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FOREWORD

The study summarized in this report is a preliminary examination of
the feasibility and preferred approaches for disposal of selected high-level
defense nuclear wastes in space. The study is a continuation of previous NASA
and NASA-sponsored study activities, but differs from these previous studies in
the emphasis on defense wastes (a study ground rule specified jointly by the
DOE and NASA). The study is an integral part of the ongoing NASA/DOE
program for study of nuclear waste disposal in space, and was conducted in
parallel with efforts at NASA Marshall Space Flight Center; Science
Applications, Inc.; and the Jet Propulsion Laboratory. The research effort
reported here was performed by Battelle-Columbus Laboratories under NASA
Contract NAS8-32391 from February (978 through January 1979. The mc}dr
objective of the study was to conduct preliminary analyses of the nature and
cdn’roinmen’r of defense nuclear waste, the safety of the space disposal approach,
the environmental impact of selected credible accidents, and various program
planning aspects. ‘

The study made considerable use of existing documentation and direct
visits to defense waste repositories. Despite these efforts, considerable
uncertainty remains regarding the composition and possible concentration
processes for defense waste. Similar data needs exist regarding Space Shuttle
reliability and other systems safety. The development of such data will need to
be a primary concern of a proposed NASA/DOE working group. Despite these
needs, however, it is believed that the preliminary systems descriptions and
safety and environmental impact analyses described in this report have scoped
the fundamentals and likely approaches for space disposal of nuclear waste.
Additional, more detailed studies are expected to build upon the data base
reported here.

Inquiries regarding this study should be addressed to:

C. C. (Pete) Priest, COR Donald S. Edgecombe, Study Leader
NASA/Marshall Space Flight Center Battelle-Columbus Laboratories
Attention: PS04 505 King Avenue

Huntsville, Alabama 35812 Columbus, Ohio 43201

Telephone: (205) 453-2796 - Telephone: (614) 424-5087
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1.0 INTRODUCTION

This volume summarizes the technical data developed as a part of the
1978 Battelle study of space disposal of defense nuclear waste. The report is
organized into five major technical sections. The first (Section 2, which follows
this Introduction) summarizes the current baseline and primary alternatives for
the waste disposal concept, and is based on data contained in the Concept
Definition Document developed as a part of this study. The section describes the
proposed mission profile from time of reéeipf of the nuclear waste payload at
the Kennedy Space Center launch site to final solar orbit injection, required
systems hardware elements, current accident and malfunction contingency pians,
projected traffic and hardware availability requirements, and unique systems
design responsibilities.

Section 3 summarizes all material developed on the defense nuclear
waste and its confcinmen’r.* The sources and characteristics of the waste are
presented, and chemical processes to reduce the mass of the waste are
postulated. The physical forms in which the waste could be transported are also
identified. A preliminary container design, including shielding, cooling, and
structural considerations, is developed. Because of the uncertainties in the
eventual degree of achievable waste concentration, certain aspects of the
container design are presented parametrically as a function of a waste
concentration factor, and a baseline payload configuration was selected for
accident response analyses. The survivability of the baseline payload
configuration under various accident environments is characterized, and some
preliminary recommendations are made.

Section 4 presents the results of two special analyses conducted as a
part of this study. Both relate to special aspects of the system safety probiem.
Thevfirsf analysis examines the stability and likely impact conditions for a
nuclear waste payload ejected from the Space Shuttie Orbiter cargo bay both
near the ground and during high speed flight. The second analysis considers the
problem of an incomplete and/or misdirected OTV Earth escape injection burn.

The resultant Earth orbit is described as a function of angular error and AV -

FSome work on commercial waste mixes and forms was performed at the start
of the study. That work is summarized in Appendix C.
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imparted. The ability of a rescue OTV to either return the stranded payload to
the Space Shuttle orbit or boost the payload into a heliocentric or higher Earth
orbit is examined. This material complements the work done by Science
Applications, Inc. (NASA Contract NAS8-33022, "Long-Term Risk Analysis
Associated with Nuclear Waste Disposal in Space", January 1979), who have
examined the OTV or SOIS failures that result in the payload being placed in a
heliocentric orbit other than the desired 0.86 a.u. circular orbit.

Section 5 summarizes the material developed relative to accidents. The
first part of the section describes the physical environment resulting from three
specific accidents: an on- or near-pad Space Shuttle explosion and fire, Earth
atmosphere reentry of the protected (reentry protection) and unprotected nuclear
waste container, and payload entry into deep ocean. The first two accident
environments form the basis for the preliminary payload survivability analyses
described in .Section 3. The environments are characterized in terms such as
blast overpressures, fragment sizes and velocities, and ambient temperatures and
heating rates.

The second portion of Section 5 presents the results of a preliminary
fault tree analysis for the space disposal mission. The mission is defined in
terms of twelve discrete phases, and a preliminary fault tree is presented for
each phase. For each fault tree, the likely critical paths and potential
-workarounds or system modifications are described. These are then summarized
as a set of possible modifications for the hardware elements (Shuttle, OTV, etc.)
and for operational procedures.

The final technical section (Section ) summarizes the results of a
preliminary environmental impact assessment for accidents related Td defense
nuclear waste disposal in space. Two accidents were examined: () release of
radionuclides into the troposphere following an on- or near-pad catastrophic
failure of the Space Shuttle vehicle and (2) release of radioactive particles into
the upper atmosphere due to the breach and burnup of an unprotected waste
container during an inadvertent reentry. The two accidents are analyzed in
terms ot the health risks resulting from inhalation of radioactive particles.

Seven appendices are also contained in" this volume. Appendix A
provides definitions of acronyms and abbreviations used in the text. Appendix B
contains appropriate metric to English unit conversion factors. Appendix C

describes preliminary work done on commercial waste mixes and forms. Appendix
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D summarizes the fire transient analysis that was done for payload systems
response analyses (see Section 3.4). The details of the fireball analysis as
described in Section 5.1.1.1 of the text are contained in Appendix E. Appendix F
provides a description of the calculation technique used to estimate the
population dose for an on- or near-pad catastrophic Space Shuttle failure.
Finally, Appendix G describes the models used to develop world population doses
for an upper atmospheric reentry and burnup accident. ‘
References indicated in the text are found at the end of each major

section.



2-1
2.0 BASELINE CONCEPT DEFINITION AND OPTIONS SUMMARY

The purpose of this secTion* is to summarize the various options,
definitions and/or requirements currently envisioned for the nuclear waste
disposal in space mission.(z-l) Section 2.!1 identifies all major mission options
available for the space disposal of nuclear waste (from the waste payload
fabrication facility to the final space destination), notes the baseline and
primary alternatives, and identifies options that are no longer considered viabie.
Section 2.2 summarizes the baseline space option concept for nuclear waste
management, i.e., outlining the "single thread" characteristics from waste source
to space destination. Section 2.3 defines the baseline mission profile, giving
emphasis to operational or procedural aspects. Definitions and/or requirements
for specific baseline mission elements (e.g., waste payload characteristics, space
systems and facilities) are provided in Section 2.4; emphasis is on hardware and
facilities. Section 2.5 describes the major contingency plans, requirements, and
developments that have been baselined to minimize effects .caused by possible
accidents and/or malfunctions. General space system hardware requirements for
the early years of the waste disposal activity are identified in Section 2.6.

Section 2.7 describes unique system design requirements.

*Note: This section has been derived from the latest version of the Concept
Definition Document, Reference 2-1.



2.1 Concept Options

The baseline concept for the initial space disposal of nuclear waste
has been developed from a considerable number of options that are available at
each step along the way from the military reactor to the ultimate space
disposal destination. A summary of the various options available is shown in
Figure 2-1. The baseline mission options are shown in the blocks; primary
alternatives are indicated by an asterisk; and those opffons which are no longer
considered viable have lines drawn through them. Discussions on many of these

options are available in References 2-2 through 2-7.
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2.2 Baseline Concept Summary

This section is intended to provide a brief overview of the baseline
concept from the waste source to the final space destination. Elements of this

concept are shown in Figure 2-2 and are described in subsequent sections.

WASTE SOURCE: DOMESTIC MILITARY DEFENSE

!

REACTOR: VARIOUS

Y

FUEL CYCLE: URANIUM

!

NUCLIDE MIX: FISSION PRODUCTS + ACTINIDES
FROM DEFENSE WASTE STORAGE SITES

v

WASTE FORM: CALCINE

GROUND TRANSPORTATION: RAIL

Y

LAUNCH SITE: KSC, FLORIDA

Y

LAUNCH VEHICLE: SPACE SHUTTLE

Y

PAYLOAD AND L AUNCH CONFIGURATION: TWO
SHUTTLE LAUNCHES, SHIELDS REMOVED AT ORBIT

)

ORBIT TRANSFER: CYROGENIC PROPELLANT
OTV + SOLAR ORBIT INSERTION STAGE

!

SPACE DESTINATION: SOLAR ORBIT 0.86 A.U.

FIGURE 2-2. BASELINE CONCEPT SUMMARY FOR INITIAL PROGRAM
TO DISPOSE OF NUCLEAR WASTE IN SPACE
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2.3 Overall Baseline Mission Profile

The major aspects of the baseline mission profile are defined in this
section. Figure 2-3 provides a pictorial view of this baseline mission profile. The
baseline mission profile has been divided into six major categories. The first two
activities are expected to be the responsibility of the Department of Energy
(DOE) and the last four are expected to be NASA's. These are:

(1) Nuclear Waste Payload Fabrication (DOE)

(2)  Nuclear Waste Ground Transport (DOE)

(3) Payload Preparation at Launch Site (NASA)

(4) Prelaunch Activities (NASA)

(5) Booster Operations (NASA)

(6) Upper Stage Operations (NASA).

Consideration of rescue and recovery systems are discussed in Sections 2.4 dand
2.5. Definitions and requirements for individual system elements are discussed in
Section 2.4.

2.3.1 Nuclear Waste Payload Fabrication (DOE)

Defense nuclear waste contained at various storage sites (Hanford,
Savannah River, and ldaho) would be packaged and transported to a nuclear
waste payload fabrication facility. At this facility, the high-level waste,
presently in various forms, would be appropriately treated. The current baseline
waste form is a calcine. The treated waste would be packaged into the
flight-weight container and placed into the space-mission, gamma-radiation-shield

assembly.

2.3.2 Nuclear Waste Ground Transport (DOE)

The radiation shielded waste container would be loaded into a ground
transportation shipping cask (see artist's concept in Figure 2-4). This cask, which
provides oddiﬁoncl shielding, and thermal and impact protection for fhe waste
container to comply with the Nuclear Regulatory Commission/Department of
Transportation regulations, would then be loaded onto a specially designed rail

car for transporting the waste container from the waste payload fabrication site
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FIGURE 2-3. GROUND AND SPACE OPERATION PROFILES FOR
BASELINE SPACE DISPOSAL MISSION
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to the Kennedy Space Center (KSC), Florida launch site. The rail car would be
equipped with auxiliary cooling systems to provide continuous cooling for the
waste package during transport. Once the cask reaches the launch site, the
radiation shielded waste container would be unloaded in the Nuclear Payload
Preparation Facility (NPPF).

SPHERICAL RADIATION SHIELD
AND WASTE CONTAINER
TO COOLING COOLING /

SYSTEM JACKET

SHOCK
ABSORBERS

FIGURE 2-4. ARTIST'S CONCEPT FOR NUCLEAR WASTE PAYLOAD
SHIPPING CASK FOR TERRESTRIAL TRANSPORT

2.3.3 Payload Preparation at Launch Site

The Nuclear Payload Preparation Facility (NPPF) would likely provide
interim storage capability for up to three shielded waste containers, but storage
of waste at the launch site should be limited to that which will afford efficient
preparation for launching, plus capacity for delays. Upon receipt, the shielded
waste container would be unloaded in the containment area of the NPPF,
Depending on the shield assembly design, additional radiation shielding would be
employed to further reduce personne! exposure for operations conducted close to
the waste. Operations in the containment area of .the NPPF would include:
payload cooling, storage, inspection and monitoring of the waste containers, and
incorporation of the radiation shielded waste container into the reentry system.

In other areas of the NPPF, the reentry, docking and other auxiliary systems,
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which comprise the payload reentry/docking assembly (see Figure 2-5), would be
refurbished and checked out. Once the shielded nuclear waste container has been
loaded into the reentry system, the reentry system would be moved to a second
containment area. The reentry, docking, cooling, pallet, ejection and other
systems would be mated. Propellant loading of the attitfude control system would
take place in a special area of the NPPF. Once the payload reentry/docking
assembly, mounting structures (e.g., pallet) and supporting systems had passed
the safety inspection they would be prepared for transfer to the Payload
Changeout Room (PCR) at the launch pad.

DOCKING
SYSTEM

RADIATION
SHIELD

SPHERICAL
CONTAINER

REENTRY
SYSTEM

FIGURE 2-5. ARTIST'S CONCEPT OF A LOADED
: REENTRY/DOCKING ASSEMBLY

2.3.4 Prelaunch Activities

After the nuclear waste payload assembly had been prepared for flight,
it would be transferred from the NPPF to the Payload Changeout Room (PCR)
at the launch pad by a dedicated special-purpose transporter. Once in the PCR,
the loaded payload reentry/docking assembly would be attached to an auxiliary
cooling system. The entire payload package would then be placed into the Space
Shuttle cargo bay (see Figure 2-3), where final systems checkout begins.

After the initial checkout of the nuclear waste payload assembly in

Shuttle number 2, Shuttle number [, carrying the Orbit Transfer Vehicle/Solar
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Orbit Insertion Stage (OTV/SOIS), would be launched. After about 2 hours, a
launch decision for Shuttle number 2 would be made. A launch decision is
expected to be based upon three major factors: (1) the OTV/SOIS is in the
proper orbit and functioning properly; (2) Shuttle Orbiter number 2 and its
payload have cleared checkout procedures, and (3) proper meteorological
conditions (e.q., wind direction) are predicted for launch of the nuclear waste
payload (a launch constraint which would avoid rcdic‘r‘ion exposure to the local
population, should a payload breach occur as a result of a catastrophic Space

Shuttle launch accident).

2.3.5 Booster Operations

Booster operations are those that are required of the Space Shuttie
vehicle between the time of Space Shuttie Main Engine ignition and the return
of the reusable Space Shuttle vehicle hardware to the launch site. As discussed
in Section 2.3.4, two Shuttle vehicles would be readied for launch for a given
disposal mission. For example, Pad A at KSC Launch Complex 39 could be used
for launching the Shuttle carrying the reusable OTV and the 3-axis stabilized
SOIS. Pad B would then be used to launch the Shuttle vehicle that carries the
nuclear waste payload.

The OTV and SOIS would be launched by Shuttie number | at a 108
degree south azimuth to a 333 km (180 n.mi.) circular orbit inclined 38 degrees
to the equator. Approximately 48 hours later, the nuclear waste payload would
be launched by the second Shuttle into the same orbit as the first Shuttie. A
small degree of yaw steering would be required for the second Shuttle launch,
such that early land overflight of various populated land masses (West Indies and
South Africa) is avoided. The first Shuttle drbiter would remain on orbit in the
vicinity of the OTV to control: (1) the docking of the OTV/SOIS to the payload
reentry/docking assembly, (2) the remote removal of the waste container from
the reentry system, (3) the attachment of the container to the OTV, and (4)
OTV/SOIS orbital operations. The second Shuttle Orbiter would provide backup
capability for OTV/SOIS operations. After the OTV delivers the nuclear waste
payload and SOIS to the desired trajectory and returns to a low Earth orbit, the
first Orbiter would rendezvous with the OTV and return it to the launch site for

refurbishment for a later flight. As soon as it is determined that the waste
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container is safely on its way to the proper space destination, the empty
payload reentry/docking assembly would be recovered, stored and returned to
KSC on board Orbiter number 2.

2.3.6 Upper Stage Operations

Upper stage operations are those that occur between the time the
OTV/SOIS configuration is released from Orbiter number | and the time the
OTV is recovered by the Orbiter and the SOIS has provided the velocity
increment to the nuclear waste payload at the space destination (0.86 a.u. solar
orbit).

After Shuttle Orbiter number | is on orbit with the OTV/SOIS,
preliminary checkout would occur while the configuration is in the cargo bay.
The Shuttle's manipulator arms would then be used to deploy the OTV/SOIS. The
Orbiter would back away a short distance and begin further checkout procedures.
Once the OTV/SOIS system and its docking mechanisms had passed checkout
tests, the launch decision for Shuttlie number 2 would be made. '

When Orbiter number 2 reaches orbit, the nuclear waste payload
reentry/docking assembly (see Figure 2-5) would be checked out, disconnected,
removed, and released. Appropriate payload temperatures would be maintained by
an auxiliary cooling system located on the reentry/docking assembly. The system
would be designed to supply roughly |0 hours of active cooling. Passive cooling
will be adequate after the container is removed from the reentry system.

The OTV/SOIS would then rendezvous and dock with the
reentry/docking assembly. The mechanical locking system that releases the waste
container from the reentry system would be manipulated by a remotely operated
arm provided on the payload docking system; this arm would be used to: (n
remove the rear reentry shield wall, (2) remove the spherical container from the
reentry system and attach it to the SOIS payload adapter, and (3) replace the
rear reentry shield wall.

Once the container is attached to the OTV/SOIS, separation of the
reentry/docking assembly occurs and the OTV/SOIS would back away with the
container mounted on the payload adapter. The payload reentry/docking assembly
would maintain a fixed attitude while the OTV/SOIS backs away. The OTV
reaction control system then would place the OTV/SOIS into the proper attitude
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for firing. The OTV propulsive burn for payload delivery would place the SOIS
and its attached waste payload on the proper Earth escape trajectory. The SOIS
and payload would then be released. In approximately |63 days the payload and
the storable liquid propellant SOIS would travel to its perihelion at 0.86 a.u.
about the Sun. The 3-axis stabilized SOIS would place the payload in its final
space disposal destination by reducing the aphelion from 1.0 to 0.86 a.u. To aid
in obtaining the desired orbital lifetimes, this orbit would be inclinedk_ to the
ecliptic plane by at least | degree. ,

The recovery burns of the OTV would use the remaining OTV
propellant to rendezvous with Shuttle number | for its subsequent recovery,
refurbishment, and reuse on a later mission. The payload reentry/docking
assembly would be recovered by Shuttie number 2 and returned to KSC for

refurbishment and reuse.
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2.4 Baseline Element Definitions and/or Requiremenfts

The definitions and/or requirements for baseline mission elements are
described below. Specific details not now available will be added at a later
date. Twelve major system elements have been identified:

(1)  Waste Source

(2) Waste Mix

(3) Waste Form

(4) Waste Fabrication Facilities

(5) Payload Container, Shielding, and Reentry Systems

(6) Ground Transport Vehicles and Casks

(7) Launch Site Facilities

(8) Launch Vehicle

(9) Upper Stages

(10) Payload Ejection System

(11)  Docking System

(12)  Space Destination.

Definitions and requirements for the baseline mission elements follow.

2.4.1 Waste Source

The primary waste source is the domestic military defense waste
generated by the operation of plutonium production, test and naval reactors.
Waste has been and will continue to be generated at three locations: (l) Hanford
Site, Richland, Washington, (2) ldaho National Engineering Lab Site, Idaho Falls,
ldaho; and (3) Savannah River Site, Aiken, South Carolina. Table 2-1 presents
the volumetric inventories of high-level waste (HLW) as they presently exist.
These wastes have, on the average, been cooled for periods exceeding ten years.

Addiﬁonol. quantities of waste will also be produced in the future.
Hanford may resume waste production toward the end of the century. Savannah
River will be producing more than 4,000 m3 of waste annually. ldaho expects to

have approximately 8500 m3 of calcine waste by the year 2000.
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TABLE 2-1. CURRENT VOLUMETRIC DEFENSE HLW INVENTORIES

Waste Form (1000 m3)

Site Salt Cake Sludge Ligquor Calcine
Hanford 95 42 42 0
Savannah River 50 13 21 0
ldaho 0 0 0 (.5

2.4.2 Waste Mix

Each waste generation site has its own peculiarities with respect to
waste mix. Hanford waste is, in general, the oldest and has decayed the longest.
Savannah River waste is similar to Hanford waste, but is newer on the average,

and contains more total radioactivity. ldaho waste contains relatively different

amounts of radionuclides than either Savannah River or Hanford because ldaho

waste is generated by reprocessing naval reactor fuel rather than weapons
production fuel. The exact radionuclide mix will vary subsfonﬂclly among the
three sites. This is due to the different reprocessing techniques used to generate
waste over the years and the cooling times of each batch. v

To facilitate terrestrial disposal of defense nuciear waste, certain
radionuclide concentration processes have been proposed at each site to reduce
the amount of the inert material in the high-level waste. At Hanford and
Savannah River, the salt cake and liquor would be decontaminated and the
extracted radionuclides combined with the insoluble portions of the existing
radioactive sludge. At ldaho, the calcine would be redissoived, to the extent
possible, and the radionuclides combined with the insoluble portions of the
calcine. Table 2-2 presents the approximate masses of high-level waste (HLW)

remaining at each site after these concentration processes have occurred.

TABLE 2-2. PROJECTED MASS INVENTORIES OF DEFENSE
HLW PROPOSED FOR TERRESTRIAL DISPOSAL

Site Armount, MT
Hanford 16,400
Savannah River 3,750

ldaho 800
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Additional inert removal, or radionuclide concentration, will be

required to make the space disposal option more feasible. It may be possible to

reduce the waste mass from between |/I10 to 1/100 of the original planned

mass. Table 2-3 provides what is believed to be high and low mass inventory

estimates for space disposal. The desired high scenario has been assumed here

for the baseline.

TABLE 2-3. DESIRED HIGH AND DESIRED LOW MASS INVENTORIES
OF DEFENSE HLW PROPOSED FOR SPACE DISPOSAL

Site Desired High Desired Low
Metric Tons, MT
Hanford 605 244
Savannah River 375 116
Idaho 60 _20
TOTALS 1040 380

Table 2-4 shows- the Space Shuh‘»l.e flight requirements based on three
levels: proposed for terrestrial; desired high; and desired low. The baseline is
assumed to be at the desired high level, or 380 flights will be required for

space disposal of defense high-level waste.

TABLE 2-4. SPACE SHUTTLE FLIGHTS REQUIRED
FOR SPACE DISPOSAL

Number of Shuttle Flights Required Based On -

Proposed Masses for

Site Terrestrial Disposal Desired High Desired Low
Hanford 5960 ' 220 90
Savannah River 1360 138 42
Idaho 220 22 8

TOTALS 7540 380 140

NOTE: Assumes a 5.5 MT payload and 2 Space Shuttles/payload.

As mentioned previously, the exact radionuclide composition will vary

considerably from tank to tank, or batch to batch. Lists of typical radionuclide

mixes are available in "Alternatives for Long-Term Management of Defense

High-Level Radioactive Waste" from each of the three sites (References 2-8

through 2-10).
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2.4.3 Waste Form

As discussed in Sections 2.4.1 and 2.4.2, the existing and future
defense wastes would be concentrated. The resuiting wastes would be the
insoluble sludge components, from Hanford and Savannah River, and the insoluble
calcine componehfs from ldaho. Wastes remaining after the ldaho concentration
process can be converted to calcine again; however, it is not clear if high
temperature treatment of Hanford and Savannah River wastes will actually yield
oxides. For the purpos—e of defining a baseline, it is assumed that calcines can
be produced following the presently proposed radionuclide concentration processes
and also after any additional treatment occurs to remove portions of remaining
inert materials. |

Final waste forms may be calcine, compartmented calcine, metal
matrix, supercalcine, or coated particles. Hanford is also developing a sintered
clay ceramic waste form which may have waste loadings comparable to metal
matrix forms. High waste loading, thermal stability, and low dispersibility will
be the primary requirements for a suitable waste form. The baseline waste

form, at this time, is calcine.

