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FOREWORD

The study summarized in this report was a part of an analysis to
determine the feasibility, desirability, and preferred approaches for disposal
of selected lhigh-level nuclear wastes {n space, The Battelle Columbus
Laboratories (BCL) study was an integral part of the Office of Nuclear Waste
Isolation (ONWL)-managed DOE/NASA program for study of nuclear waste disposal
in space, and was zonducted in parallel with efforts at DBattelle Pacific
Northwest Laboratory; 3oeing Acrospace Company: and Science Applications, Inc.
(SAI = under subcontract to Battelle and reported here). The research effort
reported here was performed by Battelle Columbus Laboratories (with SAI being
a subcontractor) under NASA Contract NASS-34512 from June 1981 through
Februarv 1982. The study objective was to provide NASA and DOE with pre-
lininary space disposal risk estimates and estimates of risk uncertainty, such
that potential total system risx benefits of space disposal of certain waste
components could be evaluated.

The information developed duriug rthe study period is contained in
this two-volume final report. The title of each volume is listed below.

Volume T Executive Summary
Volume II Technical Report

Inquiries regarding this study should be addressed to:

C. C. (Pate) Priest, COR . . Eric E. Rice, Project Manager
NASA/Marshall Space Flight Center Battelle Columbus Laboratories
Attention: PSOL 505 King Avenue
Huntsville, Alabama 35812 . Columbus, Ohio 43201
Telephone: (205) 453-0413 Telephone: (614) 424-5103
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1.0 INTRODUCTION

This volume (Volume II) summarizes the results of the 1981-1982
Battelle Columbus Laboratories preliminary assessment of the risk of nuclear
waste disposal 1in space, The study objective was to provide NASA and
DOE/Office of Nuclear Waste Isolation with preliminary space disposal risk
estimates and estimates of space risk uncertainty, such that potential total
(mined geologic repository risks included) system risk benefits of space
disposal of certain nuclear waste components could be evaluated. To
accomplish the objective of the study, the following work areas were defined:

e Review Risk Models and Appropriate Data (Task 1)
e Formulate a Risk Model Approach (Task 2)

e Define Safety Requirements (Task 3)

e Estimate Space Disposal Risks (Tasks 4 and 5)

e Integrate Mined Geologic Repository (MGR) Risks with Space
Disposal Risks to Determine Possible Risk Benefits (Task 6)

o Define a Reference Space Disposal Concept (Task 7).
The various sections of the final report are reviewed below.

Section 2.0 provides an update/revision to previous system safety
design guidelines that have been developed for space disposal over the years.
The section first presents what is called “general safety guidelines", a pre-
sentation of guidelines related to such things as: (1) radiation exposure and
shielding, (2) containment, (3) accident environments, (4) criticality, (5)
postaccident recovery, (6) monitoring systems, and (7) isolation, The
discussion provides guidance in these areas on how to minimize exposure to
humans and the enviromment to the radioactive waste materials during space
disposal nissions. A discussion of how these "general” guidelines relate to
the specific aspects of the current (February 1982) Reference Concept for

space disposal is presented in Section 2.2. A definition of terms 1is
presented at the end of the section.

Section 3.0 provides a summary of the current space disposal concept.
The overall Reference Concept 1is discussed in Section 3.1. Specific defini-
tions of space disposal system elements are given in Section 3.2. Accident
and malfunction contingency plans for the Reference Concept are presented in
Section 3.3. Section 3.4 assesses the projected quantities of hardware items
and propellants required to carry out the Refercnce Traffic Model. Section
3.5 provides a brief discussion of the alternative Tc~99 and I~129 payloads.
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Section 4.0 briefly discusses the overall risk model approach used in
this study.

Section 5.0 provides a technical discussion of how the space dis-
posal release risk estimates were made. Specific sections include the fol-
lowing topics: (1) space accident identification, (2) mission phase and fault
tree development, (3) failure probability estimates, (4) payload response
analysis, (5) consequence analysis, and (6) preliminary space disposal risk
estimates.

Terrestrial disposal risk estimates, as generated by Pacific North-
west Laboratory, under contract to DOE's 0ffice of Nuclear Waste Isolation,
are summarized in Section 6.0.

Section 7.0 of this report integrates the "space risk estimates" of
Section 5.0 and the “terrestrial risk estimates (PNL)" of Section 6.0. The
results of the integration and discussion of benefits and disbenefits for
various release risk scenarios are provided.

Section 8.0 provides a summary of results of the study, Section 9.0
states the study conclusions, and Section 10,0 presents the study
recommendations.

Appendix A contains all the references cited in the final report,
Appendix B provides definitions of acronyms and abbreviations. Appendix C
presents a handy metric/English unit conversion factors table. The space
disposal fault trees for all nine mission phases are given in Appendix D.
Appendices E and F give a brief discussion of Uprated Space Shuttle failures
that can occur. Appendix G provides a summary log of the failure probabil-
ities that match the fault trees given in Appendix D. Appendix H presents
figures and plots velated to the waste payload ground impact response.




2.0 SYSTEM SAFETY DESIGN GUIDELINES FOR REFERENCE CONCEPT

One of the most important factors in the ultimate decision-making
process for the space disposal concept is public health safety. For space
disposal to be an acceptable approach, it is likely that the total long-term
health risk of a space disposal concept coupled with terrestrial disposal must
be at a comparable or preferably at a much lower level than that of terres-
trial disposal of all the waste. The short-term health risk must be at an
acceptable level.

Over the years of studying space disposal, a "safety concept” has
been developing. The various aspects of this safety concept are presented in
this section., Work done on safety specifications for radioisotope thermal
generators (U.S. DOE, 1977)*, was included in the development of safety
guldelines for space disposal. As a result of the current study, the safety
guidelines have been modified.

This section defines system safety guidelines for the nuclear waste
disposal in space missions and helps to assure that nuclear waste payloads and
their associated handling may be considered acceptable and radiologically
safe. These guidelines should be used for current studies and modified as new
information and understandings evolve.

The following subsections describe the general and specific system
guidelines for nuclear waste disposal in space missions. The general system
safety guidelines are based upon the assumption that the waste payload is
carried into space by the uprated, liquid rocket boosted Space Shuttle vehicle
and is processed at the launch site in a facility named the Nuclear Payload
Preparation Facility (NPPF). Definitions of terms are located act the end of
this section. References are shown in Appendix A.

2.1 General Safety Guidelines

The garcral safety objectives for the nuclear waste disposal in space
mission are: (1) to contain the solid radioactive waste materials, and (2) to
limit the exposure of humans and the environment to the radioactive waste
materials. For normal operations, complete containment and minimal radiolog-
ical exposure are required. For potential accident situations, the degrees of
containment and interaction shall result in an acceptable risk to humans and
the enviromment and be as low as reasonably achievable (ALARA)., Many of the
general safety guidelines have been selected using our best judgment and do
not have the benefit of detailed analysis,

The general system safety guidelines for the nuclear waste disposal
in space mission involve the following safety aspects:

*See Appendix A for references.

oY)
Rk




(1) Radiation Exposure and Shielding
(2) Containment

(3) Accident Environments

(4) Criticality

(5) Postaccident Recovery

(6) Monitoring Systenms

(7) 1Isolation.

The information given below. defines the guidelines that should be
followed for the development of any nuclear waste disposal in space nission,
employing conventional space technology approaches such as the Space Shuttle.

2.1.1 Radiation Exposure and Shielding

Radiation exposure guidelines for normal operations for the public
and ground crews are those contained in ERDA-MC-0524 (U.S. DOE, 1975) and
shown 1in Table 2-1. Radiation exposure limits for astronaut crew menmbers
during normal operations are those contained in the Space Shuttle Flight and
Ground Specification, JSC 07700 (NASA/JSC, 1979) and shown in Table 2-2.

The normal radiation exposure 1limits for the current terrestrial
transportation of nuclear waste materials would also apply to ground transpor-

tation of nuclear waste payloads. The radiation limits [49 CFR 173.393(j)]
are given as:

e 1 m from external container surface...l000 mrem/hr (closed
transport vehicle only)

e External surface of transport vehicle...200 mrem/hr (closed
transport vehicle only)

e 2 m from external surface of transport vehicle...l0 mrem/hr
e Normally occupied position of tramsport vehicle...2 mrem/hr.

For accident conditions of terrestrial transport, the postaccident

dose rates are limited to 1000 mrem/hr at ! m from the external surface of the
waste package.

A general guideline for the waste package shipped to space {s that
the radiation dose at 1 m from the flight shield surface is not greater than
1000 mrem/hr. This value can be obtained by including shielding con-
tributions from outer layers of the payload. In the absence of these layers,

no more than 2000 mrem/hr at 1 m should be allowed. The shield should be
carried all the way to the destination.

2.1.2 Containment

Containment must be defined for the various portions of the disposal
mission. Five general mission phases include fabrication/assembly of the
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TABLE 2-]. NORMAL OPERATIONS EXPOSURE LIMITS FOR INDIVIDUALS
IN CONTROLLED AND UNCONTROLLED AREAS

INDIVIDUALS IN CONTROLLED AREAS:

Dose Equivalent (Dose or

Type of Exposure Exposure Period Dose Commitment(3), rem)
Whole body, head and trunk, Year s(e)
gonads, lens of the eye(b) Calendar Quarter 3
red bone marrow, active
blood-forming organs.
Unlimited areas of the skin Year 15
(except hands and forearms). Calendar Quarter S
Other organs, tissues, and
organ systeas (except
bone).
Bone. Year 30
Calendar Quarter 10
Forearms.(d) Year 30
Calendar Quarter 10
Hands(d) and feet. Year 75
Calendar Quarter 25
INDIVIDUALS IN UNCONTROLLED AREAS:
Annual Dose Equivalent or Dose Commitment (rem){e)
Based on an Average
Based on Dose to Individuals Dose to a Suitable
Type of at Points of Sample of Exposed
Exposure Maximum Probable Exposure Population
¥hole body, gonads, 0.5 0.17
or bone marrow
Other organs 1.5 0.5

(a) To meet the above dose commitment standards, operations must be conducted
in such a manner that it would be unlikely that an individual would assim-
{late {n a critical organ, by {inhalation, ingestion, or absorption, a
quantity of a radionuclide(s) that would commit the individual to an organ
dose which exceeds the limits specified in the above table.

(b) A beta exposure below an average energy of 700 Kev will not penetrate the
lens of the eye; therefore, the applicable limit for these energles would
be that for the skin (15 rex/yr).

(¢) In special cases with the approval of the Director, Division of Opera-
tional Safety, a worker may exceed 5 rem/yr provided his average exposure
per year since age 18 will not exceed 5 rem/yr,

(d) All reasonable eftorts shall be made to keep exposures of forearms and
hands to the general limit for the skin.

(e) In keeping with ERDA policy on lowest practicable exposure, exposures to
the public shall be linited to as swall a fraction of the respective
annual dose limits as is practicable.

Source: U,.S. DOE, 1975.
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TABLE 2-2. RADIATION EXPOSURE LIMITS FOR
SPACE SHUTTLE FLIGHT CREWS(a)

Constraints, Bone Marrow, Skin, Eye,
rem 5 cm 0.1 mm 3 om Testes(¢)
l-year average daily rate 0.2 0.6 0.3 0.1
30-day maximum 25 75 37 13
Quarterly maximum(b) 35 105 52 18
Yearly maximum 75 225 112 38
Career limit 400 : 1200 600 200

(a) These exposure limits and exposure rate constraints apply to all sources

(b)
(c)

of radiation exposure. In making trade-offs between man-made and natural
sources of radiation, adequate allowance must be made for the contingency
of unexpected exposure. These data are from Space Shuttle Flight and
Grouad Specification, JSC 07700, Volume X, Revision F, Chapter 7.4 (NA3A/

JSC, 1979). Estimated doses for Shuttle crew members, as based upon STS-1
launch, are A0.01 rem per day; worst normal case dose estimate for Shuttle
crew members performing Reference disposal mission 1s expected to be less
than 0.10 renm per mission.

May be allowed for two consecutive quarters followed by 6 months of
restriction from further exposure to maintain yearly 1limit.

These dose and dose rate limits are applicable only where the possibility
of oligospermia and temporary infertility are to be avoided. For most
manned space flights, the allowable exposure accumulation to the the
gerninal epithelium (3 em) will be the subject of a risk/gain decision for
the particular program, mission, and individuals concerned.
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waste form, terrestrial transport, launch site handling, launch to Earth
orbit, and orbit transfer to destination. For all normal operations, the
systems should be designed so that no release of radioactive material occurs.
For accident environments the system should be designed so that the risk to

the public 1is acceptable. Current U.S. federal regulations cover little.

beyond transportation and general handling aspects. The discussion below
outlines the general guidelines for containment of the high-level waste form
during each phase of the space disposal mission.

