl oLy N 1123 99213 914 3
)
S3TAQWTU3 }.3L I0F
unT3lo9joad ovdUT 8pTAULId
‘puB3lSYITM URBRD DTITYUS !
—-22anos UODSTYM4 °3F ST 3O pa2geas
doxpaTe uer O3 SPuu ISDBIIOD IBA0 UIN3 30U SI0P AT yats 3oeduy
- ydw Qg ueyy ssaf ST JT 3oedwT TeljUSWUOATAUSD ON ‘X93eMmeas Ut
I938M UT A3TOOT3A TRUTWID, ‘ni¥ 03 abruwep aTqrssod X TI®3 99233 91d
TOx3U0D
Touuossad ystTigeasd
‘uotr3o09301d Tauuosxad ysetdiym afgeo yserdiym aanyted
aansujy ’‘sa7ded 3s3a3xaag o3 anp Aanfur [auuosadg X 2TaeDd yosuTIN/9198D A
UoT3O09Ia0D IO 308334 AT9qTTUN=0 Spow Juauodwo) a
asuodsay paatnbay aTgTrssod=x aanitaa §

juswadeTdug I03 STSATeRUY S3DOa3Id pue

— —p——

" — R T e S

9 -b IJIdVYL

A3TTTq2q0ad

9PON 2InTIRI




R P I . .- B a2 LT e et R L T

m
A3TxBo3uT T95S9A danssaad Jo A3TATRIO® TEBTO
aanited ‘sadtd jeou 10 2aniTed ~IDURIOD IO
m aTqTSTThOU oxew 03 a3TS ‘uotjepunoy woxy 95y °91ddoj o) putbpaaqg
! autIewqns
’ 9sealax xo dtys
2TATHTTHS2U a>Xew 03 B3TS T9n37 sasnued ‘oLy s3YsnaId o butyurs
uotraztsodap
w Sutiesayasao rue anoos
92TqIbTTho2U OyeW O3 BITS - 9IY¥ 93eTNSUT O3 Spusdl, X 3 IBWTINIS |
wn
butiyeayaaao sjusiand 0
ﬁ :STaoad STY3 proae O3 93TS - 9L¥ 91ddo3 pue 23°TOSUIL o AaTpTang
h MOTI eneT wWoIg
HUTIRBYIDAO 3D9ITC ’OSurizeay A3To
W waTqoad sSTY3 pTOAR 03 33TS ~-I2A0 HBursned HIY 23eTnhsul o ~TuedTnA
399339 HBUTTOND
Aousbzawe Hutonpax Apoq
93y 10 Burjzeayasao Hursned yamoab
watqoxd sTU3} pTroAr O3 33TS SOTAWTYI WAL 23eTnsut Aep o auTIeN
[ saTquTy3
ﬁ W3L uo spaenb asn ‘suoTy A3Tabajur Iassoa aanssaad 3o
~eI9T200®2 ITIP2IO wnwurxew anyred ’‘sadrd jeay jo aangred Teajusdu
i 103 uor3epuncy ubrsadg ‘uoTzepunocy woxy oLy o21ddog o ayenbyjaed —uoxtaug
]
UOT309IX0D IO 309334 XT9yTTUN=0 3POI] sseld
osuodsay pPIITNdIY aT7qissod=X saniTted I03eT3TUI
IatTTqRqoad
uot3ieaadp I0J STSATeRUY S30233J pue ISPO| danyred
| ; L=V TIAYL
MEE DO Gu b beel el e 3 -} o 1 _ e T

Lty e L i




it AL M el At Attt Aot i e e e o

Ieak U0 uUvY] SSOT UT 9SEI[3X
1eTId3ewW BATIOPOTIPRI UT HurjyTns
-9 IZ93eME3S 031 pIsodxd uoT3y
-eInsdwous [OnF JO UOTSOIIOD
axujexadwaly ybtH ‘sadtd

= [t - R -

3eay YSNIO pue HO0Tdq 3edY yeaT
Ao0Tq PIoTUS }yoeIo 03 3IUDTOTIINS ANnpITNR] aa3eMEDS
103 T293s oTqeaTTew 9sn aaxnssaad pue yousanb uappns o} 23eTpOWI’3uUT
3eay
~I9A0 30U S0P PIOTYS-3DaN0os
angq sadtd 3eay sSTTeJ danssaxg
‘yooTq ut sbnid PT2TYS JO STEIS NeaT
YD0Tg PIDTYUS PI9M IO/ pue MOOTq STITeRI }d0T1q I93eness
I03 1993s ITqeaTTEW 3sn PT2TYs °2y3 jo youanb uapdng o Ised
aanssaxd weais
03 anp gadrd jesy jJo 2anired
‘uotjernsdedsud TaNJ JO UOTSOXIOD sybnoayy-psag
‘spram HnTd PIOTUS JO UOTSOIIOD TeO2TI3D2TD
'suotaounl juTts 3eay-suorioun( —TrOTURDODW
adtd 3eay-~-yd0Tq 3edY IO STSAT I0 ‘SoOTAWTUI
-0X302T7d ‘uorjernsut IdTYisnzy-uou WAL ‘Te2s
sajeubaadur Sanj3sTOW ‘UOTINTOS T2ssSDA 2IAN
doap xmod 1333 XD3BM O3UT S90D6 YOTUM APTIOTYD -ssaad 3® aanrted
, uUnos Ax9n009y ‘uoT3oadsuTr  wnuUTWNTe O3 UOTIeTnsuT SIqTIsSng NeaT Is3em Tassop
pue Toxzuod A3rTend 70 uDTIONDIY ‘fanyres UOTSSTH X -8as MOTS aanssaaxd
YOT3D9aI0D 10 3093134 XT9YTTUN=O SpPON sSseTd
asuodsay poatnbay atqrssod=x sanirted I03BT3TUI

("pP,3UO0d) L-F JTGYL

fatrTquqoad

-66-




4.4.3 Recovery

The recovery method is not presently defined by the
Reference Documents. It is assumed that some form of grappling
system will be used. The chosen method must ensure that a 1
positive connection between the RTG and the recovery cable is
made and maintained through the lifting stage. The cable is
then slowly retrieved as the vessel is maneuvered directly
above th. RTG for a vertical lift off the foundation (which is
left behind). The magnesium bolts will be disintegrated due to
corrosion, thus allowing the RTG to be recovered as a lighter
load without the problem of pulling the foundation free of the
seabed.

"

o

The most serious accident that could occur during recovery
is cable or hook breakage. If the recovery cable breaks, it
will probably not be possible to retrieve the RTG. Additionally,
the RTG may be damaged and leak from the fall. All efforts should
be directed to maintaining the hard link between the RTG and
the ship. If the RTG had developed a slow leak over a long period
and is in equilibrium with the seabed pressure, the rapid
pressure change on recovery may cause the pressure hull to
explode in the ocean or even on board ship. A method of pressure
relief is required.

i i

ces

These and other failure modes and their effects are summar-
ized in Table 4-8

4.4.4 Ultimate Disposition

* ¥

Immediately after the RTG is recovered from the ocean, an
auxiliary heat removal system must be connected. After securing
of the RTG to the vessel, the sea voyage back to a designated dock
may begin. Upon arrival at dockside, the RTG will be lifted by
ship's crane from the deck to a wheeled carrier at the dock. The
TG will then be transported to the Dock Facility for disassembly.

T At the bock Facility, the RTG is carefully inspected for
physical damaye and radiation leaks. If it is still operational,
final tests may then be performed. Upon completion of the inspection,

the pressure vessel main seal may be opened. Monitoringy for
I abnormal radiation levels should be continuous during disassembly.
The heat source-shield is removed from the pressure vessel and *
loaded onto a wheeled vebicle to be transported to a designated
l vehicle for the return tirip to the Isotopes Facility.

At the Isotopes Facility, the welds holdiny the shield plugs ;
in place are ¢round out and the heat source-shield is transported !
to a hot cell. Manipulators are uscd to remove the shield plugs,
extract the heat sources and deposit them on a heat sink.
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After inspection, the heat sources are sent to a high level
waste storayge facility or may be reprocessed into new heat sources
depending upon economics and new mission requirements. The other
components of the RTG will be decontaminated if necessary,
inspected as to mission performance and restored to service or
salvaged depending on requirements and economics.

Table 4-9 presents a failure mode and effectsanalysis for
ultimate disposition.
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5.0 Safety Analyses

5.1 Normal Mission Evaluation

5.1.1 Radiation Shieclding

The radiation shielding of the reference RTG design was
calculated by handbook methods (Ref. 1, 2) using gamma ray cmission
rates from Reference l. Considerable precision has recently been
achieved in shielding calculations through the use of general
geometry point-kernel and Monte Carlo computer programs. For
calculational purposes the reference design was simplified to
the geometry of Figure 5 1. This simplification is equivalent
to the reference desiyn with the fins deleted and the corners
squared. The radiaticn dose at the 34 KW (th) power levcl was
calculated using a modification (Rerf. 3) of the Modified Point-
Kernel Code Quad P5A (Ref. 4). This program uses a Green's
function calculation of the penetration with tabulated build-up
factors. The cross sections, gamma-ray spectra and source
strengths are from the ENDF/B file of evaluated nuclear data. The

results of these computer calculations for the 12 locations are
given in Table 5-1.

These calculations are believed to be slightly optimistic
(hich) (Ref. 5). A Monte Carlo code such as Morse or OGRE could
be used to more accurately predict the radiation streaming up the
heat pipe holes. The results shown in Table 5-1 indicate that

the shielding does not completely satisfy the 200 mr/hr. contact
criterion of 49 CFR 173.

The allowable whole body dose for radiation workers in
restricted areas is 1.25 rem body dose for a calendar quarter
(10 CFR 20.101). The dose from the side is about 100 mr/hr.
so this limits each worker to about 12.5 hours of exposure per
calendar quarter.

The allowable whole body dose for individuals in non-restricted
areas (10 CFR 20.105) is 0.5 rem in one calendar year. 1If it is
assumed the RTG is no closer than 50 feet to any living area,
the extrapolated dose is 0.5 mr/hr. Overnight exposure would
result in a 50 mr exposure, well within the requirements.

The Department of Transportation requires (49 CFR 173.398)
that the dose 6 feet from the transport vehicle to be less than
10 mr/hr. Assuming a truck bed width of 10 feet, the extrapo-
lated dose is 10 mr/hr. and meets requirements.
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Figure 5.1 RTG Shield Simplified for Analysis
(Source circle is 11.3" and heat nipe circls is
21.25"). The numbers indicate detector locations

for the point-ernal calculation.
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'ABLE 5-1

RESULTS OF POINT-KERNEL SHILLDING CALCULATIONS

FOR 34 KW (th) RTG

Detector Locations Dose With
Location Coordinates Heat Pipe loles
Number (cm) Open (mx/hr)
X Y
1 0 153.5 256%
2 0 253.5 43
3 14.8 153.5 203
4 14.8 253.5 40.2
5 45.2 153.5 0.62
8 45.2 253.5 20.8
7 95.2 203.0 0.53
8 145.2 153. 33.0
9 45.2 127.8 83.0
10 145.2 127.8 64.0
11 45.2 176.5 164.0
12 145.2 176.5 104.0

* Exceeds maximum allowable level of 200 mx/hr
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Dose Wilh
Heat Pipe Holes
Plugyced with
Steel Rods (my/hr

203

0.58

20.8

17.1
82.3
33.7
164.0
55.9




In conclusion, the shielding design appears slightly
inadequate at the end positions, but satisfactory otherwise. If
radiation streaming in the heat pipe holes is found to result
in excessive dosayes, the heat pipe holes may be plugged
temporarily with steel rods.

5.1.2 Heat Effects during Transportation

A detailed thermal analysis is presented in Appendix D.
It is found that a temperature of 880F above ambient will be
reached by the mesh guard about the RTG mounted on the carrier.
(Guard dimensions: 8 feet diameter, 10 feet high). Therefore,
the side of the mesh will not exceed 180°F unless the ambient
temperature exceeds 920F,.

o The hot air rising from the heat block-shield will reach
310°F and is incompatible with DOT regulations. Some form of
baffling to mix in cold air is needed to cool this air before
it reaches the top of the guard.

t is found that the RTG resting on a steel carrier will
cause the bed, in the region of contact, to exceed DOT require-
ments. It is suggested that an insulator such as 4 inches of con-
crete be used as a support base. Then it is found that the carrier
bed will not exceed 150°F at the guard boundary.

5.1.3 Seawater Leaks

Leaks may develop from many different causes; damage or
imperfections in the pressure vessel seal, the TEM thimble seals
or the power feedthrough connection seals. No device is presently
included in the design to act as a "getter" i.e., to remove the
seawater leakage by chemical or physical means. Any leakage will
remain in the system until retrieval and/or disassembly.

In Figure 5.2 the reference RTG is shown with a hypothetical
leak in the pressure vessel seal. The seawater jets in,
but cannot strike any surface above boiling temperature and
thus remains liquid, accumulating in the bottom pressure vessel
and impregnating the non-fusible insulation. Eventually the water
depth may become great enough that it boils and forms steam.

The available internal volume for steam to occupy, assuming
an effectiv~» pressure vessel height of 73.6_inches and an
internal diameter of 50 inches is 1.45 x 10° cubic inches.

The volume of the heat block-shield is 5.93 x 104 cubic

inches. The fusible aluminum insulation has a density of 0.0596
lb/cu.in. (Ref. 6) and hence a void fraction 0.02. The density
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of the non-fusible insulation is assumed to be 0.28 1lb./cu.in.
with a void fraction of 0.08. The aluminum fusible insulation
volume is 4.88 x 104 cubic inches and the non-fusible insulation
volume is 3.69 x 104 cubic inches giving a total empty volume
cubic inches that can be filled with steam.

of 8.18 x 10

The thin walled (.083 in.) heat pipes were cxamined tor
susceptibility to high pressure failure. Roark (Ref. 7) deter-
mined the critical pressure for a long tube as:

Where

This relationship gives a critical pressure of 44,000 wsi.
A 100% safety factor reduces the critical pressure to about

E

\Y

t

r

22,000 1b./in.2.

that the system would experience at 20,000 feet.

If it is assumed that the steam does not significantly
depress the temperature of the heat block-shield from the normal
operating surface temperature (13600F),

The quantity of steam needed to f£ill the available
volume inside the RTG is:

Where

U

E_
1-v

FINE™

(5.1)

modulus of elasticity (27 x 1061b./in.2)
Poisson's ratio (.3)

wall thickness (.083 in.)

radius (.5 in.)

This value is well in excess of the pressure

LW x L\.P” bi‘\] Tn (5-2)

fa
P, T My

P, is the water p§essure at 20,000 feet depth
(10,000 1b/in.%)

P” is the_helium differential pressure - 14.7
1b/in.?2

My is the molecular weight of helium (2)

Ty is the helium temperature (80OF)

M, is the molecular weight of water (18)

T, 1s the water temperature (0°F)

Ly is the helium leak rate
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This gives a scaled helium leak rate of 0.13 gm/vear. In terms

of volumeé this is a helium leak rate of 1.45 liters/year or

4.6 x 1072 std. cc/sec. Modern helium lcak_detectors are capable
of detecting leaks in the range 1 =3 to 10710 sta. cc/sec. (Ref. 9).
When leak rates are less than 10™% std.cc/sec. the water molecules
are too harge to fit through the opening (Ref. 9), although helium
leaks can still be detected.

It is believed that the maximum leak criterion of 4.6 x 107>
std,cc/sec is conservative because:(l) some water inside of the
pressure vessel will remain liquid on the bottom in contact
with the cold pressure vessel wall and protected from the heat
of the source-shield by the bottom insulation, (2) the stean
will neot form uniformly at the temperature of the source-shield
but will be subjected to a temperature gradient due to the lower
temperature of the pressure vessel wall, (3) the steam will tend
to reduce the source-shield temperature through increased con-
vection and possibly a heat piping etfect.

If a slow leak should result in failure of the heat pipes,
the fusible insulaticn will melt. Figure 5.3 is a graph of
the fraction of the total power carried by radiant heat flux
as a function of the melted insulation area. Tests were per-—
formed with the fusible shield that demonstrated its effective-
ness (Ref. 10). Melting assures shield removal by gravity from
the melted area.

An investigation was conducted into the possibility of
reacting the aluminum to form a ceramic Al,03 insulation which
would resist melting and removal under overheating conditions.
To form this ceramic insulation in situ without changing the
physical form (crumbling) is not regarded as credible. 1If the
oxidized insulation does crumble, it will pass radiant heat
flux to tha outside and prevent overheating as effectively as
melting.

A reaction of the aluminum screening with chloride ions in
the leaked seawater is another possibility. This reaction
readily forms aluminum chlorate or chloride which would simply
either dissolve in water or melt below 400°F, allowing radiant
heat flow to the outside in either case.

If water does leak into the RTG and causes the fusible
aluminum insulation to dissolve or melt, the remaining barriers
preventing dispersion of the fuel in the ocean are: (1) the
ceramic nature of the fuel, (2) the 0.32 inch thick encapsulation
of the fuel, (3) the heat source-shield having a minimum thickness
of 2.4 in. from fuel well to heat pipe well and 6.63 in. dircctly
to tne outside and (4) the pressure vessel.
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5.1.4 Sedimentation - Lffect on Heat Transfer

Figure 3.6 indicates that the dimensions of the TEM assembly
and pressure envelope will be approximately 10 in. high by 4.5

in. diameter. For the 12 thimbles, the heat flux is .215 KW/sq.in.

or 1.06 x 103 BTU/hr-sq.ft.

Convective heat flow is expressed as

= (5.3)

Where K is the thermal conductivity of water

(.3" BTU/hr.-ft.~OF)

is the temperature friving the convection (43 F)
is the boundary layer thickness

o 3

Evaluating equation 5.3, 3 is found to be 1.61 mils.

The reference sedimenta .n rate is 02 inches per ten years.
If this sediment could adhere .o the vertical surface of the
thimbles thereby increasing the boandary layer by this amount the
TEM cold shoe temperature will rise to 460°F. However, it is un-
likely that a sediment layer thicker than the grain size of
sediment could accumulate on the vertical surfaces of the TEM
thimbles. Demars and Anderson (Ref. 28) indicate that only clays
and silts are found away from the continental shelf. The average
size of these silt particles is about 0.4 mils. This addition
to the boundary layer would 1ncredse the TEM temperature to
830F (from the design basis 75°F). There does not appear to
be any way that this sedimentation rate can cause a safety hazard
or significantly degrade performance.

5.1.5 Sea Currents

The RTG will be heid to the seabed foundation by gravity.
It will be constrained from sliding off the foundation. Sea
currents could conceivably topple the RTG from the founcation.

The drag force per unit RTG height was calculated as:

po D (5.4)

3%}

Where A is the area per unit height (4.62 sq. ft./ft.)
p is the density of water (64 1lb./cu.ft.)
C. is the drag coefficient (0.3 for very large
Reynolds numbers)

. VPPN Sy oy P

SN

PO O




s b

In addit.ion to the drag force, the RTG may not be on a
level sea bottom. Using a width of 55.5 in., a height of 82 in.
and assuming the center of gravity is at 41 in., the critical
tipping angle in still water was found to be 34.10.