2.4.4 Waste Fabrication Facilities

The defense waste mixes would undergo additional chemical treatment,
as necessary, to produce the desired waste form at facilities located at each of
the three waste generation sites. The waste payload fabrication facilities would
provide a series of interconnected, shielded cells for loading the waste into
containers, closing, sealing, inspecting, decontaminating the container, and
ultimate insertion into the gamma flight radiation shield assembly. Each cell
would have provisions to connect the waste container to an auxiliary cooling
system as necessary. Each site would provide interim storage facilities for a
number of shielded waste packages and facilities for cask handling and rail car

loading in closed, restricted areas.

2.4.5 Payload Container, Shieldihg, and Reentry Systems

The primary containment for the radioactive waste would be a

spherically shaped metal container (see Figure 2-5). This container must provide
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high integrity containment for the waste during the various defined mechanical
and thermal loads to which it is subjected in anticipated normal and accident
conditions. These loads would be mitigated in varying degrees by the gamma
radiation shield assembly, by the shipping cask which provides additional gamma
radiation shielding for ground transportation, and by the reentry system during
the prelaunch and boost phase. The container would be housed in a rcdidﬁon
shield assembly for the period prior to leaving the waste fabrication facility for
the launch site. This flight-weight shielding would be designed to limit the
radiation level to 2 rem/hr at | meter from its surface; additional shielding
would be provided by temporary shielding at the NPPF and PCR, and possibly a
shadow shield in the Shuttie Orbiter for the crew. The container would be
designed to provide the conductivity and surface emissivity for dissipating the
heat generated within the waste by passive cooling to the space environment.
During launch and orbital operations the maximum temperature of the waste will
not exceed the normal limiting temperature of 700 C (as defined in Section
3.4.2). Prior to removal of the container from the reentry system, the
temperature would be controlied with assistance of various auxiliary cooling
systems located on the Space Shuttle and the reentry system. If an accident
should occur, the temperature of the waste might exceed the normal limit, but
must not exceed that which will cause loss of containment. The shielded waste
container would be enclosed in a protective payload reentry system prior to
launch and during the boost phase (see Figure 2-5). This system would be
designed to minimize the probability of containment breach as a result of
accidents or malfunctions which could occur during the prelaunch, launch,
suborbital, or orbital phases of the mission. Specific design requirements would
be developed as the possible health hazards and other consequences of various

release scenarios are assessed.

2.4.6 Ground Transport Vehicles and Casks

For transport from the waste fabrication facility to the launch site,
the waste containers and associated flight-weight shielding would be housed in a
shipping cask which would afford additional shielding, thermal and impact
protection to meet the Nuclear Regulatory Commission/Department of
Transportation regulations. The cask (see Figure 2-4) would be licensed by the

Nuclear Regulatory Commission and would be transported on a specially designed
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rail car which would adequately support and distribute the weight of the cask
and provide acceptable tiedowns. In addition, the rail car ‘would carry an

auxiliary cooling system to reliably cool the waste package.

2.4.7 Launch Site Facilities

The baseline launch site for launching nuclear waste payloads during
the early phase of the program (late-1980's to early-1990's) is Launch Complex
39 at Kennedy Space Center (KSC), Florida. The following new facility
construction and equipment, at least, is projecfedi

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

Preparation Facility (NPPF) to store, cool, monitor, assemble,

and checkout the waste payload systems from the time the
nuclear waste container and gamma radiation shield arrive at
KSC until the time the loaded payload reentry/docking
assemblies are moved to the launch pad.

(2) A dedicated, special-purpose tfransporter to move the nuclear

waste payload assembly from the NPPF to the Payload
Changeout Room (PCR) at the launch pad. This includes
construction of a roadway or tracks to accommodate the
transporter. '

The currently planned Shuttie launch facilities may or may not be
adequate to support the additional Shuttle launches required by a nuclear waste
disposal program. Further analysis of the nuclear waste disposal traffic model
coupled with the baseline Shuttle traffic model and current turnaround timelines
is needed. Also, it will take further analysis to determine where SOIS
processing, OTV refurbishment and processing and upper stage mating and
checkout can be performed and what new supporting systems and facilities would
be required. As the study of space disposal options progresses, these and other

launch facility requirements will be identified and addressed.

2.4.8 Launch Vehicle

The launch vehicle chosen as the baseline is the Space Shuttle system

(see Figure 2-3). The Space Shuttle consists of a piloted reusable orbiting
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vehicle (the Orbiter) mounted on an expendable External Tank (ET) containing
hydrogen/oxygen propellants and two recoverable and reusable Solid Rocket
Boosters (SRBs). The Orbiter will have three main hydrogen/oxygen liquid rocket
engines and a cargo bay 18.29 m long and 4.57 m in diameter. At launch, both
the SRBs and the Orbiter's three liquid rocket engines will burn simultaneously.
When the Space Shuttie vehicle attains an altitude of approximately 43 km, the
SRBs will be separated and subsequently recovered from the ocean. The ET is
jettisoned before the Orbiter goes into orbit. The Orbital Maneuvering System
(OMS) will then be used to propel the Orbiter into the desired Earth orbit. The
Orbiter with its crew and payload will remain in orbit to carry out its mission,
normally from | to 7 days, but, when required, as long as 30 days. When the
mission is completed, the Orbiter is deorbited and piloted back to the launch
site for an unpowered landing on a runway. The Orbiter and SRBs will
subsequently be refurbished and reflown on other space missions. References
2-11, 2-12 and 2-13 provide additional information about the Space Shuttle and

its capabilities.

2.4.9 Upper Stages

Two different upper stages have been defined for use for the nuclear
waste disposal mission: (1) an Orbit Transfer Vehicle (OTV), and (2) a storable
propellant Solar Orbit Insertion Stage (SOIS). The OTV is a completely reusable
and recoverable stage, whereas the SOIS is expendable. Orbital rescue capability
would be performed by the OTV- and SOIS systems.

The OTV is defined as a reusable LOZ/LH2 chemical propulsion stage
similar to the cryogenic OTV defined in the last few years for possible
development and use with the Space Shuttle. This vehicle would have separate
propellant tanks, an oxidizer to fuel mixture ratio of 6 and a delivered specific
impulse of 470 seconds. It would also have an advanced, redundant, avionics and
attitude control system. Other unique features are expected to be defined later.

The storable propellant pressure-fed SOIS is expected to be sized to
provide a specific impulse of 289 sec. This stage would have three off-the-shelf
(Space Shuttie-Reaction Control System) pressure-fed engines at a thrust level of
3870 N (870 Ib) each, MMH/N204 propellants, a guidance and control system,
and a payload docking adapter system compatible with the docking system. The
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stage would be designed to withstand adequately the adverse nuclear radiation,
and space environments experienced while coasting 163 days before firing.

The rescue vehicle would be a Shuttle launched OTV/SOIS system. It
would include appropriate provisions for fqrgeting and docking with the nuclear
waste container attached to an OTV/SOIS, the nuclear waste container attached
to a SOIS only, a payload reentry/docking assembly, or an unshielded, separated
waste container. It would be reusdble or expendable depénding upon the rescue
mission. This vehicle would be required to have a suitable on-orbit stay time.
Depending upon the type of rescue mission, the rescue vehicle may be returned
to Earth by the Shuttle for refurbishment.

2.4.10 Payload Ejection System

A payload ejection system is planned to be incorporated into the pallet
which supports the reentry/docking assembly. This system would employ four
small solid propellant rocket motors which would be ignited to eject the loaded
reentry system from the Orbiter cargo bay in the event of a critical on-pad or
ascent failure. The reentry system would be designed to withstand the impact

environment.

2.4.11 Docking System

The payload docking system would be launched into orbit attached to
the payload reentry system. This configuration is known as the payload
reentry/docking assembly (see Figure 2-5). The docking system would be used to
transfer the waste payload container from the reentry system to the SOIS
payload adapter. It would also be designed to jettison with the nuclear payload
during the very low probability occurrence of a critically inaccurate OTV
propulsive burn. This action could prevent reentry and allow subsequent recovery

by a Shuttle or OTV rescue vehicle.

2.4.12 Space Destination

The baseline space destination for the nuclear waste disposal mission is
defined as an orbital region between the orbits of the Earth and Venus. The
nominal circular orbit is defined as 0.86 a.u. The orbital inclination about the

Sun is defined as | degree from the ecliptic plane.
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2.5 Accident and Malfunction Contingency Plans

There are four general mission phases which require development of
accident and malfunction contingency plans:

e Ground transportation from the payload fabrication sites to KSC

e Preflight operations at KSC prior to ignition of the Shuttle's

engines

o Launch operations from the launch pad to achieving parking orbit

e Orbital operations.
Preliminary baseline contingency plans for each of these operational phases are

addressed below.

2.5.1 Ground Transportation

Ground transport (via rail) of the shipping cask is expected to be the
responsibility of the Department of Energy (DOE). DOE will supply the necessary
accident recovery plans and systems for ground transport. At least two types of
incidents must be considered: loss of cooling to the waste container and possible
breach of the waste container with a loss of radioactive material.

In the case of loss of cooling, provisions must be made to have
self-contained, auxiliary cooling units available. Monitoring equipment for both
container temperature and radiation would be required during all ground
transport operations.

A continuous capability to cope with a container breach will be
necessary. A specially trained decontamination crew would always need to be

ready to act, if necessary.

2.5.2 Preflight Operations

Contingency plans must be provided for potential malfunctions and
accidents that could occur while the waste payload is in the NPPF, being
transported to the launch pad, being transferred from the pad PCR to the
Shuttle cargo bay, and awaiting liftoff in the Shuttle. Accidents and contingency

plans would be similar to those discussed above.
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2.5.3 Launch Operations

Certain major failures could result in a catastrophic on- or near-pad

Shuttle failure (e.g., SRB failure to ignite, and External Tank rupture). As a

result, the payload could be subjected to severe blast wave, high velocity

fragments, fire, and high velocity impact. Contingency plans, procedures and

systems envisioned to minimize the short-term risk caused by these failures are

as follows:

A system- to eject the loaded reentry system (contains nuclear
waste) from the Orbiter's cargo bay and ensuing adverse
environments

A destruct system on the -Ex‘rernol Tank and SRBs to reduce the
explosive yield of the hydrogen/oxygen propellants, thus reducing
the effect of the accident environment on the containment
systems

Stringent containment systems designs (e.g., container, shielding
and reentry systems) to maximize the probability of surviving
possible hostile environments. The reentry system would contain
flotation gear and locator beacons to assist in the recovery of the
payload.

The use of a waste form that is not easily dispersed or leached
The application of appropriate launch constraints (e.g., wind
direction) to reduce human radiological exposure resulting from a

containment breach.

Subsystem failures (e.g., one Shuttle main engine shuts down) that

occur later in the boost phase may also endanger the payload. Systems and

procedures in addition to some of those mentioned above which would minimize

the short-term risk caused by these subsystem failures are;

The capability for intact aborts. These abort procedures can be
implemented after about [20 seconds into the fiight (the time
when the SRBs are jettisoned). Three types of intact aborts are
planned for the Space Shuttle. These are: the return to launch
site (RTLS), abort-to-once-around (ATOA) and abort-to-orbit (ATO).
The capability for contingency aborts. Such an abort could lead to

either a return to land or to ditching at sea.



2-21

e Designing the boost trajectory to avoid land overflight (e.g., 38

degree inclination orbit).

2.5.4 Orbital Operations

The OTV propulsion phase provides for transportation from low Earth
orbit to either the final or intermediate destination. In the initial years of the
disposal mission the OTV could be a relatively high-thrust, chemical propulsion
stage. Later on, low-thrust technology (SEP, NEP, solar sail) might be used.
With low-thrust systems, both the probability and magnitude of an explosion are
decreased. In addition, there is a much longer decision time available in case of
a malfunction of the low-thrust propulsion systems. For the baseline concept
(see Section 2.3.6) the OTV would be a liquid hydrogen/liquid oxygen system.
Certain low probability failures (e.g., guidance system, propulsion system, etc.)
could result in abnormal trajectories which might result in Earth reencounter
and subsequent reentry of the unprotected waste container. Systems, procedures
and design requirements envisioned to minimize the short-term risk are given
below:

e The capability to detect a critically inaccurate OTV propulsive
burn and command OTV engine shutdown or OTV destruction to
terminate the burn

e The capability to separate the SOIS and attached payload from the
OTV and use of the SOIS to place the payload in a safe orbit for
eventual recovery by a rescue vehicle or Shuttle Orbiter

e A jettison system to separate the payload from the OTV/SOIS
configuration when necessary to preclude a possible reentry

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

e¢ The use of redundant systems where feasible to ensure high
reliability

e Prime and backup on-orbit OTV launch crews (i.e., crews onboard
two Orbiters to obtain instantaneous visual and telemetric status
of the OTV propulsive burn .'

e The proper design of trajectories and propulsive burns of the OTV

to reduce the chance for reentry if a failure occurs.
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The SOIS provides for transportation from an intermediate to the final
destination. For the baseline concept, the SOIS would be used to reduce the
aphelion from 1.0 to 0.86 a.u. (see Section 2.3.6). If a system failure shouid
occur prior to or during the SOIS propulsive burn, the payload might have a
finite probability of eventually reencountering the Earth, resulting in a reentry.
and possible burnup of the waste in the atmosphere. Systems, procedures and
design requirements envisioned to minimize the risk are given as:

e The use of a rescue vehicle to retrieve a payload stranded in any

orbit in heliocentric space

e The use of redundant systems where feasible to ensure high

reliability

e The proper design of trajectories (e.g., orbits inclined to the

ecliptic plane and also those which exhibit long-term orbital
stability)

e The use of systems onboard the SOIS to aid in tracking and rescue

operations.
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2.6 Projected Traffic Model and Hardware Availability Requirements

The projected traffic model and hardware availability requirements for
all major mission elements have been estimated and are documented here for
reference. For the baseline mission definition a total of 380 Space Shuttle
flights (see Table 2-4) would be required to dispose of all of the high-level
defense nuclear wastes (two Shuttle flights would be required for each disposal
mission). Consideration of development flights and aborted missions would be
expected to increase this number somewhat. Table 2-5 shows the major mission
elements, the hardware use factor assumed, and the total hardware
requirements. No consideration has been given to a traffic schedule at this time.
Disposal missions could occur over a [0 to 30-year period. Little impact is
expected on the Space Shuttle traffic mode! for the decade of the [980's (see
Reference 2-14), as the nuclear waste disposal activity is not expected to be

operational until the late |980's to early 1990's.

TABLE 2-5. MAJOR HARDWARE REQUIREMENTS ESTIMATES FOR
DEFENSE NUCLEAR WASTE DISPOSAL IN SPACE

Hardware Element Use Factor Number Required

Space Shuttle Hardware

- Orbiters 100 4
- ETs ! 380
- SRBs (2 SRBs Per Flight) 20 38
Upper Stage Hardware
- OTVs 20 [0
- SOISs | 190
Waste Payload Systems '
- Containers ' ! 190
- Gamma Radiation Shields 20 10
- Payload Reentry/Docking Assemblies 20 10
- Crew Shields 100 _ 2
- Cooling Systems 100 2
- Rail cars and casks {00 2

NOTE: Table assumes 380 Space Shuttle flights to dispose of defense
nuclear waste, 2 Shuttle flights per mission.
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2.7 Unique System Design Requirements

To serve as a guideline to a realistic program development, various
unique system design requirements have been identified which will insure
viability of the space option for nuclear waste disposal. The requirements are
listed below with the assigned agency responsibility:

e Waste treatment/inerts removal (DOE)

Waste form production (DOE)

Waste form environmental response (DOE)

Payload fabrication techniques (DOE)

Materials compatibility (NASA/DOE)

Containment system accident environment response (NASA/DOE)
Radiation shielding (NASA/DOE)

Docking system mechanisms (NASA)

Deep space rescue techniques (NASA).

Design/safety experiments and testing that are expected to be
conducted during the Concept Definition Phase of the R&D Program (see
Appendix B, Volume Il of this report) will play the vital role in the evaluation
of concepts/systems that are proposed for the nuclear waste disposal in space
mission. These experiments and tests have not been defined fully at present.

Actual technology demonstrations required for the nuclear waste
disposal in épcce mission are geared to the initiation of the development
schedule. Should serious unresolved technology issues exist at the end of the
3-year Concept Definition Phase (milestone for development decision) the

development program would likely be delayed until they have been resolved.
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3.0 CHARACTERIZATION OF DEFENSE HIGH-LEVEL WASTE PAYLOADS

Examination of high-level defense waste as a candidate for disposal in
space was initiated during this study period. This necessitated a study fto
' determine the relative quantities of this waste which would be available for
disposal, and to identify the characteristics of the present waste types and the
possibilities of modifying the wastes to be more attractive for disposal in space.
This study is complicated by the fact that much desired information, if
available, ccnhof be disclosed openly because of the sensitive nature of the
military programs which produced the wastes.

In general, all defense high-level wastes originate as acidic solutions
containing fission products and actinide elements from the reprocessing of
reactor fuel. At the Hoﬁford and Savannah River sites these solutions have been
n.eufrolized and stored in large subsurface storage tanks. At the ldaho site the
solutions have been partially separated and the bulk converted to dry oxide
powders which are stored in bins.

Section 3.| discusses the present and possible characteristics of the
defense wastes. Section 3.2 deals with the possible modifications for
optimization for space disposal, and presents waste compositions used in space
disposal. Section 3.3 discusses possible waste forms. Section 3.4 presents the
results of preliminary structural, thermal, nuclear shielding, and accident
response analyses.

Data generated during the early part of this study which relate to

commercial nuclear waste are given in Appendix C.
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3.1 Defense Nuclear Waste Sources and Character

Defense high-level waste (HLW) has been accumulating since the
[940's. This waste results from the réprocessing of plutonium production reactor
fuel at the Hanford and Savannah River sites and from the reprocessing of
submarine and research reactor fuel at the ldaho site. At the Hanford and
Savannah River sites liguid HLW has been neutralized and stored in large
in-ground ‘Eci‘hks.The result is a waste consisting of sludge, salt cake, and residual
liquor. At the ldaho site the liquid HLW is calcined to a powder and stored in
in-ground bBins as a solid. In general, defense HLW will not generate as much
heat or radiation as commercial HLW because of dilution with inert materials

and relatively long decay periods.

3. .| Hanford Waste

The Hanford site, located near Richland, Washington, has been
producing plutonium and other special nuclear materials since [944. As a result
of the reprocessing of irradiated reactor fuels, HLW consisting of fission
products, actinides, cladding components and inert chemical additives has been
and will continue to be generated and accumulated (see Figure 3-1). Although
bPurex reprocessing is currently in use, other reprocessing methods have been
used in the past. They include the Bismuth Phosphate, Redox, and Tributyl
Phosphate processes. Siightly different wastes have been generated by each

process.(3'|)

90 137

Approximately 55% of the Sr and 70% of the Cs, both high
heat-emitting nuclides, have been removed by a fractionization process. These
nuclides are subsequently converted to solid strontium fluoride and cesium
chloride, and encapsulated in double walled capsules. The remaining waste is
stored in tanks as damp salt cake, sludge, and residual liquor. Presently, the
defense- HLW inventory at the Hanford site consists of:

e 25 x l06 gallons (bulk) of damp salt cake

1 x 10° gallons (bulk) of damp sludge

)
o Il x 106 gallons of residual liquor

e 3 x 106 gallons of liquid waste in active processing
o 90 137

2900 capsules of ““Sr or Cs.
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By 1990, an additional .3 x 106 galions of salt cake, 2 x 105 gallons of sludge,
and | x 106 gallons of residual liquor will be generated as weil as [080 capsules
of Cs or 5r.3°V

Because of the extremely large amounts of inert materials contained
in the HLW, a radionuclide removal pr.ocess has been proposed with the -
objective of removing all long-lived nuclides from the salt cake and residual
liquor. A considerably smaller quantity of HLW would result plus a large volume
of low-level chemical waste which could be disposed of inexpensively. Figure 3-2
shows the radionuclide removal process. The product consists of the washed and
dried sludge, technetium concentrate, sTr.onﬂum sludge, and cesium carbonate
with a total mass of approximately 16,400 MT, having a total heat output of
about 460 kw31, |

3.1.2 Savannah River Waste

The Savannah River Plant, near Aiken, South Caroling, has been
producing special nuclear materials for defense purposes since [953. Products are
mainly plutonium and tritium. HLW, consisting of fission products, actinides,
cladding components and inert chemical additives has been and will continue to
be generated and accumulated by the reproéessing of spent reactor fuels. In
contrast to the Hanford operations, which used several reprocessing methods, all
the Savannah River waste is generated by Purex reprocessing. This waste is
stored as an alkaline liquid with a precipitated sludge in large underground
tanks. After the decay heating has been reduced by the decay of short half-life
nuclides, the supernate is converted to salt cake.

By 1985, the Savannah River HLW inventory is expected to consist of:

e 133 x IO6 gallons of damp salt cake

e 3.4 x I06 gallons of sludge

e 5.6 x 106 gallons of residual liquor.

Additional HLW is expected fo be generated annually after that time at a rate
of 1.0 x 10° gollons/yecr.(3-2)

As in the case of Hanford HLW, the extremely large quantities of
inert materials in the Savannah River HLW have encouraged the use of a
proposed salt decontamination process (see Figure 3-3). This process is quite

similar to the Hanford radionuclide removal process. The product consists of
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washed and dried sludge, precipitates of plutonium and strontium, and cesium
zeolite. The total mass of this product would be 3750 MT, having a total heat
output of 1725 kW(3-2). Although this mass is smaller than that produced using

the Hanford radionuclide removal process mass, it is nevertheless quite large.

3.1.3 ldaho Waste

~ In contrast to Hanford and Savannah River, the Idaho Chemical
Reprocessing Plant near ldaho Falls, ldaho, has been converting liguid HLW to
calcine. Calcining is the. high temperature treatment of liquid HLW to produce
granular solid waste oxides and other solid compounds. Idaho HLW contains
fission products, actinides, cladding components, and inert chemical additives,
and is produced by several processes.

At the present time, approximately [500 m3 of calcine have ‘been
produced. As reprocessing and calcine production continue, a total of 8500 m3
or 11,900 MT of calcine, having a range of heat output (non-decayed) of
approximately 1700-4200 kW, is expected by the year 2000.(3-3) It is believed
this mass can be reduced by a proposed calcine dissolution process to
approximately 600 MT. Nitric acid would be used as the solvent to dissolve

about 95 percent of the calcine.

3.1.4 Summary of Defense Waste Characteristics
tor Terrestrial Disposal

In summary, defense HLW from the three sites have been
characterized for terrestrial disposal in References 3-1, 3-2 and 3-3. The authors
of these documents have performed analyses based upon different baseline
availability dates (e.g., 1990 for Hanford, 1985 for Savannah River, and 2000
(assuming no decay) for ldaho). These differences must be considered when
defining data for detailed container designs for space disposal; however, for this
preliminary analysis given here, these data are appropriate. Table 3-1 provides
the characteristics of defense HLW for terrestrial disposal of the Hanford,
Savannah River and Idaho wastes. Total mass, activity, heating rate, as well as

density and specific activity data are given.
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TABLE 3-1. CHARACTERISTICS OF DEFENSE HLW
FOR TERRESTRIAL DISPOSAL

Waste Source

Hantford Savannah River ldaho (a)
Waste Characteristics (1990) (1985) (2000)
Total Mass, MT 16,400 3750 600
Total Activity, Ci 7.8x107 32108 ° 1axioBraxi0® ©
Total Heat Generation () (b)
Rate, kW 460 1725 | 700-4200
Density, g/cc : 0.7-1.6 0.7-1.6 l.1-1.6
Specific Activity, (b)
Ci/kg 4.8 85 . 216-2000
References 3-1 3.2 3-3

NOTES: (a) Assuming 8500 m3 of calcine by the year 2000.