2.1.2.1 Containment/Philosophy

The ideal goal for containment of high-level waste material is to
(1) provide an absolute barrier between the waste and the environment, and
(2) minimize the radiation exposure to humans under all normal and accident
conditions. Various governmental regulations have been developed and applied
to current terrestrial transportation activities {involving radiocactive
materials, including irradiatel nuclear fuel, No regulation applies to the
space transport of high-level waste. Consequently, the containment guidelines
developed here are based on considering existing regulations for other
radioactive material handling, storage, and transport activities. The
containment philosophy is applied first to meet current regulations and,
second, to minimize human exposure to as low as reasonably achievable (ALARA)
where regulations do not exist.

The acceptable amount of radloactive material that may be released
should be a function of the mission phase, accident severity, and frequency of
the loading condition, keepinos in mind ALARA criteria. Allowable releases
from the primary container are expected to range from zero, for normal condi-
tions, to minimal values (ALARA), for extremely severe, low-probability
accidents. :

Contaimment guidelines are presented in terms of three independent
categories: (1) specific parameters indicative of the responsz2 of various
containment systems; (2) specific systems for containing the waste (waste
form, container, etc.); and (3) various mission phases during which specific
levels of contaimment conditions are required. Table 2-3 lists the components
of these categories. These three levels of containment categories can be used
to define any aspect of containment.

2.1.2,2 Parameters

Containment guidelines take the form of specific 1limits for key
parameters, For the space disposal mission, the significant parameters can be
grouped into three major categories: (1) thermal, (2) mechanical, and (3)
chemical. Within each category, many specific parameters can be included 1if
the design is known; only the generic parameters are included in this discus-
sion. Once a conceptual design is known/postulated, specific technical data
(temperatures, etc.) may be substituted to obtain specific working guidelines,

e




2010202.1 Thermal

Thermal guildelines consider only limiting conditions which, irrespec-
tive of critical parameters in other areas, serve as upper bounds to determine
permissible designs and .responses. In. interrelations with other major param-
eters, a single parameter is considered as the limiting guideline and, through
its dependence upon other parameters, in effect produces corresponding limits.
Thus, parameters such as melting temperature will be independent limits, while
yield strength will be a function of temperature. The limiting thermal condi-
tions for all forms of containment and mission phases should require that the
containment barrier not be altered in physical or chemical phase during
operations that are not remote from the human environment. For normal condi-
tions, 40 percent of the material melt absolute temperature is the guideline
(material creep not expected to be significant below this). If the melt
absoluta temperature is not kncwn, then 90 percent of the fabrication absolute
temperature is the guideline. For accident conditions, the temperature limit
is 90 percent of the melt absolute temperature. {See Table 2-4.)

2.1.2.2.2 Mechanical Strength

For all normal mission phases, and contalnment barriers, the mechani-
cal strength must maintain stress and strain limits within 90 percent of the
normal yield limits for given temperature conditions (standard 0.2 percent
offset). For accident conditions, where stress/strain limits are provided,
one should not exceed 90 percent of ultimate strength requirements at the
temperature anticipated. Mechanical strength 1limits are assumed to be
dependent on temperature and loading conditions. 1In addition, it is assumed
that all contaimment barriers must also have sufficient fracture toughness,
fatigue endurance, and buckling stability to withstand normal and accident

conditions. (See Table 2-5,) For accidents associated with reentry, total.

mechanical integrity for all components is not feasible. Rather, a guideline
to be used would be to allow deformation but not allow major breach of
containment. ’

2.1.2.2.3 Chemical

Containment materials shall be compatible with adjacent media to the
extent that no significant detrimental chemical reactions occur and the mate-
rial 1s nonpyrophoric in an air environment at sea-level (SL) nressure. For
conditions not covered by existing U.S. federal regulations, guidelines are
provided for the various containment barriers and mission phases. (See
Table 2-6.)

2.1,2.3 Containment Components

Containment components constitute the barrier between the payload and
the external environment. Depending on the nmission phase, the containment
barrier may be a single item (e.g., waste primary coantainer) or multiple items
(e.g., vprimary contalner, radiation shield, impact absorber, etc.).
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TABLE 2-3. SPECIFIC COMPONENTS OF CONTAINMENT

Paraneters Components Mission Phases

o Thermal
© Mechanical
¢ Chemical

Waste Form
Primary Container*
Radiation Shield*
Impact Absorber*
Ablation Shield
Shipping Cask

Fabrication/Assembly
Terrestrial Transport
Launch Site Handling
Launch to Earth Orbit
Orbit Transfer to Destination

*Note: These may be combined.

TABLE 2-4. THERMAL GUIDELINES FOR CONTAINMENT OF
HIGH~LEVEL WASTE FOR SPACE DISPOSAL

Mission Phase

Orbit
Fabrication/ Terrestrial Launch Site Launch to Transfer to
Component Asgenmbly Transport Handling Earth Orbit Destination
Waste Forn 40% Melt/ 40% Melt/ 407 Mele/ 407 Melt/ 407 Melt/
90% Melt** 90 Melt 90% Melt 90% Melt 90% Malt
Primary 402 Melt/ 407 Melt/ . 40% Melr/ 407 Melt/ 407 Melt/
Container 90% Melt 90Z Melt 90% Melt 90% Melt 90Z Melt
Flight Radia- 40X Melt/ 402 Melt/  40% Melt/ 40% Melt/ 40% Melce/
tion Shield 90% Melt 90 Melt 90% Melt . 90X Melt 907 Melt
Impact Absorber -— -_ 40% Meltrs 407 Melt/ 40% Melt/
90% Melt 90% Melt 90% Melt
Ablation Shield - - 40% Ablacion/—— 40X Ablation/—— 40% Ablation/—
Shipping Cask - DOT, NRC -— -— -

Reg.

®#iNote: The normal absolute temperature 1lini{t 1is given first; the accident absolute
temperature limit 1is given second. If the melt absolute teaperatures are not
appropriate for the material in juestion, then 90 percent of the fabrication
absclute temperature should apply.
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TABLE 2-5. MECHANICAL GUIDELINES FOR CONTAIMMENT OF
HIGH-LEVEL WASTE FOR SPACE DISPOSAL
Mission Phase
) Orbic
Fabrication/ Terrestrial Launch Site Launch to Traansfer to
Component Assembly Transport Handling Earth Orbit Destination
Waste Form 90% Yield/ 90Z Yield/ 902 ield/ 90% Yield/ 90% Yield/

Primary
Container

Flight Radis-
tion Shield

Impact Absorber
Ablation Shield

Shipping Cask

90Z Ultimate*
90% Yield/
90% Ultimate

90%. Yield/
90Z Ultimate

90% Ultimate

DOT, NRC
Reg.

90% Yield/

90% Ultimate

DOT, NRC
Reg.

90% Ultimate
90% Yield/
90% Ultimate

90%
90%

vield/
Ultimate

902 Yield/~—
90% Yield/--

No Breach at

95% Confidence

90% Yield/—

" 90% Yield/—-

90% Yield/—

90% Yield/—

No Breach at
95% Confidenca

90% Yield/~—

90% Yield/——

90% Yield/--
902 Yield/=-

*Note:
second.

The normal wmechanical

BAYTELLE — COLUMBUS
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TABLE 2-6. CHEMICAL GUIDELINES FOR CONTAINMENT OF
HIGH-LEVEL WASTE FOR SPACE DISPOSAL

Mission Phase

Orbit
Fabrication/ Terrestrial Launch Site Launch to “Transfer to
Component Assenbly Transport Handling Earth Orbit Destination
Waste Fom Container Container Container Container Container
Compatible, Compatible, Compatible, Compatible, Compatible,
Nonpyrophoric  Nonmpyrophoric Noapyrophoriec  Nonpyrophoric  Nonpyrophoric
in Afr at SL {n Alr at SL in Alr at SL in Air at SL in Alr at SL
Primary Similar to Similar to Similar to Waste Form
Container DOT, NRC DOT, NRC DOT, NRC DOT, NRC Compatible
Reg. Reg. Reg. Reg. Nonpyrophorie
in Air at SL
“Flight Radia- Similar to Similar to Similar to Similar to Container
tion Shield DOT, NRC DOT, NRC DOT, NRC DOT, NRC Compatible,
Reg. Reg. Reg. Reg. Nonpyrophoric
in Alr at SL
Impact Absorber Similar to Similar to Similar to Similar to Shield
DOT, NRC DOT, NRC DOT, NRC DOT, NRC Compatible
Reg. Reg. Reg. Reg. Nonpyrophoric
in Air at SL
Ablation Shield -~ -— Similar to Simflar to  Impact Absorber
DOT, NRC DOT, NRC Compatible
Reg. Reg. Nonpyrophoric
in Adlr
Shipping Cask - DOT, NRC - —-— -

Reg.

e
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Consequently, a particular component may not be a part of containment in all
mission phases., If it is not a part of the containment barrier, then the
specific limits for containment, as applied to a particular subsystem, do not

apply.

2.1.203'1 Waste Form

The principal containment barrier for the space disposal option 1is
the primary container. A strong, nondispersible, waste form is required to
minimize the possibility and quantity of nuclide release. To meet these
requirements, the waste form will still have limits for thermal, mechanical,
and chemical parameters. The nuclear waste mix and form will be designed to
meet the criticality limit specified in later paragraphs.

"A meeting was held at Battelle Columbus Laboratories on July 19,
1979, to evaluate waste forms for the space disposal of commercial and defense
high~level waste (HLW). Participants included ONWI, NASA, BCL, and DOE-
_ Richland Operations (former NPO) personnel and waste form experts from
Battelle Pacific MNorthwest Laboratory, Oak Riage National Laboratory, Idaho
Chemical Processing Plant, and Sandia Laboratories. During that meeting, the
following set of parameters (listed in order of priority) was determined to be
applicable and important to the selection of a space disposal waste form.

High waste loading - This is an 1important parameter when con-
sidering the disposal of the large mass of commercial or defense
W Waste forms having high waste loadings will require fewer
launches, thus not only lowering operational costs but also ylelding
lower construction costs for dedicated launch facilities. Rating:
primary importance.

High thermal conductivity - Commercial HLW, especially in waste
forms having high waste loadings, generates a significant quantity
of heat. To prevent central regions from becoming excessively hot,
the waste form should possess a relatively high heat transfer
coefficient.  Similarly, upon unplanned reentry of a waste package,
the waste form should be capable of rapidly conducting heat away
from the container surface. Low heat waste payloads i{mply that this
is not an important consideration. Rating: primary importance.

Toughness - An aspect of dispersion resistance s material
toughness, The waste form should be shatter- and abrasion-resistant
upon impact, and should deform to absorb impact. Retrieval of the
waste form as a single piece rather than many fragmented parts is
desirable, Powdered forms are not desirable; liquid forms are
unacceptable. Rating: primary importance.

" Thermochemical stability - In launch pad or reentry accidents, the
waste form should remain chemically stable. It should not degrade,
decompose, or otherwise be altered in its chemical form fn such a
way that a significant release of radlonuclides occurs during such
postulated accidents. Rating: primary importance.

L
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Resistance to thermal shock - The waste form should be resistant to
shattering which may be caused by thermal shock. This property will
help' in achieving low: dispersibility of the waste form. Rating:
secondary 1mportance.

Resistance to leaching - A low leach rate may be important if the
waste form package impacts into water after an unplanned reentry.
While leach rate may be important, it is not as important as in
terrestrial disposal where radionuclide tranmsport by ground water is
considered the most probable mechanism for 1loss of isolation.
Rating: secondary importance.

Resistance to oxidation - Another aspect of dispersion resis-
tance is waste form resistance to oxidation. If an unplanned reentry
of the damaged waste package occurs, the surface of the waste form
should not rapidly oxidize and break away from the main body of the
waste package. Rating: secondary importance.

Economics and resource utilization - Waste form materials and
fabrication processes should not be prohibitively expensive. Also,
waste form materials should not severely deplete valuable raw
materials, Since the cost of a booster launch is expected to be the
major part of the total cost, waste form material and process costs
will not be overly important., Rating: secondary importance.

For the waste form, the maximum temperature limit for normal condi~-
tions 1is 90 percent of the fabrication or creep absolute temperature; for
acclident conditions the 1limit -1is 90 percent of the melting absolute

temperature., Mechanical limits, when applicable for containment, are yileld

(normal) and ultimate strengths or low dispersion (accident). Chemical limits
require that the waste form be compatible with container materials, exhibit
low reactivity, and be nonpyrophoric. It is also required that a subcritical
condition be maintained at all times (see discussion on criticality in Section
2.1.4).

2.1.2.3.2 Primary Container/Core

The primary container, designed to enclose the waste form throughout
all mission phases beyond waste form fabrication, {: also the primary contain-
ment boundary. The thermal limit for normal conditions is 40 percent of the
melt absolute temperature. For accident conditions, 90 percent of the melt
absolute temperature is the guideline, Mechanical limits are yield (normal)
and ultimate strengths or low dispersion (accident). Chenical 1limits are
covered by existing federal regulations (U.S. NRC, 1978).