If it is conservatively assumed that the water current is
flowing in the direction in which the RTG is leaning, the yravity
and drag force components are additive. Fiqgure 5.4 presents
the combination of seabed slope and water currents necessary to
topple the RTG from its foundation.

5.2 Accident Evaluations

5.2.1 . Transportation Accident

5.2.1.1 Comparative Risk

The shipment of the source-shield assembly (SSA) presents
less risk to the public and environment than the shipment of an
equivalent amount of spent reactor fuel, a subject that has
received extensive analysis. This is based primarily on the
comparative non-dispersibility of the Sr,TiO4 as compared with
the fission products contained within spent éuel elements.

The activity of the RTG at 5 MCi compares with 2.3 to 16 MCi for
spent fuel shipments (Ref. 11). The heat generation of the RTG
fuel at 34 KW compares with 10 to 70 KW for spent reactor fuel
shipments (Ref. 11).

The environmental impact due to the normal transportation
of these spent fuel casks has been carefully analyzed for truck,
rail and barge transportation. Table 5-2 adapted from this
reference shows the relative distribution of these modes of travel.
The Table has been normalized using 9000 MW (e) as the present
reactor power capability of the U.S. Assuming that the SSA is
equivalent to the shipiment of 1.7 metric tons of spent fuel that
has cooled for 150 days (based on heat output) Table 5-3 of
Ref. 12 can be modified to provide an upper bound of the radiation
impact presented to people involved in the shipment. To put
this in perspective, the dose to the population from natural
background is about 78000 man-rem/year (Ref. 12). Clearly, the
shipment of the SSA under normal conditions presents negligible
environmental risk.

5.2.1.2 Probability of a Transportation Accident

The probability of a severe transportation accident that
could result in a radiological impact on the environment has
been considered by the NRC (Ref. 12), by Brobst (Ref. 13),
Yadigaroglu et al (Ref. 14) and Garrick et al (Ref. 15). The
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pertinent results ol Lheir work aire summarized herce. Details
are available in ihe Reference documents.

The thirty fool drop test required separately tor the fuel
capsules is ronghly equivalent to a 60 mph collision (Ref. 13).
This is justified by the fact that the 30 foot drop is onto an
unyiclding surface while ia a normal truck or train collision,
there is considerable material to be crushed before the shipping
container comes to rest.

Ancther potentially severc transportation accident is fire.
Truck accident data (Ref. 16) indicate that fire is involved
in about 0.8% of all truck-truck collisioas, 0.3% of truck-auto
collisions, 0.6% of truck-fixed object collisions, 2% of truck-
train collisions, and 1% of roll-over/run-off{ acecidents. Most
fires involve only the fuel from the vehicle fuel tanks and last
less than % hour, unless a combustible fre.ght becomes involved.
Only in the case of truck-truck collisions is there likely to
be a lar¢ger supply of fuel involved (e.g., a gasoline tank truck).
some fires have started from overheated tires or accidental
ignition of cargo. Truck-auto, truck-bus, and singlc vehicle
accidents are considered to be essentially free of fires lasting
longer than ! hour, (Ref. 17) and then only when one of the trucks
is carrying significant amounts of flammabl:e cargyo (e.4y., tank
trucks with gasoline or liquefied petroleum gas, van trailers
carrying barrels of paint, ctc.). It is conservatively assumed
that at leist one of the trucks in ecach truck-truck accident is
carrying flammable cargo. Of all truck accident:s, 15.5% involve
other trucks. This is therefore, the maximum percentage of truck
collisions having a potential for long fires.

0Of the fires which do occur, it has been estimated (Ref. 18)
that 1% of the fires last more than one hour, 10% last between
% hour and one hour and the balance, 89%, last less than '; hour.
Although there are fires in transport which last for several
days, in most cases these involve the burning of only small
amounts of fucl per unit time, and are of little conseguence
in terms of heat output or temperaturc.

Using these criteria, the NRC assumes the following accident
severity cateqories:
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TABLE 5-4

TXANSPORTATION ACCIDENT SEVERITY

Transportation
Accident Vehicle Specd Fire
Severity Category at Impact (mph) buration (hr)
1. Minor 0 - 30 0 -4
30 - 50 0
2. Moderate 0 - 30 L -1
30 - 70 <y
3. Severe 0 - 50 >1
30 - 70 ¥ -1
>70 0-%
4, Extra Severe 50 - 70 >]1
>70 L -1
5. Extreme >70 >1

Combining these categories with truck, train and barge
statistics, the following accident probabilities are found
(Table 5-5).

To an order of magnitude, the accident probabilities for the
different modes of transportation are the same and are summarized
in Table 5-6.

TABLE 5-5

APPROXIMATE ACCIDENT PROBABILITIES FOR TRUCK, RAIL
AND BARGE PER VEHICLF MILE FOR THE ACCIDENT SEVERITY

CATEGORIES
Minor Moderate Severe Extra Severe Extremne
2 x 1076 3 x 10-7 8 x 10~9 2 x 10711 1 x 10713




TABLE 5-6

ACCIDENT PROBABILITY

*Jehicle Fire
Severity Speed Duration Probability Per Vehicle Mile
Category (mph) (hr) Rail Truck Barqge*
-
Minor -9 -9
| 0 - 30 <y 6 x10 x10 -
g 0-30 0 4.7x1077 4 x1077  1.6x107°
30 - 50 0 2.6x1077 9 x1077  1.4x10”7
Total 7.3x1077  1.3x107%  1.7x1078 j
]
Moderate - -
= 0 -130 ¥ -1 9.3x10°10 5 10711 -
30 - 50 <% 3.30°7 1 x100® g x107° i
- -0 - [
& 50 - 70 <) 9.9x1071% 5 x107® 2 x107° |
z 50 - 70 0 7.5x10"% 3 x19”7  3.4x10°8 | i
| Total 7.9x107% 3 x1077  4.4x1078 o
s ’ -
| |
) P
| Severe _ - b
| —_— 0-30 1 7.0x10°1Y 5 x10712 - T
30 - 50 >l 3.9x107 1 ox1071t gu3xio”H -
30 -5 % -1  5.1.a5%0 1 x1070  1.3x107° a
50 - 70 ;-1 1.5x10°0 6 x1071%2  3.3x107%0 B
>70 <y 1 x107t 1 x10710 -- ¥
>70 0 g x1071% g x107° -- B
Total 1.5x107° 8 x10”?  1.6x10”° i




A \ G0 M- ot i bt T i S - - g --
TABLE 5-6 (continued) 1
ACCIDENT PROBABILITY 1
[e’
Vehicle Fire i
Severity Speed Duration Probability Per Vehicle Mile
Category (mph) (hr) Rail Truck Barge* ’3
]
Extra 50 - 70 >l 1ax10” 6 x10713 2.3x1071 |
Severe >70 % -1 l.6xlo™t? 2 x107!3 -~
Total 1.3x00° g x10713 2 3x107t
Y
Extreme '
—_— >70 >l 1.2x10733 2 10714 - '
Total 1.2x10713 2 .07 - %

2
£

*Barge accident probabilities are based on the duration of the
fire and actuarial data on cargo damage. The impact v¢locities
of all barge accidents were considered to be less than 1.0 mph,
but for the purposes of this table, minor cargo damace 13
assumed to be equivalent to wehicle impact speeds of 0 - 30,
moderate cargo damage 30 - 50 aid severe cargo damage 50 - 70.
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Considering that only extra severe to extreme accidents
could have a damaging effect on the SSA and that the mean trip
distance is 1000 miles, the estimated probability of a danyerous
] transportation accident is 2 x 107°, fTable 5-7 is prescented to
put this risk in perspcctive with zccepted risks of greater con-
sequence. (Ref. 19).

5.2.1.3 Consequence Analyses

5.2.1.3.1 Fire

Severe transportation fires, including the c¢uargo, secldom
last more than a half hour except in ships and storage depots
(Ref. 21), because either the fuel is exhausted or the fire is
extinguished by fire-fighting crews. Although flame temperatures

{ of liguids, such as jet fuel or kerosene, may reach 1,800° -
i 2,000F, such peak temperatures are reached only very locally

; near the surface cf the material involved in the fire. Only

{ under very unusual circumstances is more than 50 percent of

: a package surface likely to be exposed to the flame for as long
as a hailf hour. Even in a longer fire, the package may be

; in a location where the fire will have little or no effect
on it (Ref. 20).

Nevertheless, the behavior of the source-shield assembly in
a fire of 1475°F and 18509F is investigated. The 1475YF fiyp~ .
represents the hypothetical accident enviroament specified by 3
the NRC (Ref. 19), DOT (Ref. 21) and IAEA (Ref. 22). Surviving
this fire environment implies that the RTG can meet nominal _}
transport requirements for thermal environments.

S e

The surface temperature of the source-shieid assembly in a ! 3
100°F ambient environment assuming only radiative cooling is L
6220F. Extrapolating this to an environment of 1475°F yields

an equilibrium surface temperature of 1521°F. T

The 18500F half-hous fire was used in the SNAP-23A prelim-
inary safety analysis as representative of a severe petrcleum -
conflagration. The equilibrium surface temperature of the RTG :
in this environment would be 1877°F. T

In neither of these fires do temperatures reach levels |
sufficient to cause an environmental hazard. These temperatures .+ ]
are well below the melting points of the fuel cncapsulation

(24500 to 25Q09F) or the heat block-shield (27209F)or the phase
transitions 1n the Sr,Ti04 fuel at 2620° and 2980C°F.

There is no anticipation of an environmental reclease of o
radioactive materials due to immersion in credible transportation i
fires.




TABLE 5-7

INDIVIDUAL RISK OF ACUTE FATALITY BY VARIOUS CAUSES
(U.S. Population Average 1969)

Approximate
Individual Risk
Total Number Acute Fatality

Accident Type For 1969 Probability/Yr.(a\

Motor Vehicle 55,791 3 x 1074

Falls 17,827 9 x 1072

Fires and Hot Substance 7,451 4 x 1073

Drowning 6,181 3 x 1073

Poison 4,516 2 x 1075

Firesarms 2,309 1 x 1073

Machinery (1968) 2,054 1 x 1073

Water Transport 1,743 9 x 1076

Air Travel 1,778 9 x 10~

Falling Objects 1,271 6 x 1076

Electrocution 1,148 6 x 10"6

Railway 884 4 x 1076

Lightning 160 5 x 1077

Tornadoes 91 (b) 4 x 1077

Hurricanes 93(c) 4 x 1077 i
All Others 8,695 4 x 1072

All Accidents 6 x 10”4 :
Nuclear Accidents (100 reactors) 0 3 x 1079

e . S G S . P G G S P G S G B TS D N D G D e S = = S b U B S H G - G —— G S G T i G B Y S S W P G=p i Ge = m P W G

(a) Based on total U.S. population, except as noted.
(b) (1953-1971 average)
(c) (1901-1972 average)
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5.2.1.3.2 Explosion

It was shown in Section 5.2.1.2 that the probability of
vehicle-vehicle collisions is very remote and that the probability
of collision between the RTG carrier and a truck carrying a
large amount of explosive fuel is even more remote. Nevertheless,
several years ago, a truck carrying 9000 gallons of propane
(the maximum allowable) skidded, overturned, ruptured and ex-
ploded. It is conceivable that such a truck could collide with
the RTG carrier and explode.

Such an accident was analyzed in the Preliminary Safety
Analysis Report for the SNAP 23-A (Ref. 23). Assuming a 2%
propane TNT equivalence, the maximum reflected overpressure at
30 feet, from the explosion is 330 psia. This report finds that
to produce a 10% deformation in an Inconel-625 shield 24 inches
diameter, 13 in. high and 0.053 inches thick, requires a shock
pressure of 6030 psia.

Because this thin shell would withstand this hypothetical
explosion, there is no reason to believe the heat block-shield
having a 5.08 inch steel minimum wall thickness and further
strengthened by a 1.5 inch minimum webbing thickness would
suffer damage to the extent of releasing radioactive material.

5.2.1.3.3 Water Submersion During Transportation

The NRC/DOT Requirements specify that the fuel must maintain
its integrity for 24 hours in pH(6-8) water at room temperature.
The complete submersion of the SSA in water would not produce
any effects other than heating the vater and cooling the SSA. It
is assumed that such an accident would be known about immediately.
The time of submersion will be controlled by the time required to
procure and operate a crane to remove the RTG from the water.
Arrangements should be made in advance of transport to locate
suitable cranes and operators along the route.

5.2.1.3.4 Partial Burial in Dry Sand

The SSA was tested for burial in dry sand as reported in
reference 16. Approximately 60% of the shield was covered by
sand. The heat sources were simulated by electrical heaters
supplying up to 33 KW. The maximum SSA temperature measured
was 1,150°F near the heat sources. Since the fuel elements are
qualified to 2000°F, this accident environment does not represent
a nuclear safety hazard.

-32-
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5.2.2 Natural Occurrences During Normal Operation

5.2.2.1 Earthquakes

Earthquakes occur somevhere in the earth on the average of
every few minutes. Most are minor shocks of little engineering

significance. Severe earthquakes may have safety implications
for the RTG due to:

1. Heat Pipe damage due to vibration
2. Bearing capacity failure of the seabed sediment

3. RTG tip-over due to gross horizontal or vertical
displacements

4. RTG burial by slope failure at or adjacent to the site
5. RTG burial or tip-over by turbidity currents

The internal structures of the RTG are supported by short
rigid members closely packed with insulation. An earthquake
could cause system responses which excite the pressure vessel
out of phase with the heat block-shield to such a degree that
the heat pipes could be broken. The nonfusible and fusible
insulation should provide some support and damping, but the
radiator fins on the heat block will tend to dig into the fusible
insulation and reduce the zffectiveness of this support. Some form
of lateral rigid connection between the heat block and the
pressure vessel is clearly required.

A severe earthquake may topple the RTG from its seabed
foundation. If the RTG should topple, it may fall on the TENM
thimbles and cause failure of the pressure vessel. This would
cause mission failure,but it is very unlikely to have an environ-
mental impact. The remaining redundant barriers are providea
by: (1) diffusion through the crack in the pressure vessel,

(2) the heat block-shield, and (3) the encapsulation of the fuel
itself.

This toppling criteria does afford a measure of the
severity of an earthquake necessary +o have performance signifi-
cance. The angle formed by the center of gravity to the support
point (assumed to be at the RTG diameter 55.5 inches) is 81.5°.
The minimum horizontal acceleration necessary to achieve tip-
off from the foundation is 0.68 g. Whether or not the RTG
reaches the critical tilt angle of 99.5° depends on the frequency
spectrum, the vertical acceleration and thehorizontal displace-
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ment. Appendix E presents an analysis that establishes 3 1.0 g
horizontal acceleration as a toppling criterion.

The NRC (Ref. 24) provides a design basis respcnse spectrum
based on the recorded ground accelerations and respunse spectra
of past earthquakes. The Design Response Spectra specified for
design purposes can be developned statistically from measurements
of past strong-motion earthquakes (Ref. 25). An extensive study
has been described by Newmark and Blume (Ref. 25, 26 & 27).
After reviewing these referenced documents, the NRC Regulatory
Staff determined the following procedure acceptable for defining
the Design nesgtonse Spectra representing the effects of the
vibratory motion of “he SSE and the Operating Basis Earthquake
(OBE) on sites underlain by either rock or soil deposits covering
all frequencies of interest. However, for unusually soft sites,
modification to this procedure will be required.

In this procedure, the configurations of the horizontal
component Design Response Spectra for each of the two muctually
perpendicular horizontal axes are developed. These
shapes agree with those developed by Newmark, Blume and Kapur
(Ref. 25). The Base Diagram (Fig. 5.5) consists of three parts:
the bottom line on the left part represents the maximum ground
displacement, the bottom line on the right part represents the
maximum velocity. The horizontal component Design Response
Spectra corresponds to a maximum ground displacement assumed
proportional to the maximum ground acceleration which is sct
at 36 inches for a ground acceleration of 1.0 g.

The conditions of 1.0 g acceleration and 36 inch displacement
could topple the RTG from its foundations. The force causing the
tilt of the RTG is an inertial force and it is not clear from
the frequency response spectrum of Fig. 5.5 that the imposed
earthquake frequencies are high enough to cause the RTG to tilt
past the critical angle. The problem is non-linear even consider-
ing only the horizontal motion and much more complex when the
vertical motion is introduced (see Appendix E).

It is apparent that an earthquake having at least 1.0 g
horizontal acceleration is approximately of the magnitude
necessary to topple the RTG.

The probability that such a phenomenon will occur requires
that this acceleration criterion be converted to the Richter
Scale in which earthquakes are usually measured.

Figure 3 of Demars and Anderson (Ref. 28) presents maximum
ground acceleration as a function of distance from the epi-
center and the earthquake magnitude on the Richter Scale. The
curve for acceleration directly above the fault can he fit by
the equation:
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a = 0.095M - 0.3 (5.5)

where a is the acceleration in fractions of g and M is the earth-
quake magnitude on the Richter Scale.

Equation 5.5 predicts that the Richter value for the earth- }
guake with a 1.0 g acceleration at the epicenter is 13.7. This is
a minimum value. If the RTG is located away from the epicenter, .
the required Richter value is much higher. ]

Gutenberg and Richter (Ref. 29) found that the mean annual
frequency N of shallow focus earthquakes with magnitude ’1
M could be modeled as:

logjoN - a + b (8-M) -

]
(5.6) ‘L
for the world as an average, Gutenberg and Richter give:

a=0.48 and b = 0.9 from which N = 1.6 x 10~6 years.

This number should be taken as very approximate since a
linear extrapolation was assumed to estimate the Richter value -
corresponding to a 1.0 g acceleration. There have been no
earthquakes recorded at that level. The most valid conclusion
to be drawn is that such an earthquake is a very improbable
occurrence any place on earth. To occur close to the RTG is

even more improbable. Siting away from known areas of earth- !
quake activity would make the situation so rare as to be §
negligible. Proper engineering design of the foundation support l \
legs to prevent collapse and internal bracing of the RTG to -

protect the heat pipes should insure RTG operation even after
a severe earthquake. W
)

5.2.2.2 Turbidity Currents

Sands and silts eroded from land masses accumulate on the 1
continental shelves and abyssal plains. After sufficient accumu- )
lation combined with an initiating trigger, (often a minor
earthquake) a portion of the accumulation begins to flow as a
dense slurry. This submarine avalanche, called a turbidity
current, is responsible for the formation of submarine canyons
and the transport of terrigenous sands and organic matter
hundreds of miles into the ocean deeps. Heezen and Ewing (Ref.
30) report turbidity currents up to 50 mph. Such a flow rate,
coupled with high density of the slurry could topple the RTG
: from its foundation (Section 4.1.5) or result in silting grossly
in excess of that calculated in Section 4.1.4.
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The formation of submarine canyons has long been a contro-
versy to oceanographers. One early hypothesis held that the
submarine canyons were formed by actual rivers during the ice
ages when the oceans were much lower than now and major portions
of the continental shelves stood above seca level This theory
demands that an incredible amount of flowing water existed in
thepast. The turbidity current theory assumes that flows of
dense, silt-laden material are continuously forming submarine
canyons. This latter theory received considerable support frcm
the voyage of the research vessel Atlantis in 1949 that traced
the Hudson River submarine channel for 200 miles from the edge
of the continental shelf into the western Atlantic Plain.