(b) Assuming no decay for all calcine. Although no data are
available for decayed calcine, it can be expected that the
actual radiation cnd heat levels, by the year 2000, will be
approximately |/10 to 1/20 of those given above for Idaho waste.

(c) Assuming that approximately 2/3 of the high heat-emitting
elements (Cs and Sr) have been removed from this waste.



3.2 Space Disposal Mixes

The previous section illustrated  that the mass of defense HLW for
space disposal at each of the three sites is quite ‘Icrge. For space disposal,
various additional chemical processes could be applied to reduce the combined
total mass of waste at the three sites to a more manageable level. This section
describes the proposed additional waste processing and the baseline waste mix

compositions.

3.2.1 Chemical Processing Recommended for Space Disposal

This section describes the postulated chemical processes, generally
based on laboratory experiments, which can further reduce the mass of defense
HLW,

3.2.1.1 Hanford Waste

As described in Section 3.1.1, the majority of the Hanford waste, after
radionuclide removal, is in the form of sludge. The composition of the sludge
component of the Hanford waste varies, depending upon the method of chemical
processing from which it was derived. There are five major sludges; these are:
(1) bismuth phosphate sludge, (2) Redox sludge, (3) nickei-ferrocyanide-strontium
sludge, (4) Purex sludge, and (5) zirconium sludge. The average composition of
the combined sludges resulting from radionuclide removal processing is shown in
Table 3-2. 3%



3-10

TABLE 3-2. AVERAGE COMPOSITION OF MAJOR HANFORD SLUDGES

Component Mass% Component Mass %
HZO [.2 Cr(OH)3 1.2
NqNO3 4.1 F'e(OH)3 7.3
NaNO,, 0.6 Sr(OH), 0.3
Nc12CO3 10.8 BiPO4 2.5
NaOH 0.9 CQCO3 2.1
NGA102 0.3 ‘ _NGZUOZJ' 7.9
N°2504 0.1 M.r\O2 1.2
N03P04 2.3 N|2Fe(CN)_6 2.8
NaF 0.7 PZOS‘ 24W02' 44H20 0.1
Cancrinite 6.6 ZrOZ- ZHZO 2.5
AI(OH)3 14.2 ' Sl'3(f304)2 6.2
Ce(OH)4 2.1 NaTi, O H (Resin) 0.5

Based on laboratory tests, it may be possible to dissolve the first four
sludges in molten caustic tollowed by treatment with nitric ocid.(B-S) Such a
dissolution would make additional waste concentration possible by removing inert
materials from the radionuclide mix.

The gross composition of the first four sludges follows.

Total Mass of Inerts: 15,400 MT
Total Mass of Fission Products: 56 MT
Total Mass of Thorium: 15 MT
Total Mass of Uranium: 908 MT

If these four sludges can be put into solution, Hanford has estimated that 99%
of the inert material could be removed. Also, since uranium and thorium do not
cause problems for terrestrial disposal, it may be possible, using conventional
separation techniques, to remove 95-98% of these elements.

The zirconium sludge, which weighs 318 MT, is insoluble in molten
caustic and will require Qgessievelopmenf of new treatment methods to achieve

significant inert removal.
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The total mass of Hanford waste to be carried to space, assuming the

application of the chemistry described above, is as follows:

154 MT Inert material
- 66 MT Fission product oxides of the form M203
at an average molecular mass of |30

0.3-0.8 MT  Thorium at 95-98% removal
21-52 MT Uranium at 95-98% removal
3-14 MT Isolated products from salt cake and liquor
?-318 MT Part or all of zirconium sludge.

244 MT (+ Zr fraction) - 605 MT

605 MT is the baseline for Hanford space waste disposal. As suggested by
Hanford personnel, the above reductions depend on the development of

acid-based separation chemisfry.(}'S)

3.2.1.2 Savannah River Waste

As shown in Section 3.1.2, the major component of Savannah River
waste, after salt decontamination, is sludge. The sludge has been produced by
the Purex process; however, two major types exist: high iron and high
aluminum sludge. Table 3-3 shows the composition of these two types of

sludge.(3-6)
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TABLE 3-3. SAVANNAH RIVER F- AND H-AREA HIGH-
HEAT SLUDGE COMPOSITE COMPOSITIONS

F Area H Area ' Overall
Composite Composite Composite
Sludge Sampled, gal 317,000 {,049,000 l,366,000
Total Sludge, percent 73.0 80.1 A 78.4
Sludge Sampled, percent 23.2 76.8 100.0
Principal Eiemen’rs, mass %
Fe 15.3 [3.62 4.0
Al 2.34 19.50 5.5
Mn 2,96 4.50 4,14
U 5.54 2.58 3.27
Na 3.22 2.03 2.31
Ca .06 .59 .47
Hg 0.163 /.83 .44
Ni 3.25 0.507 [.14
C 1.9 - 2.76
Si 2.29 0.221 0.701
Principal Anions, mass %
' NO3 .14 .08 .02
NO2 ' 0.079 0.09 0.087
SO2 14.31 1.72 4,64
P02 ' 0.134 [.22 0.97

Source: Reference 3-6.

Personnel contacted at Savannah River have indicated that inert
removal from the sludge is possible.(3-7) This could be accomplished by
successive washing with caustic, to remove aluminum, and with oxalic acid, to
remove iron. Estimates indicate that a 90% reduction in sludge mass may be
achievable. This process is not designed to dissolve the sludge as is the case for
the Hanford process. This would result in 360 MT of sludge plus |5 MT from
the concentration of cesium zeolite from salt decontamination, or a total of 375
MT as a baseline for space disposal. '

Since washing of the sludge with caustic and oxalic acid actually
constitues sludge dissolution, the wash would have to be decontaminated and the
dissolved radionuclides returned to the sludge radionuclide inventory. If total '
sludge dissolution and cesium zeolite concentration are possible for the Savannah

River waste, perhaps additional mass reduction could be achieved.
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The ldaho waste volume will total 8500 m3 of calcine powder granules,

with a mass of approximately 1,900 MT by the year 2000. Five major types of

calcine exist based on the nature of reprocessing used for HLW generation; they

cre:(3—8)

Type
Alumina

v oW -

Zirconia

Fluorinel

Electrolytic

Zirconia-Sodium Blend

Total

 Volume (Year 2000)

500 m

1000 m>

1300 m
5500 m
200 m
8500 m

Typical calcine compositions are given in Table 3-4.(3;8)

w W W w

TABLE 3-4. CALCINE COMPOSITIONS FOR IDAHO WASTE
Calcine Type, percent
Zirconia-Na '

Component Alumina Zirconia Blend (3:1) Fluorinel Electrolytic
A1203 89 20 20 17 65
Fe203 - - - - 10
NGZO 2 - 5 - I
ZrO3 - 21 17 15 -
NO3 [-3 [-3 7-10 -4 3-5
C0F2 - 50-55 37 55 I
8203 -2 -2 | 3 |
502 - - - - -
POL‘ - - 2 - -
504 - - é 4 0
CdO - - - - -
Gd203 - - - - 6
Fission Products

and Actinides 0.6 0.6 0.4 0.5 0.5
Other [-3 -3 3 - 3
Source: Reference 3-8.
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To concentrate these calcined wastes to the point where they could be
disposed of in space, they must be dissolved. Dissolution chemistry is not
difficult and has been under development as part of the ldaho actinide and
lanthanide partitioning scheme. 3~
dissolved with 8M HNO3.
dissolved in molten NaHSOa.O'g)

The mass of remaining radionuclides would be approximately 60 MT

Approximately 95% of the calcine can be

The residual material can be almost completely

plus a small amount of residual inert material. If actinide and lanthanide
partitioning is considered feasible and necessary, the quantity of radionuclides
may be reduced to 20 MT or less. At this time, 60 MT is considered as the
baseline for ldaho waste for space disposal; however, since this material is
essentially 100% radionuclides, it will generate considerably more heat and
radiation than the Hanford or Savannah River baseline waste compositions. The
Idaho mix could be tailored to about the same composition as Hanford and
Savannah River waste by leaving a portion of inert material in the waste.
Separate shielding and cooling packages must be designed if the 100%
radionuclide waste mix is chosen for ldaho. Work cannot proceed on this option,

however, until detailed radionuclide compositions are available from ldaho.

3.2.2 Baseline Composition for Space Disposal
This section describes the radionuclide and chemical composition of the
defense HLW, for each of the three sites, as baselined for space disposal (see

Section 2.4.2).

3.2.2.1 Hanford Waste

After the chemical treatment posfulcted in Section 3.2.1.1, the
Hanford HLW would consist of: insoluble compounds of Al, Fe, Cr, and Zr; U
and Th compounds remaining after separation of the majority of these elements;
fission products; and actinides. The radionuclide composition of Hanford HLW,
based on a 5500-kg waste payload, and decayed to the year 1990, is shown in
Table 3-5.
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TABLE 3-5. BASELINE RADIONUCLIDE COMPOSITION OF
HANFORD WASTE PAYLOAD (1990 DEFINITION)

Activity, Mass, Activity, Mass,

Nucl‘ide Ci kg Nuclide Ci kg
90, 4.1 E+05 3.0 E+00 %o 9.5 E+03 9.8 E-03
93z, 6.5 E+01 1.6 E+0l 15t 1.3 E+04 5.1 E-01
91c 3.0 E+02 1.7 E+0l 152, .4 E+Ol 7.9 E-05
106g,, 7.0 E-0 2.1 E=07 154g,, 7.0 E+02 4.6 E-03
10754 5.4 E-0l Il E+00 155, 7.3 E+02 5.1 E-04
13meq 49 e+01 - 2.1 E-04 233 1.9 E-0 2.0 E-02
12lmg, 1.0 E+00 1.7 E-06 235y 6.0 E-03 2.8 E+00
126, 6.2 E-0I 22602 B8y .4 E-O| 4.2 E+02
1255}, 1.9 E+02 1.3 E-04 EXUNS 9.5 E-0 .4 E+00
129, 4.3 E-0| 2.7 E+00 238p, 3.8 E+00 2.2 E-04
13bcs 6.2 £400 5.1 E-06 239, 2.0 E+02 3.3 E+00
135¢5 2.3 E+00 1.8 E+00 240p, 4.9 E+0| 2.1 E-0l
137 2.6 £+05 3.0 E+00 24ip, 5.4 E+02 4.9 E-03
185 8.1 E-02 2.7 E-08 Blam 4.6 E+02 .4 E-0l
' Total 7.0 E+05 4.7 E+02

NOTE: Based on a 5500-kg waste payload (the remaining mass is inert material).

-3.2.2.2 Savannah River Waste

Assuming the chemical treatment given in Section 3.2.1.2, the
Savannah River HLW would consist of: insoluble compounds of Al, Fe, and Mn;
uranium. compounds; fission products; and actinides. The baseline radionuclide
composition of fresh Savannah River HLW, as based on a 5500-kg waste payload,
is shown in Table 3-6. The radionuclide composition of the Savannah River HLW,
based on an initial quantity of 22.3 x IO6 gal of salt cake, sludge, and liquor
before chemical treatment, and on a 5500-kg waste payload is shown in Table
3-6 for fresh waste. it should be noted that several of the nuclides listed in
Table 3-6 will have decayed to insignificant levels by the [985-1990 time period.
89Sr, 9|Y, 9SZr, 95Nb, IO3RU, 127Te, 129Te’ and MICe. A

partial radionuclides list for Savannah River HLW indicates that actual payload

These include:
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activities at that time may be approximately /15 of that for fresh waste as
listed in Table 3-6. A more complete radionuclide composition table showing
activites decayed to 1985 will need to be incorporated into subsequent space

waste disposal studies as that information becomes available.

TABLE 3-6. BASELINE RADIONUCLIDE COMPOSITION OF SAVANNAH
RIVER WASTE PAYLOAD (FRESH WASTE)

Activity, Mass, Activity, Mass,

Nuclide Ci kg Nuclide Ci kg
Dse 3.3 E-00 5.1 E-02 134 ce 3.2 E+05 1.0 E-01
895, 5.8 E+0b 4.1 E-0I Hige- 23 E:07 7.1 E+00

: Pec

s, 9.9 E-05 7.0 E+00 Bipm 4.0 E+06 4.1 E+00
oy 1.5 E+07 6.2 E-0I Blsm 2.5 Ev0n 1.0 E+00
Bz 33 k401 8.2 E+00 152, 6.7 E-02 3.7 E-07
952¢ 2.0 E+07 9.4 E-01 154, 3.3 E+0I 2.3 E-04
%5Nb 5.1 E+05 .3 E-O 1587 2.0 E-02 8.8 E-06
Pre 17 E+02 9.6 E+00 233 6.6 E-0| 7.0 E-02
103z, 3.2 £+06 1.0 E-0I 235y 9.8 E-03 4.6 E+00
106y, .3 E+06 3.9 E-0 238 2.0 E-0 5.9 E402
107p4 1.7 E-OI 3.5 E-0I 7 1.3 E-0I 1.9 E=0|
'lzgggb- 3.4 E+00 .2 E-Ol 238p, 3.4 E+03 2.0 E-0I
N3 6.6 E+05 2.5 E-04 239p, 9.8 E+0 1.6 E+00
1297¢ 6.7 E405 3.1 E-05 2405, 2.0 E+0I 8.8 E-02
129, 32600 20E00  2lpy sgE«2 5.8 E-03
135¢s .3 E+0I 1.0 E+0 242p, 2.0 E-02 5.1 E-03
137 9.6 E+05 .1 E+Ol 241 A 3.2 E+02 1.0 E-0|
%lce 4.0 E+06 .4 E-O| 2880 3.3 402 4.0 E-03
Total 7.9 E+07 6.6 £+02

NOTE: Based on a 5500-kg waste payload (the remaining mass is inert material).
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3.2.2.3 ldaho Waste

{f the chemical processing given in Section 3.2.1.3 is assumed, the
Idaho HLW will consist primarily of fission products and actinides with small
quantities of inert materials. The radionuclide composition of ldaho HLW is not
well known at this time. Sampling and analysis is presently underway but results
are not expected for some time. There is only fair agreement between Idaho
sources of information on radionuclide composiﬁon.(3-3’3-8) Table 3-7 presents

limited radionuclide composition data for the ldaho waste.

TABLE 3-7. ESTIMATED IDAHO CALCINE RADIONUCLIDE COMPOSITION

. Specific Activity, - Maximum Quantity
Radionuclide Ci/kg of Radionuclide, kg
705, 315 1250
137¢s 3-18 2450
1B4ce |-38 140
106z 0.1-1 35
Others 4-25 ?

Total Transuranics 2 x 1072 ?
239, ' 45 x 107 ?

Source: Reference 3-8.
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3.3 Waste Forms for Space Disposal

Final waste forms acceptable for space disposal must have high waste
loadings to make efficient use of each flight. This requirement practically
eliminates the consideration of several final forms (e.g., glass), which have -
relatively low waste loadings. Final waste forms suitable for space disposal of
defense HLW include calcine, compartmented calcine, and metal matrix forms.
Other possible forms include coated particles, supercalcine, calcined clay
ceramics, and sintered glass ceramics. The following sections discuss the
processes required to fabricate the final forms mentioned above and the

properties of each waste form.

3.3.1 Chemical Processing

The previous study, "Preliminary Evaluation of the Space Disposal of

Nuclear WasTe",(3- 10)

describes the four main processes for producing calcine,
and the processes required to produce supercalcine, coated particles, and metal
matrix. Detailed descriptions of these processes are not given in this report;
however, a few comments are in order. Calcine production is well proven and
reasonably simple. Supercalcine and metal matrix production are more compiex
than calcine production. Coated particle prbducﬂon is very complex in
compcrison to calcine production and.should not be considered unless all other
processes appecr untenable,

Compartmented calcine is the term used to describe calcine enclosed
in small stacked metal containers or in metal "egg crate" spacers which would
be sealed on each end. Although no experience exists in fabricating such a
waste form, it seems relatively straightforward using conventional metalworking
and automated container loading equipment.

Calcined clay ceramics are formed by mixing the dried powdered
product of chemical separations postulated in Section 3.2.1 with clay and water

(-0 Waste loadings of 50-70% appear possible

and firing at high temperature.
based on laboratory experience.

Sintered glass ceramics are produced by sintering a mixture of calcine
and flux or frit. In this process, calcine, flux and water are fed to a

mixer-feeder. Water acts as a binder and lubricant and minimizes dusting. The
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mix is then pressed into a thin-walled container at low pressure in the shape of
a thin disk and sintered at 1000° C for 4 to 6 hr. Sintering causes additional

densification. After cooling, disks can be stacked in a storage confciner.(3-3)

3.3.2 Physical Properties and Characteristics

High waste loading, low dispersibility, and thermal stability are the
primary requirements for a suitable waste form. Each waste form listed above
has advantages and disadvantages peculiar to itself. ‘

Calcine has the highest waste loading. Since high waste loading is of
prime importance for efficient space disposal, calcine rates highest in this area.
Calcine powder can be pressed into pellets or other shapes to decrease
dispersibility; however, dispersibility will always be a problem. Leach rates
(dissolution rates) of calcine will be higher than for any other waste form.
Dispersibility and solubility can be lessened to a large extent by carefully
engineered safety features such as impact absorbers, thermal shielding, flotation
devices, etc. Ground transportation can be accomplished safely by the use of
heavy walied shipping casks. Although calcine is a desirable waste form because
of its high waste loading, it does have problems (such as high dispersibility and
poor thermal stability) which should not be underestimated. Calcine is the waste
form baseline at this time.

The compartmented calcine waste form has been postulated as a
means of providing additional safety when using a calcine. Calcine encased in
small stacked metal containers or "egg crate" spacers sealed on each end may
possibly provide leach resistance and low dispersability sufficient to mitigate the
effects of most credible accidents. While such a concept sounds useful, it is
important to note that fabrication and testing of compartmented calcines have
never been attempted. A major consideration is the weight penalty associated
with the use of metal compartments.

Metal matrix waste forms possess several attractive characteristics:
waste loading is relatively high (60-70%); leach rate is low; thermal conductivity
is excellent; and the dispersibility potential is low. Although metal matrix waste
forms are not currently in vogue in the United States, a great deal of work on
this type of waste form has been done in Belgium, Germany and France. As in
the case of compartmented calcine, the weight penalty associated with metal

may be a problem.
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Supercalcine has a lower leach rate than calcine, but is still
dispersible. Waste loading is relatively high, approximately 70%. Supercalcine
offers better thermal stability than calcine but the waste loading is lower than
calcine.

Calcined clay ceramics and sintered glass ceramics are fairly similar.
Both forms have relatively high waste loadings (50 to 70%) and produce a solid -
with much lower leach rate and dispersibility than calcine. Both processes
require further development. Based on the scant data available, it appears that
sintered glass ceramics may be somewhat léss dispersible and more leach
resistant than calcined clay ceramics. Neither one of these forms appears to be

as good as metal matrix forms.
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3.4 Containerization Systems

The space disposal of high-level nuclear waste requires that the
payload primary container maintain its integrity during both the expected normal
and the defined accident environments. Unlike the transportation regulations for
terrestrial shipment of nuclear materials, there are no definitions of either the
normal, or accident conditions of space disposal. Consequently, before the
containerization analysis began, it was necessary to have the various payload
environments defined. (Section 5.1 identifies and characterizes the various
accident environments that might be expected during the space portion of the
disposal mission.) In this preliminary study, the emphasis of the analytical effort
was placed upon the payload response to the various accident environments,
although the effects of normal environments were used to initially define the
payload container package.

No quantitative assessment of accident risks ‘and probabilities is
feasible at this stage of development. However, several accident conditions
covering a range of probabilities have been considered (see Section 5.1). Of
these, the most severe chosen for analysis here were:

e Explosion and fire on launch pad

e Reentry of an unprotected payload container.

The primary container design is dominated by the character of its
contents, the high-level waste. Table 3-8 lists the baseline high-level waste
payload characteristics for each of the three waste mixes. Most of the data
shown in this table are based upon Tables 3-5, 3-6 and 3-7. The actual density
of the defense waste form is still speculative. The value of 2.8 g/cc, as
indicated in Table 3-8, was computed based upon the theoretical densities of the
component oxides from two compositions of synthetic sludges.(3'I ) Typically, a .
value of two-thirds the theoretical density is attainable, resulting in 2.8 g/cc as
a best estimate. Figure 3-4 provides the definition of waste concentration factor
(WCF) for each of the three defense waste sites. The number of 5500-kg
payloads required to dispose of waste from each of the sites is given as a
function of WCF. The baseline "desired high model" (see Table 2-3) is given by
the circles; the more optimistic case, the "desired low model" is given by the

squares.
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Most of the analyses performed in the following sections are based
upon Hanford waste. Although both Savannah River and ldaho baseline waste
compositions have higher internal heat generation than does Hanford, the

analyses in this section are based on Hanford waste because of its greater mass.

TABLE 3-8. BASELINE HIGH-LEVEL DEFENSE WASTE
PAYLOAD CHARACTERISTICS

Parameter Hanford Savannah River Idaho
Disposal Reference Date 1990 1985 - 2000
Waste Density, g/cc 2.8 2.8 2.8
Waste Radius, cm ) 78 78 78
Waste Activity, Ci 7x|05 7.9xl07 -
Radionuclide Mass, kg | 470 . 660 .-
Inert Mass, kg 5030 4840 -

Waste Concen’rrc’riortc)

Factor (WCF) 27 10 10
Specific activity, 3 5 A

Ci/kg .5x10 [.2x10 -
Heat Generation,

KW 4340 25(€) -

NOTES: (a) The waste concentration factor is defined as the ratio of the
masses given for each defense waste site, as recommended for
terrestrial disposal, to the mass of the waste for space disposal
after further chemical concentration (see Figure 3-4).

(b) Based upon ORIGEN computer calculations using data in Table
3-5.

(c) Based on mass reduction (WCF = 10) and heat generation rate
for Savannah River waste in Table 3-1.

3.4.1 Shielding Analysis

This section presents the results of the shielding analysis performed

for the baseline container. This analysis was performed by first obtaining the

N(G3-12)

radiation scurce strength using the ORIGE computer code. This code
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predicts the generation of fission products and the transmutation of isotopes
through neutron reactions and decay. The input nuclide quantities were taken
from Table 3-5. The Savannah River and ldaho waste were not considered in this
preliminary analysis because of their smaller quantity. The resulting gamma

source strength for Hanford is shown in Table 3-9.

TABLE 3-9. PHOTON SOURCE STRENGTH SPECTRUM
FOR HANFORD WASTE (WCF = 27)

Mean Group Energy Source Strength,
MeV photons/sec per MT of Waste
0.30 8.93 El4
0.63 9.22 EIS5
.10 5.26 EI3
{.55 6.72 EI2
.99 2.01 ElI
2.38 7.91 E7
2.75 6.23 E6
3.25 1.98 ES

Total 1.02 EI6

The neutron source strength for defense waste as predicted by the
ORIGEN code is several hundred to several thousand times smailer than the
typical commercial reactor waste source. Since the neutron dose is a secondary
contributor for even commercial high-level waste designs, it was ignored for
defense waste. ‘

The ANlSN(3—I3) shielding code was used to compute the gamma dose
from the waste container (using"rhe ORIGEN output), and thereby determine the
shielding requirements.

ANISN is a computer program written in FORTRAN IV. It solves the
one-dimensional Boltzmann transport equation with general anisotropic scattering
for slab, cylindrical, and spherical geometries using discrete ordinates and the
diamond difference solution technique. ANISN is well suited for solving broblems
of deep penetration of both gamma radiation and neutrons such as encountered
in shield design.