2.1.2.3.3 Radiation Shield

The raaiation shield for flight should be designed to function during
all mission phases through transfer to the final destination. The radiation
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shield should be supplemented with auxiliary shielding materials, as needed
during various mission phases, such that radiation exposure limits 3re not
reached. For mechanical strength, 90 percent of the yield (normal) and 90
percent of the ultimate (accident) stress limits apply (ultimate does not
apply for launch and orbit transfer operations). Thermal 1limits are 40
percent of the melt absolute temperature (normal conditions) and 90 percent of
the melt absolute temperature (acclident conditions). Chemical requirements
will be similar to those in existing federal regulations (U.S. NRC, 1978).

Radiation shielding limits for the payload package (1000 mrem/hr at
1 m) have been assumed for conditions not covered by existing regulations.
Conservative limits (such as those for transportation) have not been selected
due to the sensitivity of the overall system design (payload/shield mass
ratio) to the dose limits, Rather, the guideline limits chosen reflect the
fact that the waste payload package will be isolated from the general public
throughout all but a small fraction of its lifetime.

2.1.2.3.4 Impact Absorber and Ablation Shi-1ld

The impact absorber and abhlation shield have similar contaimment
limits. For thermal guidelines, 40 percent of the melt (normal) and 90
percent of the melt (accident) absolute temperatures apply to the impact
absorber; 40 percent of the minimum ablation temperature (absolute) applies as
the upper 1limit for the ablation shield under nommal counditions. For
mechanical strength, yield (normal) limits exist, The absorber and ablation
shield will be chemically nonreactive with other containment layers (similar
to other DOT/NRC regulations). They will be nonpyrophoric., The {impact
absorber is designed to absorb mechanical energy during accidents. The yield
strength of the absorber materfal is expected to be exceeded. Therefore, the
ablation shield, which 1is designed to reduce heating effects during possible
reentry phases, is not expected to survive ground or water impact.

2.1.2.3.5 Shipping Cask

During ground-based Earth transport, the high-level waste package
will .be enclosed within a shipping cask. Current U.S. federal regulations [10
CFR 71 (U.S. NRC, 1978), 49 CFR 173 (U.S. DOT, 1979) and the 1973 IAEA Safety
Series Number 6] define the requirements for this component, which s expected
to be similar to conventional shipping cask designs.

2.1.2.4 Mission Phases

As described previously, the containment guidelines are also a func-
tion of mission phases, and, more specifically, the conditions within each
phase. The definition of mission phase, as used for containment guidelines,
is chronological.,

s e e e e
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2.1.2,4.1 Fabrication/Assembly

This phase begins with the insertion of the waste form into the
primary container, and ends with the beginning of transport of the flight-
shielded primary container out of the fabrication faecility. During this
phase, auxiliary cooling and additional shielding may be required. The
primary container is the principal containment barrier during this phase.

2.1.2.4.2 Terrestrial Transport

This phase begins at the time of loading of the waste container and
shield into the shipping cask and ends with the unloading at the launch site.
Throughout this phase, active auxiliary cooling may be required to maintain
thermal limits. At both ends of the phase, additional shielding may be
required. The requirements are defined for irradiated nuclear materials in
existing U.S. regulations. They are expected to be similar to regulations
governing transport of processed waste. While in the shipping cask, the cask _
vessel will be the principal containment barrier during transport. ,

2.1.2.4.3 Launch Site Handling

This phase, similar to the initial one, begins with the arrival of
the shipping cask at the launch site and ends with the completion of transfer
into the launch system. Auxiliary cooling, and additional shielding, may be
required during this phase depending on the waste form characteristics. The .
principal containment barrier remains the primary container. ~

2.1.2.4.4 Launch to Earth Orbit

This phase begins with the loading of the waste payload into the
launch system, and ends after Earth orbit has been achileved. Auxiliavy
cooling may be required for most of this phase depending on the waste form
characteristics. Containment will rely principally on the primary container.
Accldent conditions that might occur during this phase are amonyg the nost
severe. The guidelines durinyg this phase allow for (1) no meltinyg, and (2) no
significant failure of the waste contalner,

2.1.2.4.5 Orbit Transfer to Destination

. This mission phase commences with the removal of the waste payload . -
from the launch system upon arrival at Earth orblt, and councludes with ‘the
payload arrival at the final destination. No active auxiliary cooling u{ll be
required during this phase. Containment guildelines for this phase (and the
long term) arc expected to be less restrictive than those for near-term phases .
fiwolving greater chances of public exposure. The radiation shield, primary
container, and waste form provide the principal containment barrier for the
waste.,

B
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2.1.3 Accident Environments

The accident environments that_need to be considered in the design of
containment and other auxiliary systems are as follows:

Shipping accidents

Ground handling accidents

On-pad or near-pad booster vehicle failures
Reentry accidents.

2.1.3.1 Shipping Accident Environments

DOT and NRC regulations, as defined in 49 CFR 170 to 179 (U.S. DOT,
1979) and 10 CFR 71 (U.S. NRC 1978), will be assumed for the ground shipment
of nuclear waste payloads from the waste payload fabrication facility to the
launch site. Sequential test environments for shipping cask accidents are
given below. Initial coanditions are assumed the same as for the normal

© condition,

° A 9-m drop in worst orientation onto an unyielding surface
e¢ A l-m drop iIn the worst orientation onto the end of
15~cn-diameter, 20-cm-high bar (mild steel)

® A 30-min ground fire at 800 C followed by 3 hours of no artificial
cooling, with a cask emissivity of 0.9 and cask absorptivity of
0.8 . . .

e An 8-hour immersion in 0.9 m of water.

At the end of this test, the shipment will meet the conditions speci-
fied in 10 CFR 71.36, including:

(1) An external radiation dose rate not exceeding 1000 mrem/hr at 1
m from the external surface of the waste package

(2) No release of radioactive material from the package, except for
gases and contaminated coolant containing total radioactivity
exceeding neither:

(a) 0.1 percent of the total radiocactivity of the package
contents; nor

(b) 0.01 Ci of Group I radionuclides
0.5 C1 of Group I1 radionuclides
10 Ci of Group III radionuclides
10 Ci of Group IV radionuclides, and
1000 Ci of inert gases irrespective of transport group.

- -
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2.1.3.2 Ground Handling Environments

The payload systems, auxiliary support equipment, and facilities must
be designed to minimize the occupational radiation exposure to workers (sece
Table 2-1). Care must also be taken to ensure that if certain subsystem fail-
ures occur during ground handling, radiation exposure and contamination are
kept to as low as reasonably achievable. The waste payload preparation facil-
ity at the launch site should be dasigned as a total containment facility.

2.1.3.3 On- or Near-Pad or Ascent Booster Accident Environments

The payload package must be designed to survive the predicted
accident environments for a given time in the flight for a given vehicle (sce
Rice et al, 1980a) 1in expected sequence without a major breach of primary
containment. Initial conditions are assumed to be the normal condition. An
example of predicted enviromments is given below for the on=- or near-pad for
liquid boosted Space Shuttle (from Rice et al, 1980a). This example would

generally provide the worst-case accident potential, assuming proper .

consideration of ground impact.

e A blast side-on overpressure of 250 N/cm2, a reflected over-
pressure of 1700 N/cmz, and side~on and reflected 1impulses of
2.0 and 15.0 Nes/cm2, respectively, 1in worst orientation based
upon a 10 percent explosive yleld of the External Tank (ET)
propellants.

e A potential edge-on penetration of 1 impacting fragment per n?,
assumed to be a disc 100 cm in diameter and 0.56 cm thick, having
a mass of 12 kg, and moving at 500 m/s (assuming the worst
orientation).

e A heat flux of 3500 kW/m2 for 15 seconds from a liquid propel-
lant fireball.

e A 60-min ground fire at 1100 C followed by 2 hours of no artifi-
cial cooling.

@ An impact in the worst orientation onto an unyielding surface at
10 percent higher than the predicted impact velocity; or an impact
onto land such that the payload 1s buried, 1in low conductivity
soll (k = 0.35 W/m2:C), but does not reach 90 percent of the
melt absolute temperature.

e An impact in the worst orientation into 25 C water at a velocity
10 percent higher than the predicted Impact velocity, followed by
a descent into the ocean to a depth corresponding to a hydrostatic
pressure of 12,000 N/cm2.

At o A
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o An Impact while restrained in the flight support system mounted in
the Orbiter cargo bay at any of the combinations of velocity and
direction as shown in Figure 2-1, followed by a TBD crushing load
imposed by the Orbiter structure (see Reinert et al, 1981).
122 M/S (400 FT/S)
ENVELOPE OF POSSIBLE
CRASH CONDITION YELOCITY
VECTORS
{DIRECTION OF
= X FORWARD FLIGHT)
4 305 M/s (1000 FT/S t 10°)
/"\

WASTE PAYLOAD

X, Y, Z ARE IN ORBITER
COORDINATE SYSTEM

FIGURE 2-1. RECOMMENDED DESIGN CRITERIA FOR SHUTITLE CRASH IMPACT ANGLE

2.1.3.4 Reentry Accidents

The payload package shipped to its space destination must be able to
withstand inadvertent reentry into the Earth's atmosphere and impact onto the
Earth's surface without the dispersion of significant quantities of radioac-
tive material. The reentry envirouments that must be considered for the space
disposal mission are defined as follows:

o 4 decaying reentry trajectory {(shallow angle Skylab type) to
provide maximum heating energy possible.

e A reentry trajectory (steep angle) which provides the maximum
heating flux possible.

e An impact in the worst orientation onto an unyielding surface
(western granite) at a velocity 10 percent hizher than the
predicted impact velocity, or an impact onto land such that the
reentering waste payload is buried in low conductivity eoil (k =
0.35 W/m2+C), but the waste form does not reach 90 percent of
the melt absolute temperature.

s apaEr it = . NIRRT I
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e An impact in the worst orientation into 25 C water at a velocity
10 percent higher than the predicted impact velocity, followed
by a descent into the ocean to a depth corresponding to a hydro-
static pressure of 12,000 N/cm2.

The response. df the ﬁayldad package to the reentry environments

mentioned above should be calculated after the possible reentry conditions
have been deternined by analysis for a specific disposal mission type.

2.1.4 Criticality

The radioactive waste payload package nmust be subcritical (calculated
K-effective +3c <0.95) for normal operations or any possible credible acci-
dent during processing, fabrication, handling, storage, or transport to the
space destination. Calculations should show that any credible change in waste
form geometry and any credible grouping of packages will not cause K-effective
+30 to exceed 0.95.

2.1.5 Postaccident Recovery

Postaccident recovery teams should be made part of the operational
disposal system. They should be responsible for all accident recovery opera-
tions, 1including accidents i{involving processing, payload fabrication and
railroad shipment, payload preparation at the launch site, the launch, and
possible reentry. Special recovery equipment should be developed and provided
for possible use in postaccident recovery activities., Every credible even-
tuality should be considered in developing recovery plans. Every effort
should be made to recover as nmuch waste material as possible,

2.1.6 Monitoring Systins

Monitoring systems should be developed for the overall system such
that overall mission safety can be assured. Examples of such systems include:
devices for measuring radiation; temperature and pressure in the waste payload
package; instruments to provide data for tracking the payload during {its
transit to {its desired destination; and permanent labeling specifying the
product, contents, history, and radiation projection of the waste contents,

2.1.7 1Isolation

The nominal space destination should ensure, at a minimum, an
expected 1isolation time from the Earth's bilosphere Iin excess of one million
years, and should not adversely interfere with normal space operations

projected to be carried out by future generations. Careless contamination of
celestial bodies should be avolided.
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2,2 Specific Safety Guidelines

The following paragraphs define specific safety design guidelines
established (based upon the general guidelines) for the Reference Concept for
space disposal of nuclear waste (as defined in Section 3,0). Safety aspects
not stated here are inferred from the general safety guidelines. As the
Reference Concept changes, these guidelines may also change. The safety
guldelines are discussed in terms of Reference Concept elements.

2.2.1 Waste Form

For normal conditions, a cermet temperature of 1050 C (90 percent of
fabrication absolute temperature) shall not be exceeded. For accident condi-
tions, a cermet temperature of 1050 C (90 percent of melt absolute tempera-
ture) shall not be exceeded. Criticality requirements shall also be met.

2.2.2 Waste Processing and Payload Fabrication Facilities

The design and operation of these facilities will follow current
proposed regulations, as specified for reprocessing plants.,

2.2.3 Shipping Casks and Ground Transport Vehicles

Shipping casks and ground transport vehicles will comply with DOT and
NRC regulations. The maximum outside diameter of the shipping cask will be
3.05 m (10 ft). When required for heat rejection, a redundant cooling systen
for the shipping cask will be required.