Core samples taken during the voyage showed that the canyon

had been eroded by clays many millions of years old and that

the canyon contained not only sand and gravel but shallow water
clam shells overlain with a recently deposited ooze (Ref. 31, 32.)

The instability of submz~ae valley walls has been deduced
from commercial telephone cable breakages first pointed out
by Milne (Ref. 33). In one case, cable companies have been
unable to maintain communications across the canyon head from
the mouth of the Congo River. Heezen and Ewing (Ref. 30) used
the rate of cable breakage as a measure of the flow rate of the
turbidity current that resulted from the 1929 Grand Banks
Earthquake. DBy examining telephone records on the times of cable
failure, they found that cables within 60 miles of the epi-
center broke immediately, cables continued breaking for more than
13 hours after the earthquake. Fach break was down slope from
theone before and the last one occurred 300 miles from the cpi-
center. By knowing break times and distances between breaks,
a maximum current speed of 50 mph in the canyon and 15 mph
on the plain was calculated. Considerable difficulty was en-
countered repairing the breaks because of cable burial. About
200 miles of cable had to be replaced. Apparently, flow can be
maintained on slopes as gentle as 1:1000 (Ref. 34).

The thecry of high speed turbidity current flow is not
as well documented as it would seem. Shepard (Ref. 35) suggests
that flows of 50 mph over a breadth of 100 miles should carry
an enormous amount of sediment; much of it very coarse (Ref. 36).
However, conspicuously fine sediments (30-130 microns) were
collected in exactly the area where the current was supposed
to have moved at the maximum speed. It is possible that the
cable breakage interpreted by Heezen and Ewing (Ref. 30) to be
due to the long flow path was actually the result of local land-
slides (falling in from the sides). The only directly observed
turbidity current speeds have been in lakes (Ref. 37) and they
have been very slow.
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With regard to the safety of the RTG, turbidity currents C
are fairly localized phenomena and can be avoided by proper
siting. Figure 5.6 (Ref. 32) shows known turbidity flows as
well as areas topographically inaccessible to turbidity currents. 1
Should the RTG be sited such that a severe turbidity current is ‘
experienced durang the ouperational history, it is doubtful that
currents sutficient to topple it will be experienced at
the reference depth (20,000 feet). From examination of seabed |
] samples, it will be possible to determine whether a site has .
1 a history of turbidity currents and suitable alternative sites
{ may be selected.

T STV

5.2.3 Pressure Vessel Failure

leak. The failure of power plant pressure vessels is an inten- *
sively studied subject. There is some evidence that catastrophic ..
failures do not normally occur; intentional test cracks propogated !
only to a limited extent. Recently an in~depth analysis of “
actual pressure vessel failures has been performed (Ref. 38).

One conciusion of this study is that the probability of dis- k
ruptive failuvre of a nuclear reactor pressure vessel is between 3
10-6 and 10" /year with a confidence limit of 99%. ]

{
4
i
A
j
The most likely form of pressure vessel failure is the slow § 1

The RTG pressurr vessel is primarily under compression.
Any catastrophic failure would normally result from elastic
instability (buckling) of the sidewalls. It does not appear
that this is a credible situation for a properly sized vessel.

Nevertheless, for purposes of accident analysis, it is
assumed that an instantaneous gross failure does occur and that
the sea rushes in. The heat block-shield surface temperature is
abruptly cooled from about 10000F to 320F. (This sudden quench-
ing 1is also a conservative assumption since undcubtedly there
would be substantial Leidenfrost formation which would greatly
slow the heat transfer rate). The problem of quenching an
infinite cylinder is treated analytically in Timoshenko and Goodier
(Ref. 39). They find the stress components:

V. FOVRPRIFFUY. TSR oo Serenass N

b !
20E T 1 1 b g, (8.5/P |
g, = 22 3 e'Pnt 5 = 3 1 n (5.7)
l-v n=1 Bn Bn r Jl (Bn)
20ET, = _, .1 1 b 3 (8" 3 8P
1-v n=1 Bn Bn r Jl(Bn) BnJl(Bn)
b
3_(8.5/P)
o._n (5.9)
8.7, (B)
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L&
f' Where r, 0 and z are the cylindrical coordinates
; a is the coefficient of thermal expansion

T is the initial temperature before quench at ,
time t=0 ‘.

E is the modulus or elasticity

v is the Poisson's ratio

b is the cylinder radius

Bn is defined from the roots of the Bessel Equation

2
J(g)=0 P *_tn
B = 2 —— - -
o'"n D oep bi
k is the thermal conductivity .
¢ is the heat capacity 1

p is the density of the cylinder .

In order to determine whether the heat block-shield will
crack, the maximum stresses are determined. These occur at
t=0 and r=b. Substituting into equations 5.7-5.9:

Ur =0 (5.10)

20E T o 2
= O ¥

0, =0
1-v  n=18_° (5.11)

) z

It is found that the summation in equation 5.7 is

© 1 _ 1 and (5.12)
n£1 B 2 4
n
s =% (5.13)
z 1-v
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For steel:

P O

E = 27-29 x 10 1b/in?
I « = 10-15 x 107%/%
_ o
. T = 594°C
v = 0.27

o
e

from which it is found that o, = 4.1 - 2.5 x 105 1b/ln2. This
is well in excess of the tensile strength of 60,000 psi.
Fracture of the heat block-shield under these conditions is
anticipated.
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In conclusion, rapid, gross failure of the pressure vessel

i may result in heat block shield thermal fracture. Such fracture
would probably expose one or more fuel capsules to the ocean

s environment. Thermal shock to the capsules is not considered

§§ a hazard since the capsule design has already been qualified

for 1350°F to 32°F quench. The only foreseeable condition which
could seriously threaten capsule integrity requires that the
heat block-shield crack from thermal shock, but the capsules
remain near or above operating temperature. In this case, the
exposed capsules would probably break in about one year due to
high temperature corrosion. No assessment has:- heen made as to
whether or not this type of failure is credible.

o=
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5.3 Fuel Transport and Population Interaction

| LR<TA

The previous safety analyses have failed to reveal a
crediple mechanism that could completely faii the heat block-
shield, and the fuel encapsulation exposing the fuel to seawater.
The radioactivity content of the RTGis 5.1 MCi (assuming 148.9
Ci/W for 90sr from Ref. 40. This is contained in 7 capsules

[ S
g
s W ™

{E of 0.73 MCi each. Conservatively assuming diffusion independence
wy and a linear dissclution rate of 1.0 mg/cm2-day (Ref. 22) and a

density of 5.03 g/cm3 for average Sr,TiO4, the dimensional i
7‘ change is 2 x 10-4 inches/day or 142 years for total solution. {
< ]

Strontium in seawater will impact man through the food
chain. There is no fishing at the reference implacement depth :
(20,00v feet) so the connection between release at that depth :
and the food chain is quite tenuous. The SNAP 23A criterion for
the maximum permissible "Strontium" concentration (MPCC) is
3.5 x 1073 pCi/cc (Ref. 22).
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Okubo (Ref. 22)
seawater as:

presents a Gaussian diffusion model for

=0
S_(r, t) = D e""zdy 0<t<t (5.14)
S o
Y= e
i e B
Sc(r, t) = 5—342-35 J%- o Y dy>t T (5.15)
y= Jl

Where scis the

source concentration at distance, R, from

source at time, T, p/cm

is the
is the
is the
is the
is the
is the
the

B o E O Q

- A
(W
n

The dissolution

large capsules hence

continuous release rate, 1.83 x 10™ - Ci/sec
diffusion layer thickness, 100 cm

diffusion velocity, 2.4 cm/sec (Ref. 22)
time, sec

radial distance from source, cm

total time required for complete dissolution
time span during fuel release, seconds

time v was found to be 142 years for these
o:ly Equation 5.14 need be evaluated.

Equation 5.14 is greatly simplified by noting that for

y<0.1l, the integral is practically unity (>.98).

To determine the

radial distance at which Sc=MPCC is exceeded for distances closer
than 6.18 km. As the fuel decays, this distance decreases.

Figure 5.7 presents a plot of the radius at which MPCC is exceeded
as a function of time.

In conclusion, if a hypothetical accident occurred such
that all barriers protecting the ocean environment from the
Srz'rio4 fuel were removed, the MPCC derived for the sea food

chain would be exceeded for distances less than 6.18 km to the
RTG. This calculation is extremely conservative. First, it
assumes that the RTG is sited in an environment normally related
to the food chain. Such is not the case for the reference depth.
Second, the calculation does not consider the presence of debris
from the encapsulation, heat block-shield, sedimentation etc.

All these will tend to reduce the solution rate.
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6.0 Required Research, Development and Testing

During the analyses, reviews, and discussions conducted
to complete this PSAR, several areas have been determined
to be inadequately defined and requiring further research,
devalopmnent, or testing to provide final answers. These
areas are presented beiow under the headings "RTG LPesign"
and "RTG Operations".

6.1 RTG Design
6.1.1 Fuel

The fuel is adequately defined and suitable for use in
the 2KW RTG system.

6.1.2. Tuel Compatibility

Data that demonstrates that Sr,Ti04 is compatible for a
ten year lifetime with either contalnment material (llastelloy

C-276 or Inconel-625) has not been developed. It is recommended

that a test program be instituted to demonstrate the extent
of compatibility of Sr,TiO4 with the containment materials
under consideration.

6.1.3. Capsules
6.1.3.1 Materials

Both alloys considered (Hastelloy C-276 and Inccnel-625

appeared adequate for normal operational conditions within the RTG.

However, neither alloy appears capable of resisting a high
temperature salt water corrosion environment for more than one
year. These judgments are based on tests discussed in the
references which are not exact duplicates of the expected
environments. It is recommended that both materials undergo
gqualification test programs to establish their relative
abilities to survive the various credible accident situations
proposed in this PSAR.

it is also recommended that two alloys featurina higher
chiromium content, Haynes-188 and Inconel-617 be examined (see
Appendix C). These alloys offer better corrosion resistance
and appear better suited to the operating temperatures that
the fuel capsules will experience.

6.1.3.2 Welding Procedure

The plasma arc weld used to seal the capsules proved
inadequate during the impact test conducted for this program.
An electron beam weld has been recommended in Ref. 1.

It is recommended that this welding technique be subject to
impact testing before a design change is specified.
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6.1.3.3 Age Hardening

conducted with an unaged capsule. Data from the references
(Appendix C) indicate that both alloys suffer from nigh
temperature age hardening. It is recommended that a new

l The capsule impact tests of Reference 2 were apparently
l impact test program be conducted utilizing aged capsules.

I 6.1.4 Heat Accumulator Block
6.1.4.1 Materials
i A simplified analysis (Appendix B) indicates that the
SAE1010 Heat Accumulator Block may crack during a fast sea-
T water quench. If this occurs, the capsules may be subject to
& rapid corrosion by hot seawater. The complex shape of the

heat accumulator block as well as the variety of possible

- quenching modes shculd be investigated thoroughly. It is

ﬁ recommended that an analysis and test program be conducted to
determine whether or not the Heat Accumulator Block will crack
under a worst~case quenching situation.

ﬁ 6.1.4.2 Suprort Skirt
e The Heat Accumulator Block is separated from the pressure
- vessel by thermal insulation. This insulation is not capable

of rigidly supporting the block during static or dynamic loads. '
Any relative movement between the block and the pressure vessel

will impose severe loads on the heat pipes, which are mounted

to both. It is recommended that a support structure be designed

to prevent any horizontal, vertical or rotational movement of

the block with respect to the pressure vessel.

¢

P
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6.1.4.3 Radiation Shielding

The radiation shielding analysis presented in Section
5.1.1 indicates that the present Heat Accumulator Block design
is slightly inadequate (i.r., greater than the 200 mr/hour
maximum). The point kernel method utilized is known to he
somewhat conservative. lowever, to insure compliance with
the applicable regulations, it is rccommended that a morce

accurate Monte Carlo analysis be completed on the BOL leat
Accumulator Block.
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6.1.5 Heat Pipes
¥ 6.1.5.1 Working Fluid-"ompatibility

o |

The present potassium heat pipes appear to he somewhat
over-designed in terms of high temperature heat transfer
 § capability. [t is recommended that:

- ~
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i. Cesiun heat pipes be investigated. These would have
a higher vapor pressure at iuwer temperatures and
would reduce any installation start-up problems
which may occur.

2. In view of the fact that a test program to develop
compatibility data between the potassium working
fluid and the stainless steel wick and pipe wall
materials is required, it is recommended that Nickel-
Potassium heat pipes be investigated, as some ccmpat-
ibility data has been collected for Nickel-Potassium
pipes after approximately 5 years of operation at
600°C. Should Nickel be selected as the heat block
material (see section 7.1.3.1l) greater material
compatibality between the heat pipes and heat block
will resu.t.

6.1.5.2 Attitude Capability

Most heat pipes suffer reduced heat transfer capability
as the condenser end is lowered with respect to the evaporator
end. When the condenser is lower than the evaporator, heat
pipe action essentially ceases. The present heat pipe design
is adequate for operation to at least 60° off vertical. If
the RTG tips over during installation, the heat pipes will be
tilted more than 60° and a system shutdown will occur, even
if the tipping is only temporary. It is recommended that heat

pipes capable of operating at greater than 60° (increasing up
to 900+) be investigated.

6.1.5.3 Lifetime

The prescent heat pipe design is optimized for a five-year
mission. The updated mission lifetime of ten years rcquires
that the heat pipes be designed, optimized, and tested to
simulate a ten-year mission.

6.1.6 Thermoelectric Modules - Lifetime

The present thermoelectric modules are designed and optimized
for a five-year mission. It is recommended that a design and
test program bz conducted to satisfy the new 10 year mission
requirement.

6.1.7 Insulation

6.1.7.1 Melt Temperature

The melt temperature of the fusible aluminum insulation is
only slightly higher than its expected operating temperature.
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It is recommended that a thermal analysis of the insulation be
conducted to determine the possibility of premature meltdown
during the assembly, handling, transportation, installation or
recovery phases of the mission.

6.1.8 Pressure Vessel

6.1.8.1 Manufacturing Method

The pressure vessel may bz manufactured by one or morc of
the following methods; casting, forging, or rolling. No clear
technical advantages were found for any method. It is
recommended that the best (probably, the most cost-effective)
method be determined.

6.1.8.2 Closure Method

The bolted closure has been recommended over the welded
closure in this report (See Appendix C). It is recommended
that the final bolted closure design be proof-tested with
prototype hardware.

6.1.8.3 Hybrid Closure

1t has been found during this study that a combination
joint utilizing bolted flanges for rigidity and a thin peripheral
weld for leak tightness appears to offer advantages over either
a bolted closure or a welded closure alone. It is recommended

that this type of joint be investigated for feasibility and
reliability.

6.1.8.4. Pressure Relief

If the pressure vessel were to develop a slow leak during
the mission, the internal pressure will tend to rise to the
ambient pressure. During recovery, as the RTG is raised to
the surface, the outflow through this small leak may not he
sufficient to equilibrate the pressure. The internal pressure
will become much greater than the decreasing exterior pressure.
Hoisting such a highly pressurized device aboaid ship and
attempting disassembly may be hazardous. It is recommended that
some form of internal pressure reliet be designed and tested
for the pressure vessel so that the RTG can be transported,
handled, and disassembled safely.

6.1.9 Foundation
6.1.9.1 Dimensions
Reference 3 indicates that the present RTG foundation

dimensions (14 feet square) are limited by emplacement ship
clearances. These maximum dimensions result in an ocean bottom
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loading approaching one pound per square inch (excluding
floatation devices). This may limit the number cf acceptable
mission sites. A trade-off study of foundation dimensions,
floatation requirements and site suitability is recommended.

6.1.9.2 Release Mechanism

The joint between the RTG and its foundation must
prevent the RTG from tipping during emplacement and operation.
During recovery, the foundation is not needed and would be
a substantial extra weight to lift. For this reason, the present
design calls for corroding magnesium bolts between the RTG and
its foundation. These bolts will corrode soon after emplacement
and later allow the RTG to be lifted free during the recovery
phase. It is recommended that this method be investigated
further and tested for adequacy.

6.2 RTG Operational Procedures

The various procedures during the life cycle of the RTG
systen must be adequately defined before a final safety
analysis report can be completed. At the present time, none
of the operational procedures, (assembly, handling, transportation
emplacement, or recovery) have been adequately defined in the
literature. It is recommended that these procedures be defined.
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7.0 Recommended Design and/or Procedural Modifications

The following minimum modificatiouns are hereby recommended
for the 2 KW(e) RTG program:

7.1 RTG Design

X

7.1.1 Fuel - None

7.1.2 Capsules
7.1.2.1 Matcerial

P
h—-..-..‘

lHastelloy C-276 and Inconel-625 superalloys appear approx-
imately equal in ability to withstand the operational and
credible accident environment. Data that demonstrates the
SryTiO,4 fuel is compatible for a ten year lifetime with either
containment material has not heen developed. A clear choice
can be made only after the research and development program
recommended in Section 6 of this report is completed.
Availability at the time of procurement will probably be a
| factor in the material selection.

- )

IE“‘-‘:'
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7.1.2.2 End Weld

[T ——
e

The plasma arc capsule closure weld docs not appear able
to resist the nominal impact test. An electron heam weld,
which provides for better penetration and control is recommended.

Baend §
Wiosniy

7.1.3 Heat Accumulator Block

Kb-aimie
Winievee ¥

7.1.3.1 Material

RO bt sl oo 14 AN b vl oM

' The present RTG design specifies an SAEl101N steel heat

wy accumulator block. The iron constituting the steel undergoes
two solid phase transitions. The one at 1652°F causes a

I 1.6% volume decrease. This can cause severe anisotropic
thermal stresses following a heat pipe shutdown. Additionally,
the steel block is electrochemically more active than the fuel

:[ capsules, promoting capsule corrosion. For these and other:

LN SR

reasons, it is recommended that Nickel-201 alloy be substituted
for SAE)U10 steel as the heat accumulator block material,

7.1.3.2 leat Accumulator Block - Lateral Support

-

In order to prevent lateral rovement between the heat
accumulator bhlock and the pressure vessel, which could damadge
the heat pipes, it s recommended that a rigid support skirt
be included in the system design.

P -
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7.1.4 Heat Pipes

It is recommended that the heat pipes be redesijned for
horizontal (90°) operational capability to prevent any system

damage should the RTG be temporarily tilted during any phasc
of the mission.

7.1.5 Thermoelectric Module

The present design for the TEM's is not adequate to meet
the ten year lifetime design criterion. The modules must
be redesigned accordingly.

7.1.6 Pressure Vessel

7.1.6.1 C(Closure Joint

The use of a bolted closure joint is recommended over a
welded joint. Either joint can satisfy the mission objectives,
but the welded joint greatly decreases accessihility to the
internal parts should tests or component replacement become
necessary after assembly and before implacement.

A hybrid joint utilizing aspects of both the holtead
and welded closures has also been recommended for consideration.
(See Section 6 and Appendix A.)