The shielding thickriesses required, assuming a uranium only shield, a

steel only shield, and a uranium shield including 2.54 cm of steel (represents the
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baseline case), were determined as a function of source strength. Figure 3-5
shows the relationship between the thickness of a particular shield required to
maintain the dose of 2 rems per hour at one meter from the shield surface and
the concentration factor for Hanford defense waste. For the baseline case
(Hanford waste, WCF = 27), the uranium shielding thickness is 2.85 cm. The
baseline shielded container design is shown in Figure 3-6. The steel wall
thicknesses shown were chosen as typical values. For purposes of steady-state
thermal and shielding analysis, the amount of s.'reel present is not a major
factor. Detailed structural analyses are necessary to determine more realistic
wall geometry.

The significance of the shield thickness (other than to minimize
exposure) is in its effect on the payload launch mass. The expected masses of
the waste payload, less the reentry system and other supporting systems, are

given in Table 3-10 for various waste concentration factors.

TABLE 3-10. CONTAINER AND SHIELDING MASSES FOR VARIOUS
WCF VALUES, ASSUMING HANFORD WASTE*._

Waste
Payload Concentration
Component Factor (WCF) Mass, kg
Waste - A 5500
Container - 770
Shielding
Steel Cladding | 819
27 , 836
67 842
Uranium | (742
27 4448
67 5376
Total (waste, [ 8831
container, and : 27 {1,554
shield) 67 12,488

*NOTE: Excludes reentry system.
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For the baseline mission, Table 3-10 shows that the mass of the waste,
shielding, and container, is about 11,500 kg. Since the Space Shuttie capability
for the baseline disposal mission is expected to be 29,500 kg (65,000 lb),(3-l4)
the total mass of the reentry system, pallet, ejection system, cooling system
and other systems would be limited to 18,000 kg (39,700 Ib), assuming no landing
limit constraint. With a landing limit of 14,500 kg (32,000 Ib), these systems
would be limited to 9,200 kg (20,300 Ib). If the appropriate limit could not be
met, then the size of the waste payload, given WCF = 27, would have to be

reduced.

Waste/Container/Gamma Shield

Surface/Wail
‘Detail

Gamma Shield

N

: ( Stainless Steei
Container Wall—y ! )
{(Stainless Steel)| [ Uranium

All

L AN ) . >y Dimensions
SRR AN LA \ in cm
waste Radius 78.00———-——4~&.27¢4!‘—! 2.85 ! ! 0.€4

Gap = 0.127 —0.64

FI‘GURE 3-6. BASELINE SHIELDED CONTAINER DESIGN
FOR HANFORD WASTE (WCF = 27)
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3.4.2 Thermal Analysis

In an earlier study for commercial nuclear waste disposal in

spacé,(3' I‘O)

the long-term deep space environment was identified as the
principal factor in determining the design characteristics of the primary payload
container (see Figure 3-6). All other normal conditions were of short duration,
relative to final disposal, so as to be handled by additional design features (e.g.,
auxiliary cooling and shielding, and reentry protection.) Therefore, the payload
performance must remain within design limits based upon the deep-space
environment. Prior to launch, some of these limits can be exceeded for other
normal conditions of short duration.

A one-dimensional thermal analysis of the high-level waste container
design was applied to the more critical environmental conditions. The analysis
was parametric with the Hanford waste concentration factor as the major
variable. A spherical geometry was chosen for the container, as it is the current
baseline (see Figure 3-6), and since temperatures are not strongly dependent
upon wall construction. ,

Before analyses were compiefed, several candidate materials were
considered for the container, gamma shield, and reentry system design. The
waste form is discussed more fully in Section 3.3. The waste container must
provide protection during high stress and corrosive environments. Consequently,
typical pressure vessel steels including stainless were considered along with
materials such as niobium and titanium. Stainless steel was selected for
preliminary designs. |

Shielding materials available are lead, steel, and depleted urranium.
The most efficient, on a weight basis, is uranium. | )

No materials development is expected to be necessary for the
selection of reentry system materials. Typical designs include stainless steel
shell, Min-K insulation, and ATJ-graphite material as the heat shield. The
addition of a steel honeycomb as an impact absorbing device was also considered.

The materials assumed for waste, container and shielding systems and
the reentry system are listed below:

o Calcined Waste - ‘maximum density of 2.8 g/cc for all processed

defense wastes

e Stainless Steel Container

e Depleted Uranium Gamma Shield
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e Reentry System - including stainless steel shells, steel honeycomb,

insulation, and ablative material.

The maximum allowable temperature of the waste form is a critical
parameter in the thermal analysis. For calcined waste, the selected baseline
waste form, the allowable temperature should be limited to less than the
temperature at which the caicine is formed. Calcines are formed at
temperatures up to 200 C.(3_|O) However, for conservatism, a temperature Iimif‘
of 700 C was assumed to maintain a stable product. Similar limits for other

waste forms are listed below:

Metal matrix (aluminum base) 300-600 C
Supercalcine 900 C

Coated particles 900-1100 C
Glass - 350-550 C

The TRUMp(3-13)

steady-state and transient thermal analysis, was used to determine steady state

temperature distributions. In earlier sfudies(3-lo), the effects of variation of

computer program, a recognized code for both

thermal input properties were examined. For the final waste form and
concentration, most of the thermal data can be considered constant for
preliminary analysis. Table 3-1| lists the input data used for the thermal

analyses.

TABLE 3-11. SPACE DISPOSAL HEAT TRANSFER INPUT PROPERTY DATA

Reentry System

Gamma

Waste Container Shield Insulation Ablation [mpact

Material Calcine- 304 SS Depleted Min-K ATJ Steel
HLW Uranium Graphite Honey-
' comb

Specific heat, 0.20 0.13 0.03 0.21 0.17 0.13
W-hr/kg- C ' ‘
Conductivity, 0.52* 16.2 24.2 0.052 70.6 16.2
W/m- C
Density, g/cc 2.8 7.8 [1.3 - 0.32 .9 0.78
Surface - 0.7 - - 0.7 -
Emissivity

*NOTE: This is an estimated value for compacted calcine based on values for
powder of 0.2 to 0.3 W/m-C (Reference 3-16).
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The initial analysis examined the influence of the waste concentration
factor upon payload temperature gradient ( AT). AT is defined as the difference
in temperature between the center and outer surface of the spherical waste
payload. A graphical representation of waste A T versus waste concentration
factor is shown in Figure 3-7. The straight line indicates the temperature
gradient for Hanford waste. The curved line marked "Deep Space" intersecting
the AT-line for the payload represents the limiting condition for the waste
based on the assumed maximum allowable temperature of 700 C. The
intersection of this curve with the AT-line indicates the limiting condition for
Hanford waste with no auxiliary cooling or internal cooling fins. The intersection
occurs at a waste concentration factor (WCF) of 35 for Hanford waste. For
WCF values greater than 35, this limit would be exceeded. Auxiliary passive
rooling, a higher waste thermal conductivity (including consideration of a metal
matrix waste form), cooling fins, or the consideration of a higher allowable-
maximum temperature are examples of design options that would be required for
this case. ‘

Similar curves could be plotted based on the launch pad environment.
However, since the long-term environment of deep space was assumed to have
the major influence on the waste container design, the launch pad conditions
were examined only insofar as they make further demands on the container
design. Obviously, without auxiliary cooling, a cbnfci'ner design optimized fo
maintain waste temperatures in deep space will not do so in an Earth
environment. However, as is shown in Table 3-12, any design suitable for deep
space environment can be actively maintained on Earth.

The actual temperature distributions for the waste payload and reentry
system for both "deep space" and "launch pad" environments are shown in Table
3-12 for various Hanford WCF values. The auxiliary cooling requirements are
included whenever the waste center temperature limit is exceeded. A nominal
gap AT is included to represent the interface between the waste container and
radiation shield. However, with the typical values listed, the auxiliary cooling
required can adequately maintain the waste and container wall temperatures
below their limits while cooling the shield surface. At higher heat generation
rates (NCF > 40), it may be necessary to cool the container wall directly

because of the poor conductance of the gap.
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TABLE 3-12. PAYLOAD TEMPERATURE DISTRIBUTIONS FOR
THE HANFORD DEFENSE WASTE AS A FUNCTION
OF WASTE CONCENTRATION FACTOR

, Shielding Payload System Element
Defense Waste  Payload Auxiliary Temperature, C v
Concentration Heat Gener- Cooling Waste Reentry

Factor(WCF) ation, kW Required, kW Center Container Shield System

Launch Environment at 21 C

[ 0.16 0.0 59 44 43 23
27 434 2.64 7000 277 248 48
(Baseline)

40(@) 6.51 6.51 700 64 21 21

Deep Space Environment at -273 C

[ ' - 0.16 - -176 -191 - -
27 4.34 - 544 118 - -
(Baseline)

67 10.85 ; 1286© 218 ; .
NOTES: (a) For greater WCF values, auxiliary cooling requirements equal
heat generation, but waste requires direct cooling.

(b) Assumed maximum normal operating limit achieved by auxiliary
cooling. :
(c) This condition would be unacceptable; cooling fins, metal matrix

waste form or a smaller payload would be required to reduce
this temperature to the acceptable level.

The following paragraphs discuss the effects of temperature limits on the waste
container design for the various mission phases.

Assuming the waste fabrication process temperature is greater than
the container wall operating temperature limit, at the payload fabrication plant
the limiting thermal condition will be the container wall. For the type 304
stainless steel, a conservative aliowable temperature would be 427 C, based on
the creep limit of the ASME(3'I7) code. A material such as niobium would have
a higher limit but would also require oxidation ‘profécfion. The fabrication
condition was not analyzed for defense waste, but, for commercial reactor

(3-10)

waste, the results indicated that the post-fabrication container would not

require auxiliary cooling for several hours after fabrication.
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During ground transportation, auxiliary cooling will be required for
shipments lasting more than several hours. The limiting parameter for this
condition would be the waste temperature.

During handling at KSC and while inside the Shuttle, auxiliary cooling
will be required for highly .concentrated defense waste (minimum waste
concentration factor of |8 for Hanford). For commercial waste, auxiliary cooling
is required, in conjunction with a high conductivity waste material and/or
internal fins.

in deep space, the unprotected, unshielded payload container should be
designed to be within all temperature limits assuming only passive cooling by
radiation to space. The thermal distribution for the baseline Hanford waste
payload design (see Table 3-12) was made assuming a bare container and no
internal cooling fins, or solar radiation. For wdste concentration factors greater
than 35 (see Figure 3-7), the waste center exceeds the assumed temperature
limit. |

Compared to commercial reactor waste, defense high-level waste will
not have as many thermal restrictions. Depending on the optimum degree of
concentration, it may be possible to design a container without internal fins,
that requires infrequent auxiliary cooling during ground operations, and will

remain within allowable temperatures in the deep space environment.

3.4.3 Accident Response Analysis

The container system designs were analyzed for their response to
various accident environment conditions (see Section 5.1). As a preliminary
evaluation, two major accidents were chosen to represent the worst-case
extreme abnormal environments. The first accident is defined as an explosion of
the Space Shuttle vehicle on the launch pad. This accident entails the effects of
a shock wave, liquid propellant fireball, a solid propellant fire, and fragment
impact. The second accident concerns the payload response to an unplanned
reentry of the unprotected container under various reentry conditions. This
analysis does not include the consequences of an Earth impact of the waste and

container following reentry.
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3.4.3.1 Launch Pad Explosion

The payload container is assumed to be in the Space Shuttle cargo bay
in preparation for launch. As such, it will be housed within a gamma radiation
shield and the reentry system. One of the important design trade-offs which has
a bearing on the response of the container during this accident scenario is the
concept of a "front-end" reentry profecﬁdn design versus a completely enclosed
package (see Figure 2-5). The ramifications of this design option were considerd
in this analysis.

_ The reentry system is entirely within the Shuttle cargo bay.
Realistically, for a launch pad fire involving the External Tank (ET) and Solid
Rocket Boosters (SRB), the Shuttle itself would provide some degree of
nrotection from the direct fire/explosion environment. As a means of
simplification and yet remaining conservative, the mitigating effects of the-
Shuttle body will ‘be neglected.

The thermal property data for the various components of the payload

waste container and reentry system are shown in Table 3-11.

Shock Wave. The shock wave parameters are described in Section
(3-18)

5.1.1.3. The stress analysis of the container response to the shock wave
took into account the inertia of the loading and material strain rate
effec’rs.(3'l9) In addition, the compressive strength of the wcsfe(3'20) and
effects of multiple shells were included. Together, these modeling assumptions
led to the conclusion that the conceptual primary container design is adequate
to resist the shock wave conditions for a 20% explosive yield of the ET (e.g., a
pressure of 4300 N/c:m2 and an impulse of 5700 (N/cmz)-(msec)). It should be
noted that, with all the assumptions made, the analysis is conservative in many
areas. The significant point is that the conceptual container will sustain the
accident overpressure without the shield, reentry system, or Shuttle structure

available for protection.

Fragment Impact. The fragment environment is described in Section

5.1.1.4. Table 3-13 lists the input parameters which define this condition.
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TABLE 3-13. LAUNCH PAD EXPLOSION/FRAGMENT IMPACT DATA

20% Explosive Yield

93% of Fragments @ V < 4000 m/sec
Edge-On Impact Orientation

Fragment Diameter = [.2 - [.7 cm

Fragment Mass = 5 - 20 g

Using dynamic material strengths, the maximum energy absorption capacity of
the container design was calculated including contributions from wall shear,
waste compression, and shell bending. This analysis showed that for the frdgmenf
mass and impact velocity assumed, the present design is capable of absorbing
only about 5% of the impact energy. In dddi'fion, the impact force is estimated
to be greater than the forces required to deform the container sys’rem.(3-2l)
Consequently, for the container, shield, and reentry system models assumed, the
high velocity fragments are capable of penetrating the waste container barrier.
Further analyses indicates that, for the assumed impact data, the
fragment velocity which corresponds to an impact energy equivalent to the
energy absorption capability of the payload package is about 870 m/s. From a
statistical viewpoint, for a 20% vyield, about 45%. of all fragments will be at a
velocity less than 870 m/s. The full effect of the fragment impact upon the
container and associated system's designs must be based on a statistical

evaluation of the design fragment environment.

Ei[g.' There are two types of launch pad fires of specific interest
(see Sections 5.1.1.1 and 5.1.1.2): (1) a solid propellant fragment fire, and (2) a
split solid propellant rocket motor fire. Essentially, the first fire environment is
chcroéferized by the External Tank (ET) fire (hydrogen/oxygen) for the first 5
seconds, followed by the solid propelliant fire extending for an additional 450
seconds. Residual fires remaining after this time have been neglected. The time
history ot the radiant heat flux resulting from this fire is shown in Figure 3-8.
The second fire, the split motor fire, is characterized by the ET fire plus the

contribution from the split motor. The radiant heat flux is also shown in Figure
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3-8. For the second fire, the flux is assumed to remain at approximately 3000
kW/m2 for 15 minutes (not including the 5-second contribution of the ET fire)
before complete burnout (see Figure 5-10). Note that the total heat, QT’
radiated from the split motor fire is approximately eight times that of the solid

propellant fragment fire.

5000 ‘ ,\/
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FIGURE 3-8. RADIANT HEAT FLUX VS TIME FOR LAUNCH PAD FIRES

Two configurations were examined for the response of a container for

the Hanford waste to both fires. The first included the waste container and
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radiation shield and neglected the reentry protection and Shuttle structure. This
configuration being exposed to the two defined fires represents a conservative,
worst case scenario, reflecting the design option of not completely surrounding
the shielded waste within the reentry system. The second configuration is
identical to the first except that reentry protection is assumed to completely
enclose the container and gamma radiation shield. This configurc’rion represenfs
the case where reentry protection is uniform around the container.

Additional input parameters for the fire response analyses are listed in
Table 3-14. As a design basis, an accident limiting waste temperature of .900 C
was assumed. This is selected as a level at which some decomposition or
melting ot the complex waste form may occur (assumed equal to the formation
temperature). Definition for the assumed limiting ferﬁperofures (T[') for the

various other payload materials are given in Table 3-14.

TABLE 3-14. INPUT PARAMETERS FOR HIGH-LEVEL HANFORD
WASTE PAYLOAD THERMAL RESPONSE ANALYSIS
(FIRE ENVIRONMENT)

Waste Source = = = = = = = = = - - - Hanford (Baseline concentration, WCF = 27) |
Container/Shield Gap, cm = - ~ - - - 0.127
"Temperofures, C

Region Material [nitial - Limiting
Waste, Center Calcine Waste 700 900 (@
Waste, Average. Calcine Waste 533 900 (a)
Container Stainless Steel 277 1450 (b)
Radiation Shield Uranium 248 1130 (b)
Impact Absorber Steel Honeycomb 70 1450 (b)
Reentry System Insulation, ) . ()

Average Min-K _ 109 980

Reentry System Ablative Shield ATJ Graphite 48 3300 (d)

NOTES: (a) Decomposition temperature.
(b) Melt temperature.
(c) Maximum steady state service temperature (much higher
temperatures are allowed for transient conditions).

(d)  Sublimation temperature.
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The transient material response to both fires was analyzed by the
RETAC computer code (described in Appendix D). The principal simplifying
assumption was that the effect of the meiting or sublimation of material was
neglected. Thus, the material was assumed to continue to absorb heat as if it
remained in place as a pseudo-solid. The effect of this assumption was twofold.
First, when the outer shell actually reaches the melting or sublimation
temperature, the heat flux into the adjacent rﬁcn‘ericl region will be reduced by
the latent heat of fusion. The effect of this heat sink mechanism is to reduce
the temperature, at any given time, of the inner regions. Second, the outer shell
would actually be removed once it has left the solid state, and the resultant
heat flux acting on the inner regions may be increased due to the absence of
the heat capacity effect of the outer shell. This will tend to raise the
temperatures of inner regions. Consequently, the effects of the modeling

assumptions are somewhat offsetting, implying the need for more detailed

analysis. _

In the present computations, the nominal values of specific heat,
conductivity, and density from Table 3-1| were utilized. Surface emissivity was
‘conservatively taken as 0.7 for all material types. Note that in Table 3-11, the

density of the steel honeycomb material was taken to be 10%. of the solid metal
value. However, the conductivity and heat capacity were assumed to remain
identical to that of a solid metal. In the actual computation, the variation of
these parameters with temperature was taken into account.

In the context of the above discussion, the results of the launch pad
fire analysis indicate that, for the waste container and gamma radiation shield
assembly, with no reentry protection, the following occurs:

For a solid propellant fragment fire environment, the outer regions of
the unprotected shield walls reach meiting temperatures in the first |5 seconds
of the fire and the uranium shield is expected to start to melt within the first
minute of the fire (see Figure 3-9a). But, due primarily to the reduced
conductivity of the gamma radiation shield/waste container interface gap, the
container wall is not prediéfed to melt. In actuality, once the radiation shield
fails (i.e., melts), the insulating effect of the container/shield gap is no longer
present. Consequently, once the shield has exceeded melt temperatures, the
temperatures within the waste and container are underestimated, and some

waste exposure could occur.
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In the case of a split motor fire, the temperatures of various layers
of the waste container and shield are as shown in Figure 3-9b as a function of
time. Note that temperatures of the outer and inner stainless steel cladding and
the uranium shield all exceeded their melting points for an extended period of
time. Therefore, approximately 300 to 500 seconds after start of the fire,. the
waste could be exposed directly to the radiant heat flux. Even though the bulk
temperature of the waste will probably not reach the decomposition temperature
(see Figure 3-9b), certainly the surface temperature will exceed the
decomposition value and some waste will be dislodged from the primary mass. .

For the configuration which included the reentry shield, the solid
propellant fragment fire analysis shows that the temperatures remained below
decomposition limits for all materials (see Figure 3-10a). A small portion of the
outer edge of the MIN-K insulation may exceed the limit temperature during the
fire. However, these phenomena are not extensive enough to cause temperature
limits to be exceeded in interior regions of the payload. Consequently, the
reentry system with fire protection on the rear side should withstand a solid
propellant fragment fire.

For the case of a split motor fire, much more heat impinges on the
loaded reentry system. In this case the ATJ material reaches a surface
temperature of approximately 2700 C within 3 minutes of the start of the fire
and remains at this temperature until the fire stops (see Figure 3-10b).
Essentially, re-radiation of heat by the heat shield material itself tends to
balance the heat input from the fire at this temperature value. The outer
regions of the MIN-K insulation will exceed the limit temperature as specified
in Table 3-14. However, as noted in the table, the maximum limit for MIN-K
during transients is much higher. Additional detailed analyses are necessary to
ascertain whether MIN-K insulation temperatures exceed actual limits.
Nevertheless, the MIN-K insulation prevents heat from entering the body so the
temperatures of various material components again remain below limits for all
inner regions of the payload. These calculations are based upon a constant flux
heat transfer model. This model is not appropriate at the higher payload surface
temperatures. As a result, the calculated surface temperature exceeded the
highest temperature physically possible (about 2430 C). For those cases where
the predicted surface temperature approaches or exceeeds this limit,

reexamination is necessary using a variable heat flux model in future efforts.



3-41

Node Radius, ¢m

122.26
115.91
114.33

78.64

Node

Waste Radius = 78.00 cm

Gap (0.127 cm)

Stainless
Steel

Reentry Protection Thicknesses

=3
154
v
1 OO < < O
nnu oo
X IO NOO
© . ©
-
£
s
Fe)
E
[=]
n
- —
Ll [
— @ o
S + O
Q (Y2 b= =
=
-] M S
= [T
Z U
= 34D
TEOWN

uf
MIN-K E

ATd
Graphite

| i

Steel
Honeycomb

)\

—v

Waste/Container

Reentry Protection

Gamma

Shield

! L ]
M
M
*
——
— wi nﬂ M -
o o
g : o410
o +
LR A |
= @ .
w oc K
= E O o
- (X} QM -
=< o
m o
£ - !
- —
= —_ 1 e
=
= 1 & <
' =
e — . —
o
I
o
= b= - i
o -
B =
= [
- -
4
= 1 -
{
s
[ §
— [ -
- 8
— :
< — o
= — I
@ .
.v o — '
= .
= w2 . -
v e .
v = .
[ — N.
—
- = o L M
1= .
o — .
[} - w x
— 12 A ‘0
- 2 :
iy = -
- -
el .
— -
dq-
- L.
.
.
-
.
- -
/1 elv .
- NG N
H
R |
.
(=) o [=) o
= S S 1=} e
(] w (=) “un
o Lo —

3 ‘auanmyeavduog

300

200

100

ime, seconds

g
'

® .
| > v .
w 1] E - s :
o - =] > % O .
— = E [ S .
[ L2 - waee . o
- ~ > WU WV om .
gl sc8s 3¢ :
—
= oo _L— Qo PR Lo
2 EQ 0o E O
|- oM Nz O 1 -
Hn = .
- —Q . [~ 1.
— (= ) OV .
o ) Mo O
— o. — R =) . U
7] Loz i oDC .
o ) S .
E<=E >t o & .
I — - T @ +> "
a ~ L+ @mOo.c
~ o0 ®E O N
[T - g
wn P E Y L
— Al e
L
-~ [
e
2 ’
- /
7
Il
— &
b
o :
.
4 .
- — .
= - A
) .
200
iy .
- = .
K 4
.
> .
L 1 = B}
[ ] —
s o A
- @ .
) .
v .
.
A .
—— id
H .
~- — M
= @ .
N - ] .
L] v B
» © .
@ 3 .
= R
o ) > - .
) Lo [ g
\
| s _
o o o (=] o o
S S o [=1 S S
(=) w (=) w o un
™ o o~ - —t

9 *aanjeaadig |

2000

1000 1500

, seconds

500

Time

THERMAL RESPONSE OF REENTRY PROTECTED AND
SHIELDED CONTAINER TO SOLID PROPELLANT FIRES

FIGURE 3-10.