2.2.4 Payload Primary Container/Core

For normal conditions, the outer surface of the primary 316 stainless
steel container/core shall not exceed a temperature of 416 C (40 percent of
melt absolute temperature)., No chemical nor physical interaction will occur
between the cermet waste form and the container. For accident conditions, the
primary container must not exceed a temperature of 1280 C (90 percent of melt
absolute temperature), :

2.2.5 Radiation Shield

The radiation shield, including outer layer shielding contributions
for flight systems, will be designed to limit radiation to no more than 1000
mrem/hr at 1 n from the package surface under normal conditioms, The
Inconel-625 shield itself, when stripped of all outer "nonshielding"” lavers of
the payload package, will not exceed 2000 mrem/hr at I m from the shield.
Auxiliary shielding will be designed such that radiation exposure linits (sece
Tables 2-1 and 2-2) for ground personnel and flight crews are not exceeded
during handling or flight operatlons.
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For normal conditions, the temperature limit for the flight radiation
shield is 363 C (40 percent of melt absolute temperature). For accident con-
ditions, the stainless steel radiation shield must not exceed the temperature
of 1157 C (90 percent of melt absolute temperature).

2.2.6 Reentry Systems

The reentry system for the Reference Concept includes two basic sys-
tens: the booster vehicle reentry system and the payload package reentry
system.,

The booster vehicle reentry system is the Space Shuttle Orbiter. It
has the capability to detach from the ET and perform a controlled maneuver to
a proper safe landing site (return-to-launch site, abort-to-contingency land-
ing strip, abort-to-orbit, abort-to-sea, or abort-to-land) at almost any time
in the flight. The Orbiter has sophiscicated and redundant guidance and con-
trol systems, an elaborate thermal protection system, as well as a manned
crew, which will all aid in the safe return to Earth of the payload package as
a result of a critical ascent booster system failure. In addition, the
Jrbiter will carry a structural pallet (to support the waste during launch)
that will reduce the Orbiter crash-landing 1loads placed on the payload
package. Also, the Orbiter will provide systems which will allow for Orbiter
flotation in the event of a ditching at sea.

The reentry system for the waste payload package must include provi-
sions to survive expected on-pad and reentry accident environments. The
system nust include: (1) provisions for absorbing the expected external
impact loads, (2) a fire and reentry thermal protection system, and (3) a
transmitter for recovery. The thermal protection system will not ablate more
than 50 percent of its initial thickness during postulated worst-case reeantrv
environments. The outer side of the package will have proper labeling.

2.2.7 Launch Site Facilities

The launch pad used for launching nuclear waste into space should be
a dedicated pad. The Nuclear Payload Preparation Facility (NPPF) should be
designed as a total containment facility.

2.2.8 Uprated Space Shuttle Launch Vehicle

The Uprated Space Shuttle launch vehicle design will reflect consid-
erations of keeping on-pad accldent environments as low as possible. Every

effort will be made to save the payload and crew from adverse accident

_environments.
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2.2.9 Earth Parking Orbits

Intermediate Earth parking orbits shall be incorporated into the
flight profiles of space transportation systems to allow a minimum of 6 months
before orbital decay of the nuclear waste payload package could occur.

2.2.10 Orbit Transfer Systems

Achievement of payload delivery is defined as starting in the proper
Earth parking orbit and ending within the bounds of the following: 0.85 +
0.01 A.U. and 1.00 + 0.20 degrees inclination.

2.2.11 Space Destination

The nominal space destination solar orbit at 0.85 A.U,, 1 degree fronm
the Earth's orbital plane, will be verified by proper analysis to provide an
expected isolation time of at least one million years,

2.3 Definition of Terms

The following terms are defined in the context of the safety guide~
lines as used in this section:

" Ablation Shield - a layer of protective package material attached to
the outside surface of the payload. It is designed to reduce the
heating effects during inadvertent atmospheric reentry,

Accident Conditions - as contrasted to normal conditions, are low in
probability and high in severity. The corresponding philosophy for
the containment barrier is to survive accidents with low consequences
rather than remain in an operable state.

ALARA - less than maximum allowable and as low as reaéonably achiev-
able. Federal regulations require this principle to be used in most
nuclear technology license applicatious.

Barrier - any medium or mechanism by which either release of encapsu-
lated radioactive waste material is retarded significantly or human
access is restricted. Exanmples of barriers are the waste form, the
primary container, and isolation.

Containment - a condition in which a hazardous material 1is isolated
from the environment to an acceptable degree.

Criticality - a measure of the capability of sustaining a nuclear
chain reaction in a package containing fissile materials.

Decomposition - any significant change in physical or chenical
properties resulting in a reduction in mechanical strength, etc.
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DOT - U.S. Department of Transportation; regarding handling of
nuclear materials, Title 49 of the Code of Federal Regulations, Parts
173.389-1730399'

Fabrication - that stage of the waste treatment process in which the
waste form is fabricated to i1ts proper shape and placed within the
primary container. .

Fracture Toughness - the measure of a material's ability to absorb
energy during plastic deformation; resistance to fracture.

High-Level Waste - the waste product resulting from the first separa-
tion step of Purex fuel-reprocessing operations,

Impact Absorber -~ that portion of a nuclear waste payload package
intended to be an energy absorber while reducing impact forces trans-
mitted to the payload.

Launch Site -~ the location on Earth's surface from which the space
disposal missions are launched.

Material Interaction ~ the behavior of materials in contact with one
another where a significant change in physical or chemical properties
results,

Normal Conditions - conditions that result from normal handling and
transportation operations. No irreversible effects shall result to a
containment barrier.

NPPF - Nuclear Payload Preparation Facility; that launch site facil-
ity providing interim storage and remote handling operations for the
waste payload from the time of receipt at the launch site until
launch operations begin.

NRC - U.S. Nuclear Regulatory Commission; regarding transportation of
nuclear materials, Title 10 of the Code of Federal Regulations, Part
71. .

Primary Container/Core - the shell or vessel, adjacent to the
high-level waste form, that provides containment throughout all
mission phases. :

Radiation Shield - that component of the payload package which 1is
intended to reduce the nuclear radiation environment to acceptable
levels,

Rem - roentgen equivalent, man; a unit of radiation dose which takes
into account the relative bilological effectiveness of radiation
energy deposition,

Shipping Package - an enclosure and its systems licensed to transport
radioactive materials (including high-level waste).
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SOIS ~ Solar Orbit Insertion Stage used to insert (circularize) the
payload package into the proper 0.85 A.U. solar orbit,

Uprated Space Shuttle - reference launch vehicle for nuclear waste
disposal 1in space. Vehicle uses Liquid Rocket Boosters and has a
payload capability of 45,400 kg.
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3.0 SPACE DISPGSAL CONCEPT DEFINITION

The purpose of this section is to summarlze the various concept
definitions currently envisioned for the nuclear waste disposal 1in space
mission. The concept definitions described herein have developed over the
years and represent the works of PNL and Boeing during the 1981-1982 time
period (see Reinert et al, 1982 and McCallum et al, 1982). One “"Reference
Concept”, defined for use in this study, was selected by a committee made up
of NASA, ONWI, BCL, PNL, SAI, and Boeing representatives. Considerations that
were given in selecting the Reference Concept included: (1) potential for
risk benefit, (2) short- and long-term safety, (3) cost, (4) current state of
technology, and (5) expected directions of NASA developments. An overview of
the Reference Concept is given in Figure 3-1. Section 3.1 defines the overall
Reference mission, giving emphasis to operational or procedural aspects.
Definitions for specific Reference nission elements (e.g., waste payload
characteristics, space. systems, and facilities) are provided in Section 3.2;
emphasis 1s on hardware and facilities. Section 3.3 describes the major
contingency plans and systems that have been defined for the overall Reference
mission to minimize effects caused by possible accidents and/or malfunctions.
General space system hardware and propellant requirements for the waste
disposal activity are identified in Section 3.4. Section 3.5 provides
definition of alternative waste payloads (e.g., technetium and iodine).

3.1 Overall Reference Mission

The major aspects of the Reference mission defined in this section
are illustrated in the pictorial view in Figure 3-2. This mission profile has

been divided into seven major activities. The first two activities are ex-

pected to be the responsibility of the U.S. Department of Energy (DOE), and
the last five are expected to be NASA's. These are:

(1) ©Nuclear Waste Processing and Payload Fabrication
(2) Nuclear Waste Ground Transport

(3) Payload Preparation at Launch Site

(4) Prelaunch Activities

(5) Launch Vehicle Operations

(6) Orbit Transfer System Operations

(7) Payload Monitoring.,

Rescue and recovery systems are discussed in Sections 3.2 and 3.3, Defini-
tions and requirements for individual system elements are discussed in Section
3.2.

3.1.1 Nuclear Waste Processing and Payload Fabrication

Typically, spent fuel rods from domestic power plants would be trans-
ported to the waste processing and payload fabrication sites via conventional
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LAUNCH VEHICLE: UPRATED SPACE SHUTTLE (LIQUID BOOSTERS)
SHUTTLE DERIVED VEHICLE (LIQUID BGOSTERS)
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l
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FIGURE 3-1. OVERVIEW OF REFERENCE CONCEPT FOR INITIAL
NUCLEAR WASTE DISPOSAL IN SPACE
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shipping casks. Using a Purex process, high-level waste containing fission
products and actinides, including 0.5 percent plutonium and 0.1 percent
uranium, would be processed from these spent fuel rods. Additional processing
would remove 95 percent of the cesium and strontium for disposal in the mined
geologic repository. Additional plutonium, processed from transuranic (TRU)
wastes, would be added to the mix for space disposal. The mix would be aged
for roughly 50 years.* The resulting high-level waste for space disposal
would be formed into a cermet matrix by a calcination and hydrogen raduction
process. At the appropriate time, the waste form would be fabricated into
cylindrical billets (3167 billets, each 5.858 cm in diameter). The waste
billets would have a mass of 3000 kg. Within a remote shielded cell, the
waste billets would be loaded into a spherical container/core; the container/
core would be closed and sealed, inspected, decontaminated, and packaged into
a flight-weight gamma radiation shield assembly (see Figure 3-3).

SHIELDED OVERHEAD CRANE

- SHIELDED
LOADING
00CK iy

CORE LOAD
STATION
SHIELD
ASSAY STATION
INSPECTION
STATION
WELD
STATION

FIGURE 3-3. WASTE PAYLOAD ASSEMBLY FACILITY (FROM BOEING STUDY)

*Note: Fifty-year aging was reconmended by PNL to be the most sensible way
of reducing the heat production in the waste, such that postburial meltdown
would not occur should there be {nadvertent reentry (see Safety Guidelines,
Section 2.1.2, Containment).
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3.1.2 DNuclear Waste Ground Transport

The shielded waste container would be loaded into a ground trans-
portation shipping cask. This cask, which would provide additional shielding
and thermal and impact protection for the waste container to comply with the
NRC/DOT regulations, would then be loaded onto a specially designed rail car
for transporting the waste container from the waste payload fabrication site
to the Kennedy Space Center (KSC), Florida launch site. Once the cask reaches
the launch site, it would be unloaded into the shielded loading dock of the
Nuclear Payload Preparation Facility (NPPF).

3.1.3 Payload Preparation at Launch Site

The Nuclear Payload Preparatlon Facility (NPPF) would provide interim
storage capability for a number of shielded waste payloads, affording effi-
cient preparation for launches plus capacity for unplanned delays (see Figure
3-4). During storage, additional radiation shielding, thermal control,
monitoring, and inspection of the waste payloads would be provided.

SHIELDED PAYLOAD
CANISTER

WASTE PAYLORD
SHIELDED STORAGE

WASTE FAYLOAD/NPPF
INTEGRATION

WASTE PAYLOAD SYSTEM ASSEMBLY

FIGURE 3-4, POSSIBLE CONCEPT FOR A NUCLEAR PAYLOAD PREPARATION
FACILITY (NPPF) (FROM BOEING STUDY)

3.1.4 Prelaunch Activities

In preparation for launch, the nuclear waste payloads are prelaunch=~
checked in the NPPF. The first waste payload (waste form, core, radiation
shield, and graphite/steel tiles) is mounted on the build-up frame in the
assenbly canyon (see Figure 3-4). The 1interpayload support structure is

oy
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remotely installed on the waste payload. The second waste payload is then
mounted on the interpayload support structure. The installations are accom-
plished using a shielded crane. The waste payload system is installed in the
flight support system, and is either stored for later flight or installed into
a shielded canister. The payload canister is shielded to further reduce the
external dose rate and 1is designed to provide commonality with the Rotating
Service Structure (RSS) and Orbiter interfaces and to accommodate remote
installation and removal of the waste payload system. The canister is trans-
ported to an area where it 1is erected and taken to the RSS at the Launch
Complex.

Transfer of the payload and supporting structure to the launch pad's
Rotating Service Structure (RSS) is accomplished by a speclal-purpose trans-
porter which maintains the Shuttle payload and its supporting structure in the
proper position for installation in the Orbiter cargo bay. Payload transfer
from the NPPF to the pad is made after the Shuttle vehicle installation at the
launch pad has been completed. The waste payload is remotely installed in the
Orbiter using a payload ground-handling mechanism. After payload installation
and final systems checkout have occurred, and the OTV/SOIS has been properly
positioned on orbit, the decision to launch is made.