7.1.6.2 Pressurc Relief Device

It is mandatory that a method of relieving high internal
pressures be incorporated into the pressure vessel. Sucih
pressures may occur during the retrieval operation if a very
sinall leak has allowed a substantial increase in internal
pressure. If the leak is small enough it may not vent the
internal pressure quickly enough during the lifting operation.

7.1.7 Pressure Vessel - None

7.2 RTG Operation

7.2.1 Data Acquisition

It is recommended that the RTG condition be monitored
during emplacement to ensure that no mechanical or electrical
failures occur. This would allow immediate recovery of the
RTG while it is still connected with the emplacement vessel.
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In addition, it would he desirable to include a
separate data acquisition and hackup transmission system
to provide information on the functioning of the power
supply during its entire lifetime. RTG param:ters that could
be monitored are: outnut voltage, current, component tempera-
tures, RTG attitude, and the presence of moisture inside the
pressure hull.
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8.0 Summary
8.1 Program Status

The 2 KW(e) RTG program has advanced toward completion,
as indicated in Table 8-1.

8.2 Assumptions

The 2 KW(e) RTG program, as defined by the reference
material, is not sufficiently described in all areas to allow
a comprehensive safety analysis. Where necessary, RTG components
and/or activities have heen postulated based on experience from
earlier RTG programs. These assumptions have heen simplified
as much as possible in order not to limit the value or appli-
cability of the PSAR. All such assumptions are stated explicitly
throughout the body of the PSAR.

8.3 RTG Components

8.3.1 Capsules

The capsule design utilizing EB welds on both ends appears
adequate whether Hastelloy C-276 or Inconel-625 is used with
the following exception: A fast seawater quenching of the
Heat Block-Shield may cause cracking and allow capsule exposure
to seawater. Capsule exposure to high temperature (>1,0000F)
seawater will cause accelerated corrosion rates and allow
fuel release in one to two years (see Appendix C). Whether
ox not the RTG can maintain such a high temperature under
any condition following a rapid seawater leak has not been
determined.

Alternate alloys, Haynes-188 and Inconel-617 should be
examined for use as fuel capsule materials. Both offer better
corrosion resistance due to higher chromium content, and appear
suited to use in a high temperature (>1,000°F) environment.

8.3.2 Heat Block-Shield - Shielding Capabilities

The Heat Block-Shield appears marginally inadequate with
respect to surface radiation flux allowed by 49CFR-173 during
transportation and handling. A more accurate analysis than
that conducted herein is required to ensure that the Heat
Block-Shield complies with all applicable federal regulations.
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8.3.3 Heat Block-Shield - Thermal Shock Resistance

It appears possible to crack the Heat Block-Shield by
quenching in seawater (caused by a pressure vessel failure).
The possible magnitude of such cracking has not been determined.
Full scale thermal shock tests are recommended.

8.3.4 Heat Block-Shield - Material

It is recommended that Nickel-201 alloy be used in lieu
of SAE1010 steel for manufacturing the Heat Block-Shield.

8.3.5 Heat Pipes -~ NDesign

The current heat pipe design provides adequate heat
transport to the TEM's in attitudes from the vertical (con-
denser above evaporator) to 60° below vertical. However,
operation to at least 90° (horizontal) is recommended.

8.3.6 Heat Pipes - Working Fluid - Compatibility

Since adequate compatibility between the fluid and
pipe walls for a ten year life has yet to he demonstrated
for the present design, it is recommended that Potassium-
Nickel heat pipes be investigated for use in the 2 KW(e)
RTG. Some five year compatibility information for such heat
pipes has heen collected. Should the Nickel heat block-shield
recommended in 7.1.3.1 be adopted, Nickel heat pipes would
provide the additional benefit of assuring material compati-
bility between the heat pipes and heat block-shield.

It is also recommended that for the existing heat pipe
design, cesium be investigated as a replacement for the
potassium working fluid now specified.

8.3.7 Fusible Insulation - Operating Temperature

The melt temperature of the present fusible insulation
is close to its expected normal operating temperatur:s. It
is recommended that either the RTG operating temperature
be lowered or the insulation melt temperature be raised to
allow for a greater margin of safety.

8.3.8 Thermoelectric Modules (TE.di's) - Lifetime

The present TEM design is kased on a five (5) year life-
time and appears adequate. The system must be re-optimized
for a ten (10) year mission.

~119-




3.3.9 Pressure Vessel -~ Seal

]

L A bolted joint is recommended over a welded joint. A
hybrid joing, utilizing bolts to provide structural rigidity
and a seal weld to provide leak tightness offers advantages
and is recommended for further study.

8.3.10 Pressure Vessel - Pressure Relief

A pressure relief device is recommended for the pressure
vessel to vent seawater pressure which has slowly accumulated
in the RTG during its mission operation.

8.4 Conclusion

UUInder the reference design given for the assembhled RTG,
no safety problems were identified. It is emphasized, however,
that many information voids in the reference design exist.
The research, development, and testing programs that are
required to fill these voids have been identified and are
listed in Section 6. The design of many of the RTG components,
including materials selections, will be affected by the
results of these programs.

A potential problem during the assembly phase, that of
radiation streaming from the empty heat pipe holes of the
heat block-shield was identified (see section 5.1.1). A
more detailed analysis must be conducted before it can be
conclusively determined that the amount of radiation does,
in fact, exceed federal regulation.

Additional information on the procedural aspects (Assembly,
Handling, Transportation, etc.) of the RTG is required. It
is also noted that the emplacement site considered was a
hypothetical case. It is possible that specific sites may
present hazards not considered in this analysis. Examples
of such hazards, for a shallow site emplacement arc: the
activity of man, surface wave action or stronger water
currents, and sedimentation rates. These and other factors
could present performance and reliability problems. Also, 4
; a shallow site release of radioactive material would have a i

{

’ greater opportunity to be taken directly into the food chain
' than at the referenced depth of 20,000 ft.

5 TP

It is apparent, then, that much information is required <
before either a complete system analysis can be conducted ox
all aspects of risk to public safety can be evaluated. The
areas of missing information detailed above are not intended ]
to be complete, but are indicative of the extent of work re- ,
quired before a more exhaustive analysis can be undertaken.
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APPENDIX A

PRESSURE VESSEL CLOSURE OPTIONS
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1.0 INTRODUCTION

ot . 1.

A comparison of considerations integral to the performance
of a welded joint as opposed to a bolted closure for the ;
pressure hull of a 2KW(e) Radioisotope Thermoelectric ?
Genarator designed for deep sea (20,006 feet) use has been )
performed. An externally ring stiffened cylindrical hull 1
structure, as shown in Figure A.l (Ref. 1) is assumed. Since
the greatest impact of the choice of closure is ia ji:s effect
on the :entire pressure hull, an examination of all pressure ;
hull considerations is required. As a result, the scope of é
this section is not limited to the closure, bu:t includes the ]
effects of each closure choice on the pressure hull.

Py @i oy COul

Py

2.0 DESCRIPTION OF CLOSURE METHODS

This comparison assumes a configuration for the Weld
joint as show:i in Figure A.2. The bolted closure is shown in
Figure A.3. %““e bolted closure includes a flat elastomer O-
ring seal at the runge contact surfaces. This material assump-~
tion is consistent with the probable selection of BUNA-N for
the O-ring. It is recognized that the O~ring configuration
selected for the final design will represent the experience and
preference of the designer. Doukle O-ring systems with a
groove cut for the outside ring, or grooves for both rings
are a possibility. The purpose of th2 designs of Figures A.2
and A.3 is to provide a base point for the comparison that
is consistent with good engineering practices. It is recognized
that they may be modified by the final designer.

i =g B
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3.0 CONSIDERATIONS

3.1 Codes, Specifications, and Standards

I
l
|

The following were used in conjunction with the preparation
of this document:

S

MIL~-S~16216H (SHIPS) ;
MIL-S-23008B (SHIPS) ;
MIL-E-23765/2A {(SHIPS)
MIL~E-22749 (SHIPS) with Amendment 11
MIL-E-22200F )
MIL-F-19822A (SHIPS) with Amendment 4
ASME Boiler and Pressure Vessel Code Section TIII, 1971;
Section III Addenda, 1972; and Section VIII, 1971.

Ol —

Additional references are listed in Section 6.
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PROBABLE WELD CLOSURE COMNFI IGURATION
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3.2 Materials

The pressure hull material is HY-100 steel. This
material is available in plate, bar, billet, and cast
forms. It can be welded by metal arc, submerged arc, and shield
arc processes, and is machinable. The hull design for the RTG
recommended by NSRDC, if fabricated from plate stock will
require dimensions of approximately 182" length, 60" width
and 2.875" thickness. These dimensions are well within
the capabilities of manufacturing mills (Ref. 4,3). Orders
for this material require a lead time of 1/2 to 1 year
(Ref. 4,5). Proparties of HY-100 steel ‘are listed in Tables
A-l1 to A-3 following:

= e

jemt

TABLE A-1l

HY-100 MECHANICAL PROPERTIES

o ky
ot
‘M.u:.'

(Ref. 6,7)

3 "i‘ ;
§ Type A Plate Cast :

- Thickness (in.) 5/8 to 3 (incl.) -

, Yield Strength, L
. W (.2% offset - psi) 100,000~-115,000 100,000-120,000 j
b oo Tensile Strength - -
fj ,L Flongation in 2 in.
N (min. %) 18 18
: f I Reduction in Area (min.%) .
E* : Longitudinal 50 - ;
i Transverse 45 30
[
1 I Charpy V-Notch Impact
o (ft./1bs.)

(minimum, avg. of 3 specimens)
Longitudinal (gt o
Temperature F) 50 (~120"F) to 2"
30 (-120°F) cver 2"
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TABLE A-2
; HY-100 CHEMICAL, COMPOSITION (%-LADLE ANALYSIS)
(Ref. 6,7)
‘ Type Plate cast
? c .2 max «22 max
Mn .10/.40 .55/.75
P .025 max (b) .020 max
S .025 max (b) .015 max
Si .15/.3 .5 max
Ni 2,25/3.5 2.75/3.5
Cr 1, /1.8 1.35/1.85
Mo «2/.6 .3/.6
Ti (a) .02 .02
vV (a) .03 .03
Cu (a) .25 .20
| Fe Remainder Remainder

{a) Maximum residuals permitted

not exceed .045%.

(b) The combined phosphorus and sulphur content shall

TABLE A-3

(Ref. 7)

TYPICAL ENGINEERING PROPERTIES (PLATE)

2

' Density (1b./in.3)
Modulus of Elasticity (psi)

Coefficient of Linear Expansion
(in/in/CF, 80° -1200°F)

] Electrical Resistivity (microhm-
{ cm at 70°F )

PR TUREIE T T IPRETORE TOPR > \ - PUY

.283
28 x 10° to 30 x 10

7.1 x 107°

30.3

—

4
e e e e s




g e e ey ey

LB s B o B B~ B

ARl W e ey

e

TABLE A-3 (continued)

TYPICAL ENGINEERING PROPERTIES (PLATE)
(Ref. 7)

Typical Notch Toughness Properties:

Nil Ductility Temperature (°F) -160

Fracture Transition, Elastic (°F) -110

Fracture Transition, Plastic (°rF) -85

Charpy V-Notch Shear Energy

Shelf Level (ft-1b) 110

Specific Heat (BTU/1b/°F at 70°F) .110
Thermal Conductivigy

(BTU/sq.ft./hr./ F/in.) 227

3.3 Corrosion Properties

The corrosion properties of HY-100 steel submerged in
ocean water are known to be similar to the other high
strength low alloy (typically 3-4%) steels. Approximately
linear losses of 3 to 4 mils per year (four year data) have
been reported in stagnant seawater (Ref.8). In seawater
flowing at 2 feet per second, losses of 8 to 9 mils were
reported after one year, and 26 to 27 mils after four years
of exposure (Ref.8). Three year corrosion data for a
high strength low alloy (HSLA) steel of the same chemical
composition as HY-100 were reported for 2 deep sea locations.
Results are summarized in Table A 4 below. Data reported
from the same experiment for Low Carbon (1010) steel are
listed for comparative purposes (Ref. 9).

TABLE A4

Corrosion Rate (mpy)

Atlantic Ocean Pacific Ocean
5,600 ft. 5,500 ft.
Exposure Time HSLA Steel 1010 Steel HSLA Steel 1010 Steel
100 days 3.7 4.9 4.7
3 years 1.8 1.8 .5 1.0




As previously discussed, for purposes of determining a

1 flanged joint design, an elastomer O-ring material such as
BUNA-N is assumed. Electrode material for the welded closure
will be determined@ by the wecld process chosen. This will be
§ discussed in Section 3.4.

3.4 Fabrication

This section considers possible fabrication methods for
both the RTG pressure hull and its closure joint. Due to the
size of the vessel, few fabricators exist with adequate
equipment capabilities. The following fabrication information
was gained primarily through discussions with key personnel in
such organizations (Ref. 10, 11, and 12).

For the pressure vessel, one possible method is to roll form
a plate into the cylindrical shape. A structural weld will bond
the lateral seam formed in this process. Both end closures can
be formed by forging, with a weldment required to attach the
hemispherical end to the cylinder walls. Machining of the end
closures will be required after forging to achieve specific
geometric tolerance requirements.

If casting were chosen as the fabrication method, material
properties and casting procedures will be dictated by Military
Specification MIL~-S-23008B (SHIPS). However, casting offers
no advantages over forging with regard to obtaining the desired
geometry, but does offer additional complexities in the fabri-
cation process. Special attention to vacuum degassing procedures
is required. It may even be necessary to pour the molten
material in a vacuum to minimize scaling caused by hydrogen
reactions (kef.ll).

A more likely possibility is to forge the entire vessel.
Circumferential welds may be required about the cylinder side
walls. (This will be determined by the design and capabilities
of the fabricator.) Machining to tolerances will be required.

To manufacture the appropriate closure joint, either bolted - i
or welded, or to machine the hull to desired geometry and toler-
ances, a turning operation will be required. This will most
likelv be milling, and, to avoid any detrimental effects caused o 1
by gravity, vertical milling is probable. It is established
that machine processes can be performed to #* .005 inches
(Ref.10). Out of roundness conditions of 1/16 inch have been
scen for 8 foot diameters in the Alvin program with a maximum
i of 1/8 inch permitted (Ref. 13). As HY-100 was the material
' in this program, it is reasonable to expect the same parameters
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for the RTG vessel. This is consistent with the NSRDC design
(Ref. 1) for the RTG.

If the final closure is a bolted flange, the flange faces
will probably be fabricated separate from the hull and welded
to it. At this point the completed pressure hull should be
piessure tested to determine the effectiveness of the bolted
closure.

A welded final closure will require a chill block that is
either machined or welded to the interior of one of the
edges (see Figure A.l).

Pre-assembly welding techniques required during fabrication
will now be discussed. As previously mentioned plain metal
arc, gas shielded arc, or submerged arc welding may be used
with HY-100 steel with yield stresses of approximately 100,000
psi obtainable. From fabrication experience it has been
determined that speed and reliability advantages characterize
the submerged arc process over the gas shielded arc process
(Ref. 10.) Plain metal arc welding is the slowest of the
three processes and is not recommended (Ref. 13). As a result,
submerged and shielded arc processes will be reviewed in-depth.
Military Specification MIL-E-23765/2A recommends electrodes
of MIL type 120S-1 as applicable to HY-100 steel in either
submerged arc (SAW) or shielded arc (GMA) processes. Chemical
and mechanical properties for this and other electrode materials
discussed are listed in tables A-5 and A-6. This specification
requires only that fluxes used in SAW be a neutral granular material
such that, in conjunction with the electrode, achieves the mechan-
ical properties listed in Table A-6.

Parameters for the submerged arc process appear more clearly
defined in MIL-E-22749 as revised by Amendment 11. This speci-
fication shows electrode type MIL-MI88 (Tables A-5 and A-6)
used in conjunction with flux material MIL-MI will achieve
a yield strength of 88,000 psi (min.). Recommended current
voltage and travel rate for test samples are also given and
listed in Tables A-7 and A-8. Similar information for the
shielded arc process is available in MIL-E-19322A, as revised
by Amendment 4 dated November 16, 1965. This specification
assumes an electrode material of similar alloy to those listed
in Table A-5. Though this document is the forerunner of MIL-E-
23765/2A, the information gives an idea of the type of values
necessary to achieve a joint possessing the required properties.
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TABLE A-5

CHEMICAL COMPOSITION OF DEPOSITED WCELD METAL

MIL-"I88 with

MIL-120S-1 MIL-MI (flux)
Percent Percent
Carbon .10 .06
Manganese 1,40 - 1.80 1.00 - 1.50
Phosphorous .01 .01
Sulfur .01 .01
Silicon .25 - .60 .50
Nickel 2.00 - 2.80 1.40 - 1.90
Chromium .60 .10 - .30
Molybdenum .30 - .65 .20 - .40
Copper - .10 - .30
Vanadium .03 .05
Titanium .10 .10
Zirconium .10 .10
Aluminum .10 .10
Iron Remainder Remainder
A-10
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This electrode is described by the following chemical {{ {
composition {from MIL-F-19822A). . !
Percent .
Carbon 0.08 max g i
Manganese ~.15 - 1.55 ¢ ]
Phosphorus 0.025 max.
Sulfur 0.025 max. b
Silicon 0.35 - 0.65 4 k
Nickel 1.15 - 1.55 ]
Molykdenum 0.30 - 0.60 ’
Vanadium 0.10 - 0.20 ,l
TABLE A-~7

WELDING MACHINE SETTING (GROOVE WELDS)

Type of Electrode Diameter Travel Speed
and Flux Inch Amperes Volts Inches/Minute
MIL-M188 () and 1/16 350-400  33-38 16
MIL-MI 3/32 500-550 33-35 32-34
Note b .035 ——— - ——
.045 140-240 16-22 -———
1/16 275-375 26-30 ———
3/32 As recommended by Manufacturer

Note a - MIL-MIB8 is used with direct current reverse polarity
Note b ~ Assumes direct current straight polarity

TABLE A-8

FLUX PARTICLE SIZE REQUIREMENT

% Retained on #12 % Passing Through
Type Sieve (a) (Max.) #140 Sieve (a) (Max.)
MIL~-MI 6.5 2,0

D D G Gy G D G = G WD G S S T SIS D S G TP TR RO G SIS G R G EED G G T S A = D Gw G T G SED D D S D IR G SV S G T G GRS G S Gt W - —

T

Note @ ~ U.S. Standard Series
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Edges of the weld joint must be thoroughly wire brushed
or sandblasted prior to welding. The weld region including
the area witinin approximately one foot on either side is pre-
heated to a temperature of 250°F to 350°F. These .emperatures
are maintained through the entire cross sectional thickness
of the wall. When multi-pass welding is required, preening
of layers is grohibited. Interpass temperatures are not allowed
to exceed 300°F. Mechanisms to handle and manipulate the
pressure hull to achieve the required weld rates are necessary.
Also, a "chill block" metal base plate is required to assure
penetration of the wel?l across the entire pressure hull wall
thickness. The welds will be inspected radiographically and
must meet the requirements of NAVSHIPS 0900-003-9000~Radiographic
Standards for Production and Repair Welds.

It should be noted that samples of the welds performed
by the pressure hull fzliricator will be si:bject to properties
performance tests. As a result, the process parameters and
some electrode material compositions described herein are
subject to change by the fabricator in order to achieve material
properties (Ref. 14).