3-42

In summary, for the launch pad fires, it appears feasible to design the
paylcad to survive by designing a reentry system that completely encloses the
payload container and radiation shield. Without this assumed insulation, the
primary container is likely to be breached if exposed directly to the split-motor
fire. For the solid propeliant fragment fire, a more detailed analysis may show
that the primary container will not be breached. It must be kept in mind,
however, that metal fragments from the ET explosion may likely damage the
outer insulating surfcée, such that the payload would respond differently to a
fire condition. More analysis is required to couple these effects. Also, an
improved analytical model should include nonlinear effects such as material loss
due to melting and subsequent changes in thermal properties due to latent heat
of vaporization and loss in heat capacity.

The effects of internal heat generation are very minor when compared
to the magnitude ot the radiant heat flux from the fire. The major effect of
the -waste heat generation is in determining the steady state pre-accident
temperatures. However, variations in these values (due to changes in waste
concentration) result in shifts of the temperature - time curves of only a few
seconds; they do not affect peak fire temperatures. Consequently, the response
of Savannah River and Idaho defense waste mixes will be similar to that of

Hanford compositions.

Summary of Launch Pad Explosion. The conceptual design of the

high-level waste payload design, including container, gamma shield, and reentry
system, appears to be a good approach toward one that is capable of surviving
the assumed accident environment. To further improve the container design, the
areas which need further development include a statistical definition of the
fragment impact parameters, and performance of a more realistic analysis of
the thermal behavior.

The results indicate that the shock wave presents no problem for the
container design. Further definitive analysis and possible design modifications are
needed to assure lack of penetration due to high velocity fragments. The reentry
system is expected to survive the postulated fires with temperatures remaining
under the melting limits. However, if no thermal protection exists at the rear
ot the reentry system for the split motor fire, damage to the shield and/or
container is expected to occur. The response to this environment requires more

detailed analysis.
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3.4.3.2 Reentry

The conditions postulated for an unplanned reentry of the baseline
waste poylbcd (5500-kg Hanford waste) are defined in Section 5.1.2. Reentry
analyses were performed for the thermal response of the payload for two
cases: (|) the unprotected container on a steep entry, and (2) the unprotected
container on a shallow entry. It is assumed that the reentry system would be
designed to withstand the possible reentry environments. The basic assumptions
and input parameters are listed in Table 5-4.

The stagnation point heating rates as a function of .time experienced
by the reentry of the base container are derived from Section 5.1.2. The heating
rates for the two reeniry cases were calculated by using the CONTEMP
romputer code and were input to the RETAC computer program (see Appendix
D). The analytical model was similar to the one used for the launch pad fire, in
that no melting or ablation was included. The assumption of a spherical rotating
body during reentry simplified the analysis by making the external heating
coefficient a function of time only (i.e., one-dimensional analysis). The
temperature-time history for a two-dimensional stable body trajectory could be
included at a later date, but this detail was not warranted at the present time.

The results for the steep reentry indicate that the container should
survive atmosphere reentry intact until ground impact (at a velocity of 340
m/s). The maximum temperature calculated for the container wall was about 500
C, well below the melt temperature of 1450 C.

For the shallow reentry, the analysis indicates that the container will
not survive atmospheric reentry. The results indicate (see Figure 3-11) that the
container wall is expected to begin to melt about |830 seconds into the reentry
(or at an altitude of about 45 km). The waste will begin to decompose at a
lower temperature than the container wall, at about 1820 seconds after reentry
begins. Figurei3-l| illustrates the progressive "melt front" through the waste.
Less than | cm of waste (about 3% of the mass) in the outer regions of payload
(at container wall interface) is expected to decompose. At an altitude of about
40 km the entire container wall is predicted to melt away, thus exposing the
calcine powder waste form to the reentry environment. The waste would then be
available for dispersion in the upper otn'wosphere prior to Earth impact. Future
analysis should include the effects of material loss and aerodynamic influences

on the waste. Waste forms with better mechanical properties will have a better
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chance of not being dispersed in the upper atmosphere (see Section 3.3.2 for a
discussion of various waste form characteristics). ’
[n summary, these results indicate that without reentry protection and
assuming a shallow reentry, the waste container wall is expected to melt away
and expose the waste to the reentry environment in the upper atmosphere. More
detailed analyses are required to determine how much waste material would be
deposited in the atmosphere prior to Earth impact. The environmental impact
consequences of waste burnup as a result of an unplanned reentry of an

unprotected container are described in Section 6.2.

3.4.4 Gamma Radiation Dose Calcuiations

To predict the radiation exposure to workers, crew, and principal
components of the disposal system, gamma radiation dose rate calculations were
performed with the ANISNG!3
(WCF = 27) for the Hanford waste composition. Figure 3-12 provides the dose

computer code using the baseline concentration

for given thicknesses of the steel container wall as a function of distance from
the primory container. These relationships can be used with acceptable dose
criteria to derive conceptual designs of shielding protection for the crew and

various hardware components.

3.4.5 Concluding Remarks

The purpose of the analyses in Sections 3.4.1 through 3.4.4 is to
provide a preliminary assessment of the high-level waste container response to a
variety of expected normal and possible extreme environments. Obviously, the
container design is dependent on the waste form and character. These analyses
have attempted to bound the problem by using the best available data on
defense waste.

Given the variation in waste form, the baseline waste mix composition
is the Hanford waste at a waste concentration factor of 27. The amount of
gamma shielding required appears to be feasible within the constraints of dose
and mass limits, but is only conceptual, given the uncertainty of the overall

design requirements.
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Another key factor which will affect the container design is the
thermal constraints which the payload must meet. Analyses indicate that, for
the Hanford waste baseline composition (WCF = 27), the normal thermal
environments do not severely limit the design. Consequently, the com‘din_er and
waste temperatures can be passively controlled in an environment such as deep
space. However, the waste package must include provisions for auxiliary cooling
whenever the container is placed into enclosures such as the reentry system and
shipping cask. Obviously, for waste concentration factors significantly greater
than the baseline, the waste package must include provisions for internal heat
removal (e.g., fins or metal matrix waste form).

Of greater consequence, however, will be the response of the container
design to accident environments. As is shown in the previous analyses, the
haseline design concept responds to the accident situations in a variety of ways.
[t is not possible at this time to determine the acceptability of a given
container design during a postulated accident, since so little data are available
and more concept definition remains to be performed. Rather, the utility of this
analysis lies in the determination of the direction in which design improvements
should proceed. As described in other sections, the final safety assessment must
include an evaluation of not only the consequence of failure, but the probability
as well, in order that the determination can be made of what is or is not an
acceptable risk. Once this is accomplished, the container design can be tailored
~ to match the safety requirements for the accident conditions.

The analysis here was based almost entirely on the data describing the
baseline Hanford waste composition. The Savannah River and ldaho waste
components are similar to Hanford's, with ldaho having the highest thermal
output of the three, but still below the thermal output expected for commercial
waste. The container designs given here appear feasible. As the waste gets
hotter (e.g., WCF increases beyond the baseline), improved cooling methods will
be required, up to those evaluated for commercial waste. Differences among the
three types of defense wastes are not expected to significantly alter the results
of the accident analyses performed.

In summary, the defense high-level waste container system has been
analyzed parametrically for various normal and cccidenf environments. Further
design improvements await the development of more detailed design criteria and

analyses.
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4.0 MISSION ANALYSIS

As a part of this study, two special analyses considering specific
mission aspects that strongly influence system safety were conducted. The first
analysis considers the stability and range of impact conditions (attitude, impact
velocity) of a nuclear waste payload (container plus reentry system) ejected
from the Orbiter cargo bay under emergency conditions. The payload is
considered to be ejected both under near-pad and high-speed flight conditions.
The results of the analysis have implications regarding design impact loads for
the payload, porﬁculorly for impact on the aft end structure.

The second special analysis considers the rescue and return of a
payload following an incomplete and/or misdirected OTV Earth-escape insertion
burn. The characteristics of the resulting trajectory and the regi‘ons where
return to the Shuttle orbit by a second OTV is feasible are identified. For those
regions where return is not feasible, boosting to Earth escape or to a higher

Earth orbit is considered.
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4.1 Low- and High-Speed Reentry System Stability
and Impact Condition Analyses

The purpose of this assessment was to briefly evaluate two of the
proposed nuclear waste package reentry systems for positive static stability in
both the subsonic and hypersonic flight regions. This action was deemed
desirable in view of proposed abort scenarios which specify ejection of the
nuclear waste package and reentry system from the Space Shuttle cargo bay.
The hypersonic stability analysis is valid for aborts in the final phases of the
Shuttle flight profile and for inadvertent reentry of the payload once orbit has
been achieved. Stability is of particular importance at high speed to ensure that
the reentry shroud thermal protection system is aligned with the free-stream
flow direction. The subsonic calculations were designed to identify potential
impact angles and velocities for low-speed ejection. The intent was to
categorize the conditions for which the aft structure of the reentry system
should be designed since landing on the forward hemispherical end may not
occur in certain situations. Each of these analyses is described in greater detail-

in the following sections.

4.1.1 High-Speed Reentry System Stability Analysis

The procedures used to evaluate the high-speed static stability for a
representative proposed reentry system configuration are outlined here. The
physical dimensions and location of the center of gravity (c.g.) for this version
is shown in Figure 4-1. All reentry capsule data were supplied by NASA/Marshall
Space Flight Center.

Calculations of the aerodynamic forces and moments acting on these '
bodies were based on the technique of Reference 4-1. The equations contained
therein employ Newtonian impact theory and are thus applicable only to
high-supersonic and hypersonic Mach numbers. A small computer program was
developed to perform the required computations. Output from the program
consisted of normal force, axial force, and pitching moment coefficients as a
function of angle of attack.

One measure of the static stability of a body is the distance that the
center of pressure lies behind the overall center of gravity. The greater the
distance, the more statically stable the configuation. The center of pressure is,

however, known to shift forward with increasing angle of attack. Care must be -
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exercised to ensure that an adequate static stability margin exists for the entire

range of angles of attack Iikely to be encountered.

-t 4.48 -

—»

3.57

— e o ma e

i -
0.46 |

1 | G =1.28

ALL DIMENSIONS ARE IN METERS

(METERS x 3.28 = FEET)

FIGURE 4-1. REENTRY CAPSULE CONFIGURATION

The force and moment coefficients previously mentioned were
calculated with respect to the center of gravity of the body. Center of pressure
is defined as the point at which the aerodynamic moment is zero and can thus

be found by the following Transformcn‘ion:

C,,L
XCP = XCG - MCREF ,
N
where: _
XCP = distance to center of pressure from forward end of capsule
XCG = distance to center of gravity from forward end of capsule
CM = moment coefficient

CN = normal force coefficient

LREF = reference length, taken to be the diameter of aft end of
capsule.
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Figure 4-2 shows the aerodynamic coefficients and center of pressure locations
for the reentry capsule. The angle of attack has been varied from 0 to 90
degrees to investigate all likely flight path angles.

These data indicate that the reentry capsule would be statically stable
in the hypersonic flight regime. The values displayed are also reasonably
consistent with similar numbers generated by NASA/Marshall Space Flight
Center. Investigation of the dynamic stability of the capsule was beyond the

scope of this preliminary analysis.

4.1.2 Low-Speed Impact Analysis

A comparable computational technique for determining the subsonic
static stability margin for the reentry capsules is not known to exist. The
normal procedure involves construction of instrumented models which are
subsequently given extensive wind tunnel or free flight testing. Such activities
were beyond the scope of this study and it was necessary to concentrate the
efforts toward quantifying the potential impact conditions. Capsule orientation
and velocity at the instant of impact were the primary items of interest.

The first step in calculating the previously mentioned values was to
estimate low-speed drag and lift coefficients for the bodies. The drag
coefficient was assumed to have a value approximately 0.94 times the
hypersonic number as obtained from the work described in Section 4.[.1. This
multiplier was selected from consideration of the information contained in
Figure 5-23. Examination of aerodynamic data suggested that the slope of the
hypersonic lift coefficient versus angle of attack decreases in the subsonic flight
environment. A correction to the lift data obtained from Section 4.l.! was made
in view of this observation. .

A second assumption dealt with the period of the body oscillations and
the damping of the motion. To bound the situation, two cases were developed
for further analysis. The period of the motion was held constant in both
instances and was estimated at a value of 5 seconds. A time to half amplitude
of 10 seconds was selected for what may be considered a highly stable design
with a corresponding half-amplitude time of infinity (no damping) for the

marginally stable body.
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All of the above items were incorporated into a computer program
which integrated the equations of motion to determine the impact angle,
velocity, and downrange distance. The calculations were performed for ejection
on the pad, at |6 seconds into the flight, and at 39 seconds into the Shuttle
flight profile for both highly and marginally stable reentry systems. For the
purpose of determining initial flight velocities and angles of attack, the payload
ejection system was specified to impart a velocity of 45.7 m/sec perpendicular
to the cargo bay centerline to the reentry package.

The results of this phase are shown in Figures 4-3 and 4-4. The
impact displayed in Figure 4-4 for the on-pad abort was generated by holding
the capsule angle of attack at a fixed value of 90 degrees to the velocity
vector. This condition was imposed to determine the likely worst case landing
condition since impact on the aft structure is probable only during the very
early seconds of Shuttle flight.

The analysis described above is preliminary in nature and is intended
solely as an initial cut for early design purposes. Further work is required in

this area if future abort planning retains the on-pad ejection concept.

4.1.3 Conclusions

Based on the above analyses, the reenfry system would need to be
capable of withstanding impacts of up to approximately 100 m/s on the
hemispherical nose cap. Because of the possibility of early ejection at low.
dynamic pressure, the reentry system may not necessarily impact in a "nose-on"
configuration. To cover this possibility, the reentry system also would need to

be able to withstand an impact of 30-40 m/s on the side or rear structure.
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4.2 Recovery of Nuclear Waste Payloads in Earth Orbit

A brief analysis was conducted to examine the consequences of
possible gross errors in the magnitude and/or direction of the OTV Earth-escape
injection impulse, with emphasis on the recovery of payload/kickstage packages
which remain in Earth orbit. The recovery vehicle would be a second OTV.

The assumed characteristics of the system are given in Table 4-1, with

deployment from a 333 km (180 n.mi.) circular Shuttle orbit.

TABLE 4-1. ASSUMED SYSTEM PARAMETERS

o1V S0IS Kickstage Payload
Gross Stage Mass, kg 24,950 5420 4760"
Inert Mass, kg 2890 1300 -
Specific Impulse, sec 470. 289 -

*NOTE: Because of the parallel nature of many of the study analyses, this
analysis was conducted using an earlier value for payload mass. The
current baseline payload mass is 5500 kg. This change in baseline
payload would shift some of the curves of Figure 4-6, but would not
alter the general conclusions.

In keeping with the preliminary nature of this calculation, no
allowance was made for velocity losses or phasing and maneuvering impulse
requirements during the recovery operations.

4.2.1 Details of Analysis

-

The most benign consequence of an OTV impulse error would be the
injection of the SOIS kickstage/payload package into an erroneous, but safe,
Earth-escape trajectory. Contingency operations in this event are not considered
in this analysis. At the other extreme of severity, the package may impact the
Earth directly or be placed in an Earth orbit with insufficient lifetime to effect
a recovery. To delineate these latter cases, an arbitrary, but reasonable,
criterion was used which requires a minimum berigee altitude of 185 km (100

n.mi.) for recovery to be considered.
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The correct OTV velocity increment is aligned with the instantaneous
Shuttle orbit velocity vector. The direction of the erroneous OTV velocity
increment is represented by two cngles; as shown in Figure 4-5. The angular
error is denoted by €, measured in the plane containing the intended OTV
velocity increment vector and the actual OTV vector. This plane is inclined at

the angle & with respect to the local horizontal plonef

O

2—-Loca]

Vertical

Actual

OTV Impulse
Vector

Intended 0TV Impulse Vector
(Coincides with Initial Circular
Orbit Velocity Vector)

FIGURE 4-5. DEFINITION OF ANGLE ERROR PARAMETERS

The magnitude of the final velocity, given by the magnitude of the
vector sum of the Shuttle orbit velocity and the OTV impulse, is independent of
8§ . Consequently, from the vis-viva relationship, the final orbit energy and
semi-major axis are dependent only upon ¢ for a given OTV impulse magnitude.
The angle 8, on the other hand, determines the flight path angle from the
horizontal and, consequently, the perigee and apogee altitudes consistent with
the semi-major axis. By virture of symmetry, it is not necessary to consider

values of & beyond + 90 degrees.
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Figure 4-6 is a map of the &, AV domain and summarizes the results
ot this analysis. If the OTV pointing error were constrained to the horizontal
plane ( § = 0°), the permissible angular error (&) could be in excess of 95
degrees before an unacceptably low perigee would be produced. At the other
extreme, if the OTV impulse lies in the vertical plane (§ = + 900),vfhe
permissible pointing error is reduced considerably. Furthermore, if the value of
§ is random, half of all cases will have an absolute magnitude between 45 and
90 degrees; and, from Figure 4-6, the perigee constraint boundary for § = +
45° is seen to be very near the vertical plane boundary (§ = + 90°).

In the region below the § = + 90° line, the nuclear waste payload
always will either enter a heliocentric orbit or remain in an Earth orbit from
which it can be recovered, regardless of the magnitude of the erroneous OTV
impulse. »

For those packages remaining in Earth orbit, the recovery operation is
assumed to be a simple two-impulse maneuver in which a second OTV is placed
intfo an identical orbit with the errant payload, attaches itseif to the original
vehicle assembly (with negligible expenditure of propellants), and then
re-establishes a circular 333 km (180 n.mi.) orbit for recovery by a Shuttle
Orbiter. With this simple two-impulse model, the mass which can be recovered
by the second OTV is uniquely determined by the magnitude of the erroneous
impulse of the first vehicle.

As indicated in Figure 4-6, if the original impulse magnitude is less
than about 1.9 km/sec, and it the perigee altitude is satisfactory as determined
by ¢ and &, the second OTV can recover the entire package without venting
propellants from the first OTV or the kickstage. For initial error impulses from
.9 to 2.9 km/sec, it would be necessary to vent the propellants from the
original stages to reduce the recovered mass. If the initial OTV stage is
discarded, the vented kickstage and paylodd package could be recovered up to
initial error impulses of 3.29 km/sec; whereas only the payload itself could be
recovered for error impulses from 3.29 to about 3.51 km/sec (if the value of
were sufficiently large to cause the payload to remain in Earth orbit).

[f the magnitude of the first OTV impulse exceeds 3.5 km/sec,
recovery by a second OTV is not possible. For error angles (¢ ) less than about
26 degrees, the nuclear payload would escape into a heliocentric orbit. For

greater ¢ magnitudes, up to the hyperbolic path boundary of Figure 4-6, the
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payload would either escape or be placed in a hyperbolic orbit with a perigee
below 185 km (100 n.mi.), depending on the magnitude and sign of & . If §
were positive (ascending flight path angle), the payload would not pass perigee
" before escape; but negative values of § introduce the possibility of direct
impact or a velocity loss at perigee which could convert the hyperbolic orbit
into an elliptical orbit with an unacceptably low perigee.

_ As indicated in Figure 4-6, a region for high-velocity impulse errors
exists above the hyperbolic path boundary, where the payload would be injected
into an elliptical Earth orbit from which it could not be recovered by a second
OTV. In the unlikely event that the erroneous AV and € were sufficiently large
to enter this region, it may be possible, as an alternative, to re-boost the
payload to escape velocity with the second OTV. .

Figure 4-7 shows the relationships between e, &, perigee altitude and
the available impulse from the second OTV for three values of erroneous
impulse in this region. For a given AV, ¢, and €, the perigee altitude and
velocity are uniquely determined, from which the perigee impulse required to
escape can be readily computed. Furthermore, the propellant mass available in
the second OTV for the escape impulse is fixed by the initial error impulse
magnitude. Performing these parametric calculations, the three carpet plots of
Figure 4-7 were obtained, and the upper re-boost boundaries shown in Figure 4-6
were generated.

As indicated in the carpet plots of Figure 4-7, very large values of ¢
cc;mbined with small values of § can produce elliptic orbits with acceptable
perigees but which require perigee impulses for escape in excess of the
capability of the second OTV. Even in this region, however, it is possible to
convert these eccentric orbits into circular orbits with sufficient altitude for
extended lifetimes. This can be accomplished by using the second OTV fo
provide a Hohmann transfer to the higher circular orbit. A portion of the
available OTV propellant is expended to provide a perigee impulse to raise
apogee; then, the remaining impulse is applied at the new apogee to circularize
the final orbit.

Figure 4-8 displays the circular orbit altitude which is obtainable as a
function of ¢ and & for fixed value of velocify impulse error. At worst, a

circular orbit at over 2000 km altitude above the Earth appears to be achievable.
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4.2.2 Conclusions

Based on the data summarized in Figure 4-6, the following conclusions
have been reached. Rescue of a failed payload in Earth orbit can be conducted
by a second OTV under a wide range of impulse errors provided that the
magnitude of the angular error can be held to under 30 degrees from the
nominal. If the misdirected OTV burn can be detected and terminated early
enough, the second OTV can recover the payload, the failed OTV and the SOIS.
If the burn proceeds fdrfher, it may be possible to recover the payload, the
vented OTV and SOIS; the payload and vented SOIS; or the payload alone,
depending upon the velocity increment imparted by the first OTV. If the angular
error cannot be held to ~ 30 degrees or less, then a misdirected burn must be
terminated almost immediately or else run the risk of possibly injecting into an
Earth orbit trajectory with a perigee low enough to result in an early Earth

reentry.
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5.0 SAFETY ASSESSMENT

In any potential engineering project involving the safety of human
beings, it is customary (and, usually, required legally) to perform analyses to
show that the project will not compromise human safety beyond an acceptable
level. In the disposal of nuclear waste products in space, large amounts of
high-level waste would be placed near very large amounts of potentially
explosive propellants and oxidizers, be accelerated to very high velocities, and
be subject to the possibility of encoun’réring very high temperatures in the case
of reentry or propellant fire. Due to the extreme, if highly unlikely, potential
consequences of accidents, exhaustive analyses of dangerous environments and
methods ot safely coping with these events and conditions must be accomplished.
This can only be done over a long period of time as the system concept and
design evolves. The work reported here represents the first step in such a
sequence.

Section 5.1 describes those accident environments that are expected to
produce the most severe conditions experienced by the nuclear waste payloads.
The results of this section were then used in Section 3.4.3 to determine the
effects of these severe accident environments on the design of the payiload
container (see Section 3.4) and in Section 6.0 to estimate the resultant
environmental impacts.

Section 5.2 is a first step in defining systematically all possible
accidents or combinations of events that could lead to release of the nuclear
waste, no matter how small the chance. Fault tree methodology was used in this
section, but probabilities were not assigned to individual events because of the
lack of credible data. Subjective estimates were made for the most likely
failure paths and possible "workarounds" that could lessen their likelihood.

Section 5.3 deals with some suggested changes to the baseline mission
and hardware that couid produce a higher degree of safety. Section 5.4 contains

a listing of the documents referred to in the previous three sections.
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5.1 Major Accident Environment Characterization

The proper design of containment systems for nuclear waste disposal
has to include considerations for the occurrence of all likely accidents. The
preliminary container design effort, as discussed in Section 3.4 of this report,
required the definition of the more significant accident environments for the
space disposal missions. The severity of .an accident and the consideration of
what could happen as a result of a particular event also has a direct bearing on
the work described in the safety and environmental impact analysis sections of
this report (Sections 5.0 and 6.0).