The OTV, which provides escape from low-Earth orbit and insertion
into the heliocentric transfer trajectory, and the SOIS, which circularizes
the waste payload into the solar orbit disposal destination, are prepared for
launch in the OTV Processing Facility.

3.1.5 Launch Vehicle Operations

One Uprated Space Shuttle and one Shuttle Derived Vehicle (SDV) would
be readied for launch for a given disposal mission. Pad C, which is to be
constructed at KSC Launch Complex 39, would be used to launch the nuclear-
payload-carrying Uprated Space Shuttle., Pads A or B would be used for the SDV
launch.

The SDV would be launched first to place the orbit transfer system
(OTV/SOIS) in a 370-km circular orbit inclined 38 degrees to the equator. The
SDV propulsion and avionics module would reenter and be recovered for reuse,

Approximately four hours after SDV launch, the Uprated Space Shuttle,
with two waste packages, would be launched to rendezvous with the orbiting
OTV/SO01S. ‘The Shuttle Orbiter would approach the OTV/SOIS using its vernier
thrusters. There would be a soft docking, at which point the Orbiter's
attitude control would be shut down, Several hours later a transfer of the
payload to the OTV/SOIS in the cargo bay of the Orbiter would occur. The
Orbiter and OTV/SOIS would then separate, and the Orbiter would back off from
the OTV/S0IS/payload at a velocity of 0.5 m/s.

After the OTV delivers the nuclear waste payload and SOIS to the
desired trajectory and returns to a low-Earth orbit, the Orbiter would
rendezvous with the OTV and return it to the launch site to be refurbished for
use on a later nission.
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3.1.6 Orbit Transfer System

After the O0TV/SOIS/waste payload system has passed final systems
checkouts, thc¢ OTV propulsive burn will place the SOIS and its attached waste
payload on the proper Earth-escape trajectory. Control of the propulsive burn
from low-Earth orbit will be from the aft deck payload control station on the
Orbiter, with backup provided by a ground control station, After the burn {is
complete, the S0IS/waste payload is then released. In approximately 165 days
the payload and the cryogenic LOX/LHp propellant SOIS will travel to its
perihelion at 0.85 A.U. about the Sun. [One astronomical unit (A.U.) is equal
to the average distance from the Earth to the Sun.] The SOIS will place the
payload in its final space disposal destination by reducing the aphelion from
1.0 to 0.85 A.U. To aid in obtaining the’ desired orbital lifetimes, this
orbit will be inclined to the Earth's orbital plane by 1 degree.

Recovery burns using the remaining OTV propellant and aerobraking
will return the OTV to low-Earth orbit for rendezvous with the Shuttle Orbiter
for subsequent recovery, refurbishment, and reuse of the OTV on a later
mission., The reference OTV/SOIS mission profile is shown in Figure 3-5.

DISPOSAL ORBIT
0.85 AU, CIRCULAR,

EARTH (RBIT 1 DEGREE INCLINATION
DEPMTURE\
17
(230 LY

Ey) R~ ELLIPTIC OTV
RETRO ORBIT

PILIOCINTRIC
TRANSFER TRAJECTORY

1-2 Uprated Space Shuttle (45,400-kg payload) and Shuttle Derived Vehicle as-
cent from Earth to a 370-km circular orbit with a 38-degree inclination.

2-3 Prime OTV burn of approximately 32 min for escape from low-Earth orbit on
elliptic solar orbit transfer trajectory with perigee of 0.85 A.U. and
l1-degree of inclination to the Earth's orbital plane. The AV for this
maneuver is 3390 m/s.

3 OTV separation from the SOIS/nuclear waste payload and retro burn to an
elliptic Earth orbit. The AV for this maneuver is 400 m/s. The OTV life-

time for return to the Orbiter {s approximately 67 hours. The apogee for
this orbit is 61,000 kn.

4 0TV circularization {into the 370-km, 38-degree 1iuclination recovery
orbit. The AV is 120 m/s.

5 SOIS and payload circularization into 0.85 A.U., l-degree inclination to
the Earth's orbital plane. The AV is 1280 m/s.

FIGURE 3~5. REFERENCE OTV/SOIS MISSION PROFILE
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3.1.7 Payload Monitoring

Monitoring of the Earth escape trajectory of the SOIS/waste payload
would be accomplished by ground-based radar systems and telemetry from the

The achievement of the final disposal orbit would be monitored
Once the proper disposal orbit has been
However, monitoring could be

SO0IS and OTV.
by NASA's Deep Space Network.
verified, no additional monitoring 1is necessary.
reestablished in the future if required.

3.2 Reference System Elements and Operation
Definitions and/or Requirements

The definitions for Reference mission system and operation elements

are described below. Thirteen major system elements have been identified for
definition here:

(1) Waste Source
(2) Waste Mix
(3) Waste Form
(4) Waste Payload System
(5) Shipping Casks and Ground Transport Vehicles
(6) Launch Site Facilities
(7) Uprated Space Shuttle Vehicle
(8) Shuttle Derived Vehicle
(9) Orbit Transfer Vehicle
(10) Solar Orbit Insertion Stage
(11) Rescue Vehicle
(12) Flight Support System
(13) Space Destination.

Definitions for the Reference mission system elements follow.

3.2.1 Waste Source

The primary waste source would be nuclear waste generated by the
operation of commercial nuclear power plants and recovered by reprocessing.
Table 3-1 provides the most realistic projections of waste generation (assum-
ing 200 GWe by the year 2000) found in the literature (Yates and Park, 1979).
By assuning that the waste must be at least 10 years old before 1t can be
reprocessed and be available for disposal, and that reprocessing capacities
are able to process the waste according to the proposed schedule, the annual
total amount of waste avallable for disposal is given. Projections of the
mass available for eventual space disposal are also given. The mass of waste
available annually for eventual space disposal, in cermet form, will increase
to 227 netric tons (MT) by the year 2012 (launches would actually occur over a
25-year perilod beginning in the 2030-2040 time frame). Also shown in the
table are projections for technetium and lodine disposal in space.
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TABLE 3~1, TWENTY-FIVE YEAR PROJECTED U.S. NUCLEAR POWER GENERATION
. AND POSSIBLE COMMERCIAL HIGH-LEVEL WASTES AVAILABLE .
FOR SPACE DISPOSAL (100,000 MTHM BASIS)
Annual High-lLevel Purex Annual Technetfum Annual Todine
Annual Nuclear Vaste in Cermet Form(b) Waste in Metallic Waste 1s Pbl,
Cumulative{3)  Waste Available Available for 30—~ to 40~ Form Available Form Available
Pover, Waste, for Disposal, Year Storage Before for Space Disposal, for Space Disposnl
Year GWe MTHM MTHM/yT Space Disposal, Mr/yr(c) MT/ye(d) Mr/yr(e)
1979 61.9 5890(f) 0 - 0 0 0
1980 74,8 7690 0 0 0 0
1981 87.3 9790 0 0 0 0
1982 101.1 12,220 0 0 0 [}
1983 115.4 14,990 0 0 0 0
1984 131.4 18,140 0 0 0 [o]
1985 144.3 21,600 0 0 0 0
1986 157.1 25,370 0 0 0 [
1987 164.9 29,330 0 . 0 0 0
1988 174.0 33,510 0 0 0 0 -
1989 180.9 37,850 5890(£) 279 4,62 2.36
190 186.5 42,330 1800 85 1.35 0.72
* 1991 188.9 46,860 2100 ' 100 1.57 0.84
1992 190,1 51,420 2430 115 1.82 0.97
1993 192.5 56,040 2770 131 2.08 1.11
1994 194.0 60,700 3150 149 2,36 1.26
1995 195.0 65,380 3460 164 2,60 1.38
’ 1996 196.0 70,080 3770 166 2.83 1.51
1997 197.0 74,810 3960 188 2.97 1.58
1998 198.0 79,560 4180 198 3.14 1.67
1999 199.0 84,340 4340 206 3.26 1.74
2000 200.0 89,140 4480 212 3.36 1.79
2001 200.0 93,940 4530 o t 214 3.40 1.81
2002 200.0 98,740 4560 216 3.42 1.83
2003 52,4(8) 100,000(8) 4620 219 3.46 1.85
2004 —(h) -=(h) 4660 221 3.50 1.86
2005 -— -— 4680 222 3.51 1.87
2006 -— - 4700 223 3.52 1.88
2007 -— -— 4730 . 224 3.55 1.89
2008 — - 4750 225 3.56 1.90
2009 - — 4785 227 3.58 1.91
2010 - -_— 4800 227 3.60 1.92
2011 -— - 4800 227 3.60 1.92
2012 -— -— 4800 2217 3.60 1.92
2013 - - 1260¢g) 60 0.94 0.51
TOTALS 100,000 4725 75.00 40.00
(a) Projections through 2000 from: Yates, K. R., and U. Y, Park, “Projections of Commercial Nuclear Capacity and
Spent~Fuel Accunulation in the United States™, Transactions of the American Nuclear Society, pp. 350-352 (June
1979).
(b) Assuzes 31,94 kg/MTEM wvaste for space disposal (including removal of 95 percent of the cesium and strontium) and
cermet waste form loading of 67.4 percent (McCallum et sl, 1982).
. (c) The waste must be decayed an additional 30 to 40 years before it can be flown into space, given the current Safet\
—. Guidelines and payload packaging concept.
3) Based on 0.75 kg technetium metal per 1 MTHM (McCalluz et al, i982).
.e) Based on 0.40 kg PbI; per 1 MTHM (McCallum et al, 1982).
(f) 1Includes 4400 MTHM existing as of 1978.
. (g) Data match cumulative 100,000 MTHY for MGR Reference Case used in this risk study.
(h) For purposes of this study, data beyond this point are uot shown,
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3.2.2 Waste Mix

The waste mix to be disposed of in space 1s reprocessed high-level
waste (containing 0.5 percent of the plutonium and 0.1 percent of the uranium
present in the fuel rods at the time of reprocessing) that has been out of the
reactor for approximately 50 years. Also, at the time of reprocessing, 95
percent of the strontium and cesium is removed. Gases and TRU wastes, plus 95
percent of strontium and cesium, would go to disposal in the mined repository.
Plutonium would be processed out of the TRU wastes; this fraction would be
added to the mix and go into space for disposal. The combination of cesium
and strontium removal and the 50-year aging c¢f the waste 1s needed to avoid
postburial meltdown for the "Reference-sized” sphere packages flown on a given
mission. - (Smaller spheres or dilution of the wasta form would allow the space
disposal of 10-year-old waste.) Waste mix for space disposal amounts to 31.94
kg/MTHM,

3.2.3 Waste Form

The Reference waste form for space disposal is the Oak Ridge National
Laboratory (ORNL) iron/nickel-based cermet (ceramic/metal matrix), a disper-
sion of ceramic particles in a continuous metallic phase. This waste form has
been chosen over others because of its expected responses to possible accident
environments. The cermet is expected to have a waste loading of the order of
67.4 percent, where 100 percent is defined as high-level waste in oxide form.
The thermal conductivity is expected to be about 9.5 W/m*C, and the density
is about 6.5 g/cc.

3.2.4 Waste Payload System

The cermet waste form would be made into cylindrical billets that are
5.852 cm long and 5.858 cm in diameter. They would be placed into a 316
stainless steel spherical waste form support structure or core. The core has
241 parallel holes bored in it to accommodate the stacked cylindrical billets
(see Figure 3-6). At the waste payload fabrication facility (see Figure 3-3),
the billets would be installed in the core using an automatic loading machine.
Covers at both ends of each bore would be installed to retain the billets.
The loaded core would then be lowered into the lower half of the Inconel-625
container/integral shield. The upper half of the integral shield would then
be lowered into place and the ‘upper and lower shield halves electron-beam
welded together. Graphite/steel tiles would be preinstalled on the shield
halves, except that a "belt” around the equator would be left free of tiles to
allow the electron-beam weld. Following the weld, the remaining closeout
tiles would be installed using remote-handling equipment. The waste payload
is then ready to be placed in a shipping cask for transport to the launch
site.

BATTELLE — COLUMBU®S




\
WASTE YORM
SUPPORT
STRUCTURE
(316 STAINLESS
STEEL)

PRIMARY
CONTAINER
AND RADIATION
SRIELD
(INCONEL-625)

FIGURE 3-6.

GRIGiHAL PAGE IS
35  gF POOR QUALITY

GRAPHITE IXD CAP

FLIGET SUPPORT SYSTEM
INTERFACE TRUNNION (2)

HANDLING LUG (&)

Lo 1641 B0 e

CRAPHITE

304
s » STAINLESS

\— STEEL

;

|

GRAPHITE/STEEL

TILE

WASTE PAYLOAD PACKAGE FOR SPACE DISPOSAL

BATTELLE — COtLtUuMBUS

Py e




§
g
§
E

g
¥

‘ﬂ
g
It
gt
P
A
%

36

3.2.5 Ground Transport Vehicles and Casks

For transport from the waste fabrication facility to the launch site,
the integral waste container shielding would be housed in a shipping cask
which would afford additional shielding and thermal and impact protection tc
meet the Nuclear Regulatory Commission/Department of Transportation
regulations (U.S. NRC, '1978). "~ The ‘cask 1is expected to be licensed by the
Nuclear Regulatory Commission. The cask would be transported from the payload
fabrication facilities to the KSC launch site on a specially designed rail car
which would adequately support and distribute the weight of the cask and
provide acceptable tie downs.