3.5 Assembly

Problems associated with assembly of the RTG will vary
depending on the choice of closure mechanism. Welding requires
prcheat of the circumferential region about the joint until a
temperature of 250°F to 3500F is achieved thrcugh the entire
wall thickness. This heat input may require that external
cooling be applied to the system to maintain temperatures
near the hull/thermal fuse int=rface boundary below the melting
point of the fusible insulation. Welding equipment that will
perform the selected welding operation must be provided at
the assembly site as well as positioning and manipulating equip-
ment to achieve desired weld rates.

The closure must also be inspected for soundness. This
presents a complex problem in that radiographic techniques
require access to both sides of the welded seam. Available
inspection processes are thus limited to Ultrasonics and
Fluorescent Magnetic Particles (Ref. 15). The Fluorescent
Magnetic Particle Method is used to sense changes in a material's
magnetic field characteristic at flaws. It is applicable only
to surface and near surface flaws, cannot detect microscopic
flaws, and requires trained personnel to interpret formations.
Also, flaw orientations with respect to that of the magnetic
field determine the strength of the magnetic gradient. As a
result, examination with magnetic fields of more than one div-
ection (e.g. logitudinal and transverse) is desirable. Due to

A-13
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these limitations, Magnetic Particle Inspection is best applied
to pressure hulls that have an external cladding to detect
flaws in the bond between the materials (Ref. 1l1).

Ultrasonic techniques can be used to detect microscopic
flaws through the entire depth of the hull. However, since
the process is one of interpreting the reiflecting patterns
of an acoustic wave traveling in the material, interpretation
of patterns is crucial. Flaws occuring near either the interior
or 2xterior surface can be misinterpreted as normal reflection.
Orientation of the flaw with respect to wave direction is also
important. Logitudinal and shear waves are transmitted in a
direction perpendicular to and then varaliel with the region of
interesi,

A new field of nondestructive testing under examination is
Acoustic Emission techniques. The principle here is that the
frequency of a wave traveling through a vessel with a flaw will
differ from a treguence in a flawless region. However, this
technique is still in the developmental stage; and, as such,
its full capabilities and extent of limitations are not yet
determined.

In view of the above, ultrasonics is the recommended weld
closure inspection technique.

This restricts the assembly site to one with welding
equipment or requires installation of the necessary equiument
at the assembly site. The welded closure will also require
that qualified welders be a part of the personnel assembling the
system.

It is unlikely that the system would be stress relieved
after the final weld. Stress relieving would require raising
the system to a hull temperature of 1025°F + 250F (Ref. 16)
for one hour per inch of wall thickness,thus, placing an extremely ]
severe thermal lcad on the system. Experimental work with ]
welded shells under external rnressure has been done at Naval :
Ship Research and Development Center. Test results have been
plotted that compare failur: pressure of HY-80 welded Ring :
Stiffened Cylinders to unwelded cylinders (Ref. 13). This |
work Jemonstrates tiaat design allowances can be made for residual
strosses.

Sealing the system by a bolted closure ailows more flexi-
bility in assembly site selection. For the most part, equip-
ment required to complete assembly {(mechanisms for lifting the
system and components, equipment to accomplish argon backfill, )
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eLc.) .s common to either closure choice; as are the pecgonncd
required to implement and supervise the task.

Table A-9 provides a comparison of the inp.wct of bLoth
mechanisms on the assembly process; and, 2s sucl, examines
tradecoff considerations.

mis-match hotweea the suvrfaces of the clusure. 2y listed
earlier, tne Cocfficient of Linear Expandion o r v-100 svedd

is 7.1 % v’ in/in/OF for the temperature tvar « o 80OF-1:0 1.
If we assum  room temperature to he 801°T and that rhe ins. o
wall tempecature of the portion of the pressur: huil! n coatuct
with the heat source does not exceed 1000°F, (. reas-.nablc
assumption of the extreme case based on zesult: r~ported i-
Reference 17) the linear expansion will we less than 8 milw.
Once the upper flange is in contact with the luwer flanagce 3
difference will be continually decreasinj as thoermal eguil "3 4.
is established.

l An cxamination was made of the possible 1y ret ol tietg

finagd

Obviously, this analysis was for an »xtrem o o el
temperatures of 1000°F will present probiims for tae o we ;0
: ciew, thus establishing the need for external coolirg o,
in turn, reducing thermal expansion. Hewver, evep wit  oh
differential of 92007, :he mismatch wili only be (004" on
each side of the matching surfaces. Thi.. should cause ne
problem in the assembly process. pamage to thee O-=vine a0
by thermal ~xpansion is also unlikel <3 904" yovevent -0 0 -
cule compared to the nticipated movemon whive yo v,
the flange facas. Thermal amismatch is not anvieniaatod oo
« problem.

A.,...

=—f

E o B e

3.6 landliny

Handling the pressure hull, ane o ooualiy tie
system is a prohlem due to several facters. "the poos o t .
! iz physically a large item to transport. Tt Is al-o i Y
(approximately 19,600 pounds). Excert for pretect na - .
oxpecially the closu @ flange, f{rom damuge to ar 7 wat
extent as is practicable; no special protection (s oo a0 on ot
oxidation) is required.

- N
L -. -4.' !

3.7 Operational Characteristic.

It is expected that a 7elicd clos o ach woved o P
paraneters previously discussed will provide a 100 7 ;
joint for the life of the aystem (19 voars). BY=140 - o0 o v
properties are not expected to deqrade daie to ging o et

Corrosion effects, digeussaed previously, are well dotinad.

A=15

3 B e aea




— T e e

e

.o

S

Y T

h aa

[ Lt o o e et - ——— —

.4 - [] # i ] x

‘3utrol 3709 3Is33 03
arqerTeA® Ssadoad
yons oN -aanfyrtes
2INSOTD JO dUeyo
S9ZTWTUTW 3nbTu
-u293 uoTri3oadsut
aTqe3dadoyY-pIaM

pPoUBdUl I9YJTI
I103 abejueape ON

paxInbax
Juswleaal oN-3Tod

sjuau
-22TNbax jJusu
~dtnba a29M931 %
ssanoad a1durs-3709

SUOT3RTNWTS JFUBWUA
-ITAUD 3¥rqeztns Aq
paisa3~-)eaf ATsnoTr
-a33d 3q ﬁﬂsonm

TInYy pasuelyd)
393TS 3® mCOZJ

ssax3s xadoxd o3
s3Toq anbxoj o3
ss200ad pue STOOLA

2INsSoTd JO
3S33 OTUOSBIZTN~

jeay~aad x03 saYyoa03
JO0 SI33edY UOTIONPUI-

(saxaTT0x X0 wxozzeld but
-3e30x) sxojeTndruel-
(ATuo oxe pPIPI3TYS)
K1ddns sep 3aaul-
aUTYSRW HUTPTIM-

uotidadsur

JUswWleaIL]
ATquassy 3sod

JuBwWlIRIIAY,
ATqusssy 214

sTTe33d
SS9001d 2aAnsoT)D

HIeiay-dbejueapy

310d

P13

POY3IOW 9aNSOT0 O3 onbTuf poarnbay juswdinbg

Uue3 I

SS3ID0Yd ATAWISSY NXO LOYdARI JANSOTIO

6-Y JTIVYL

.
.
3

A-16

5

sk g

PRz )




Increasing dimensions to allow for expected corrosion rates
should ecliminate this problem. Additional methods of corrosion
protection are available, such as the use of sacrificial
anodes. However, anode material selection is important (heat
from the reaction with a Magnesium anode may crack the hull (Ref.
18).) Aluminum is a candidate that could meet the 10-year life-
time requirement. Anti-corrosion paint is another possible
means of protection. It is possible that stress corrosion may
occur in the weld region due to material changes (formation of
martensitic grains) and residual stresses. However, the weld
criteria previously discussed are designed to minimize thece
detrimental effects (Ref. 18). As a result, stress corrosion
is not expected to occur on the RTG. These residual stresses
also require dimensional design allowances. However, as
previously described, data exists as to the required extent of
such allowances.

iy P24 ©OuN
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A pressure hull with a bolted closure can be stress re-
lieved and water quenched, if necessary, to completely eliminate ¥
3 residual stresses. Other corrosion effects can be minimized ]
; k T as discussed.

Lh -
lw-‘. '

The mechanism for crevice corrosion attack is the
deterioration by galvaric action of surfaces requiring a passive
oxide film in an oxygen deficient environment. Since HY-100
stecl does not depend on a passive film for corrosion resistance,
it is not subiject to crevice corrosion (Ref. 18).

,
LRSI T3 AT

b}

One mechanism that could be responsible for joint degradation
is O~-ring extrusion. This phenomena is caused by pressure exerted
on the ring in *he cap clearance between flange faces that
inelastically deforms (or extrudes) the ring into the gap
clearance. The ring functions properly when it seals the gap
clearance without being extruded.

= B &
S IRPSER BTV

O-ring extrusion may be prevented by a combination of
minimized gap clearance and appropriate O-ring hardness (usually
70° Shore A Durometer minimum) (Ref. 19). Thin, back-up rings of
much harder material can be fitted into the groove as shown
(Figure A.4) to close the gap and provide clearance for the O-ring.
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Figure A.4

4.0 RECOMMENDATION o

Having discussed the considerations pertinent to either i
closure type it is apparent that either is technologically I
possible for the RTG application. Comparative advantadges -d
and disadvantages exist for either method. .

Welding clearly ofters greater reliability, though it i
places restrictions on the assembly site selection with the
requirement of welding equipment. Welding also complicates the
assembly process causing the addition of welders to accomplish
the task. (It is assumed that the assembly site wili not be . [
the pressure hull fabricator's premises.) '

Bolting provides for a simpler assembly operation, places -;
fewer restrictions on the assembly site,and does not requirc
the flange with the precision required will complicate the |

{

{
welding personnel as part of the assembly crew. Ilowevexr, machining Z !?
fabrication of the pressure hull. This method also requires ‘ ]
pressure testing the hull. ,

i
Secondary considerations involve system accessibility. f
Once the vessel is sealed by welding a component failure will
abort the mission with a new or significantly reworked hull
required. Bolting allows non-destructive accessibility.

} In view of the preceding, the bolted closure is the
; recommended closurc. Dominant considerations in making this
recommendation are:

1. Restrictions placed by welding on site selection;
especially if a site in proximity to a Navy port
is required.
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2. Capital investment of welding (and related) equipment.

5.0 POSSIBLE ALTERNATE CLOSURE METHOD

' 3. Inaccessibility to interior of a welded system.

The following suggestions are presented in an effort to
examine the complete scope of the closure problem and available
r solutions.

From the preceding it is apparent that, though welding
: offers reliability advantages, bolting offers repeated system
w access as well as fewer complications and more flexibility
during assembly.

Q;B The pressurc vessel closure serves a dual purpose. It
provides structural soundness and a seal that separates the
system environment from the external environment. Perhaps
iz these functions can be performed better by a separate mechanism
; for each, rather than by a single closure technique.

. Such a closure might be configured as the bolted joint
},E of Figure A.3. However, in place of the 12 bolt holes and
belts, a circumferential seal weld could be provided at the
- flange interface. For that case, the flange will bear the
l . structural load, and the weld will provide the seal.

Another method that will acconmplish this requires redesign-
ing the bottom end of the pressure hull into a threaded, flat ;
& plate that will screw into the walls of the vessel. A seal weld %

bead can be applied. To provide adequatc thickness to survive ’}
. the bending stresses that would be experienced, the plate could |
l be forged. ‘,

P T

Either of these methods will require weld equipment at
I the assembly site. However, they will provide the reliability
i of a welded joint with accessibility possible by grinding off
the weld bead. The welding required is not as laborious as
‘ for the structural weld of Figure A.3. Little rework is re-
I quired for re-assembly. This concept should be reviewed in-depth.

PPEEW ¥ WA

el

. Vacuum chamber closure joint design philosophy should
] also be reviewed to determine applicability to the pressure
hull closure joint mechanical criteria.
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APPENDIX B

SAFETY AND COST BENEF1T COMPARISON

OF SAE 1010 STEEL VERSUS MICKEL ALLOY-201
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1.0 INTRODUCTION

The following presents a safety and cost benefit comparison
of a nickel versus a low-carbon steel heat block-shield for
the subject power unit.

The heat block-shield specifications for this task are as
follows: (Section 3.0)

Diameter
Fin root, in. 35.5
Fin tip, in. 40.5
Height, in. 60.0
Holes for heat pipes
Number 12
Diameter, in. 1.008
Length, in. 55.0
Holes for fuel capsules
Number 7
Diameter, in. 4.153
Length, in. 50.25

Heat block-shield assembly
shipping weight without
fuel capsules, 1lb. 16,500

Normal surface operating
temperature,°F, 1,150

Normal centerline operating
temperature,°F 1,360

Accident surface
temperature,OF 1,690

Accident centerline
temperature,OF 2,175 (transient)
2,070 (steady state)

The above data are based on SAE1010 material for the
heat block-shield. Nickel has been suggested as an alternative
material, and a thermal analysis was performed (Ref.l). The
nickel material utilized in the analysis was identified recently
as "A" nickel (Ref. 2). "A" nickel is produced commercially
as Nickel=-200 (Inconel trademark). The nickel alloy for this
comparison, however, is the low carbon Nickel-200 version which

B-1l-4~
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1 is designated Nickel-201 (to be designated Ni-201 throughout .
this comparison). Ni-201 is preferred to Nickel 200 for appli- \ y
cations involving exposure to temperatures above 600°F (Ref. 3).
! For this comparison, the accident surface and centerline temp-

: crature for Ni-201 are 1690°F and 1887°F, respectively. .

2.0 COMPARISON OR PROPERTIES OF SAE 1010 STEEL AND NICKEL ~
ALLOY NICKEL-201

2.1 Physical Description

9

A summary of the basic material physical properties,
including density, specific heat, Curie temperature. modulus
of elasticity, melting temperature and phase change temperature
for Ni-201 and SAE1010 are given in Table B-1 (Ref.3 and 4
respectively). These physical properties are almost equal for
both materials with two exceptions. First, the density of Ni-
201 is 13 percent greater than SAE1010, and this would cause
a 2145 pound increase in the weight of the heat block-shield of
equal size. Second, and more important, SAE1010 goes through
solid phase changes, and consequently, crystal structure
changes. Upon heating above 1652-f (e.g. in the accident mode)
there is a negative 1.6 volume percent change and an instantaneous
step decrease in linear dimensions. The crystal structure change
could cause stresses on the fuel capsules and heat pipes or
change the heat transfer characteristics if a convection gap

b

|
e

¥
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is utilized between the heat block-shield and the heat pipes o
’ and fuel capsules. .
'g 2.2 Chemical Properties ~£
|
| The chemical analyses for SAL1010 and Ni~201 are given 'l
& in Table B-2 (Ref. 3 and 4, respectively). The alloys are N
, almost pure iron and nickel, respectiveliy. Since the heat
‘ block-shield is surrounded by fusible aluminum alloy insulation, -
it is of interest to note the solid solubility of aluminum in 3
the two candidate materials. The solid solubilities of aluminum *

in iron and nickel at the accident surface temperature of 1690°F

are 34 and 5 weight percent, respectively. The SAE1010 heat
shie?~*~block,therefore, would be more susceptible to diffusion ‘-
of the aluminum into the heat shield-block.

2.3 Thermal Properties

The thermal properties presented herein include linear -
coefficients of expansion (Table B-3), thermal conductivity
(Table B-4) and emissivity (Table B-5). o
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TABLE B-1

COMPARISON OF PHYSICAL PROPERTIES

OF SAE1010 & Ni-201

[ __ ]

PROPERTY

ey iy

o
Coowrony

A s
e e

=1

Density, 1lb./in.
Specific Heat,Btu/lb./oP(70°F)
Curie Temperature; °

Modulus of El
(Tension) 10

Melting temperature, °

Temperature for Phase Changes from
Ferrite + Pearlite
—>Ferrite + Austenite

Ferrite + Austenite ——> Austenite

(Ref. 3,4)

SAE1010

0.284
0.115
1414.000

29.800
2720.000

1333% =

16520F #*

Ni-201

0.
0.

321
109

680.000

30.
2651.

-3

body-centered cubic (bcc) structure.

&1

** Tt has a face-centered cubic (fcc) structure.

000
000

* Essentially all ferrite at T <1333°F, and hence it has a

-
:l' TABLE B-2
I CHEMICAL COMPOSITION OF SAEl1010 & Ni-201
(Ref. 3,4)
I ELEMENT SAE1010
Fe Remainder
:L Ni (plus Co) -
Cu —
]: Mn 0.30~0.60
1 Cc 0.08-0.13
P " Si -
13 o S 0.05 max
l P 0.04 max.
- g B-3
[

Ni-2

0.40
99.00
0.25
0.35
0.02
0.35
0.01

0l

max.
min.
mix.
max.
max.
max

max
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TABLE B-3 ‘
COMPARISON OF MEAN LINEAR EXPANSION OF SAE1010 & Ni-201 -
- i .‘
SAE1010 Ni-201* o
Temperature Value, -6 Temperature Value, -6 ;
Range, °F in./in./°F x 10 Range, °F in./in./OF x 10 . r
32-212 6.78 70-200 7.4 _I b
32-392 7.22 70-400 7.7 -
32-572 7.50 70-600 8.0 I L
32-752 7.56 70-800 8.3 -
32-932 7.89 70-1000 8.5 N |
32-1112 8.11 70-1200 8.7 "
32-1292 8.33 70-1400 8.9 -
| 32-1652 9.10 70-1600 9.1 w7
1652 14.10 70-1800 9.3 o
1652-2000 14.50 70-2000 9.5 “ ]
i

¢
ot

.
]

*Values for Ni-200 in annealed condition,but mean linear
expansion for Ni-261 for 70-200°F is 7.4 in./in./°F x 107° '!
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TABLE B-4

COMPARISON OF THERMAL CONDUCTIVITY FOR SAE1010 AND Ni-201

SAE1010

(Ref. 3,4)

Ni-20)

e Suy SaN OB

Temperature

Thexrmal
Conductiyity o _
Range, OF Btu/in./ft.</hr./°F Range, °F Btu/in./ft.2/hr./°F

Temperature

Thermal

Conductivity

L

T 212 400 70-200 512
p ! 392 168 70-400 466
: 572 342 70-600 408
b § 752 316 70-800 392
932 284 70-1000 410
m 1112 255 70~1200 428
1292 229 70-1400 445
I 1472 197 70-1600 463
1832 191 70-1800 480
i 2192 206 70~2000 -
{
I TABLE B-5
T COMPARISON OF EMISSIVITIES OF SAE1010 & Ni-201
iR (Ref. 10)
l Emissivity, percent
SAE1010 Ni-201
l‘ Temperature, Op Oxidized Polished Oxidized Polished
540 50 15 50 6
' 1040 57 28 58 9
' 1290 60 37 64 12
' 1540 63 37 70 14
2190 - 34 82 22
B-5
'“" H‘ &\. & e :‘i‘ll‘n-“"“ 3. s j Li "
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2.3.1 Lincar coefficicecnt of expansion

The liuerr coefficients of expansion of Ni 201 and SAI1010
are given ir Table B-3 (Ref. 3 and 4 respectively). The SAE1010
1 data are for temperatures at and above 1652°F, (Ref.7). ‘“herec
is a step change in the linear coefficient of expansion at this
temperature. The higher temperature face-centered cubic (fcc)
structure causes about a 50 percent increcase in the linear
coefficient of expansion. The linear coefficient of expansion
tor SAR1010 for temperatures above 1652CF is also greater by
50 percent than that for the candidate fuel capsule material
llastelloy C-276 {(ref. 6). At comparable temperatures, the
linear expansion coeificient for SAE1010, however, is less than
that for stainless 316 the heat pipe material (Ref. 7). 7Thus,
both SAE1010 and Ni-20l1 are satisfactory for the heat pipe
interface while SAE1010 could be unsatisfactory for the fuel
capsule interface in the acaident mode.

i e e

2.3.2 Conductivity

The thermal conductivities of Ni~201 and SAEl0l0 versus
temperatures are given in Table B-4 (Ref. 3 and 4 respectively).
The thermal conductivity of nickel is abkout twice that of
SAE1010. The Ni-201 alloy from this aspect is much more
; attractive, because at the accident mode temperature iron may
not be used due to excessive fuel cladding temperature (Ref. 1l).