The first step in defining accident environments was to identify the
more severe accidents. A preliminary screening of possible events that could
occur during ground handling, prelaunch, launch, and orbital operations led. to the
identification of accidents that are shown in Table 5-1. It should be noted that
this list is not exhaustive, as is indicated later in Section 5.2. As identified in
Table 5-1, three severe accident types were chosen for further study. It was
believed that these accidents would be the major containment design drivers.
The three major accident environments that were chosen to be evaluated were:
(1) Space Shuttle vehicle explosion and fire, (2) reentry of the payload, both
protected and unprotected, and (3) payload sinking to the bottom of the ocean.
The environments that the payload would be expected to experience due to
these three events are discussed in the following sections.

Accident environments which have not been treated here, but which
are believed to be important in future work are those associated with: (l) the
OTV/SOIS explosion in a vacuum, (2) orbital collisions with other objects, (3)
abnormal reentry after an accident or malfunction during ascent, and (4) ground
and water impact environments. A'

—~

5.1.1 Space Shuttle Explosion and Fire

Various types of accidents can occur with the Space Shuttle vehicle,
which lead to a catastrophic explosion and fire (see Section 5.2). For example,
the vehicle could, during the early phase of the launch (liftoff), tip over, fall
back or collide with the launch tower, resulting in a moderate (10-20%)

explosive yield. The capability of employing a destruct system is planned where



TABLE 5-1.

GROUMND HANDLING ACCIDENTS

Reentry System Propellant Fire

Drop Loaded Container in NPPF

Drop Loaded Reentry System in MPFHF
Qutside Intrusion (Flying Vehicles, Natural)
Transporter Accident

tyrop Loaded Reentry System at/in PCR

Accidental SRM Ignition at Pad

Accidentat On-Pad Vehicle Explosiaon/tire
During/After Propeltant Loading

Accidental fgnition of L jection Motor(s)

LLoss of Container Cooling

IDENTIFIED ACCIDENTS USED TO SELECT MOST
SEVERE ACCIDENTS FOR FURTHER CONSIDERATION
IN ACCIDENT ENVIRONMENT CHARACTERIZATION

VEHICLE ON-PAD AND) ASCLNT ACCIDENTS

@ Vehicle Fallback/ lipover/Tower Collision
e High Velocity Vehicle impact on Land/Water

o Orbiter Crashes on Land/Water

@ Payload Descends to Ocean Floor After System Failure I .

e Vehicle or Orbiter Collides with Another Aircraft
o Vehicle Explodes at Altitude W/WO Command Destruct
o Abnormat Reentry of Reentry System

® Reentry System Impacis on Land/Water
Surfaces After Ejection Fram Orbiter

® Accidental ignition of Ejection Motor(s)

e Loss of Container Cooling

Moajor Accident Fnvironments
Setected for Evaluation

ORBITAL OPERATIONS ACCIDENTS

o Accidental Igﬁiﬁon of Ejection Motor(s)
o Collisions Between Poayload and Another Object

- O1V/Kickstage (KS)
- Orbiter

- Spacecraft

- Space Debris

- Meteors

e Critically Inaccurate OTV Burn {Direction/Duration)
Resulting in Reeniry

® Communications Failure Resulting in Reentry
o Lunar Collision

o Loss of Container Cooling

@ Rescue Failure

£-S
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hazardous payloads are flown in the Shuttie. When it would be used, the
explosive yield (Y) would be quite low (1%). A high velocity surface impact of
the vehicle could lead to a high explosive yield (20% Y 160%) if the destruct
system -either would not be used or would fail. The specific thermal and
mechanical environments generated by these postulated events can be’
categorized into four areas: () a hydrogen-oxygen fireball, (2) a blast wave
(shock wave) caused by the detonation of the hydrogen-oxygen propellants, (3)
high velocity fragments from the External Tank skin resulting from the
detonation, and (4) a gropnd-bqsed solid propellant fire. The following subsections

present preliminary data relating to these specific environments.

5.1.1.1 Space Shuttie Hydrogen/Oxygen Fireball Environment

If the fully loaded (liquid hydrogen/liduid oxygen) Space Shuttle
External Tank (ET) were .to explode on the launch pad, the nuclear waste
payload could be exposed to a short-term severe thermal environvmen’r. This
section describes the model used and the results of calcuiations dealing with this
thermal environment. The basic fireball model is that of Bader, et cl.(S-l) The
results presented provide estimates of fireball temperature and radiant heat flux

as a function ot time after the explosion.

Fireball Model and Assumptions. The Liquid-Propellant Rocket

Abort Fire Model, developed by Bader(5°l) was used to calculate the thermal
environment of the fireball resuiting from an on-pad Space Shuttie ET explosion.
The first analytical work on rocket abort modeis was done by Van Nice and

Carpenter in | 965.(5-2)

Various experimental data concerning rocket launch
fhrough 3-7) | |966, Kite and Bader
developed a firebail model(5_8) from the analytical results of Reference 5-2; in
1971 Bader revised>™ !

recent model and developed it further for the Space Shuttle case.

aborts have also been reporfed.(S'3
this earlier work. Analysis here has employed Bader's

The general assumptions of the model used here are as follows:
e The rate of liquid hydrogen/liquid oxygen addition to the ET
fireball is constant (this is justified by experimental data shown in

Reference 5-1).
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Air entrainment into the fireball is ignored, providing the worst
case condition. Inclusion of it would lead to lower temperatures
and radiant heat fluxes.

Complete burnup of the Shuttle LH2/LO2 propellants is assumed,
thus providing a worst case condition. v
The fireball is an isothermal, hombgeneous body which is spherical
at all times. The isothermal, homogeneous characteristic is based
on the high degree of turbulence existing during the fireball
formation. Reference 5-2 concluded that this assumption is
reasonable.

The fireball radiates as a blackbody with an emissivity of 1.0.

The time until the fireball lifts off the ground and the time when
all the propellant is consumed are identical.

Chemical eguilibrium exists within the fireball.

Figure 5-1 presents a schematic that defines the assumed fireball

features and fireball development with time. Time t = 0 is when the explosion

begins. All propellant is assumed to be consumed by t = Yiftoff: The features of

the modeled fireball stem and.possible residual fire are also shown.

FIREBALL

START OF
MUSHROOM
CLOUD

STEM %
RESIDUAL §
FIRE H
AN SURFACE NN
t=t t = Torem
FTOF
LIFTOFF LIFTOFF

time =t

tstem = tLrerorr X 103
LIFTOFF

FIGURE 5-1. MODELED FIREBALL DEVELOPMENT
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Thermochemical Analysis. The procedure used to calculate the

internal equilibrium conditions of the H2/O2 fireball are described below. Before
the equilibrium composition of a gas mixture can be determined the elemental
composition must be defined. The Space Shuttle External Tank holds -
approximately 609,600 kg. of liquid oxygen and 102,500 kg of liquid hydrogen at
liftoff, providing an oxygen to hydrogen elemental mole ratio of 0.3747. By
assuming that the propeilants were at their normal boiling point temperatures,
and assuming values of heat of formation as found in Reference 5-9, the initial
heat of reactants was calculated to be -213 kcal per kg of total propellant.

For the reaction of oxygen and hydrogen there are six species that are
expected in the reacted mixture, namely, HZO, HZ’ 02, OH, H, and O. If the
reactions are assumed to occur at constant pressure (free volume combustion),
then there are six unknown species and an unknown egquilibrium temperature to
calculate. Therefore, seven equations are needed to solve for the seven
unknowns. Relationships involving mass, energy and state conditions provide the
basis for the calculation.

Since the elemental mole ratio (A) of oxygen to hydrogen has been
calculated to be 0.3747 for the Space Shuttle, and the total pressure, P, is |
atmosphere, two relationships relating partial pressures of the species can be

written as follows:

PHQO + 2P02 + PoH + Po

= 03747 = A (1
2PH20 + 2PH2 + Py + PoH
- and
P = 1.0 = PHyo *+ PHy + PO, + POH + PO + Py (2)

Four more relationships relating temperature (equilibrium constants)

and partial pressures, given the equilibrium chemical reaction, can be written as

follows:
H,0 PHo0 1 (3)
KA(T) = . for Hy + = 04 = H50 :
ptl’ P p~ 1/2 2735 V2 2
Ha "0y
P
H H
Kp{T) 2 = —2 for H+ H = Hy )

PH
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o, _Po ‘
Ko(T 2 = —2 for 0+ 0 =0, (3)
Po2 :
0
oH . Pon
Kp(TOH = O for 0.+ 1 = OH (6)
HPo

wheres

K _(T) = the temperature dependent equilibrium
constant for the defined chemical reactions.

Finally, the heat of reactants must equal the heat of products to
satisfy the equilibrium requirement, thus, we can write:
O = hreactants ~ hprc>duc'rs' N

Since h = -213 kcal/kg, the case where h = =213 kcal/kg needs
reactants products
to be solved. This is accomplished as follows. Equations | through é can be

rearranged to form the following relationship:

1/2
H H HyO A O -0
- - 2 2 2 2 1) - _ 2 2
- -¢74 [Kp {A+1) + AKp Kp Kp Po] [‘A 1) APO KD (A‘H)PO ]

P = -
" 2 1k P21 + a2 120 ¢ 02 ”29 (8)
p “(A+1) p “Kp ) 0

For a given value of T and PO’ the value of PH can be calculated by employing
data in Table 5-2 which determines the equilibrium constants. Once a value of
PH and PO have been established, the partial pressures of the four other species
can be calculated by using Equations 3 through 6. This calculation is performed
for various values of PO until Equc‘rioyw 2 is satisfied. Once this is accomplished,
then the heat of products can be calculated for the given value of T. A
computer program was wrif‘r;n to accomplish this tedious procedure. Figure 5-2
provides the results of these calculations. Equation 7 is satisfied for the
equilibrium condition where T = 2989°K. Table 5-3 provides the heat of products
data and species compositions as a function of temperature for the H2/02
fireball.



TABLE 5-2. EQUILIBRIUM CONSTANT DATA FOR
HYDROGEN/OXYGEN COMBUSTION

. H
Ti, °K log‘O KpHZ logIO KpHZO log|0 KpOZ Iog10 Kpo
2100 5.0162 3.2277 5.7202 5.1744
2200 4.5021 2.9428 5.1423 4.6696
2300 4.0317 2.6830 4.6143 4.2079
2400 3.6004 2.444] 4.1300 3.7842
2500 3.2027 2.2246 3.6842 3.3939
2600 2.8354 2.0217 3.2725 3.0331
2700 2.4946 [.8341 2.8910 2.6986
2800 2.1781 |.6594 2.5367 - 2.387¢6
2900 1.8830 | .4969 2.2066 2.0978
3000 |.6069 I.3455 1.8984 |.8269
3100 |.3488 [.2033 .6100 |.5733
3200 I.1066 [.0701 - 1.3395 [.3352
Source: Reference 5-10.
TABLE 5-3. HEAT OF PRODUCTS AND COMPOSITION
DATA AS A FUNCTION OF TEMPERATURE
FOR SHUTTLE HYDROGEN/OXYGEN FIREBALL

T h Po Py Pon  Po P, Pr,0
K cal/g* Atmospheres
2100 -1844 2.5 E-6 I.5 E-3 5.6 E-4 3.2 E-6 2.50 E-I 7.48 E-|
2200 -1752 9.2 E-6 2.8 E-3 1.2 E-3 .2 E-5  2.49 E-1-  7.47 E-I
2300 -1653 3.1 E-5 4.8 E-3 2.4 E-3 4.0 E-5  2.48 E-I 7.44 E-1
2400 -1542 1.0 E-4 7.9 E-3 4.5 E-3 .0 E-&4  2.47 E-| 7.40 E-1
2500 -1414 3.0 E-4 t.2 E-2 7.9 E-3 3.0 E-4  2.46 E-| 7.33 E-I
2600 -1261 6.5 E-4 1.9 E-2 .3 E-2 8.0 E-4  2.46 E-| 7.21 E-|
2700 -1073 |5 E-3 2.8 E-2 2.1 E-2 .8 E-3  2.45 E-| 7.02 E-I
2800 -836.4 3.3 E-3 4.0 E-2 3.2 E-2 3.6 E-3  2.46 E-| 6.75 E-I
2900 -540.4 6.4 E-3 5.7 E-2 4.6 E-2 6.6 E-3  2.48 E-| 6.35 E-|
3000 -178.8 1.2 E-2 7.9 E-2 6.2 E-2 .l E-2  2.52 E-| 5.84 E-|
3100 251.9 2.0 E-2 ] E-I 8.0 E-2 .6 E-2. 2.57 E-1 - 5.20 E-|
3200 739.6 3.2 E-2 .4 E-| 9.7 E-2 2.2 E-2  2.59 E-| 4.49 E-|

*NOTE: The average molecular weight is 14.006 g.
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Calculations Employing Bader Model. As indicated in Reference

5-1, the temperature relationship with time needs to be defermined for two
time, t, regions:
() O <t
(2) t

< ireball liftoff,

. . <t st .

fireball liftoff stem liftoff.

While heat is still being added to the fireball (O <t < teireball
Hf’roff)’ the change in internal enthalpy is equal to the rate change of chemical
heat energy less radiation losses (see Equation 9). After all the fuel is
consumed, the change in internal enthalpy is due to radiation losses only (see
Equation 10).

d(Whp) (9)
dt

R hf— eoAT4

(dhp)
dt

— e0AT4 = (W=Wp)

(10)

wheres

Constant Rate of Fuel Addition
Emissivity

Stephen-Boltzman Constant
Temperature

Weight of Fireball (W_ = Total Weight
of Shuttle ET Propelt?cn'rs)

Time

Enthalpy/Unit Mass of Reactants
Enthalpy/Unit Mass of Products

oo

SHQ"’:U

r
P

o s i
nonon

Appen'dix E provides a more in;-depfh discussion of the model used here. From

Appendix E, the following equations for dT/dt were developed:

1
dai _ [h,_hp-.e_f_fﬂ (3%)2/3 t2/3714/3] [1] /__
-

ar dh (1)
dt 4nP dT

dT

1
ar _ [ eotr [288) 2] [rrai] [.] /a0
at Wp |\ P dT (12)




where:

] = Gas Constant
P = Pressure

A computer program was written to integrate these equations by employing the
4th order Runge-Kutta-Gill Method. The resulting relationships between
temperature and time as well as heat flux and time are provided in Figures 5-3
and 5-4, respectively. These figures indicate that the extreme Thermcll
environment is expected to last less than |0 seconds. During actual conditions
air entrainment would be expected to lower the temperature and flux values. A
residual fire is assumed to occur. It is not cledr, however, how long this fire
will continue. The postulated solid propellant fire (see Section 5.1.1.2) may last
from 7 to |5 minutes and would provide higher temperatures and fluxes than the
"residual fire".

The predicted fireball diameter is a function of time, as shown in

Figure 5-5. See Appendix E for further details.
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5.1.1.2 Space Shuttle Solid Propeliant Fire Environment

Some on-pad or early flight failure mode sequences may result in the
payload separating from the Space Shuttle Orbiter and falling to the launch pad.
It is possible that the payload will then be subjected to a fire involving solid
propellant from the Solid Rocket Boosters (SRBs). Two cases have been
examined: one in which the SRBs have disintegrated and fragments of
unconfined burning propellant are scattered on the launch pad, and a second
case where the SRB has been split lengthwise by the destruct charge but is

otherwise _im‘ocf.

Solid Propellant Fragment Fire. This case is modeled as shown in

Figure 5-6. The parameters associated with the burning propellant fragment are
to some degree uncertain. The parameters chosen here, an effective radiating
temperature of 2700 K and an effective radiating surface approximating a
hemisphere with a radius of 2R, where R is the "radius" of the propellant
fragment, were taken from the tests and analyses made in connection with the
multihundred watt radioisotope thermal generators used in the Lincoln

Experimental Satellites 8 and 9.

EFFECTIVE RADIATING
SURFACE, 2700°K

PAYLOAD / \
2r r

BURNING PROPELLANT FRAGMENT

FIGURE 5-6. FRAGMENT MODEL FOR SPACE SHUTTLE
SOLID PROPELLANT FIRE

Heating of the payload is considered to be dominated by radiation
from the burning propellant. This is justified by the high radiant flux
corresponding to the high effective temperature and the near unity emissivity of

the flame. Convective heating fluxes would be relafively low because of the low
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velocities and would occur only when the separation of the payioad and
propellant fragment is small.

View factors between the radiating flame and the nearest point on
the payload surface (considered to be a sphere or cylinder oriented perpendicular
to the line joining it with the propellant fragment) were determined graphically.
To a good approximation, these view factors were a function only of the
normalized separation, (D - 2R - r)/(2R), where D is the separation distance of
the propellant fragment and payload centers, R is the propellant fragment
radius, and r is the radius of the payload. As this view factor applies to the
point in the payload surface closest to the burning propellent, it represents a
worst case. However, no correction has been applied for reflection or
re-radiation from the pad surface, and in this sense, the view factors are
somewhat smaller than the true value. The correction should not be large, and
should be compensated by the use ot the view factor for the worst case point
on the payload surface. Generally, the results of the following oncliysis are
believed to be conservative."

Typical values of the view factor follow:

D - %}E =T View Factor
0.0 0.95
0.25 0.47
0.50 0.27
0.75 0.175
1.0 0.123
1.5 0.077
2.0 0.055

The resulting fluxes are plotted in Figure 5-7. Ro in the figure
represents the "radius" of the burning fragment at time zero, and
a = (D - ZRo - r)/(ZRo) is the value of the normalized separation at time zero.
The figure applies generally for any value of time if the appropriate value of R
is substituted for Ro. However, the parameter a is normally restricted to the

value of the initial normalized separation.

*NOTE: A view factor is defined as the fraction of the radiation leaving a
black surface A in all directions which is intercepted by surface B.
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FIGURE 5-7. MAXIMUM HEAT FLUX AT TIME = 0
(FRAGMENT FIRE MODEL)

As the propellant fragment burns, its size decreases and the
normalized separation increases. The 'vievw factor and heat flux thus decrease
with time. Figure 5-8 shows how the heat flux varies with dimensionless time
for a range of a wvalues. The time is normalized by the burning time of the
fragment, 1 = RO/B.R., where B.R. is the propellant burning rate at
atmospheric pressure, 0.00115 m/s. _

With Figure 5-8 and initial conditions of R, r, and D, the time history
of the radiant flux at the payload surface may be determined.

Since the maximum web thickness of the SRB propellant grain is
1.04 m, Ro = 1.04/2, and the maximum duration of a solid propellant fragment
fire will be T = (1.04/2)/(0.0115) = 452 seconds or about 7.5 minutes.

Split Motor Fire. The destruct system for the SRBs is a

linear-shaped charge which splits the motor casing lengthwise. If the case should
fall back to the launch pad after the destruct system was activated without

further breakup, it would be possible for the payload, assumed to have been



Heat Flux,.KW/m2

5-18

4,000 J 1 ] i i 1
3,000 = Burn Rate(B.R.) = 0.00115 m/s : -
R
T = 9
B.R.
2,000 -

D-2Rp - T
a =
2R,

1,000

800

600

400

300

200

100

0.4

Dimensionless Time, t/t

FIGURE 5-8. MAXIMUM HEAT FLUX AS A FUNCTION
OF TIME (FRAGMENT FIRE MOODEL)



5-19

freed from the Orbiter and to have fallen back to the launch pad, to be
exposed to heating from burning solid propellant in the split casing.

Figure 5-9 illustrates this configuration. The dimension of the opening
in the casing was chosen equal to twice the payload radius, assumed to be
0.75 m, to simplify the analysis. This should represent a conservative choice, as

the opening seems unlikely to be this large.

D =37 m
r =075 m
i
Payload
D
m

L D
|

FIGURE 5-9. SPLIT MOTOR MODEL FOR SPACE
SHUTTLE SOLID PROPELLANT FIRE

The payload was assumed to be a cylinder lying parallel to the motor
casing: however, the calculated heat fluxes are not strongly influenced by this
assumption. As in the case of the propellant fragment fire, the effective
radiating surface was assumed to extend to a distance equal to the width of the
opening in the case.

For analysis, the radiating surface and the payload were replaced by
parallel rectangles, with the length of the payload small compared to the length
of the split motor casing. o

The view factor for radiation between the effective flame surface and

the payload can be calculated from relations given in standard Tex’rs.(s'l?‘) The
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calculated view factors as a function of the smallest distance between the SRB

and the payload center line are as follow.

Distance, m View Factor -
[.5 /.0
.5 .0
2.3 0.59
3.0 0.38
3.8 0.24
4.6 0.15
7.6 0.06

The resulting heat fluxes to the payload are shown in Figure 5-{0.
Because the geometry does not change with time, the heat flux remains
constant until the propellant within the casing is consumed. With a maximum
web thickness of [.04 m, this will be (1.04/0.00115) = 904 seconds or about 15

minutes.

5.1.1.3 Overpressure and Impulse Resulting from
Space Shuttle External Tank Explosion

This section discusses the overpressure and impulse payload
environments produced by an explosion of the hydrogen and oxygen contained in
the Space Shuttle External Tank (ET). The possible contribution due to an
explosion of the solid propellant contained in the Solid Rocket Boosters is
ignored, as it is small compared to the ET contribution. The ET could explode
as a result of various on-pad or ascent accidents or malfunctions. Also, the ET
can be destructed deliberately by the linear-shaped charge that is placed along
the ET on the side opposite to the Orbiter, should flight controliers determine
that an off-course vehicle would endanger the local population or ground
features. Depending upon the event, varying degrees of explosive yield can
result. The explosive yield is defined as percen’rcge' of TNT equivalent. For
example, if a given ET explosion would produce a 100% vyield, that means that
the total weight of propellants would produce the same effect as the same
weight of TNT. Reference 5-13 suggests that the following explosive yields be

considered for the Space Shuttle ET blast hazard analysis:
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Explosion Event Percent Explosive Yield
Destruct !
On-pad, no destruct 20
Fallback 30 m 50
High velocity impacts:
350 m/s 100
550 m/s 160

Explosions of the ET are expected to produce mechanical environments
that pose a hazard to payloads. For the nuclear waste payload, in particular, a
shock blast wave could damage the containment vessel such that it might not
survive a possible fire environment (see Sections 5.1.1.1 and 5.1.1.2). Also, and
probably more critically, the blast wave will create high-velocity fragments
which could cause a breach of the nuclear waste containment (see Section
5.1.1.4 for discussion of fragment environment).

This section provides estimates of the blast environment a payload
might experience by calculating the incident (static) and reflected blast wave
overpressures as a function of explosive yield. Also, the reflected blast impulses
are calculated and presented as required for the fragment environment analysis
(see Section 5.1.1.4).

' It was assumed that all the ET propeliant (609,600 kg of liquid oxygen,
and 102,500 kg of liquid hydrogen) would be available for the explosion, giving a
total of 7.12 x IO5 kg (1.57 x 106 Ib) of available propellant.

Previous studies of exploéion hazards for launch vehicles, carrying
radioactive material, have cssumedv the center of explosion (COE) to be at the
point (or points) of first potential liquid fuel/liquid oxidizer contact with each
other. Figure 5-11 provides a scale drawing of the Space Shuttle Vehicle.(s'lq)
The center of explosion (COE) for the Space Shuttle case is taken to be the
center of the intertank structure, between the liquid hydrogen and liquid oxygen
tank of the ET. The position of this assumed COE and the position of the
nuclear waste payload are shown. The position of the payload was obtained from
Reference 5-15. The distance from the COE to the payload surface was
calculated to be 21.6 m (70.8 ft). This distance has been used for all of the
following calculations. ' o

Procedures outlined in the CPIA-194 Hazards of Chemical Rockets and

Propellants Handbook (Volume I)(S-lé) were used to calculate the overpressures
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that would result from the incident shock wave. Reflected pressures were

calculated by using the relo’rionship(s'lé):
+
APy = 24P ;Eﬂ +2:PS Y
0 S
where:
APS =  Static (or Incident) Blast Wave Pressure
PO = Ambient Pressure (I atm)

The results are presented in Figure 5-12 for the five different explosive yields
assumed.