3.2.6 Launch Site Facilities

The reference launch site for launching nuclear waste payloads during
the early phase of the program is Launch Complex 39 at Kennedy Space Center,
Florida. Facilities required to support the Reference Concept for space
disposal are given below.

(1) A secure, sealed, eunvironmentally controlled, Nuclear Payload

Preparation Facility (NPPF) to store, cool, monitor, assemble,
and checkout the waste payload systems from the time the
shielded nuclear waste contalner arrives at KSC until the time
the loaded payload reentry vehicle is moved to the launch pad.

(2) A dedicated, special-purpose transporter to move the nuclear
waste payload from the NPPF to the Rotating Service Structure
(RSS) at the 1launch pad. This 1includes construction of a
roadway or tracks for the transporter to use.

(3) A dedicated Space Shuttle launch pad (Pad C) for launching
nuclear waste payloads. The waste payload would be installed in
the Shuttle Orbiter at the pad.

(4) A Mobile Launch Platform (MLP) for transporting built-up
Shuttles from the Vehicle Assembly Building (VAB) to the launch
pads. Four MLPs would be required.

(5) A third firing room in the Launch Control Center (LCC) would
have to be activated to handle the increased number of Space
Shuttle flights dedicated to the nuclear waste disposal program.
This firing room would be used exclusively for the waste dis-
posal nissions.

(6) Processing facilities, including bays, support shops, work-
stands, and storage, would be necded for:

Orbiter - Two would be required to refurbish the Orbiters and
the SDV propulsion and avionics modules between flights,
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LiRBs - One would be required to checkout LRBs prior to
integration in VAB and to refurbish LRBs between flights.

ET - One would be required to buildup and checkout ETs prior to
integration in VAB.

Orbit Transfer System - One would be required to integrate and

checkout the Orbit Transfer System prior to integration with SDV
in VAB and to refurbish the OTVs between flights.

3.2.7 Uprated Space Shuttle Vehicle

During the early years of a space disposal program, the Uprated Space
Shuttle (45,400-kg payload to low-Earth orbit, see Figure 3-7) would represent
an ideal vehicle to carry out the boost phase of the space transport. The
National Aeronautics and Space Administration is now managing the development
of the Space Shuttle (to be operational at Kennedy Space Center in 1982), a
new class of space booster that is a reusable, low-cost vehicle that can
transport payloads to low-Earth orbit and back. Also, the Space Shuttle is a
manned piloted vehicle, with an intact mission-abort capability, thus making
it much safer than previous manned launch vehicles. It is anticipated that a
continued, evolutionary uprating of the Space Shuttle vehicle will occur in
the twenty-first century. The uprating assumed here involves the use of the
more powerful and environmentally cleaner Liquid Rocket Booster (LRB) as a
replacement for the Solid Rocket Booster (SRB).

SPACE SHUTTLE
MAIN ENGINE

FIGURE 3-7. UPRATED SPACE SHUTTLE VEHICLE
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The Uprated Space Shuttle consists of a piloted reusable orbiting
vehicle (the Orbiter) mounted on an expendable External Tank (ET) containing
hydrogen/oxygen propellants and two recoverable and reusable Liquid Rocket
Boosters (NASA/MSFC, 1979). The propellants for the LRBs are RP-1 (kerosene)
and 17 yjuid oxygen (LOX), having an oxidizer-to-fuel ratio of 2.9. The Orbiter
will have three main hydrogen/oxygen liquid rocker engines and a cargo bay
18.29 m long and 4.57 m in diameter. At launch, both the LRBs and the
Orbiter's three 1liquid rocket engines will burn simultaneously. After
approximately 124 seconds and after the Space Shuttle vehicle attains an
altitude of approximately 45 km, the LRBs will be separated and subsequently
recovered from the Atlartic Ocean. The ET is jettisoned before the Orbiter
goes into orbit. The Orbital Maneuvering System (OMS) is then used to propel
the Orbiter into the desired Earth orbit. The Orbiter with its crew and
payload (weighing up to 45,400 kg) will remain in orbit to carry out its
mission. When the mission is completed and the Orbiter has retrieved the 0TV,
the Orbiter is deorbited and piloted back to the launch site for an unpowered
landing on the runway at KSC., The Orbiter and LRBs would subsequently be
refurbished and flown on other space missions. NASA/MSFC (1979) provides data
on LRBs for the Uprated Space Shuttle. Table 3-2 provides a Reference mass
summary for the Uprated Space Shuttle Vehicle.

3.2.8 Shuttle Derived Vehicle

The Shuttle Derived Vehicle (SDV). shown in Figure 3-8, consists of:
(1) a large aerodynamic payload shroud (cargo bay 7 m in diameter and 30 m
long), with the SSME propulsion and avionics pod mounted piggy-back on an
expendable External Tank (ET); (2) the ET to supply propellants to the main
engines; and (3) two reusable Liquid Rocket Boosters (LRBs) also attached to
the ET. The propellants in the ET are 1liquid hydrogen (LHy) and 1liquid
oxygen (LOX), while the LRBs use RP-l (kerosene) and LOX. At launch, both the
LRBs and the three 1liquid rocket engines of the Space Shuttle Main Engine
(SSME) pod will burn simultaneously. After approximately 124 s and after the
Space Shuttle vehicle attains an altitude of approximately 45 km, the LRBs
will be separated and subsequently recovered from the Atlantic Ocean. The ET
- is jettisoned before the vehicle goes into orbit. During ascent, the payload
shroud 1s jettisoned and reenters and falls into the ocean, After the
propulsion and avionics pod carries out its delivery mission, it reerters and
1s recovered for use on other missions,

3.2.9 Orbit Transfer Vehicle (OTV)

The OTV (see Figure 3-9) is the injection stage which places the SOIS
and waste payload into the helloceatric transfer orbit. It would use two
RL10-1IIB engines 1in a dual-failure~tolerant main propulsion system. The
engines would use LOX and LHp as propellants for an oxidizer-to-fuel (O/F)
mixture ratio of 6.0 and a specific impulse of 465 s. A baliute decelera:tion
system would be used for aevobraking to reduce velocity when returning to
low-Earth orbit. Two Global Positioning System receivers would be used to
provide redundancy in navigation of the aerobraking maneuver. The OTV would
also have redundant avionics (dual-string system with two cowmputers). With a
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TABLE 3-2, MASS SUMMARY FOR UPRATED SPACE SHUTTLE VEHICLE
Vehicle
Component/Element Mass, kg Weight, 1b
Orbiter
Dry (Less Engines) 63,875 140,821
Engines 9,063 19,980
Personnel and Equipment 1,197 2,640
Residuals and Reserves 4,212 9,285
Total Inert 78,347 172,726
OMS/RCS Propellants 12,322 27,165
Total at Liftoff 90,669 199,892
External Tank (ET)
Dry 32,757 72,217
Residuals and Reserves 4,276 9,423
Total Inert 37,034 81,645
Usable Propellants (LOX/LHj) 711,196 1,567,918
Total at Liftoff 748,230 1,649,563
Liquid Rocket Boosters (Both)
Dry 126,269 278,376
Residuals 4,853 10,700
Total Inert 131,122 289,076
Usable Propellants (LOX/RP) 1,080,480 2,382,050
Total at Liftoff 1,211,602 2,671,126
Payload 45,360 100,000
Total Vehicle at Liftoff 2,095,861 4,620,581

Source: NASA/MSFC, 1979.
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20-mission service life, the OTV 1is designed to be refurbished after recovery
for use again on a later mission.

3.2.10 Solar Orbit Insertion Stage (SOIS)

The Solar Orbit Insertion Stage (see Figure 3-9) is a smaller version
of the 0OTV. The SOIS would use one RL10-IIB engine which has a thrust level
of 66.720 N and a specific impulse of 465 s. Redundancy would be built into
the guidance and control system with redundant guidance and navigation
sensors, three command units (each of which can execute all control functions
independently), and two transceivers (transponder, power anmplifier, and
diplexer) for communications between the SOIS and ground control. The SOIS
would be designed to adequately withstand the adverse nuclear radiation and
space environments experienced while coasting 165 days before filring.

A payload docking adapter system would be mounted to the front of the
S01S and would be compatible with the Flight Support System docklng system.
The adapter provides structural support for the waste payload during Orbit
Transfer System operations. In case rescue operations should be necessary,
redundant rendezvous transponders would be mounted on the payload adapter.

3.2.11 Rescue Vehicle

The rescue vehicle is a Shuttle-launched Orbit Transfer System., It
would include appropriate provisions for targeting and docking with the
nuclear waste container attached to an OTV/SO1S, the nuclear waste container
attached to an S0IS only, or a scparated waste container only. It would be
reusable or expendable, depending upon the rescue mission. This vehicle would
be required to have an on-orbit stay time of at least 308 days, with little
reduction expected in relfability or performance. The rescue vehicle may be
returned to Eavrth by the Shuttle Orbiter at the end of the cycle for
refurbishment, 1f recoverable.

3.2.12 Flight Support System

The dual waste payload system Is supported in the cargo bay by the
flight support system (F$S). The FSS also consists of an extendable docking
collar, tilt table, and guide rails. The docking collar is stowed away during
launch, but 1s extended to allow docking of the Orbit Transfer System. The
tile table and guide rails assist transtfer of the waste payload to the Orbit
Transfer System.

Flight operation of the FSS is described below and is shown in Figure
3-10.

e The Orbit Transfer System docks to the extended docking collar

¢ The waste payload is rotated 90 degrees by the tilt tadble
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e The waste payload is translated along the docking collar to the
Orbit Transfer System, waste payload support system.

FIGURE 3—10; FLIGHT SUPPORT SYSTEM OPERATION

3.2.13 Space Destination

The Reference space destination for the nuclear waste disposal mis-
sion is defined as an orbital region between the orbits of the Earth and
Venus. The nominal circular orbit is defined as 0.85 + 0.01 A.U. The orbital
inclination about the Sun 1is defined as 1 degree from the Earth's orbital

plane.

3.3 Accident and Malfunction Contingency Plans for Reference Concept

There are five general phases of the space disposal mission which
require development of accident and malfunction contingency plans:
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e Ground transportation from the payload fabrication sites to the
launch site

e Preflight operations prior to ignition of the Shuttle's engines
e Launch operations from the launch pad to acbhieving parking orbit
o Orbital operations
o Rescue operations.
Preliminary contingency plans for each of these operational phases are

addressed in the following sections,

3.3.1 Ground Transportation

Ground transport (via rail) of the shipping cask would be assigned to
the U.S. Department of Energy (DOE), which would supply the necessary accident
recovery plans aud systems, as needed. Two types of incidents that must be
considered are: (1) loss of auxiliary cooling to the waste coantainer, and (2)
possible breach of the waste container with a loss of radioactive material.
In case of cooling loss, adequate provisions should be made to have self-
contained, auxiliary cooling units available within a reasonable time.
Monitoring equipment for both container temperature and radfation will be
required during all ground transport operations. A continuous capability to
cope with a container breach will be necessary. A speclally trained accident
recovery crew will always be ready to act, if necessarty.

3.3.2 Preflight Operations

Contingency plans should be provided for potential malfunctions and
acclidents that could occur while waste payload packages are in the Nuclear
Payload Preparation Facility (NPPF), being transported to the launch pad,
befng transferred from the pad Payload Changeout Room (PCR) to the Uprated
Space Shuttle cargo bay, and awaiting liftoff in the Shuttle. Accidents and
contingency plans would be similar to those discussed in the paragraph above.

3.3.3 Launch Operations

Contingency plans, procedures, and systems eavisioned to minimize the
hazard caused by on- or near-pad failures are given helow. These would
ninimize the effects of severe blast wave, high-velocity fragments, fire, and
possible high-velocity impact.

® A two-Shuttle launch option will allow the two waste payload pack-
ages to be launched 1n -a cargo bay completely doedicated to the
support of the payload package. This allows additional safety in
that (1) no propellant-loaded Orbit Trausfer Vehicle is available
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to contribute to the close-in accident envirounment (explosion,
fire, high-velocity fragmerts), and (2) an additional structure

can be used to protect the payload packages in the event of a

crash landing or catastrophic failure.

Engine shutdown is an important factor in vehicle survivability as
a result of subsystem faflures., For the Uprated Space Shuttle,
all booster engines are liquid~fueled, and as such, they can be
shut down if a failure occurs during the englne start-up process,
and prior to actual 1liftoff. This capability is expected to
greatly reduce the probability of an on-pad catastrophic vehicle
failure. Also, the abort modes mentioned below become possible.