The heat block-shield would probably be produced from a
casting, and the physical properties would have directional
(i.e. anisolropic) variation. Since SAR1010 and Ni-201 arc
very low alloy materials, attainment of isotropic physical
properties is approached by hot forging operations. The proper-
ties (uoted above are the isotropic values for the two materials.
Service at the normul temperature of 1360°F, however, excecds
the recrystallization temperatures for both SAE1010 and Ni-201
(i.e. 1000 and 1100°F, respectively) Ref. 8. After recrystallO-
zation, face-centered metals often erxhibit a change from randomly
oriented grains to grains with preferred orientation. If this
occurred in the Ni~201 and SAE1010 which are both fcc at
tenperatures near and above the normal operating tcmperature,
the directional thermal wonductivity change would have to he
accourted for in the design. 1In the case of Ni-20l, directional
properties were not observed in one test where the material : ]
fully recrystallized (Ref. 9). ]
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g’ I TABLE B-6
;? COMPARISON OF SEAWATER CORROSION OF SAE1010 AND Ni-201
by
L. i, 1
ré 1 ) Creviqe
3 I Exposure Max.Pit Corrosion
3 ! Depth, Corrosion Depth, Depth, Corrosion
- Alloy Day ft. Rate ,mpy Mils Mils Type
’,it -
J@ I 1010 398 5 8.2 24 0 u, P
| ; 1010 366 5 8.0 - - G
; - 1010 402 2370 1.2 - - 4]
b o 1010 402 2370 1.1 -- -- G
: 1010 403 6780 1.5 - - 1
¥ ‘; 1010 403 6780 2.3 -~ -- G
: 1010 588 5 8.9 23 15 cC, P
Lo Ni-201 366 5 3.6 50 (PR) 50 (PR) c, P
{ 7 Ni-201 402 2370 0.6 50 (PR) 50 (PR) c, P
? e Ni-201 403 6780 0.6 50 (PR) 50 (PR) c, P
3 fodad
"o
%. — * U - Uniform
- P - Pitting
G - General
T C - Crevice

PR -~ Perforated




2.3.3 Fmissivity

The emissivitics for oxidized and polishcd SAEL0OLO and
pure nickel versus temperature are presented in Table B-5
(Ref. 10). Pure nickel data were selected, because Ni-20]
is almost pure. The cmissivities increase for both materials
in the oxidized condition. The effect of temperature (i.e.
from 5400 to 2190°F) is not greater for either material in
either direction. The emissivities are ahbout half for those
reported in the thermal comparison analysis in Ref. 1.

2.4 Corrosion

The seawater corrosion of SAEl1010 and Ni-201 is presented
in Table B 6 from data of Ref. 11. As expected, Ni-201 is
preferrable, because nickel appears lower on the electromotive
series (i.e. it is cathodic compared to SAE1010), and nickel
and its alloys are excellent for corrosion. Ni-20l1 also
performs better than SAE1010 in high temperature salt solutions
and dry and wet hydrochloric acid. Exact data for high temp-
erature (about 10009F) exposure to wet salt solutions, such as
might occur for a pressure hull failure, are not available.
However, for comparison, a corrosion rate of 1200 mils per
vear (mpy) would occur at 1250°F for Ni-201 and at 450°F for
carbon steel (Ref. 12). Although hoth might be inadequate,
Mi-201 is preferable from both general and hot corrosion
characteristics.

Tn the event of a pressure hull failure, there could also
be galvanic corrosion between the heat block-shield and the
316 stainless steel heat pipes, the plugs over the fuel capsule
holes and the HY-100 pressure vessel. Wi-~201 would be cathodic
with reference to most of these materials except Hastelloy
C-276. Ni-201 is slightly higher on the galvanic serice than
Hastelloy C-276. On the other hand, SAEl1010 would be anodic
with reference to all these materials. In addition, in the
neighborhood of welds (e.g., the plugs or the support structure
for the hecat block-shield) intergranular corrosion would be
possible with the SAEl010 steel.

2.5 Oxidation

The oxidation rates for SAEL010 andNi-201 are 4.8 x 107/

and 2.9 x 10~10 gm cm~2 sec™l, respectively, (Ref. 13). Since
the pressure vessel is back-filled with argon, oxidation is
only a concern during the fueling of the heat nlock-shield.
Although oxidation should not be a problem, Ni-201,from the
rates above,is preferable.
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2.6 Strength at Operating Temperature

The mechanical properties at room and elevated temperatures
for SAE1010 and Ni-20l1 are presented in Table B-7 (Ref. 14 and
3, respectively). The mechanical properties at room temperature
are comparable for both materials. Ni-~201 data at just below o
the operating temperature (i.e. data at 1150°F compared to 1360°F
show a fifty percent reduction in strength but a targe increase
in ductility. High temperature data for SAEl0l" were not ob-
tained, but similar trends would be expected.

As mentioned in the thermal conductivity discussion,
(Section 2.3.2) it has been observed that the isotropic proper-
ties obtained by forging of the casting can become directional
(i.e. a preferred orientation) at temperatures in excess of the
recrystallization temperature. Asalso mentioned in that section,
however, there are some results to indicate that directional
properties after recrystallization were not observed in Ni-201.
The possible problem of a preferred orientation, however, should
be verified for the final selected material.

2.7 Thermal Shock

Thermal shock results are not available for either material.
The fuel capsules are subjected to a 1400°F to 32°F instantaneous
immersion and held for a l0Ominute shock test criteria (Section
3.0). For nominal conditions, it is not expected that either
material would present a problem. However, if the heat Hock-
shield is cooled from temperatures after loss of coolant
(e.g., 1652°F), the crystal structure change in the SAEL010
which creates a 1.6 volume percent change could cause severe
stresses at the heat pipes and fuel capsules. Since Ni-201
does not have this problem, it is preferable.

2.8 Fabricability

2.8.1 Machinability

Some sources (Ref.8) rate the machinability of Ni-201 to
be the same as for SAE1010. A SAE1010 heat block-shield has
been successfully machine (Ref. 10). It is indicated that
Ni-201 can be machined at commercial rates provided that the
practices outlined in Ref. 18 are followed. This material
tends to flow under pressure of the tool cutting edge and
form long ,stringy chips. To avoid a built-up edge, tools
should be ground with very high positive rake angles (e.g.,
40° to 45°). High-speed steel or cast alloy tools should be
used (Ref.3). The drilling of the relatively small, very long
holes for the heat pipes and fuel capsules could be a problem




TABLE B-7

COMPARISON OF MECHANICAL PROPERTIES OF SAEL0l0 & Ni-201

Property

Tensile Strength, Ksi

RT 1150°F

0.2% Offset Yield Strength, Ksi
RT 1150°F

Elongation in 2 in., %

RT 1150°F

*Values for hot-rolled plate

SAE1010 Ni-201*
47 50-70
-- 24.6
26 12-35
-~ 10.7
28 60-35
-- 73
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with Ni-20l1. Since chip removal and work hardening at the face
of the tool are problems in apparently ductile face-centered
metals (e.g. copper) machining of the Ni-201 could result in

an increase in manufacturing cost as compared to an SAEl01l0
version.

2.8.2 Weldability

Both SAE1010 and Ni-20l1l can be welded easily by a variety
of processes. However, oxyacetylene welding is not recommended

for use on Ni-201. 1Inert gas welds are preferable for both
materials.

2.9 Availability

Reference 16 indicated that a large forged cylinder of SAE
1010 is not a standard item, and a special request would be
required. In addition, the minimum weight order is between
25 and 50 tons, while the present need is about 8 tons. No
estimate of delivery time would be made without a formal request.

The situation for Ni-201 is similar. For a final
cylindrical block of about 40 inch diameter by 60 inch long, the
Huntington Products Division would be required to go to an
outside vendor for the forging of the ingot. Huntington is
somewhat anxious about providing a final product which is
produced by another vendor. The quote on delivery, depending
on their mill schedules,is 5 to 6 months {Ref. 17).

2.10 Cost
2.10.1 Direct

The costs per pound of SAE1010 and Ni-201 are $0.26 and
$3.08, respectively (Ref. 16 and 17). If only one heat block-
shield were required, however, the cost for SAE1010 could he
about 6 times higher than indicated. The costs based on one
heat hlock-shield would be about $13K - $26K and $57K for
SAE1010 and Ni-201 ingots, respectively. Final machining costs
would also probably be higher for Ni-201. The increased cost
differential for the Ni-2(G1l, however, is probably small compared
to the overall program cost.

2.10.2 1Indirect

There are similar research and development costs associated
with both materials (e.g., thermal shock tests for the SAEL010
and possible oriented physical properties determinations of
both materials.)

B-11
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3.0 SUMMARY

A comparison of the various properties is given in Table
B-8 for SAE1010 and Ni-201. Ni-201 has preferrable physical
properties (e.g. thermal conductivity, lack of phase change,
corrosion and oxidation resistance). SAEl1010 is only
preferable from the point of view of ingot and machining costs,
but the cost increase for Ni-201 is not felt to be substantial
from improved physical property considerations and overall
program costs. Both materials, however, require a fairly long
lead time request to the vendors because of the ingot size and
low alloy content (i.e. especially SAE1Cl0). It is recommended,
therefore, that Ni-20l1 be selected as the heat block-shield
material instead of the present SAE1l010.
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APPENDIX C

SAFETY AND COST BENEFIT COMPARISON OF

HASTELLOY C-276 VERSUS INCONEL-625

FUEL CAPSULE MATERIAL
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1.0 INTRODUCTION

A safety and cost benefit comparison of a llastelloy (=276
versus an Tnconel-625 fuel capsule based on corrosion, hoat
transfer, fuel-metal compatability, and strength at operating
temperature is performed on the following pages. Also, a

maxi:qum capsule temperature for each of these materials is
recommencu.:ad.

The fuel and fuel capsule specifications from Section 3.1
are as follows:

Design Life: 10 years
Fuel: SrzTiO4
Fuel Half Life: 28.75 years
Allowable Capsule Corrosion Rate: lO‘din/yr (uniform;
no pittiny)

Maximum Pressure: 15,000 psig
Thermal Shock: 1400°F to 320F instantaneous immersio.,

held for 10 minutes
Maximum Capsule Operating Temperature: 13609F (test data)
Maximum Capsule Emergency Temperature: 2175°F (<1 hr.transient)

(test data)
Maximum Capsule Steady State Temperaturec after Heat
Pipe Failure: 2070°F (>1 hr-long term) (test data)
Capsule Geometry: 40 in. long x 4.100 in. O0.D. x 3.450 in.

I.D. cylinder with welded caps on ends.

2.0 COMPARISON OF PROPERTIES OF HASTELLOY C-276 AND INCONEL-625

2.1 Chemistry

The vendor chemical analyses for Hastelloy C-276 (Ref.l) and
Inconel-625 (Ref.2) alloys are given in Table C-1. The major
constituents of the alloys {(e.g. Ni, Cr, Mo, Co, and Fe) are
in the same range for the two alloys. The slightly higher
chrumium content in Inconel-625 is favorable from the stand-
point of oxidation (Ref.3) and hot corrosion resistance ]
(Ref.4). These points will be discussed later in more detail. A

2.2 Corrosion !

Both lastelloy C-276 and Inconel-625 are very cathodic.
Both are cited as highly resistant to marinec environments
(Ref.5). Deep ocean data on Inconel-625 sheet at 2370 feet
depth for 402 days show 0.1 mpy uniform corrosion rates in
seawvater and mud and no measurable crevice corrosion (Ref.6).

C-l-ra// /
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Cb+Ta
Al
Ti

TABLE C-1

VENDOR CHEMICAL ANALYSES FOR
HASTELLOY C-27:.. & INCONEL-625 *

(le¥.2,3)

Hastelloy
C-276
Balance
2.5
14.1-16.5
15.0-17.0
3.0- 4.5
4,0- 7.9
0.05
1.00
0.02
0.35
0.03
0.03

*Values without ranges are maximum values

Inconel-%525

Balance

1.9
20.0-23.0
8.0-10.0
5.0

0.50
0.50
0.L0
0.015
0.015
3.15- 4.15
0.40
N.40
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Similar data are not available for Hastelloy C-276, but the
chemically similavr lastelloy € gives identical results compared
to Inconecl-625. UBoth alloys, therefore, mect the fuel capsule
corrosion rate c¢riterion of 1074 ipy. Additional supporting
data for Hastelloy (-~276 are yiven in Ref. 7, while additional
data for Inconel-625 are given in References 8 and 9.

llastelloy C-276 and Inconel-625 are both highly resistant
to all classes of salts (e.g. acid chlorides such as NIl,C1,
%nCl, CuCl) at moderate temperatures 200-400°F (Ref. 7 and 9,
vespectively). Hastwolloy C-276, for cxample, with less than
0.02 percent carbon is completely resistant to hot seawater
(5500F) (Ref.5). High temperaturec cxposure to salt water,
however, is deleterious to both alloys. Results for tests
run with JP4 fuel with 5 ppm NaCl/water at 1650°F are given
in Table C-2 (Ref.4). Inconel-625 is somewhat better than
liastelloy C-276 for the high temperature salt water condition
probably due to its higher chromium content. Haynes-188, a
cobalt alloy with still higher chromium vields more :favorable
results as shown in Table C-z. Additional data for Inccnel-625
show a 50 percent reduction in ultimate strength and a change
in clongation ftrom about 40 percent to 2 percent for a com-
bined air and seawater environment at 16000F (Ref.l0).

G ey ey DD

i e e
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The corrosion of Inconel-625 in pure high temperature
e steam is more favorable than in a salt environment. The
corvosion metal loss is 0.1 mils per three years and 0.7

- mils for 20 years at steam temperatures of 1050CF and 1150°F,

i respectively (Ref.ll). Additional data (Ref. 12-15) for the
affect of steam on Inconel-625 are similar. No similar

-~ data were found for Hastelloy C-276.

- 2.3 Thermal

T The melting point, thermal conductivity, specific heat
and thermal expansion of Hastelloy C-27¢ and Inconel-625
are given in Table C-3 (Ref. 1 and 2, respectively). The
properties are slightly more favorable for llastelloy C-276

. for the proposed use.

e 2.4 Fuel-Mctal Compatibility

Data pertaining to the fuel-metal compatibilities of
Hastelloy C-276 and Inconel-625 with SroTi04 are of very
limited availability for the conditions specified. There
are results, however, for Hlastelloy C-276 with inert Sr0
at 1100°C (2012°1) for 200 hours. These data indicate that
low silicon and carborn contents are not advantageous from the
standpoint of reducing $r0 attack of the liastelloy C-276.

X
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TABLE C-2

EFFECT OF HIGH TEMPERATURE (T=1650°F) NaCl WATER
ON HASTELLOY C-276 & HAYNES 625*

(Ref. 5)
Total Mils
Alloy Time, Hr. Affected/Side
Haynes 625 200 4.0
Haynes 625 1000 12.0
Hastelloy C-276 200 8.2
Haynes 188 200 2.0
Haynes 188 1000 4.0

*Haynes 625 is Inconel -625 made under Inconel license to
Stellite Division, Cabot Corporation
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(Ref. 16 and 17). From these reports it is also interestiny

to note that the attack by Sr0 depends on the processing of

the sr0; i.e. whether Sr0 (KyCO3) or Sr0 (NH4CO3) exists.

Since Hastelloy C is chemically similar to llastelloy C-276 with
the exception of allowable C and Si content, it is also noted
that for Sr,T1i0, with astelloy C at 900°C and 1100°C for

5000 hours %he depth of interaction is only 7 mils. It is

also noted that the SNAP 7A lastelloy C fuel capsules (6 years
at 93201") showed no interaction (Ref. 18). 9There are no similar
data for lnconel-625. Data with active strontium should be
generated for both materials.

A compilation of melting point, thermal conductivity,
specific heat, and thermal expansion data for SraTiOgq from
reference 19 are given in Table C-4. Comparison of the
$roTi04 data from this Table C-4 with the lastelloy C-276
and Inconel-625 data of Table C-3 show a goed match of properties.
The thermal coefficient of expansion of Sr,71i0,, for example,
is less than that for either alloy.

2.5 Oxidation Behavior at Elevated ‘Temperatures

The air oxidation behavior of llastelloy C-276 and Inconel-
625 is presented in Table C-5. Inconel-625 appears to have
lover oxidation rates. This result is attributed to the higher
chromium content (Ref.3). The oxidation behavior of both alloys
at the shipping temperature of 1020°F is not reported, but
the data in Table C-5 suggest that oxidation should not be
a problem.

2.6 Strength at Operating Temperatures

Fuel capsules produced for testing in support of the Isotope
Kilowatt Program were fabricated fiom 4% inch diameter lastelloy
¢-276 rod (Ref.22). The available mechanical properties of
Hastelloy C-276, however, are not f r rod. Available plate
properties arc presented herein. The mechanical properties
Wt the operating and heat pipe failure temperatures are
presented in Table C-6. The mechanical properties for
HHastelloy (=276 and Inconel-625 are coniparable. Although the
mechanical properties at the operating temperatures are
adeguate compared to the design pressure values of about 15 Ksi, A
the recommended temperature for both alloys is about 1000°F 3

d
:

dan i R T

(Ref. 21 and 23) due to the aging problem associated with both

alloys. 1In fact, the Hastelloy fabrication literature recommends
that Hastelloy alloys should not be aged at 1100 to 1800°F ,
for prolonged periods of time, because aying causes carbide i
precipitation in the grain boundaries which leads to a loss i
of ductility and greater susceptibility to corrosive attack ‘
(Ref. 24). fThe elongation after aging for 100 hours at 1650°F ;
decreases from 55 to 22 percent (Ref. 25). Inconel-625
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TABLE C-4

MELTING POINT, THERMAL CONDUCTIVITY,
SPECIFIC HEAT & THERMAL EXPANSION OF

Sr2T104

(Ref. 20)

a. Melting Point: 3344-3416°F

b. Thermal Conductivity (BTU-in/ftz-hr-oF)

7, °F Value
1112 21.80
1472 20.90
1832 20.00
2192 19.45
2532 18.87

¢. Specific Heat (BTU/lb-oF):
0.134@RT (Calculated Value)

d. Mean Linear Thermal Expansion
(Microinches/in-"F):

?,°F  Value
1112 6.17
1292 6.17
1472 6.22
1652 6.28
1832 6.28

2012 6.33




TABLE C-5

OXIDATION BEHAVIOR OF HASTELLOY C-276 & INCONEL-625

o

Oxidation Rate (Mils/100 hour)

Alloy T, F Continuous Interim Heat
Hastelloy C-276* 1800 9.5 9.7
1900 18.2 15.7
2000 142 253
2150 1.04/6 hours -
Inconel-625 1800** - n.023
2100%** 2.3 - 2.8 14

* Ref. 21

** Ref. 3
*k* Raf., 22
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behaves in the same manner, but the reduction in elongation

is from 54 to 37 percent for an aging of 1600°F for 2000

hours (Ref. 2). Also, at 1400°F long term aging of Inconel-

625 results in the onset of overaging (i.e. no further increase
in the hardness occurs with time) (Ref. 26 and 27). Additional
results for aging at 1500°F for 290 hours also show the ductility
of Hastelloy C-276 to be substantially degraded, while for
Inconel-625, only a moderate de: -ease in ductility was observed
(Ref. 8). Also, Inconel-625 was found to show little or no

loss in ductility at 1300°F (Ref. 8).