The CPIA chdbook(s'ls) was also used to calcuiate the reflected
impulse, IR’ that is required for the analysis in Section 5.l1.l.4. The relationship,

1 = 21 7Py * Hapg (14)
where: 7Py + AP
'S - = Static Impulse
PO =  Ambient Pressure (I atm)
A PS =  Static Blastwave Pressure

was used to calculate the curve shown in Figure 5-13.

5.1.1.4 Space Shuttle Fragment Environment

An explosion of the External Tank (see Section 5.1.1.3) could result in
the payload being impacted by fragments of the External Tank. The flux of
fragments by velocity and size was calculated for explosive yields (based on the
~mass of hydrogen and oxygen in the External Tank) of I, 20 and 160 percent
TNT equivalent. These yields correspond to hypothesized possible failure
sequences, with the highest yield occurring from a high-velocity impact of the
Space Shuttle onto an unyielding surface.

The method of analysis was basically that used by Teledyne Energy
Systems.(5 17) This approach uses as inputs fragment size distributions from

Reference 5-18 and fragment velocity distributions from Reference 5-19.
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The mean fragment size for a given vyield, D, is calculated from the
equation
D = D_ + 99.78 (1)088% cm, (15)

where Do. is the minimum fragment size, determined here by the External Tank
skin thickness, and lr is the reflected impulse in N-s/cm:Z at the distance of the
tank skin from the center of explosion (taken to be the midway between the
bulkheads on the ET centerline - see Figure 5-11). The standard deviation is 2.3.
Figure 5-14 shows the resulting fragment size distributions for a series
of explosive yields, where fragment size is expressed as the average diameter of
the tank skin fragment. The minimum fragment size is taken as equal to the
External Tank skin thickness. Fragments larger than [0 cm have been ignored,
as they have a low probability of impacting the payload in an orientation
favorable for penetration and relatively few large fragments are generated.

The mean velocity of the mean size fragment, -\/_, is calculated as
V- [80.47 - 11095 70-310/Dg ’] | m/sec (16)

with a standard deviation of 2.5.

Figure 5-15 shows the resulting velocity distribution for the mean size
fragment for various explosive yields. The upper velocity has been limited to
4000 m/sec, which is in the range of the expected detonation velocity of H2/O2
mixtures.

The velocities of fragments larger and smaller than the mean size
were calculated by applying a drag correction; that is, the fragments were
assumed to be accelerated by an cerodyncmic drag mechanism, so that the
velocity attained is proportional to the drag coefficient. As a conservative
assumption, all fragments were assumed to be accelerated in a high drag
orientation (maximum dimensions perpendicular to blast wave motion). The drag
coefficients were assumed to vary with fragment size as:
-0.91 ID).

Ch = 117 (1 - [.379 e

D = (17)

The smallest fragments, with a size of 0.56 cm, thus have a drag coefficient of

0.2, equivalent to a sphere, while the largest fragments have a drag coefficient
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of 1.17, equivalent to a flat plate at normal incidence. Expressed as a
correction factor, i.e.,

F=(l - 1.379 091Dy (18)

this relation is plotted in Figure 5-16. Mean velocities for various fragment
sizes are calculated by multiplying the mean velocity of the mean size fragment

by the ratio of the convection factors:

—= (19)
F

VD =
where VD is the mean velocity of fragments of size D, V is the mean velocity
of the mean size fragment, and FD and F are the correction factors for the
fragment of size D and of the mean size fragment.

The distance between the hypothesized location of the explosion and
the center of the payload is 23 meters, so that a solid angle of

Q =_.‘_? = 0.00189 str (20)
(23) |

is subtended per square meter of projected payload cross section. The area of

External Tank skin intercepted by this solid angle is
A= (2)% @ cesco, (21)

where £ is the distance from the center of explosion to the tank skin and ¢
is the angle between the axis of the External Tank and the line joining the
center of explosion and the payload. By measurement from Space Shuttle
drawings, £ = |1.00 m and ¢ = 22°. Hence, the area of External Tank skin

intercepted per unit area of projected payload cross section is

-;:i: (11.00)% x 0.00189 x csc 22° = 0.610. (22)
P
It is ossuhed that all fragments for this intercepted tank skin area impact on
the payload.
The number of such fragments is calculated by dividing the intercepted

tank skin area by the mean area of all fragments, which is given by
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2 A
m 52 eZ(InO) , (23)

A =

where o is the standard deviation for the fragment size distribution. Thus, the

number of impacting particles per unit area of projected payload surface is

¢ & |
_ 4 x 0810 x 10" 1939 -2 (26)

2 52 ’
r 52 J2no) D
where the mean fragmented size is given in cm.
Impacted fragments of the same size can have widely differing

N

penetrating abilities, depending on their orientation, with those fragments
impacting edge-on having the greatest penetrating potential. As a first
approximation, only those fragments "edge-on" are considered, with "edge-on"
being defined as impacting at such an angle that the center of mass is within
0.28 cm (one-half of the fragment thickness) of the initial contact point when

the fragment is viewed edge-on, a condition given by

tang < Do, (25)
D

The geometry is illustrated in the following sketch:

AMVAVTVTITATIE

I

Assuming that the fragments are randomly distributed in orientation, the

fraction, f, that is "edge-on" will be

f =—2-Tc1n" P_Q) . (26)
m \D
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The value of this parameter is shown in Figure 5-17.

The effective size of the "edge-on" fragments is estimated by
assuming a projected cross-sectional area of D Do and a total volume of %DZDO
(the fragments are assumed to be approximated by a disk). Hence the effective

D' =\[2DDo, (27)

_ T

diameter is

and the effective length,

L' =
Thus, the fragment is transformed into a rod-like projectile with the same
volume (or mass) and having a cross section equal to the projected cross section
of the actual edge-on { 6= 0) fragment. Values for the effective diameter and
effective length are shown in Figure 5-18.

Using the preceding figures and calculations, the fragment flux of
"edge-on" fragments at the payload projected cross section can be determined.
Figures 5-19, 5-20 and 5-2! show the results for three explosive yields, |, 20
and 160 percent. The fragments have been grouped into size ranges fo permit a

single presentation of the results.

5.1.1.5 Concluding Remarks

Sections 5.1.1.1 through 5.1.1.4 have characterized what is believed to
be the worst-case accident environments that are expected for an on-pad
explosion and fire. The environments defined here for the Space Shuttie are
much more severe than those that have previously been defined for the Titan Il
launch vehicle.(5'|3) The use of a destruct system, when flying nuclear waste
payloads, or other hazardous payloads, would greatly reduce the severity of the
accident environments. The data developed in this section have been used in
Section 3.4.3.1 to evaluate the response of the reentry system to the on-pad

Shuttle explosion and fire.
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5.1.2 Reentry of Container With/Without Reentry Protection

Various types of low probability malfunctions could occur which might
lead to the atmospheric reentry of the loaded reentry system or the baseline
unprotected nuclear waste container. The protected spherical container
(positioned in the reentry system - see Figure 2-5) may reenter after an
emergency ejection from the Space Shuttle cargo bay just prior to achieving
orbit, or the unprotected container (having been removed and attached to the
payload adapter of the OTV/SOIS configuration) may reenter after a critically
inaccurate OTV burn coupled with other malfunctions. These reentry
environments were characterized by using a Battelle developed reentry computer
code called CONTEMP. The code assumes that there is no mass loss from the
payload, there is no heat transfer to or from the reentry body (cold wall), and
equilibrium conditions exist in the fluid flow. Specific data used for the reentry
cases assumed here are given in Table 5-4. Data related to the reentry system
were obtained from the in-house NASA/MSFC study effort. The loaded reentry
system was assumed to reenter at a velocity of 7818 m/s, having a zero flight
path angle, at an altitude of 91.4 km (just before the ET is dropped). Two
reentry conditions for the unprotected container were used; one steep and one
shallow. The steep reentry represents the case where the OTV burns in the
wrong direction (opposite) for an extended period of time. The shallow reentry
represents the case where the OTV has provided a small velocity change, but
just enough to cause reentry in the first orbit. These two cases should provide
the bounds for the reentry environment. The assumed drag curves for the two

configurations are shown in Figures 5-22 and 5-23.
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TABLE 5-4. l'NPUT AND ASSUMPTIONS FOR THE
REENTRY ENVIRONMENT ANALYSIS

Payload Configuration

Parameter Unprotected Container Reentry System
Steep Reentry Shallow Reentry
Mass, kg 2 6270 6270 19492
Cross Sectional Area, m 1.97 .97 15.68
Nose Diameter, m .59 .59 2.13
Initial Velocity, m/s 3660 7600 7818
Initial Altitude, km 333 333 91.4
Initial Flight Path Angle,
degrees 7 0 0 0
Mass/Area Ratio, kg/m 3183 3183 1243
Drag Curve see Figure 5-22 see Figure 5-23

NOTE: See Figures 2-5 and 3-6 for description. of payload configurations.
Reentry system data were obtained from NASA/MSFC in-house studies.

The results of the reentry calculations for the three cases indicated in
Table 5-4 are presented in Figures 5-24 through 5-38, where various parameters
are plotted as a function of altitude. The parameters are time, velocity,
s’rdgncﬂon heating rate, stagnation pressure and stagnation temperature. These

environments were used in the thermal response analysis as discussed in Section
3.4.3.2. ‘
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5.1.3 Payload Entry into Deep Ocean

The reentry of a protected container would likely result in an ocean
landing. Should the flotation system fail, the reentry system with the loaded
container would sink to the ocean floor. The most severe immediate environment
that the payload would see would be the very high external pressure exerted on
the payload. Problems related to the eventual saltwater corrosion and waste
overheating as a result of poor heat transfer characteristics, assuming the
payload is buried in ocean sediment, are believed to be more of a long-time
problem. General characteristics of seawater and the ocean floor are reviewed
in Reference 5-22 and are not reported here.

The relationship between the fraction of ocean depth greater than a
certain value as a function of ocean depth pressure for ground track resulting in
a 38 degree inclination orbit (first pass assumed - KSC launch) has been
approximated. The ground track trajectory was superimposed on a world map
containing ocean depth data to obtain the relationship. Figure 5-39 presents the
results. The average ocean debth (considering all three major oceans) is roughly
4 km. For the orbital pass assumed here for ocean impact and random reentry,
the payload would fall into the ocean at depths greater than 4 km about 73% of
the time, or depth greater than 6 km only 7% of the time.
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The ocean pressures resulting from these various assumed depths are indicated in
Figure 5-39. The maximum ocean depth and pressure possible are 10.9 km and
11,000 N/cm2 (16,000 psi), respectively. These types of data should be useful in
future container design and in risk analysis, once the consequences of certain

accidents are determined.



5-59

5.2 Preliminary Hazard Analysis

A preliminary hazard analysis was conducted to identify those events
and sequences of events most likely to lead to a release of radioactive waste.
This preliminary analysis was considered to be the first in a series of steps
that, over a period of several years, would result in a final estimate of riék
associated with space disposal of nucleck waste. As a first step, the results
achieved in the current effort are qualitative rather than quantitative. The
results are, nonetheless, valuable as indications of those portions of the
conceptualized system that should be studied more thoroughly to delineate
significant risks involved in the disposal of nuclear waste in space.

This section is divided into three subsections to facilitate discussion.
The first subsection breaks the mission down into phases that differ from one
another in the hazards and accident environments that would likely be
encountered. Then, the status of failure and probability data is discussed.
Finally, elementary fault trees for each mission phase are presented and
discussed. The more significant failure paths are outlined, and a sensitivity as to

the likelihood of occurrence ot the more hazardous events is developed.

5.2.1 Mission Phase Definition

To facilitate the presentation of fault tree information in Section
5.2.3, the baseline mission has been partitioned into a number of phases, as
shown in Table 5.5. These phases are not identical to those discussed in the
baseline mission profile in Section 2.3, but have been chosen to separate the
baseline mission into portions in which the hazards can be clearly defined. A
short description ot 'rhe' significant events occurring in each phase is contained '

in the following subsections of this report.
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TABLE 5-5. DEFINITION OF MISSION PHASES

Phase
Number Description of Phase

Payload Processing and Storage at Launch Site
On-Pad, Prelaunch Operations

Ignition to Clearing of Tower

Clearing of Tower to SRB Burnout

SRB Burnout to ET Drop

ET Drop to Achieving Orbit

Achieving Orbit to Rendezvous
Rendezvous and Docking with OTV/SOIS
OTV lIgnition to Burnout

OTV Jettison to SOIS Ignition

SOIS Burn

Stay in Planned Orbit

N— OV~ & WN —

5.2.1.1 Phase |: Payload Processing
and Storage at Launch Site

Before its arrival at the launch site, the nuciear waste payload would
be the responsibility of the Department of Energy. This responsibility would
include payload treatment, fabrication and transportation to the launch site.
Once it has arrived at the launch site, responsibility for safety of the pcyload
package and its contents would be transferred to NASA. In Phase |, these
operations would include unloading and storage of the shielded waste container
in the Nuclear Payload Preparation Facility (NPPF); cooling, inspection and
monitoring of the waste containers; and insertion of the waste container into
the reentry system. The loaded reentry system would then be mated with
cooling, ejection and docking systems, mounted on a paliet and prepared for
transfer to the Payload Changeout Room (PCR). A special-purpose transporter
would be used to move the assembled payload/reentry/docking assembly to the

launch pad area.

5.2.1.2 Phase 2: On-Pad, Prelaunch Operations

In this phase, the loaded reentry system would be removed from its
transporter, elevated and placed in the PCR; in the PCR, an auxiliary cooling
system would be attached and the total package then inserted into the Orbiter's

payload bay. While in the payload bay the waste payload would remain attached
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to the auxiliary cooling equipment that would be required through the next
several phases of the mission (until shortly before the payload/reentry/docking
assembly was removed from the Orbiter's payload bay in low Earth orbit). Since
detailed mission timelines have not been developed yet, it has not been
determined whether Shuttle ET fueling would take place before the waste
payload was inserted or after. In any event, there would be some period of time
dufing which the payload would be mounted near both the loaded ET and the
two SRBs. Before launch, a final systems checkout procedure would be

accomplished.

5.2.1.3 Phase 3: Ignition to Clearing of Tower

. This phase of the mission contains those events that occur from Space
Shuttie ignition until the SRB nozzles have cleared the launch tower, This is a
very short phase of the mission, but one which contains several unique hazards.
Nominally, the Shuttie engines and SRBs would ignite, and the Shuttle would rise
vertically and build up speed during this initial phase of the flight.

5.2.1.4 Phase 4: Clearing of Tower to SRB Burnout

After the Shuttle clears the launch tower, it would turn downrange

and proceed until the SRBs burn out at about 120 seconds into the flight.

5.2.1.5 Phase 5: SRB Burnout to ET Drop

During Phase 5 of the mission, the SRBs would be jettisoned a few
seconds after their burnout, and the Shuttle would continue under the thrust
provided by the SSMEs. About 480 seconds into the flight, the ET would run out

of propellant and oxidizer. Several seconds later, ET staging would occur.

5.2.1.6 Phase 6: ET .Drop to Achieving Orbit and
Phase 7/: Achieving Orbit to Rendezvous

After the ET is dropped, the Shuttle Orbiter would continue into its
planned orbit by using on-board propellants. Prior to launch of the Shuttie with

the nuclear waste payload on-board, the OTV/SOIS combination would have been
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launched on a separate Shuttle, checked out and released into the rendezvous
orbit. The Shuttle with the nuclear payload would conduct required phasing and
orbit adjustment maneuvers using the Orbital Maneuvering System (OMS) to
rendezvous with the OTV/SOIS.

5.2.1.7 Phase 8: Rendezvous and Docking with OTV/SOIS

When the Orbiter containing the nuclear waste payload has approached
the OTV/SOIS, the payload/reentry/docking assembly would be checked out,
removed from the Orbiter payload bay with the remote manipulator sys’rem'cnd
released. Auxiliary cooling might still be required from this point in time until
the payload container is removed from the reentry system. The OTV/SOIS would
maneuver to perform the actual closing and docking operations with the
payload/reentry/docking assembly. The payload docking system would contain a
remotely operated arm that would:

e Remove the rear reentry shield wall

¢ Remove the payload container from the reentry system and attach

it to the SOIS payload adapter

e Replace the rear reentry shield wall.

Following this sequénce of events, the OTV/SOIS would back away from the
reentry/docking assembly, carrying the waste container attached to the payload
adapter. The docking process is a complicated one, with a number of points at

which potential mishaps could occur. These are discussed in Section 5.2.3.8.

5.2.1.8 Phase 9: OTV Ignition and Burn

Once the docking maneuver had been performed, the OTV attitude
control system would position the OTV/SOIS/payload for OTV firing. The OTV
would then be ignited and perform a propulsive burn that would place the

SOIS/payload onto an Earth-escape trajectory.

5.2.1.9 Phase 10: OTV Jettison to SOIS Ignition

When the OTV propulsive burn had been terminated, the SOIS/pcylocd

assembly would be released to travel to the proper perinelion, and the OTV
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would return to the Shuttie orbit for capture and return to the Earth for
refurbishment. The SOIS/payload would coast for |63 days to arrive at a
perihelion of 0.86 a.u.

5.2.1.10 Phase 1l: SOIS Burn

When the SOIS/payload reached perihelion, the 3-axis attitude control
system carried by the SOIS would align and stabilize the SOIS/payload assembly
prior to firing. The SOIS burn would reduce the aphelion of the SOIS/payload to
0.86 a.u. to place the payload in its nominal, circular disposal orbit of 0.86 a.u.

This orbit is planned to be inclined at least | degree to the ecliptic plane.

5.2.1.11 Phase 12: Stay in Planned Orbit

The final mission phase would consist of the payload circling the Sun
at 0.86 a.u., and being exposed for an indefinite period of time to the space

environment.

5.2.2 Failure Probability Data

None of the launch systems (e.g., Shuttie, OTV, and SOIS) for initial
and follow-on nuclear waste disposal missions have been flown. Thus, there are
no demonstrated reliability data available. However, historical data on unmanned
and manned expendable launch vehicles, preliminary projections on Space Shuttle
reliability and safety, and information about stages similar to the OTV and
kickstage do -exist.

Historically, unmanned expendable boosters (Scout, Deltaqa,
Atlas-Centaur, Titan, etc.) have exhibited about a 90 percent success rate. This
success rate is acceptable for the types of payloads being launched by these
vehicles, but it would not be acceptable for nuclear waste payloads. On the
other hand, the expendable launch vehicles for manned missions were designed
for much higher reliability. The flight of Apollo 13 demonstrated the ability of
man to safely recover and land a vehicle fhdf had sustained potentially
catastrophic damage. After four or five years of operation of the Shuttle, the

necessary data base should exist to assess its reliability.
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It is known that critical items lists and failure mode and effects
analyses have been developed for some of the Space Shuttle systems. However,
to date the required overall Space Shuttie reliability data have not been
calculated by either NASA or the Space Shuttle contractors.

The projected OTV and SOIS are both stages that rely on proven
technology. The OTV is a hydrogen-oxygjen upper stage that has the benefit of
over a decade of Centaur and Saturn experience to draw upon. The SOIS
employs technology similar to the Titan Transtage and the Space Shuttle Orbital
Maneuvering and Reaction Control Systems components (e.g., tanks, engiries,
etc.). This technology is quite reliable and available now. There should be little
difficulty in designing, developing, and demonstrating safe, reliable upper stages
for the space disposal mission.

Design of the waste container, reentry and docking systems is at such
a preliminary conceptual level that estimation of system reliagbilities are not
appropriate at this time. As these designs mature, generation of reliability data

will become more feasible.

5.2.3 Fault Trees

To obtain a qualitative feel for the relative importance of various
potential system failures, preliminary fault trees were constructed and analyzed
for each phase of the mission. The: methodology and symbology used follows that
presented in Reference 5-23. Because of reasons previously discussed in Section
5.2.2, it is not feasible, presently, to assign probabilities to each fault event.
Additionally, for those phases involving Space Shuttle elements, the fault trees
were terminated when a Shuttle element failure was encountered. Analysis below
this level is correctly being conducted by the Shuttle prime contractor.

Tqble 5-6 shows the fault tree symbols used in this section and defines
the meaning of each symbol. In one case, the similarity transfer, additional
explanation is needed. This symbol is used to avoid unnecessary clutter in the
diagrams. Its meaning, as used in this report, can be explained by examining
Figure 5-41. In this figure, there is an OR gate with the numeral | in it,
leading into event number ||. There are also three similarity transfer symbols,
one leading into event number 13 - the others into events I5 and 17, and

identified with the numeral |. This means that the same outputs operating from
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the OR gate numbered | are also operating as outputs of the similarity transfer

symbols shown asv.

TABLE 5-6. FAULT TREE SYMBOLS

Symbol Meaning

Rectangle: A Fault Event

Output

OR Gate: Output Exists If
At Least One Input
Is Present

1>

Inputs

Output

AND Gate: Coexistence Of All
Inputs Is Needed To
Produce An Output

D_

Inputs

& Triangle: A Connecting Or
Transfer Symbol
v Inverted
Triangle: Similarity Transfer

Each of the fault trees for the |2 mission phases shown in the
following subsections has been examined for those single-point and multiple-point
failures considered most likely to lead to catastrophic results --- the release of
nuclear waste from containment. Elementary criteria have been used in choosing
these most likely failure paths. For example, a path that involves only two
failure events has been considered more likely to occur than one that requires
five or six failure events to occur sequentially. In most cases, careful study of

the fault tree was sufficient to eliminate all but two or three of the potential
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event sequences. These "critical paths" are indicated (where identified) on the
fault tree figures included in the remainder of this section.

Once the most likely event sequences were determined, potential ways
of avoiding these paths (or of decreasing the possibility of their occurring) were
examined. Possible workarounds were suggested for reducing the possibility of
nuclear waste release. The feasibility of these workarounds was not examined in
any detail. More detailed study and analysis of workaround feasibility and
practicability in terms of cost, payload impact and incremental safety achieved

is required downstream of the current effort.

5.2.3.1 Phase | Fault Tree

During Phase |, the risks do not appear to be critically large, and
those risks that do exist seem to be amenable to relatively simple workarounds.
The fault tree for this phase is given in Figure 5-40.

Any path that leads to Blocks 2, |10 or || results in release of waste
(Block 12). In this phase, the paths are as follows:

(a) 6 given 5 leads to 9 after a certain time

(b) 7 given | or 2 leads to 10 after a certain time

(c) 8 given 3 or 4 leads to || immediately.

No one of these paths stands out as being more critical than the others, so

workarounds are given for all ‘three paths.

Path (a). Loss of cooling can be worked around by providing: (I)
redundant prime cooling systems, (2) redundant prirﬁe movers for these systems,
and (3) self-contained, backup cooling systems.

Failure of the monitor and alarm system can be worked around by
providing: (l) independent, redundant temperature sensors based on different
principles, (2) different transmission paths to the alarm system, (3) voting logic
(fail-operational, fail-safe) at the monitor/alarm console, (4) periodic temperature
sensing by a man with a portable sensor, and (5) redundant paths to the

emergency station.
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Path (b). Fire in the NPPF can be worked around by: () using
. fireproof principles in designing and constructing the NPPF, (2) limiting use and
storage of flammable materials, and (3) using fireproof vaults for storing
flammable materials in an area away from the waste containment area. Waste
containers and the containment area should be designed so that a fire will not
breach a container. ‘

Possible failure of the alarm system has previously been discussed.