Flotation gear and locator beacons in the Orbiter will assist in
the recovery operation after ditching at sea.

Conservatively designed containment systems (e.g., container,
shielding impact, and thermal protection systems) will maximize
the probability of surviving the possible hostile envirouments.

A tough, so0lid waste form will be used that 1is not easily
dispersed under adverse conditions.

Appropriate 1launch constraints (e.g., wind direction) will be
applied to reduce human radiological exposure resulting from a
potential containment breach from a catastrophic launch accident.

A recovery tean will be ready to rescue the payload at sea or on
land.

Systems and procedures, -in -addition to some of those mentioned above,
which would minimize the hazard caused by subsystem failures during the boost
phase are as follows:

Intact aborts can be implemented after a few seconds into the
flight, Three types of intact aborts are possible for the Uprated
Space Shuttle: (1) the return-to-launch-site (RTLS), (2) abort-
once-around (AOA), and (3) abort-to-orbit (ATO).

Contingency aborts ﬁould lead to either a return-to-~land (runway
or crash landing) or to a ditching at sea.

Design of the boost trajectory to avoid land overflight, for exam-
ple the 38-degree inclination orbit, should help in reducing over-
all risk for the early portion of the flight.

3.3.4 Orbital Operations

The Orbit Transfer Vehicle (OTV) propulsion phase provides for trans-
portation from low-Earth orbit to the intermediate destination. In the
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initial years* of tne disposal mission, the OTV would be a high-thrust, chemi-

cal vropulsion (LH9/LOX) stage. To minimize possible failures the following

systems, procedures, and design guldelines are envisioned:

o The use of command OTV engine shutdown in the event of a grossly
inaccurate propulsive burn

e The capability to separate the Solar Orbit Insertion Stage (SOIS)
and attached payload from the OTV and the use of the SOIS to place
the payload in a safe orbit for eventual recovery by a rescue vehi-
cle or Shuttle Orbiter

e The use of a rescuc vehicle to retrieve a waste payload stranded
in any given orbit

e The use of redundant systems, where effective, to ensure high
reliability

e On—-orbit OTV launch crew to obtain instantaneous visual and tele-
netric status of the OTV propulsive burn (from the Orbiter)

e The proper design of trajectories and propulsive burns of the OTV
to reduce the probabllity for reentry, if a failure occurs

e A waste form which helps ensure intact reentry and recovery of the
payload, should an unplanned reentry occur, and the requirement
that the waste payload will not melt after self-burial in low-
conductivity soil :

o The use of thermal protection materfal on the outside of the
package to reduce the risk of atmospheric dispersal on the ground
and in the air, as well as an outer steel shield to protect the
reentry material in the case of explosion

e The use of a relativeiy high-melting-point container/core (316
stainless steel) and shield material (Inconel=625) to reduce the
risk of atmospheric disposal of waste,

The SOIS provides for transportation from an intermediate to the
final destination, For the Reference Concept, the SOIS is used to reduce the
aphelion from 1.0 to 0.85 A.U. Systems, procedures, and design requirements

envisioned to minimize hazards due to SOIS failures are:

*Later on, low-thrust technology (e.gf., solar electric propulsion using argon
propellant) might be used. With low-thrust systems, both the probability of
reentry and magnitude of an explosion are decreascd. In addition, there is a
much lonyger decision and response time available in case of a malfunction of
the low-thrust propulsion systems while i{n low Earth orbit. However, because
of the large solar arrays needed, the probability of solar array damage
caused by an {mpact with on-orbit, man-made debris could become significant
in the future.
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e The use of a rescue vehicle to retrieve a cooperative or non-
cooperative paylcad stranded in any orbit in heliocentric or Earth
orbital space

o The use of redundant SOIS systems where effective to ensure high
reliability

e The proper use of trajectories and orbits inclined to the Earth's
orbital plane that exhibit long-term orbital stability

e The use of long-lived tracking systems on board the SOIS to aid in
deep-space rescue operations.

3.3.5 Rescue Operations

Provisions must be made to rescue the SOIS and the nuclear waste
payload in Earth orbit in the event of a failure of the OTV during the Earth-
escape burn. The approach is to rendezvous and dock the rescue OTV with the
SO0IS and continue the mission from the faiied orbit. The rescue mission 1is
based on the premise that, with proper control of the OIV launch, any failure
of the OTV will result in an elliptic orbit about Earth. The mission profile
for payload rescue is to deliver a rescue 0TV to low-Earth orbit, transfer by
a burn of the OTV to a phase-adjust orbit, and transfer from the phase-adjust
orbit at the proper time for rendezvous and docking with the failed system.
The lifetime of the rescue OTV, considering the coast time in the phase-adjust
orbit, must be as much as 310 days, compared to the 3 days for OTV lifetime on
the nominal Reference mission,

After injection into deep space, the nuclear waste payload could fail
to achieve its stable destination orbit, because of a premature shutdown of
the OTV engine beyond Earth-escape conditions or a failure of the SOIS to
ignite at solar orbit conditions, Studies that address the probability of
Earth reentry under these failure conditions have recommended the use of a
deep-space rescue mission capability as a way of further reducing the overall
risk during this phase of the mission (Rice et al, 1980a). The deep-space
rescue mission would begin with the launch of the rescue system into a
heliocentric transfer orbit with perihelion less than 0.85 A.U. The first
burn of the rescue system would lower aphelion to 0.85 A.U., A second burn
would match velocity for rendezvous and docking with the failed SOIS.

3.4 Reference Projected Traffic Model,
Hardware, and Propellant Requirements

The projected traffic model, hardware, and propellant requirements
for major Reference mission elements have been estimated for the initial
25~year disposal activity.

For the Reference mission definition, an upper bound of 750 Uprated

Space Shuttle flights and 750 SDV flights are required to dispose of all of
the U.S. high~level commercial nuclear wastes generated through the year 2003
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(100,000 MTHM). Consideration of development flights and aborted missions
would be expected to increase this number somewhat. The projected number of
missions for high-level nuclear waste disposal is 30 per year for 25 years for
a total of 750 missions. Table 3-3 shows the major mission elements, the
hardware use factor assumed, and the total number of hardware requirements.

The on-board propella.. requirements per disposal mission are given
in Table 3-4, Total requirements can be estimated by oultipiying these data
by 30 missions/year. Actual propellant requirements will be somewhat higher
than shown due to losses from propellant transfer and cryogenic propellant
boiloff.

3.5 Alternate Payload Definitions

Two alternate payloads were defined by Boeing, with the aid of PNL,
for 1inclusion in the overall risk assessment of space disposal of nuclear
waste, These are technetium in metal form and iodine in the form of PbIs.
These are discussed below. The reader is referred to McCallum et al, 1982,
and Reinert et al, 1982, for detatls.

3.5.1 Technetium Payload

The technetium waste form would be fabricated as right cylindrical
billets whose heights are equal to their diameter. The size of the individual
billets (6 cm) was selected to be the same as for the cermet waste form, which
was limited by constraints imposed by the press and sintering fabrication
process (McCallum et al, 1982). Several thousand of the technetium metal
billets would be stored in a hexagonally close-packed array (as 1in the
Reference Concept) to provide -maximum volumetric efficiency 1in packing the
spherical radiation shield and primary container.

For a discussion of the waste processing needed to partition tech-

netium out of the HLW, the reader should sece McCallum et al, 1982. The mass
properties cf the Tc-99 payload are provided in Section 5.5, Table 5-20.

3.5.2 Todine Payload

The PNL study (McCallum et al, 1982) provides a detailed discussion
of the waste processing required for disposing of iodine in space. PNL also
suggests the use of lead iodide (PbIs) as the waste form. The PbIp waste
form would be melted and cast in place within the spherical radiation shield
and primary container to yield a monolithic spherical waste form. Although,
theoretically, 100 percent volumetric efficiency could be approached when
using this method, a more conservative figure of 90 percent was assumed to
allow for voids and shrinkage during the casting process (Reinert et al,
1982). The mass properties of the I-129 payload are provided in Section 5.0,
Table 5-20.
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TABLE 3-3. MAJOR HARDWARE REQUIREMENTS ESTIMATES

FOR HIGH-LEVEL COMMERCIAL NUCLEAR WASTE
DISPOSAL IN SPACE (100,000 MTHM)(a)

Number
Hardware Element Use Factor Required
Vehicle Hardware
- Orbiters 100 8
- ETs 1 1500
- LRBs (2 LRBs per Flight) 20 150
- SSME/Avionics Pods 55 14
- Payload Shrouds 1 750
Orbit Transfer System Hardware
- 0TVs 20 38
- SO0ISs 1 750
Waste Payload Systems
© = Container Cores : 1 1500
-~ Radiation Shields 1 1500
- Crew Shields and Flight Structure 100 8
=~ Cooling Systems (Flight) 100 8
- Rail Cars and Casks 200 8

—

(a)

Table assumes 750 Uprated Space Shuttle flights and
750 SDV flights to dispose of high-level commercial
nuclear waste.
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TABLE 3-4. ON-BOARD PROPELLANT REQUIREMENTS FOR EACH REFERENCE
NUCLEAR WASTE DISPOSAL MISSION

Propellants, MT

3v13aldiva

SsNB8WwNNIO0D ~

Liquid Liquid RP-1 Nitrogen Monomethyl
Hydrogen Oxygen (Kerosene) Tetroxide Hydrazine
(LH) (LOX) (rRP) (NTO) (MMH)
External Tank (ET) 206 1220 - - -
Liquid Rocket Booster (LRB) - 1606 554 o - -
- - - 15.16 9.48
Orbit Transfer Vehicle (OTV) 8.5 50.5 - - -
Solar Orbit Insertion Stage (SOIS) 1.7 9.6 ) - — -=

214.1 2886.1 554 15.16 9.48
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4.0 OVERALL RISK MODEL APPROACH

The overall risk model approach that has been developed for the
current study is to estimate the nonrecoverable, cumulative, expected radio-
nuclide release in curies to the Earth's biosphere for different options of
the disposal of nuclear waste.

The risk estimates for the disposal of the waste in a mined geologic
repository (MGR) are based upon analyses of accident sequences performed by
Battelle Pacific Northwest Laboratory (McCallum et al, 1982)., The space risk
estimates were developed by Battelle's Columbus Laboratories

Although it would have been preferable to represent the consequences
of accidental releases in terms of direct health effects to the human popula-
tion, funding limitations did not permit this level of analysis. Instead, the
consequences of accidents are characterized in terms of the release of radio-
nuclides in curies to the bilogsphere (air, ground, and sea). In those cases
where release might occur from the waste package, but for which cleanup
operations would be anticipated (in the near term), credit was taken for the
recovery of material. ' ‘

Frequently, risk results are presented as the product of the proba-
bility and the consequences of accident sequences. Rigorously, this common
definition of risk is the first moment (expectation value) of the probability
density function for accident consequences (probability of an accident within
the interval dC about C). To provide a complete description of the risk, it
would be necessary to present the entire density function rather than a single
moment of the density function. This 4is particularly desirable if the risk
includes very-high-consequence accidents of low probability. Because of the
aversion of the ‘public to high-conséquence events (e.g., airplane crashes,
tornados, and earthquakes), - this part of the risk spectrum is of particular
concern.

In the case of waste disposal, either for the MGR or for the space
disposal of waste, no single events have been identified that would be radio-
logically catastrophic in the sense of representing an immediate health threat
to a number of human lives. The expected consequence is therefore an appro-
priate characterization of the risk. TFor each identified accident sequence,
the probability and consequence is estimated and the risk is calculated as:

R=Zcirpi
i
where R = risk in Ci
Ci = consequences of accident i1 in Ci
Pi = probability of accident 1.
Four sets of radionuclide groups have been selected to illustrate the

results: (1) the sum of 15 important long-lived radionuclides (as given in
the draft EPA release limit guidelines), (2) the sum of important actinide
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elements (AC), (3) Tc-99, and (4) I-129. The time span considered in the
study is one million years. Not only could events occur at various times in
the future, the release of radiocactive material to the biosphere could be
distributed over extended time periods following an accident. In the
presentation of the results, the expected release rate of radionuclides is
integrated over time to obtain the cumulative expected release in Curies, and
this integral is plotted versus time. Short- and long-term risks are provided
in the same figures.