Impact strength data for Hastelloy C-276 were not found
in the literature. On the other hand, extensive impact
strength data for Inconel-625 for aging temperatures from 1000°F
to 14009F are available (Ref. 28 and 29). These data show that
the room temperature impact strength decreases from 57.5
ft.-1lbs to 2.4 ft.-1lbs after heating at 13600F foxr 4000 hours.
There is a recovery in the ductility, however, in Inconel-625
after heating at a temperature of 2100°F (Ref. 8). We expect
this same result for Hastelloy C-276. Room temperature impact
tests, however, are required after aging at 1360°F in excess
of 100 hours. Also, similar tests after aging at 2070°F in
excess of 100 hours and at 2175°F for at least one-half hour
are required.

Thermal shock resistance is an important criterion for the
selection of the fuel capsule material. A Hastelloy C-276
fuel capsule has passed a thermal shock test of quenching from
800°C (1472°F) to 0.5°C (32.99F) (Ref.22). Similar data for
Inconel~625 are presently not available.

Although not an important criterion in the present design,
the available creep characteristics of Hastelloy C-276 and
Inconel-625 are presented in Table C-7. The creep behavior
for poth alloys is comparable. Data at the operating temperature
after heat pipe failure are not available and would have to be
generated for both alloys, if required.

2.7 Fabricability

Both Hastelloy C-276 and Inconel-625 are readily machinable
and weldable (e.g. TIG and MIG processes) (Ref. 1,2,24,30, and
31). Hastelloy C-276, if welded by the submerged arc process,
is affected deleteriously by fluxes containing carhon or sili-
con, and such fluxes should be avoided.
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3.0 EFFECT OF OPERATIONAL PARAMETERS ON MATERIAL SELECTION w

The operation of the RTG can be divided into two modes;
namely, (1) normal operation and (2) failure mode. Materials .
considerations under normal operation include cost and avail- l
ability, fabrication, assembly/disassembly, and fuel compatibility. -
Failure mode considerations include short term transportation
and handling accidents, heat pipe failure, pressurc vessel i
failure and, pressure vessel and heat block fracture. L

[

1 3
[

3.1 Normal Mode

3.1.1 Cost and Availability

i

The cost of Hastelloy C-276 is $5.50 to $6.50 per pound,
while the cost of Inconel-625 is $4.00 to $4.50 per pound {
; (Ref. 21). Neither of these costs is considered prohibitive. ,

v .
[ e ]

The availability of Hastelloy C-276 is 18-20 weeks, but

i stocked material could be availahle souner (Ref. 32). Hastelloy

| C-276 is the second generation alloy of the series Hastelloy C,
C-276 and C4. There is some thought that Hastelloy C and C-276
will be phased out in preference to Hastelloy C-4 (Ref. 33). t
The availability of Inconel-625 is 6 to 18 months (Ref. 21). )
For the present dimensional requirements of 4.100 in.0.D. with
a 0.325 in. wall thickness tubing, Inconel-625 is not available
(Ref. 34) (i.e. outside of present production runs at Hunting- —
ton Alloy Pruducts Division). Inconel=-625 rod would have to be )
machined to the dimensions required. o

!4 * - ;

3.1.2 Fabrication

The machinability of both Hastelloy C-276 and Inconel-625
is quite satisfactory and within the present state-of-the-art. -
Both alloys also have good weldability. It is recommended,

it - ac. Dy

however, that submerged-arc welding with fluxes which contain
high carbon and silicon contents be avoided in welding of ,
Hastelloy C-276. .

3.1.3 assembly/Disassembly

ot

In the assembly process, there are several considerations
on capsule material properties; namely, oxidation behavior,
impact strength, relative thermal expansion hetween the fuel
capsule and heat block, and thermal shock.

;\-."
actaia

Tiie oxidation behaviors of Hastelloy C-276 and Inconel-625 ]
were presented in Section 2.5 and the oxidation behaviors are f
presented in Table C-5. Both alloys are quite satisfactory, :
but Inconel-625 with its higher chromium content is slightly
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ketter. Long term implications on the effect of the oxide layer
on fuel capsule heat transfer characteristics are unknown but
believed to be minor. Heat transfer coatings would reduce
oxidation substantially.

It is conceivable for a fuel capsule to be dropped into the
heat block during the insertion procedure. Both alloys are sus-
ceptible to age hardening which is deleterious to the impact
strength. Hastelloy C-276 at 1360°F will begin to age harden
in about one-half hour (Ref.25). Thus, Hastelloy C-276
may be unsatisfactory for this criterion. Results of a 30-
foot drop test (Ref. 20), however, indicated that Hastelloy
C-276 performed satisfactorily except for a pcorly designed
weld joint. This test is suspect, however, because there is
no indication of the amount of soak time at temperatury.
Inconel-625 is also known to harden and lose room tempzrature
ductility due to aging at temperatures akove 1200°F for long
times. As pointed out in Section 2.6, the reduction in ductility
due to aging is less in Inconel-625 than Hastelloy C-276.

It is desirable from the point of view of capsule insertion
that the heat block thermal expansion coefficient be less than
the fuel capsule materials. Both dastelloy C-276 and Inconel-625
however, have a lower thermal expansicn coefficient (e.g. 7.4 and
7.8 microinch/in.%¢ Hr 70-1000°F, respectively), compared to
the “eat block SAE1010 material (8.1 microinch/in.©F) (Ref.35).
This unfavorable difference is relatively minoxr but probably
would have to be accounted for in the design of the heat
bhlock.

The insertion of the fuel capsule into an ambient temperature
block amounts to a thermal shock to the capsules. Hastelloy
C-276 fuel capsules have passed a thermal shock test of quench-
ing from 8000°C (1472°F) to 1/2°C (32.99F) (Ref.22). Quench
data for Inconel-625 are not available.

3.1.4 Fuel-Mectal Compatibility During Normal Opcration

The fuel-metal compatibility during normal operation
(1360°F) has not been determined for Hastelloy C-276 or
Inconecl-625. Hastelloy C-276 has been tested with non-radio-
active Sr0 at 1100°C (2012°F) as discussed previously in
Section 2.4 The performance of Hastelloy C in the SNAP-7A
generators at 932C0F and tests on Hastelloy C with non-radio-
active SrpTiO4 at 900°C (1652°F) and 1100°C (2012°F) indicated
negligible fuel-metal interaction. There is, however, a
reduction in the mechanical strength properties of about 50%
and an elongation reduction from 30% to 11% (Ref. 16 and 17).




Similar data at 1360°F with radioactive Sr3TiO4 would have to

be obtained (since the strontium decay products, Yttrium

and Zirconium, may have some adverse effects) for both Hastelloy
C-276 and Inccnel-625.

The differential thermal expansion problem of the fuel
capsule and heat block has already been mentioned from the
insertion consideration. In addition, the heat block must
be designed in such a manner so as not to overload the
capsules. The creep strength of the fuel capsules at the
operating temperature of 1360°F is probably adequate. Creep
data for long times (i.e. >50,000 hr.,)is not available for other
alloys.

Finally, contact of the heat block and fuel capsules could
cause a migration of carhon from the heat block into the cap-
sules. In both alloys, the addition of small amounts of carbon
would accelerate the age hardening behavior. No test data are
available.

3.2 Failure Mode

3.2.1 Transportation and Handling

Dropping the fuel capsules, rupture of the fuel capsule
transportation container, and fire represent the possible
hazardous situations for the fuel capsule during transportation
and handling. These situations represent short time conditions.
The impact situation has been previously discussed (Section 3.1.3).
Exposure of the fuel capsule to air or salt water/air leads to
oxidation and corrosion. For short times, both Hastelloy
C-276 and Inconel-625 have adequate oxidation and corrosion
resistance (See Sections 2.5 and 2.2, respectively). As to
whether such short duration exposure would have longer term
effects remains to be determined. The effect of a fire (<1800°CF
in air) would be to increase the oxidation rate. Inconel-625
has a lower oxidation rate at 2000°F than llastelloy C-276
(see Table c-5). Both alloys, nevertheless, are satisfactory.
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3.2.2 Heat Pipe Failure

The transient capsule temperature is 2175°F (<1 hr.)and .
the steady state tem' 2rature is 20709F after heat pipe failure.
The implications of this failure are high temperature fuel-
metal compatibility, fuel capsule~hecat block interaction and
thermal expansion and creep strain of the fuel capsule relative
to the heat Hock. ~All these implications have becn discussed
previously. The need for testing of the fuel-metal compatibility 9
at high temperatures in both materials is reiterated. Diffusion i
of carbon across the heat block-fuel capstule interface has also :
been mentiored, and the diffusion rate would certainly increase
at the high temperatures associated with heat pipe failure.

c-14
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Accomodation of the thermal expansion and creep strain of the
fuel capsule has also been mentioned and again the magnitude
vould be increased a* these higher temperatures.

3.2.3 Pressure Vessel Failure

The effects of pressure vessel failure would be thermal
shock and compressive stresses. The latter will not cause a
failure in the fuel capsules. A successful thermal shock test
has been performed on Hastelloy C-~276, but no test has been
performed on Inconel-625. The reguirement for a test on
Inconel-625 has been presented previously (Section 2.6).

3.2.4 Heat Block Failure After Pressure Vessel Failure

This situation would cause sea water with up to 5 ml/1
dissolved oxygen to come in contact with fuel capsules. 1In
addition, a restrictive leak mav .illow the salt water to reach
temperatures above 1000°F. Th. both general and hot seawater
corrosion of the fuel capsules must be considered. Both alloys
have acceptable low temperature seawater corrosion resistance
(i.e. <10-4 ipy). Hot seawzler corrosion, however, is very
deleterious to both allcys (See Section 2.2). Incoael=625
due to its higher chromium content, has a lower hot corrosion
rate than Hastelloy C-276 (e.y. 4.0 nils/200 hrs. compared to
8.2 mil/200 hours, respectively). Based on linear extrapolation
of these rates, Inconel-625 would laswv 2 years compared to 1
year for Hastelloy C-276. This indicates a potential safety
problem and implies a design requirement that pressure vessel
failure and subscquent heat block failure cannot be allowed.
Actually, Inconel-625 is not recommended for hot corrosion at
temperatures of 1000C°F or greater (Ref. 28) and Haynes 188,

a cobalt based alloy with high chromium content, is preferable

to Hastelloy C-276 for hot corrosion (Ref.4). A better alternate
Inconel alloy, both from aging and hot corrosion considerations,
is Inconel-617 (Ref. 31 and 36).

4,0 SUMMARY

A comparison of the important properties is given in Table
C-8 for Hastelloy C-276 and Inconel-625. Both alloys have
almost equivalent properties. The judgment as to preference in
almost all cases is bhased on very slight differences. The
hot corrosion resistance and oxidation resistance of Incouel-
625 are, however, cnhanced by the higher chromium content of
this alloy. ©Neither alloy, nevertheless, appears to bhe completely
satisfactory for the high operating and failure temperatures
especially for long times. The recommended commercial tempcra-
ture limit for both alloys is less than 1000°F. 1In addition,

C-15




the research and development tests required to certify either
alloy as delineated in Table C-9 are extensive. Due to the
inadequacies and unknowns of both materials and the testing
required, it might be of interest to consider either Haynes 188
instead of Hastelloy C~276 and Inconel-617 instead of Inconel-
$25. Further analysis of these alternatives is recommended
before final selection of the fuel capsule material is made.
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TABLE C-9
l TEST & UATA REQUTREMENTS OF HASTELLOY C-276 AND
INCONET,-625 FOR APPLICATION AS IFUEL CAPSULLE MATERIALS
Hastelloy
l Test Requirad C-276 Inconcl-625
High temperature
I (>500°F) Scawater
Corrosioi Tests X X
{ Fuel Metal Compatibility
i Tests
@ 1360°F X X
- @ 2070°0F X X
o l @ 2175°F X x
: ﬂ Impact Strength After
;k Exposure to
| 13609F for 100hr x -
" 2070°F for 1UOhr X X
§ I 2175°F for <lhr X -
H Oxidation thavior
I @ 1580°TF X X
) I @ >2000°F X X
Thermal Shock ‘ests
‘!’ (Quench 1472°F to 32°F) - Y
Creep Tests 4
; @ 1360°F for >10 hrs. X S
" @ 2070°F for >10%hrs. X x
l :
b ‘;
[ g l ;
!
g |
| |
a;‘ c-19
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HEAT EFFECTS DURING TRANSPORTATION

poaglihe

Kdia




~

T S SRR T A S &

T

P

* - . o -l
,.:Ff_ B .o i BB W ST s LT = I PR e FEE % et nen, e b mprphSndies N o -

o= Suq ouu OGN

iy Gt

pres
sorwm

=

— =

.

-

-~

S Wl el ey g

Eaduai £ SLE Lottt gbtad o ade b il i e e - g i ek Satal —_— - T T

1.0 Intreduction

Transpocrt of the heat block-shicld with the thermal sources
installed is assumed to be by open flat-hed vehicle. A thermal
guard surrounds the block. The DOT/NRC criterion for thermal
safety is that no point _on or outside this guard should reach
a temperature above 180°F. 1t is assumed that cooling of the
block is by radiation and natural counvection only. Forced con-

vection due to vehiecle motion is neoglected since the vehicle
1s not always moving.

As an initial step in evaluating the temperature limits
achicvable on and outside the guard, a simplified analysis of
the ORNL mcasurements (Ref.l) has been made. OKNL has made
measurements on a prototype block, using electrical heaters
to simulate the radioisotope thermal sources. With the
cylinder axis vertical, and 34 kilowatts (116,000 BTU/Hr) input
power, the heat block-shield surface temperature at equilibrium
was 500°F at mid-hcight, dropping to 425-450°F at the ends. The
purpose of this initial simple analysis was to cvaluate the
partition of the cooling between radiative and convective modes.

2.0 Radiative Cooling

To e¢saluate the radiative cooling, it was assumed tho
block radiated from the top anri cylindrical side as a black
body. Radiation from the boctom was omitted, since the block
supporc would obstruct that path. The block was modeled as a
cylinder, with a height of 60" and a diameter of 35.5" (the
fin root diameter.) The assumption of black body radiation
scemed valid m scveral accounts. The emissivity of rough steel
plate, which secems reasonable for the block surface, is about
0.96 in the temrarature region of interest. In addition, the
fin structure forms rather deep cavity-like regions, which
increases the similarity to an ideal black body. The depth
is 2.5", the approximate width at the bottom is 2" and at the
top is 2.3", making a fairly deep cavity. With the assumption
of black-body radiation, an estimate of the radiative flux, f,
can be made.

f = U(T4 - 4

w0

YA

v = Stefan-Boltzmann constant

= .1714 x 10”° Bru #HR™L P72
T = block (absolute) temperature (°r)
T, = ambient (absolute) temperature (°R)
A = radiating area
= 53.3 ft2
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Summarizing:

£

8.5 x 107° (14 - 7o) Bru £¢72 B!
(T in °R)

An average block tgmperature of 470°F was assumed. The
fluxes evaluated for 50°F and 100°F ambient temperatures are
62,000 and 59,000 BTU/Hr. respectively. This implies that
55,000 - 58,000 BTU/Hr. must be removed convectively.

3.0 Convective Cooling

To evaluate the convective cooling, it was assumed 58,000
BTU/Hr. must be dissipated. A calculation was made to deter-
mine whether the reyuisite surface temperature was consistent
with the measured value. The procedures of Rohsenow and
choi (loc. cit.) were followed. The convective flow is para-
meterized in terms of the Prandtl number, Pr, the Grashof number,
Gr, and the Nusselt Number, Nu, all dimensionless. (Values
indicated are for air.)

Pr = cu/k = 0.72
- P -5 L =3 o,~3
c = specific heat = (7.3 x 10 BTU Ft F )
"
k = thermal condictivity=( .017 BTU re ! gt 97
Gr = g8 (T-Tm)x3/u2
g = gravitational acceleration = 32.2 ft. sec.

8 = thermal coefficient of volume expansion
= (1/T for perfect gas)

absolute viscosity

2

Tw = wall temperature (°k)
T, = ambient temperature

x = distance along wall (in.)

v = u/o, (p=density) (v=.239 x 10 °ft.%scc.”)
Nu = hx/k

h = heat transfer coefficient = q/(T-T,)

g = specific heat flow at the surface

For the case at hand, the product, PreGr, is about 1010 and
the relation, based on correlation with several experiments,
is well .pproximated by:
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0.13 (Pr-Gr)l/3

e - E = 013 e qgrr-r, ) x A 13
q = Q/A
Q = power to be dissipated =(L.7 x lﬂdwatts)

A = area of wall.

T -1, 4/3

(4]

ax
A k(0.13) (Pr)

1/3

Yu Sy oW OO

(QB/v2)1/3x
T -7 = 2(0.13ak) L (pr gB/v?)~1/3:3/4

g

In cvaluating this expression, an appropriate averaye value for
8 should be employed. One choice is:

]

8 = 1/Tav
ik Tav = % (Tw + Tw)

Another choice is:

< &1 &=

These lead to sligyhtly different values but the differences are
unimportant for thec purposes at hand. The results are al:o
somewhat dependent on the T value assumed for 7., the ambicnt
temperature.