For comparative purposes the risks from (1) cthe Reference MGR, (2)
the MGR complemented for each space disposal option without space disposal
accidents, and (3) accidents directly associated with space disposal are each
displayed separately. By adding the space disposal risk to the complemented
MGR risk and comparing the Reference case, the potential benefits/disbenefits
of the space waste disposal options could be determined.
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5.0 SPACE DISPOSAL RISK ESTIMATES

This section of the report describes how space disposal risks were
estimated. Various approaches were evaluated before this effort was initi-
ated. The basic approach to determining preliminary estimates of space
disposal risk, as defianed in Section 4.0, was developed by considerinz what
would be the most cost-effective method (because of limited funding for this
effort). Basically the approach used drew on (1) past data bases developed
for space disposal (Pardue et al, 1977; Edgecombe et al, 1978; and Rice et al,
1980a); (2) STS failure rates developed by the Wiggins Company (Baeker, 1981;
Hudson, 1979); (3) previous works by A. Friedlander on long-term risk (see
Rice et al, 1980a); (4) expert opinion where easily obtainable; (5) new
response analysis, where practical; (6) engineering estimates; and (7).
technical data provided by Boeing (Reinert et al, 1982). The desired format
for "space risk" was determined by the format developed by McCallum (1982) for
geologic disposal, both the Reference case and the various "complemented”
cases, The major goal was to develop "space risk” in terms of probabilistic
cumulative releases (unrecoverable) to the biosphere from launch through to
one million years. It was assumed that short-term risks could be mitigated ty
accident recovery and rescue, although these would not always be either

. successful or complete. For longer time frames (beyond 100 years after

launch), recovery and rescue were not included in the analysis.

Figure 5-1 provides an overview of the approach used for estimating
space disposal risks. The following subsections provide discussion of this
approach and related study results. The following shows the organization of
topics:

Space Accident Identification (payload insults)
Mission Phase and Fault Tree Development
Failure and Event Probability Estimates

Payload Response Analysis

Consequence Evaluation

Preliminary Space Disposal Risk Estimates.

5.1 Space Accident Identification

Accidents that involve the nuclear waste payload were the only ones
considered here. Previous analyses (Edgecombe et al, 1978) presented a list
of possible accidents for a space disposal mission. Since that work and other
follow-on work (Rice et al, 1980a) have been completed, significant changes in
the Reference space disposal concept have been made (sce current Reference
Concept, Section 3.0). Because accidents involving the release of radioactive
material are the only ones of current interest, many previously studied
accidents/events involving the payload have not been included here.
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Table 5-1 provides a summary of the possible insults to the current-
ly defined Reference nuclear waste payload. The probability of occurrence of
the events listed was not considered. This list of possible insults to the
payload was used to define the events that could lead to breach of containment
during and after launch. This 1s discussed further in the next section.

TABLE 5-1, ©POSSIBLE INSULTS TO THE SPACE DISPOSAL PAYLOAD

Impact Melting Corrosion
On Ground On Ground On Ground
e Rock e Impact-Related ® Aqucous
e Man-Made Structures - Insulation (k < Kpjmit) = Fresh Rater
e Solils - Certain Soils - Ocean Vater
o Ice - Certain Minerals - Severe (Brines,
e Water e Volcano . HaS, etcl)
e Explosion Fragments o Chemical Plant/Storage = Reducing
e Tank Farm e Nonaqueous
® Processing Furnaces - Salt Beds
e On-Pad Accident/Fire e Special
= Chemical Plant/
Storage
e Soils
In Space In Flight In Space
e Meteoroids e Reentry e Sputtering/Erosion
e On-0rbit Dedbris - Intact
e On=0rbit Vehicles - Damajsed )
e Celestial Bodies -~ Aged/Degraded
e Other Waste Payloads = Fragmented
e Explosion Fragments '
¢ Comet

5.2 Missfon Phase and Fault Tree Development

After the list of possible pavload fasults was developed (see Table
5-1), the space disposal mission was divided up {nto rission phases which
alloved the treatment of certain types of accidents. This was necessary
because the character of accidents changed with the time Jduring the mission.
The payload altitude and  velocity, instantancous impact poiat location,
potential for damage by STS explosion, potential reentry velocity, and the
potential for deep-space events are constantly changing throughout the
mission.
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Previous study results (Rice et al, 1980a) have indicated that an
on-pad accident involving the catastrophic failure of the launch vehicle
[Uprated (LRB) Space Shuttle] will not result in a breach of the curreat
Reference payload concept, Eavironments considered include (1) the on-pad
fireball, (2) on-pad ‘residual propellant fire, (3) blast overpressure, (4)
fragment impact, and (5) hard surface impact. Even in an STS power dive, it
is predicted that the maximun velocity of the payload would aever exceed 250
m/s, a velocity much lower than would be expected to breach a normal payload
(one with no undetected defects). Intact aborts (noncatastrophic) have been
eliminated from consideration here, as well as Orbiter crash landings (total
recovery anticipated for this event). Payload impacts onto chemical,
nunitions, or steel plants have also been eliminated because it is believed
that thelr probabliliity is very small and that the payload would not be
insulted by the chemical or thermal environment, that it would “fly through
it" and end up below it in the ground.

The phases and timelines for the disposal mission are listed in Table

5-2. The timelines were developed from data presented in the Boeing report
(Reinert et al, 1982).

TABLE 5-2., MISSION PHASE AND TIMELINE DEFINITION

Phase Number Description Timeline, s(a)
1 Ignition to Impact Point Clears Land 0-24
2 Clear Land Impact to LRB Staging 24-124
3 LRB Staging to MECO(b) 124=518
4 MECO to LEO Attainment(b) 518-2,734%
5 LEO Attainment to OTV Ignitiom 2,734-35,024
6 0TV Ignition to Earth Escape 35,024-36,926
7 Earth Escape to OTV Shutdown 36,926-37,005
8 SO0IS Coast Through SOIS Burn 37,005~14,295,107
9 Placement 14,295,107-3,15E13

awae - - an o

(a) Data derived from Boeing study (Reinert et al, 1982).
(b) MECO is main engine cutoff; LEO is low-Earth orbit.

The fault tree analysis method was selected as most appropriate for
use in this study. Fault tree analysis is a technique by which the component
failures leading to system failures can be logically deduced. Application of
the technique ylelds combinations of basic events whose occurrences cause the
undesired failure events (containment breaches). These event coubinations can
then be evaluated by various screening techniques to determine the high-risk
scenarios and thelr probability of occurrence., For 1its application, the
fault trece method requires probability information about all of the individual




e e e R RIS SR at TR LRI TR AT

.\.

57

component failures. The fault tree technique 1s well-suited to analyzing
rapid events (such as space launches, which have discrete probabilities).
Fault tree analysis, however, is not well-suited to analyzing the slow
processes for which event ordering, interdependencies, and time-phasing are
important., Therefore, 1t has only been carried through Phase 6 (see Table
5-2). Phases 7 through 9 have been analyzed differently (see long-term events
discussed in Section 5.5).

The fault trees developed for the nine mission phases include
consideration of both short- and long-term events. Many iterations among BCL
staff occurred, and sugrestions provided by NASA/MSFC, ONWI, PNL, and Boeing
were incorporated into the current versions. The fault trees for Phases 1 and
2 are given as Figures 5-2 and 5-3. (Figures D=1 through D-9 in Appendix D
provide schematics of all aine fault trees,) (The probabilities for the
events in the trees have been estimated; see discussion in Section 5.3 and
values for each event in Appendix G.) :

5.3 Failure and Event Probsbility Estimates

The failure and event probability estimates developed to determine
the probabilities of certain accidents used in this risk study are discussed
here. The reader 1is referred to the fault trees, shown in Section 5.2 and
Appendix G, for a summary of all the probabilities used in the fault tree
analyses (Phases 1 through 6; the space risks for Phases 7 through 9 are
presented in Section 5.5). Table 5-3 provides a summary of probability data
developed for mission Phases 1 through 6 (see Appendix G for basis).
Discussion here is broken down into space systems failure probabilities and
short-term space event probabilities.

5.3.1 Space Systems Failure Probabilities

This section briefly discusses the sources of information for space
system fallure probabilities, Systens to be discussed include: (1) the
standard (SRB) Space Shuttle; (2) the Uprated (LRB) Space Shuttle; (3) orbit
transfer systems including the Orbit Transfer Vehicle (OTV), the Solar Orbit
Insertion Stage (SOIS), and On~Orbit Rescue Vehicles; and (4) the payload.

5.3.1.1 Standard (SRB) Space Shuttle

NASA does not publish or have in 1its possession “official™ relila-
bility or fallure rate data for the Space Shuttle. The current experience (as
of February, 1982) finds the Shuttle to have successfully flown twice during
its developmental test flight program. Plans are to continuously upgrade prob-
lem areas as they are encountered on flights., The falilure rates for the
Shuttle are actually corollaries to ALARA (as low as reasonably achievable, as
in nuclear radfation risk). -7

Beciause of a NASA need to evaluate whether or not a destruct system
on the Shuttle during the carly portion of the flight is worthwhile, NASA/KSC

contracted with Wiggins Company, Redondo Beach, Califorais, to perform a study
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TABLE 5-3. SPACE DISPOSAL PROBABILITY DATA (SHORT-TERM EVENTS)

Release Events

1 2 3 4 S 6 7 8 9
long-Term Impact Impact Long-Term Righ-Velocity High-Velocity High-Velocity
Mission Corrosion, on Hard on Soil On-0Orbit Corrosion, Impact Impact Impact
Phase Ocecan Rock(a) Volcano Meltdown Collision Soil on Water on Rock on Sofl
H - 4,2E-8 - -— -— - - - -
2 1.1E-10 - - - - - - -~ -
3 2.3E-9 2.3E-8 2.3E-17 2.38-15 1.3E-13 9.2E-13 - -— -
4 8.6E-9 1.1E-5 1.1E-14 . 1.1E-12 7.7E-13 4.3E-10 - - -
5 vl.OE-ll 2.3E-8 2.0E-17 1.9E~15 1.1E~11 8.5E~14 - -— -—
6 1.38-13 3.6E-10 1.7E~19 2.3E-17 2.5E~12 5.6E-16 6.3E~-10 4.8E~-10 2.1E~9
Total 1.1E-8 1.1E-5 1.1E~14 1.1E-12 1.4E-11 4.3E~10 6.35-10 4.8E-10 2.1E-9
(a) Data for the case where impact safety requirements would be met are: Phase ]| = 2,1E-12; Phase 3 - 1,2E-12; Phase 4 - 5.6E~}10; Phase

5 = 3.5E-10; Phase 6 ~ 8.0E-i1l; and Total - 9.9E-10.
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involving the hazards to the public of a failing Shuttle (Baeker, 1981), An-
other Wiggins study (Hudson, 1979) has also been conducted for the latter
portions of the flight profile to evaluate hazards when flying nuclear pay-
loads (e.g., Galileo). The fallure rates developed in these studies were
based upon data developed for hardware in WASH-1400 (U.S. NRC, 1975) and upon
NASA committee reliability estimates for the Solid Rocket Booster. The
analysis was accomplished for only single-pcint failure modes, as have been
identified in NASA/MSFC, 1977; NASA/JSC, 1978; Rockwell International, 1978a,
1978b, 1979; and Martin Marietta, 1977. The Wiggins data (Baeker, 1981) also
include changes/modifications to failure rates resulting from an in-depth
review by NASA Space Shuttle engineers. The results of all this appear in
Baeker (1981) and are summarized in Table 5~4 for STS ignition through MECO
(main engine cutoff). Earlier work by Hudson (1979) is summarized in Table
5-5. Log-normal distributions were assumed for the failure rates.

5.3.1.2 Uprated (LRB) Space Shuttle

The vehicle used for nuclear waste disposal missions (see Section
3.0) is the Uprated Space Shuttle, with two Liquid Rocket Boosters (LRBs)
replacing the two Solid Propellant Boosters (SRBs) of the standard Space
Shuttle vehicle. To utilize the Wiggins' data, certain modifications were
necessary to provide a best estimate for the Uprated Shuttle with LRBs. The
approach used was to eliminate failure rates related to the solid propellant
motors, but replace each of them with the equivalent of an SSME/ET configura-
tion, to represent a typical LRB substitution. Resources were not available
to carry out a Monte Carlo analysis. Because pure substitution was used, the
data generated should be conservative (higher failure rates than the data base
would support through rigorous Monte Carlo analyses). The critical failure
rates for the LRb Shuttle are shown in Tables 5-6 and 5-7. Ten critically
failed vehicle response modes are indicated in these tables. Appendices E and
F further discuss the basis for these data. Note that the data in Tables 5-5
and 5-7 are identical, with the same vehicle configuration from MECO through
to payload separation.

When the failure rate (per second) data of Tables 5-6 and 5-7 are
integrated into the mnission phase (with timelinzs) of the nuclear waste
disposal mission, Table 5-8 results. This shows the predicted Uprated Shuttle
failure probabilities during each of the ffve mission phases involviug the
Shuttle. An interesting comparison between the Standard (SRB) Shuttle and the
Uprated (LRB) Shuttle is shown in Table 5-9. The variation shown for the
Standard Shuttle is due to the NASA expert's view that the SRB critical fail-
ure rate component for the solid propellant motors was between 1/1000 to
1/10,000 for a man-rated system (see Baeker, 1981). This variation results in
an overall critical failure probability estimate for the Standard Shuttle of
between 1/1000 and 1/360. The corresponding value for the Uprated Space
Shuttle 1is 1/1300, Basically, this implies that one catastrophic Shuttle
failure is 