=3

3.1 Solution 1 - Smooth Cylinder

L on

The expression was first cvaluated for a cylinder 60"
long, 17.75" radius, i.e., thc cylinder correspending to the
radius at the root of the fins. The calculated temperature
for 58,000 BTU/Hr. dissipated ranged from 690-740°F, depending
on the choice of parameters.

g e

3.2 Solution 2 - Cylinder With Fins ’ ;

Since the measured difference is in the region of 400-450°F,
depending on the valuc taken for the (unknown) ambient laboratory
temperature, this first evaluation was not adequate. The
explanation is clear in the fact that the cooling from the fins
was neglected. The fins substantially increase the value of A.
It was clear that, with the actual fin configuration, the simple
flow scheme here considered could not pertain to the entire fin
structure, since the corners would significantly change the flow
pattern. Including the fins fully, would however, give a
1 bounds. )

L B
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Since the temperature increment varies at A-3/4, the

ratio of increments for two areas, Al and Az, is:

(T - T,), 2 3/4

(T - T,), |3

The raio of the arcas, the length being constant, is just the
ratio of the perimeters. Without fins the perimeter, in inches,
is 2w (17.75"). With the 45 fins, each 2.5" deep, 0.5" thick,
the perimeter is:

2w (17.75) + 45 (5 0) 271 (17.75) + 225

111.5 + 225
Thus,

I~ 3/4
(T=T )ops . = (T-T.) . 21 (17.75)
»"fins @'no fins | T % 225:]

_on0 225 ~ 3/4
= 700°F [} Y W (3775

= 700°F/2.87

= 300°F.

This resuit, is , as was expected, too low. The fact that the
two results bracketed the measured value indicated the validity
of Ul analvsis and that a working picture of the cooling was
avarlahle. A more detailed analysis to evaluate the shape
effects in detail was not considered necessary. However, for
later developments, an *effective" perimeter was derived by
adiusting the area to give the correct temperature increment.
This efiective jescimeter was around 18 ft. (compared to a
cylinder only perimeter of 9.3 ft. and a cylinder plus fins
perimeter of 28 ft.)

4.0 Trermal Hazard - Effect of Radiant Flux

With this understanding of the cooling mechanism, a
background is available for the evaluation of problems in block
transport, the answers to which canrot be obtained by mere
extrapolation of the ORNL experimental results. Specifically,
these are the questions of possible thermal radiation to neigh-
boring structures, the temperature of the heatguard, the tempera-
ture of the heated air rising above the block, and the maximum
temperature of the vehicie bed.
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11 an open mesh heatguard is assumed, the thermal radiation
will impinge on Lthe neighboring sitrvuctures. The absorption and
emission of radiation by the neighboring structures depends on
the physical and optical properties ol structures. Therefore,
it was felt that a reasonablc approach was to estimate the
radiative flux as a function of distance. The block was again
modeled as a cylinder. The flux was cvaluated in a hiorizontal
plane at mid-cylinder height, the region where it is highest.

Close tc the block, the radiant flux field is well approx-
imated by an infinite uyliadcr At a distance, R, from the block
axis the flux, £, would be, assuming 58,000 BTU/hr. per 60"
lenath, ’

¢ . 58 x 10° .
2uR 60 BTU/hr. in“ (R in inches)
= 23.9R BTU/hr. in® (R in inches)

This approximation is plotted in Fig. p.l as the "cylindrical
approximation."

The cylindrical approximation is clearly not valid at
large _distances. For large values of R, the flux ought to vary
as R™4, i.e., as a point source. Assuming a uniform temperature
on ‘he “lock (taken to have radius, a, and lenath, 2%) and
restricting the calculation *¢ the mid-height plane, an integral
for the flux through unit area, normal to the radius can bhe
written

l|4 - -
£ = gé_ (R2 azcos o) (R cos « - g) dz ada
' (R°+ a“ - 2a R cos o + 4°)

(v and z are cylindrical coordinates)
The energy to be radiated, 4, is given by
o = or?(2ma)  (22) = 58,000 BTU/HR.

The range of integration is 1> cos a > a/R and =% < z <0 .
An exact evaluation of this integral did not seem worthwhile
but an approximate form was derived:

2 2
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F = — (1 2) (1 + g + 5
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Fig. p.1 Plot of Radiant Flux from Heat Block Shiecld
by Cylindrical and Exact Methods.
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Clearly this_solution is not valid eclose to the cylinder. The
factor Q/n°R2 occurs instead of . isotropic point source value,
Q/41R2, dAue to the dependence (o! the black-body radiation
intensity) on anyle from the sutlace normal. ‘The values of €
arce shown in Fig. 2.1 as the "exact" solution. 'The matching of
the two solutions ncar 50" is quite good. An interpolatioun
curve has been approximated.

the interpretation of the effecl of 1his radiant heat flux

on a neighboring surface is, as previously remarked, strongly
dependent on the particular surface. 'To indicate the magni-
tude of the effect, the flux calculated has heen applied to

the problem of thec mesh container temperature. It 1is assumed
that the mesh guard is eight feet in diameter and ten feet high
At 48" the calculated flux incident on the mesh is 463 BTU/HR.
The methods of calculating the convective and radiative

cooling are esscntially the same as before. The relation betwecen
Nu and the product Pr-Gr is changed, as a different temperature
range is involved. The new relation is

1.
Nu = 0.56 (Pr°Gr)*

The cooling of a wire of 0.1" thickness was calculated as
characteristic of the mesh material. The result indicates a
wire temperaturc 88°F above ambient. Thus, the container does
not appecar to cxceed safety tolerances unless the ambient
temperatures approach 100°F. It should also be noted that the
flux level used is the highest incident on the mesh, leading

to an estimate for the largest temperature increcasce. This cxample
also indicates that expected temperature rises in structures
adjacent to the vehicle should not be excessive. At a distance
of six fcet from the center of the bhlock, the flux is less

than half the value at the quard location. Thus neighboring
vehicles and structures would generally receive lower fluxes.

5.0 Air Temperaturce Rise Due to Convective Cooling

. ?hg next property to be evaluated concerned the heated
alr rising from the block, is the air providing convective
cooling. The boundary layer thickness and average velocity

were calculated following standard, experimentally based,
relations (Ref. 3).

-1/ -1/4 1/4
§ = 3.93 (br) ™% (0,952 + pr)l/4 (BLTY-T) I (em)
v e
l,l-m'l = 0.766 \‘)(O. 952 + pr) "]/2 (qB(Tw-TL‘O)) 1/2:.:1/-. (cm/s(;c)
ax -—--——_-__\)2
u = 9/16 u

av max

o il i T s amiantly X
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Using these values, together with the effective perimeter,

the heat capacity of air and the assumed 17 kilowatt convective
heat, the average air temperature rise was calculated. The
values found were:

4
!

= ,55 in.

Ynax 68.9 in/sec.

= 310°F

3
|

Clearly, this temperature rise is incompatible with the DOT/NRC
safety criterion. A method to dilute this heated air is nceded.
A simple baffle system above the block could be introduced to
deflect the heated columns radially and, mix it with unheated
air and spread the area of flux over a larger part of the top
of the container. The necessity of such a baffle system was
part of the motivation in choosing the height of the mesh
container as ten feet.

6.0 Heating of Vehicle Bed

The last question of thermal effects on transport
concerns the heating of the vehicle bed. Treating the bed as
a flat slab of thickness, 4, with temperature dcpending only
on the distance from the center of the contact between the
block and the bed, an energy balance cquation was written.

"*

P! L
>
s MW dr |e d
A g
The energy conducted into a ring of radius r, width A r is:
) T
2T!kd-5-i— (r—a-E-)Ar

The energy reradiated from this strip is:

4)Ar

2nrco(T4—'1]m
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where € is the surface cmissivity, generally dependent on T.
The energy absorbed by the surface from the block is

, 4 -1 V/F*FT?
(2urdr av Tq /m)  (tan R

p = 5
-Lb/ r=a (c4a) “+ 1l
tan ( y )

rt+a (r-a)zb 413

Wb// 1+ 8a%8%/ (r?-a? + 22%H?

where Tg is block temperature and a is the fraction of incident
radiation absorbed. For the region r ,; 2a this is reasonably
approximated by:

4a£2r

+a2) (r2+a

.4
(anArao'l6 /) 5 3

2
(x + 447

For equilibrium the resultant energy equation is:

Gt et Doy G0 SN NN O O WS

4a£4r
+a2) (r2+a

L8k 3 T dg 4 4
0 = == =7 (r 5% eg(T =T, ) + (aoT ;" /7)

2 2

(r +41?)

g

"his highly non-linear equation is not amenable to exact analysis.
Tt does, however, lend itself to some interpretation. For no
conduction at a point, r, this means:

4

5 aas’r

T r24a%) (rl+al+an?)

L

'I‘

{3
= + —
T T c

Evaluating this at the mesh edge, assuming T = 50°F,

t = 500°F, w=e=1 (black body), yields:

B
1 = 127°F

a reasonable temperature for our considerations. A rough
approximation is:

2
4a 2)1/4 r 3/4

T = TB (_ﬁ—_

ebn e Tzl
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This is useful primarily to estimate the relative magnitulde
of the terms. In particular, the ratio of conduction and
reradiation is:

Kd 9, 9T
T 3¢ ‘Far) _ 9/4 dk
or? or3

Taking 4 in. thick concrete, 36" out, and a temperature of
150°F, this ratio is about 12%. Thus the balance between thc
absorption of incident radiation and reradiation is the primary
mechanism.

The approximate truck bed temperature at the edge of
the mesh container is well within the reference safety criterion.
The assumption has been that the bed is of low conductivity.
A point which has not been covered is the temperature of the
hottom side of the bed. The detailed evaluation of this depends
too much on the details of support structure to allow much
evaluation. It should be possible to keep it low providing
the block rests on a sufficient insulating pad.

7.9 Conclusion

From the preceding it is apparent that a protective barrier
must be provided around the source-shield assembly (SSA) for it
to meet UDOT/NRC regulations. The barrier must have minimum
dimensions of 8 ft. in diameter and 10 ft. high. It must pro- l
vide baffling to mix cold air with the hot air rising from the ,
SSA, and must also provide insulation between the base of the
SSA and the carrier bed.

A protective barrier including these features will allow ship- .
ment of the SSA without violation of the applicable DOT/NRC
regulations.

D-10
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EARTHQUAKE ROCKING ANALYSIS
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1.0 Introduction

The RTG is analyzed on a support hase resting on thc seabed
foundation, but otherwise unrestrained. The support base is
assumed to be the same as the width of the RTG as shown in
Figure E-1.

2.0 Dynamic Analysis 1

It is assumed that an earthquake of one "g" (32 ft./sccz) i
horizontal acceleration, having a frequency of one Hertz (cyvcle/sec) ;

acts on the seabed foundation. This analysis is performed to 2
see if the RTG will pass the critical tip-over angle (¢ = o) :
before the reverse motion begins to restore it to the vertical.

For the position (x, y), velocity and acceleration of the
center of gravity of the RTG in polar coordinates is:

Sad e o4 O O B0

74 i N '
N R R T A e A s L A ST T A S

+ r cos 6 (1)
- r sin 6 6 (2)
- r cos 6 02-r sin 0 8 (3)
sin 0 (4) !
cos 0 0 (5) ;
cos 0 6-r sin 6 62 (6)

D

Ketg X Xe X
I
B o X XXe X

¥

g

By Newton's Third Law, the force I' along the force vector
from the corner to the center of gravity is:

dyee e
h~ -.I.

F cos 0 (7)
F sin f-mg (8)

£
]

m

m

=
]

where m is the RTG mass.

Eliminating X and ¥ from 7 and 8

g

¢os 0(r cos 0 G-r sin 0 62) - sin 0(%- r cos # A%-» sin § 0)
= -¢ cos
r 0 = ¥ sin 0 - g cos ©

Let ¢ = %% - 0 and treating ¢ as small gives the diffecrential 1

equation of the motion:

[y

ré¢-gé=-¥ (9)

The homogenous solution is

¢H=Asin\/g-t+Bcos :—' t (10)
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RTG Being Rocked by Earthquake

FIGURE E-1.
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and the inhomogenous solution is

¢ = C sinw (t + t) (11)

o aQ

(12)
wzr + g

the boundary conditions are

% (0) = ¢o (13)
¢ (0) =0 (14)
hence
-a .
B = sinw t (15)
wir+g °
A=- [E AW osuwt (16)
"/g-(wz**g) °

The final result is:

a N —— —
¢(t)=¢o+———£3:I [Einm(t+t°)- /%-wcoswto sind/% t-sithO cosv/% {} (17)

2
wr/g

Usina the values r = 125.1 cm., w=2n, a/g = 1, § is plotted in
Figure E-2

It is noted that the closest approach to the critical angle
d = 0 is 10.5° and the RTG should not topple even with 1 g
acceleration. lowever, the water drag has heen omitted from the
analysis bhecause of the low velocities associated with the
earthquake (2.7 mph peak). This will have a tendency to reduce
¢. TFurthermore, vertical acceleration has not bheen introduced.
Its effect will be stabilizing or destabilizing depending upon
the phasing between vertical and horizontal oscillations.

3.0 Conclusion

It is therefore concluded that a 1 g earthquake is approxi-
mately that required to topple the RTG from the seabed.
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APPLICABLE TRANSPORTATION SAFETY REGULATIONS

_, .r.’f&’«v&nva Ve wnr.rﬂ‘aﬂuturwk.t«?i okt 4 e .(“\#a




Rl i TR T L LR i e o

e Gisd ey Gus

L

iy

promsi

i ]
| B ]

. o

L2 SR U WS U em an

Iadisall ¥ g

L s Bl v Ramttadeiinas ot o o o Lo mheding db aeestnesn o N - hhtinie adant ] e XN st aitmanay 2% D

1.0 Introduction

The shipment of radioactive materials by commercial
carrier in the U.$. is regulated by the MNuclear Hegulatory
Commission (NRC) (Ref. 3) and the Department of Transportation
(DOT) (Ref. 4).

2.9 Requirements :

Qualification as Special Form Material is reguired for the 1
level of radioactivity required to produce 34 KW of heat. i
Thése criteria are presented in 49CFR 173.398 and 10 CFR 71 q
Appe:.2ices A and B. These criteria specify that the encapsu-
lated fuel must show its integrity under the following
conditions:

i

g
A K il

Stability: It imust not melt, sublime or ignitec at
temperatures below 1475°F. FEach source pellet, or the
capsule material, must not dissolve or convert into
dispersible form to the extent of more than 0.005 percent
by weight, by immersion for 1 week in water at pH 6-8

and 68°F., and a maximum conductivity of 10 micromhos/
centimeter, and by immersion in air at 86°F.

T T i

1. Free drop. A free drop through a distance “
of 30 fecet to a flat essentially unyielding i
horizontal surface, striking the surfacec in such '
a position as to suffer maximum uamage. ‘

2. Percussion. Impact of the flat circular

end of a one inch diameter steel rod weighing three
pounds, dropped through a distance of 40 inches.
The capsule or material shall ke placed on a sheet
of lead, of hardness number 3.5 tc 4.5 on the
Vickers scale, and not more than one inch tnick,
supported by a smooth, essentially unyielding
surface.

3. Heating. lieating in air to a temperaturc of
1,475°F and remaining at that temperature for a
period of 10 minutes.

4. Immersion. Immersion for 24 hours in water

at room temperature. The water shall be at pll

6 - ph8 with a maximum conductivity of 10 micromhos/
cm.

The "type B" container required for shippine the {uel
capsules is subject to the tollowiny sequentia} cumulative
tests:

F-1_4/




1. Frece Drop. A frec drop tiirough a distance

of 30 fect onto a flat essentially unyiclding hori-
zontal target surface, striking the surface in a
position for which maximum damage is expected.

] 2. Puncture. A frec drop through a distance of

- 40 inches striking in a position for which maximun
damage is expected, the top end of a vertical
cylindrical mild steel bar mounted on an essentially
unyielding horizontal surfauve, the bar shall be 6
inches in diameter, with the top horizontal and its
edge rounded to a radius of not more than one-fourth
inch, and of such a length as to cause maximum
damage to the package,but not less than 8 inches
long. The long axis of the bar shall be perpendicular
to the unyielding horizontal surface.

Ty
-
o

3. Thermal. Exposur:z o a thermal test in which
the heat input to the package is not less than that
which would result from exposure of the whole package
to a thermal radiation environment of 1,475°F for

30 minutes with an emissivity coefficient of 0.9
assuming the surfaces of the package have an absorp-
tion coefficient of 0.8. The package shall not be
cooled artificially until 3 hours after the test
period unless it can be shown that the temperature
on the inside of the package has begun to fall in
less than 3 hours.

ot el i
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4. Water immersion (fissile radioactive materials
packages only). Immersion in water to the extent
that all portions of the package to be tested are
under at least 3 feet of water for a period of not
less than 8 hours.

3." Qualification

—

g ae i
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It is not necessary to actually conduct the tests prescrlbed
in this section if it can be clearly shown, through engincering
evaluations or comparative data, that the material or item
would be capable of performing satisfactorily under the pre-
scribed test conditions.

K] L4
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4.0 Additional Requirements
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In addition to these requirements, the Department of
Transportation imposes the following requirements:

1. The outside of each package must incorporate
a feature such as a seal, which is not readily
breakable and which, while intact, will be
evidence that the package has not been illicitly
opened.
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2. The smallest outside dimension of any packaye
must be 4 inches or qreater.

3. Radiocactive materials must be packaged in
packagings which have been designed to maintain
shiclding efficiency and leak tightness so that under
conditions normally incident to transpcrtation, there
will be no releasc of radioactive material. If
necessary, additional suitable inside packaging must
3 be used. Each package must be capable of meeting

: the standards in section 173.398 (b) (see also sec-

T T A ————
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tion 173.24). Specificadion containers listed as
authorized for radioactive materials shipments may
. be assumed to meet those standards, provided the
packages do not exceed the gross weight limits

. prescribed for those containers in Part 178 of this
chapter.

4. Internal bracing or cushioning, where used, must
be adequate to assure that, under the conditions
normally ncident to transportation, the distance from
the inner container or radioactive material to the
outside wall of the packaye rcemains within the limits

' for which the package design was bascd, and the radia-

tion dose rate external to the packayc does not
exceed the transport index number shown on the label.
Inner snield closures must be positively secured to
prevent loss of the contents.

~——
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5. The heat generated within the packaye kecause

of the radioactive materials present will not, at

any time during transportation, affect the efficiency
of the package under the conditions normally incident
to transportation, and

s
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] 6. The temperature of the accessible external sur- 1
faces of the package will not exceed 122°F in the ]
shade when fully loaded, assuming still air at ambient
temperaturce. I[Ii the package .s transported in a ]
transport vehicle consigned for the sole usc of

! . the consignor, the maximum accessible cxternal surface
" temperature shall be 180°F. !

—
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Furthermore, shieclding will be provided such that the
following conditions are met:

| 1. 1,000 millirem per hour at 3 feet from the
] external surface of the package (closed transport
¢ . vehicle only),

fahuiidiie . acoada




2. 200 millirem per houi at any point on the
external surface of the car or vehicle (closed
transport vehicle only).

5.0 Summary

It is because of these requirements that the heat sources
will probably be shipped in the block-shield. This shield
meets or exceeds all the previous requirements with the exception
of the contact temperature limit of 180°F. In order to satisfy
this requirement, the source-shield assembly should be encased

in an expanded metal protector (steel for lower heat conduc-
tivity).

The mesh protector package will satisfy most of the require-
ments for type "A" packaging including the 49 CFR 173.398
drop test. This test requires that there be no loss of radio-
active matexial if subjected to the 30 foot drop test oriented
to product maximum damage. Under this test, the mesh screen
would undoubtédly be seriously deformed. This would not
compromise the shield integrity which is capable of sustaining
the 30 foot drop test without loss of radioactive material.
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