Failure of the fire-fighting system can be worked around by
providing: (!) mobile fire-fighting equipment at two locations on the base, (2)
separate means of access from the fire stations to the NPPF in case one should
become blocked, and (3) redundqnf, independent water sources in the vicinity of
the NPPF. |

Path (c). The possibility of dropping or collision while a container is
in the NPPF can be minimized by following stringent procedures and exercising
safety discipline.

" If there is an angle (non-design strike angle) at which a container
impact suffered in the NPPF could lead to a breach, the workaround would be
to change the design of the container.

A defective container can be eliminated by meticulous design,

fabrication, testing and inspection.

5.2.3.2 Phase 2 Fault Tree

Starting with this phase, the potentially catastrophic consequences
resulting from an explosion of the External Tank contents and the ensuing fire
(possibly including burning SRB fragments) must be considered. The fault tree
for Phase 2 is shown in Figure 5-41.

Any path that leads to Blocks 14-|8 represents a sequence of events
that could result in release of waste. From preliminary analyses of event
consequences, paths that lead through Block || appear to be most critical with
respect to potential for breaching the waste containment system and releasing

waste products.
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Blocks 7, 8, 9 and 10 have been covered in the discussion of the
Phase | fault tree, and are not considered to pose a serious risk of container
breach as long as appropriate measures are taken.

In like manner, it should be possible to design against failure from
thermal shock (Block 18). In fact, if detailed analyses show low probability of
melting due to external heat applied by an ET explosion followed by exposure to
fire from an SRB fragment, a deluge system could be dispensed with for this
phase of opera;rions. ‘

The current container concept appears to be more vulnerable to
shrapnel fragments from the ET explosion than to the associated heat or
overpressure. Workarounds for the fragment problem can be of two types. First,
minimize the chances of the fragment-producing explosion occurring; second,
minimize the effect of the fragments on the waste container.

There are two ways in which the effects of an ET explosion on a
container in the Orbiter cargo bay could be mitigated. The ET itself might be
designed in such a way that the effects of a blast would be directed away from
the Orbiter. The second way would involve placement of energy-absorbing and/or
fragment-deflecting material and stucture between the waste container and the
ET. Such an addition could be made on the floor of Orbiters built specially for
the nuclear waste disposal mission - this would likely create less weight penalty
than trying to add such additional structure to an existing general purpose
Orbiter. |

To examine ways to minimize the probability of an ET explosion
occurring, it is necessary to develop Orbiter, SRB and ET fault trees. Fault
trees of this type are currently under development by the Space Shuttle
contractor and subcontractors.

Other sources of events that might lead to an ET explosion are shown
in Blocks 1, 5, -and 6. Stringent security, similar to that found at Strategic Air
Command sites, would be prudent. Protection from natural causes would be
provided by procedures (no operations in high winds or when they are predicted)
and by the best lightning protection that could be devised. The major pad area
accident to be guarded against in Phase 2 is explosion of the cryogenic storage
tanks. A workaround would be to ensure that these tanks are located far enough
from the pad (or shielded well enough) that a worst-case, accidental blast could

not damage the assembled Shuttle to the extent of leading to an ET explosion.
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The ultimate workaround to ensure no release of waste products would
be to design and build the waste container so that it could withstand any
possible hazard environment or credible combination of them. At this point in
the study, it is not clear that this couid be done without reducing the waste

loading of the payload below acceptable levels.

5.2.3.3 Phase 3 Fault Tree

During this phase, the events that could happen are largely the same
as those in Phase 2, with two exceptions. During ascent of the Shuttle, it could
collide with the tower - this would likely lead to an uncontrollable crash with a
resultant ET explosion. The Phase 3 fault tree is included as Figure 5-42.
Another major difference is that the SRBs and SSMEs have been ignited and the
Shuttle is moving. This increases the number of things that could go wrong. For
example, at commanded ignition one of the SRBs could fail to ignite - this
would result in a large overturning moment and likely rupture of the ET, leading
to an H2/02 explosion. The same result could be achieved by a sidewall burnout
of an SRB, or a malfunction of the Orbiter control system.

Until more information is available about Shuttle hardware fault trees,
it is not possible to do much in the way of suggesting workarounds. Again, as
suggested in the discussion under Phase 2, protection of the waste container
from shrapnel could be effected by redesign of the Orbiter on the side facing
the ET to provide fragment deflection and/or energy absorption. Another possible
workaround would be to design the ET in such a manner that the effects of an
explosion would focus away from the Orbiter and waste package. This might be -
done by use of "blowout paneis" incorporated into the ET on the side cWoy from
the Orbiter.

5.2.3.4 Phase &4 Fault Tree

in Phase 4, the Shuttle achieves sufficient altitude that an emergency
landing is possible during portions of this phase. As a result, some failures
(Blocks 7, 8 and 9 of Figure 5-43) could result ih an attempt at an emergency
Orbiter landing rather than an inevitable Shuttle crash with the resultant

explosion. One outcome of an attempt at an emergency landing is to crash the
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Orbiter (Block 13), which could lead to an impact failure of the waste container
(Block 15). A workaround that might lessen the probability of a crash from a
low-altitude abort would be to provide the waste-disposal Orbiter with a
propulsive capability that would give the pilot a better chance to make a
successful emergency landing. This propulsive capability could consist of small
auxiliary rocket motors designed for operation in the atmosphere and using OMS
fuel. They could be designed to be jettisoned once a "safe" altitude had been
reached. An alternative approach would be to provide a system for emergency
ejection of the payload.

Block 6, Collision with Aircraft, is a low-probability event since every
effort will be made to keep aircraft from intruding into the launch area during
a launch. Since such a collision would be highly likely to lead to an ET
explosion, however, it is suggested that a system be implemented that scans the
surrounding airspace, projects any vectors with a reasonable probability of
intruding into the launch zone, and automatically holds the countdown until such
time as the potential danger is past.

During this phase, the danger from an ET explosion could be most
severe. Although some of the cryogenic fuel has been used up, the explosive
yield of the remaining fuel and oxidizer could be greater than for an on-pad
failure if the vehicle nosed over and power dived into the ground or ocean.
Again a possible workaround to avoid exposing the waste container to the worst
of such an explosion would be to use an ejection system that would be armed at
lift-off and would be activated if the Orbiter attitude should exceed tolerances

that would be precursors of a poweréed crash.

5.2.3.5 Phase 5 Fault Tree

The fault tree for Phase 5 is given in Figure 5-44. The only major
change between this phase and Phase 4 is the hazard introduced if an SRB
doesn't separate when it is supposed to (Block 8). If this happens, the Orbiter
should be separated and an emergency landing attempted. Since the emergency
landing attempt would be initiated from a higher altitude than in Phase 4, its
probability of success could be expected to be higher. Use of auxiliary
propulsion units (as discussed in Phase 4) could increase this probcbilify of

success.
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5.2.3.6 Phase 6 Fault Tree

The most immediate path to release of waste in this phase is an
Orbiter explosion (Box || of Figure 5-45) that produces shrapnel (Box §) of
sufficient energy to penetrate the waste container (Box 14). No analyses have
been done to predict what the likelihood of such an incident would be. It is
believed that all other paths in this tree are less likely to occur than the one

just described.

5.2.3.7 Phase 7 Fault Tree

In this phase, since the Orbiter with the waste package is in a stable
orbit, there are only two things that can go wrong (see Figure 5-46). First the
Orbiter could be stranded in orbit, unable to maneuver (Block 5). This is
considered highly unlikely, but if it happened the waste package could eventually
breach due to heat and pressure buildup (Block 9). Another unlikely event would
be explosion ot the Orbiter (Block 7). If this happened, the container might be
rupTuAred (Block 10), but it would still be in its reentry shield, making the
probability of rupture quite low.

In case of reentry of either the container after an explosion, or the
‘Orbiter after orbital decay, events in Boxes |, 3A, and || could occur; all with
potential for release of waste. The obvious workaround to prevent reentry of the
waste package is a rescue vehicle that could retrieve the container and return
it safely to Earth. The package could also be protected from an explosion by a
shield between the OMS fuel and oxidizer and the waste container if the

probability of such an event were non-negligible.

5.2.3.8 Phase 8 Fault Tree

There are close to |00 separate paths possible in the Phase 8 fault
tree (included as Figure 5-47). Analysis of the diagram shows that the most
significant paths are the following: [|-27, 6-11-28, and 2-27.
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Paths |-27 and 2-27. |f the Orbiter or OTV should explode in the

vicinity of the waste container, there is a chance of immediate breaching of the

waste container due to shrapnel puncturing it with a resultant release of waste
products. Obvious workarounds are to make these vehicles as explosion-proof as
possible. Since this is likely to be a design requirement in any event, the -
concern is with explosions that might occur despite design efforts. The waste
container probably could be designed to withstand an Orbiter or OTV explosion.
This is an area in which further analysis and trade-offs are needed.

In case of a breach in orbit (Box 27), a special purpose rescue vehicle
could be used to attempt to recover the ruptured container in order to minimize
the effects of the breach.

Path 6-11-28. This path requires that the combination
OTV/SOIS/container package does not check out after it has been assembled in

orbit and that undocking of the container cannot be effected. There are several
workarounds that could be attempted in the case of a recalcitrant undocking
attempt. First, @ manual backup undocking mode could be designed into the
mechanism and could be actuated by an EVA. Second, a brute force technique
involving an EVA with a cutting torch or bolt cutters could be effective. The
objective would be to release the container so that it could be recap‘rured by its
Orbiter or by a rescue vehicle before it re-entered with potentially disastrous

effect.

5.2.3.9 Phase 9 Fault Tree

Like the Phase 8 fault tree, Phase 9 has a multitude of paths as
shown in Figure 5-48. Examination ot the tree shows that the ones of greatest

concern are: |-29 and 1-14-24-30.

Path 1-29. Path 1-29 is the same as Path 2-27 in Phase 8, and is

discussed there.

Path [-14-24-30. If the OTV explodes and the waste container is not

ruptured, but driven Earthwards so that neither an on-orbit Orbiter nor a rescue

vehicle could retrieve it, it would re-enter and likely burn up since the reentry
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shield has been removed in a previous operation. This would scatter waste
products in the upper atmosphere. '

The best workaround would be one that rendered the probability of an
OTV explosion negligible. An approach to this would be to design the OTV so
that the chance of hydrogen and oxygen mixing in space in flammable amounts -
was negligible. Design and procedures should be such as to ensure that no sparks
occur during and after docking. An alternative approach would be to add a layer
of non-reusable thermal protection (e.g., an ablative) to the container to ailow

it to survive an inadvertent reentry.

5.2.3.10 Phase 10 Fault Tree

All possible paths in this fault tree (Figure 5-49) are of the same
length: | given 2, 3; | given 2, 4; and | given 2, 5. The second path is the
one most likely to occur, however, since the reentry shield has been removed
from the waste container prior to the OTV burn. In any event, the most
effective (and least costly) place to attack these potential problems is in Block
2.

Attempts should be made to make the primary OTV release mechanism
as reliable as possible. in addition, a possible workaround would be to
incorporate a backup release mechanism that could be activated in case the
primary mechanism jammed.

The highly elliptical orbit of the payload at this point in the mission
should provide enqugh lifetime to permit several rescue attempts. A workaround
for Block 4 would be the addition of thermal protection to the container, as

discussed under Phase 9.

5.2.3.11 Phase || Fault Tree

In this phase of operations, only one thing can go wrong: the SOIS
malfunctions as it attempts to circularize the final disposal orbit at 0.86 a.u. It
can fail to ignite, burn in the wrong direction or burn for the wrong length of
time (see Figure 5-50). The first workaround for any of these conditions (Boxes
[, 2 and 3) is to attempt a rescue mission to: (|) retrieve the waste package,

or (2) correct the orbit ot the package. The most critical event would be one in



RELEASE OF
WASTE
L6]

m

WASTE CONTAINER
BREACHES ON
EARTH IMPACT

WASTE CONTAINER

WASTE CONTAINER

N/

RESCUE MISSION
FAILS

BURNS UP 1IN BREACHES ON
ATMOSPHERE OCEAN FLOOR
Gl [4] | 2]
5:
(5
OTV CAN NOT
BE RELEASED
R 2]

FIGURE 5-49.

PHASE 10

Critical Path

FAULT TREE (OTV JETTISON TO SOIS IGNlTION)

£8-§




RELEASE OF

WASTE
L8]

WASTE CONTAINER
BREACHES ON
EARTH IMPACT

(s}

‘;35;7

WASTE CONTAINER

RESCUE MISSION

FAILS
[4]

WASTE CONTAINER

%8-¢

BURNS UP IN BREACHES ON
ATMOSPHERE OCEAN FLOOR
€] [7]
6;
b
SOIS BURNS IN SO1S FAILS WRONG. LENGTH
WRONG DIRECTION T0 IGNITE WRONG L
1] 2] L]

FIGURE.S—SO. PHASE 11 FAULT TREE (SOIS BURN)




5-85

which the SOIS would burn in such a fashion as to place the waste package on
an immediate Earth reentry trajectory. In this case, there might only be time to
attempt one rescue mission. In all other cases, there would be ample time to
attempt numerous rescues.

Event 6 is most likely to happen in case of a reentry since the
container will have been removed from its reentry shield prior to kickstage
firing. Again, a possible workaround would be to design the waste container to
withstand reentry, as diséussed in Phase 9. Because of the greater reentry
velocity for return from heliocentric orbit as compared to low Earth orbit, the
amount of protection required would be greater and might significantly reduce
the amount of waste that could be carried. Since Earth reentry from

heliocentric orbit is a highly unlikely event, trade-off analyses are needed here.

5.2.3.12 Phase 12 Fault Tree

There is little known at the present time about how well a container
could resist being breached eventually by exposure to the space environment at
0.86 a.u. for millions of years. Block 5 of Figure 5-51, Effect of Waste on
Container, might be the one event in this phase most amenable to workarounds
to ameliorate the effects of possible chemical, heat and pressure reactions over
long periods of time. Even if breaching of the container should occur, it is
expected that any escaping particles would be swept out of the solar system by

the solar wind.
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5.3 System Modification Requirements

As the design of a system for disposing of nuclear waste in space
matures, modifications to enhance the safety, efficiency and economy of the
disposal system will be advanced and considered. This section summarizes some
proposed modifications that are suggested as a result of defining and analyzing
the baseline waste disposal mission and its associated hardware and operations.
These proposed modifications need to be investigated in more detail in follow-on
activities to determine their efficacy and applicability. The discussion of possible
modifications has been divided into subsections dealing with ground, poylodd,

Shuttle and upper stage systems.

5.3.1 Ground Systems

Ground systems include the NPPF, ground transporter and the route it
travels from the NPPF to the launch pad. A number of design considerations for
the NPPF have been identified as being critical from a safety point of view.
These include:

e Establishing the NPPF in a secure area in order to protect against

sabotage and other intrusive acts

e Providing the NPPF with adequate radiation containment, including

portable shields if necessary

e Keeping fuels/oxidizers isolated from the container storage area

e Providing adequate, redundant radiation and temperature

monitoring devices

e Providing alternative cooling equipment and indépenden’r emergency

power supplies for them in case of primary power failure

e Providing rapid and redundant access to the NPPF for firefighﬁng'

equipment

e Minimizing payload handling heights within the NPPF

e Eliminating sharp appendages from all areas through which or over

which a payload might be moved.
A ‘The ground transporter required to move the nuclear waste payload
from the NPPF to the launch complex area should be designed to minimize

chance of breakdown during transit (e.g., redundant tires, backup prime motor).
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[t should also be built to include redundant payload cooling systems and be
accompanied on its loaded trips by firefighting equipment and personnel. All
reasonable care should be taken to eliminate any grade-level railroad crossings
along its route. If this is not possible, positive procedures should be developed
to guarantee no movement of rail traffic in the vicinity of the transporter route .
while it is carrying a waste payload.

Once the payload has reached the launch complex, procedurbes and
equipment must be such that the payload has negligible chance of being dropped
while being transferred from its transporter to the PCR. As an added factor of
safety, the area to which the payload might fall shouid be cleared of all sharp
appendages.

Both standard and non-standard reentry shields should be available at
the launch site in case a rescue mission is needed to recover an unshielded
payload from orbit. An oversized, non-standard shield could be needed in the
case of a payload container that was deformed due to an accident.

A final ground system consideration is the location of the NPPF and
launch complex for the nuclear waste mission. Although the likelihood of a
launch site catastrophic failure is deemed to be very small, there is a finite
possibility that such an accident could contaminate significant areas of KSC and
put our nation's space-launch program in serious jeopardy. Thus, significant
effort should be devoted to dealing with the questions of launch and NPPF site

selection.

5.3.2 Payload Systems

As described in Section 3.4.3, the baseline payload system is
potentially vulnerable to inadvertent reentry and Shuttle explosion fragment
environments. In addition, it is called upon to perform a complicated automated
maneuver in low Earth orbit — removing the rear of the reentry system, using qv
manipulator arm to extract the payload from the reentry system, then replacing
the rear of the reentry system. This portion of the payload system must be
designed to ensure that the payload will not hang up during the process of being
withdrawn from the reentry system. For example, in Section 5.2.3.8, the
possibility of the OTV/SOIS/container package not checking out after orbital

assembly combined with an inability to undock from the OTV is discussed. This
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situation could lead to inadvertent reentry of the entire OTV/SOIS/container.
Inclusion of a backup undocking mode involving EVA or pyrotechnic devices is
recommended for consideration, and is typical of the types of backup approaches
that need to be considered in the final design of the automated docking and
assembly sequence. ’
As indicated in Section 6, upper atmosphere release of nuclear waste
due to inadvertent reentry of an unprotected waste container could have serious
environmental effects. The reentry thermal analysis (Section 3.4.3.2) indicates
that the unprotected container is not likely to survive reentry without breaching.
It is possible that the container could easily survive reentry burnup if some
reentry protection were added to the container wall. This protection might take
the form of a layer of non-reusable material such as insulation or an ablative
covering the outside ot the container. Use of a non-reusable material can be
considered due to the expected low probability of inadvertent reentry and might
not add excessive weight to the payload. Thermal problems (heat transfer to
outside) with an insulated container would have to be analyzed and designed for.
Another approach of minimizing the chance for release is to select a
waste form that will resist dispersion and/or minimize the amount of inhalable
particles produced in an accident environment. This will be a major payload
design choice and will influence the feasibility/desirability of other possible
modifications such as the addition of additional reentry ‘protecfion as described

above.

5.3.3 Space Shuttle Systems

There are several significant modifications that may need to be made
to the Space Shuttle system to decrease the hazards associated with the boost
phase of placing nuclear waste paylaods into space. These modifications could
probably best be carried out on Shuttle vehicles designed and built specifically
for the nuclear waste disposal mission, but the current line of Shuttles could
probably be modified, through the use of removable kits, to supply the additional
protection.

One potential modification is plc:cemem.k of an energy and fragment
absorbing shield between the payload and the likely locus of the External Tank

explosion. Section 3.4.3.1 of this report indicates that the baseline payload
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design is currently vulnerable to such an explosion occurring on the ground. A
shield could have the effect of slowing down or stopping the high-speed
frcgfnenfs. Design studies are required to determine the optimum configuration
and materials of a shield that would be both performance and weight effective.

Presently anticipated licensing requirements may require that the .
payload demonstrate accident environment survival without credit due to
environment mitigation by the presence of the Orbiter. In this case, the‘.energy
and fragment absorbing shielding would have to be added to the payload rather
than the Orbiter.

Another possible modification would be the proposed incorporation of a
payload ejection device, that would eject the nuclear waste package from the
Shuttie Orbiter bay prior to a catastrophic event. The sensor system for such a
payload ejection system could be either a tilt or rate sensor that would compare
actual vehicle angles or angular rates with those commanded, and require
payload ejection if preset limits were exceeded. Secme details of this approach,
such as required ejection velocity and waste package stability, and impact
conditions, have been examined. However, additional details such as the ejection
distance needed for payload safety, speed of response required and design of the
actual payload expuision system to meet these needs are tasks that should be
investigated in the follow-on to this study. Again, a weight penalty would be
involved and would have to be evaluated in terms of the overall mission and the

additional cost involved.

5.3.4 Upper Stage Systems

The upper stages (OTV and SOIS) envisioned for the nuclear waste
disposal mission remain conceptual at this point in time. It is appropriate,
however, to suggest that they exhibit certain safety features including:
¢ Multiple redundant communications and control systems
(particularly on the SOIS)

e Communications links that would permit remote manual control
and operation of upper stages in cases where checkout shows a
problem exists, or there is reason to doubt the ability of a stage

to function properly in the automatic mode
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e A system to monitor the OTV injection burn and detect and

terminate grossly misdirected burns.

The need for a rescue vehicle has also been identified. This would be
an upper sfdge (possibly a modified OTV) that could be used to retrieve the
waste payload in case of an accident or malfunction in low Earth or transfer
orbit. Such a vehicle would have to be able to rendezvous and dock with a
payload that possibly has been deformed by a collision or explosion. It might
have to capture a payload with part or all of its reentry system (or other
debris) adhering to it. At present, the requirements for a rescue vehicle and its
associated equipment and capabilities have not been fully delineated. This is a
task that should be done in a later phase of the total effort. In the end, a
manned rescue vehicle may be decided upon because of the need for certain
operations that could most reliably be performed by a manned EVA (such as
detaching a payload from a misfunctioning OTV that will not automatically

release the payload).
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6.0 ENVIRONMENTAL IMPACT ASSESSMENT

The purpose of this environmental impact assessment of the nuclear
waste disposal in space program was to concentrate on those critical areas
identified during a previous effort.(é-l) The specific objective of the current
- assessment was to study, in more detail, the health consequences posed by two
accidents which are believed to be potentially the most hazardous and to
identify how adverse consequences might be miﬁgdfed and/or eliminated. The
two major accidents treated here are: (l) the on- or near-pad catastrophic
Space Shuttle failure with a breach of defense nuclear waste coentainment, and
(2) the reentry and upper atmospheric burnup of a defense waste payload.
Analysis was performed for both Savannah River and Hanford waste, assuming
the baseline given in Section 2.0 and radionuclide data provided in Tables 3-5
and 3-6. Radionuclide data for Idaho are unavailable at the present time.

An in-depth "credible" environmental assessment of the baseline
disposal concept is not possible until more work is done related to the response
of designed containment systems to various accident environments. However, the
analysis presented here, concerning the two accidents chosen for study, should
be useful in choosing among containment designs and concepts, waste forms, and
operational procedures.

The following sections describe the work that was accomplished
concerning the environmental impact assessment of both the on- or near-pad
Space Shuttle failure and the high-altitude atmospheric burnup of a defense

nuclear waste payload.
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6.1 On- or Near-Pad Catastrophic Space Shuttle Failure
' with Release of Defense Nuclear Waste Material

The on- or near-pad catastrophic Space Shuttle failure could result in
the release of defense nuclear waste (see Section 5.0). The purpose of this
section is to provide an assessment of the impact of such an accident on human
health. The assessment presented here is based upon the use of the NASA/MSFC
Multilayer Diffusion Model(6-2)
downwind from the event and BNWL's DACRIN Code

dose factors. Other 'principql assumptions, upon which human health effects were

to provide time-integrated doses to individuals

(6‘3), which provided the

based, are summarized as follows:

e All of the Space Shuttle solid propellant is consumed. The burn
time for the Shuttle solid propellant is assumed to be 450 seconds
(see Section 5.1.1.2).

e A release of 55 kg of defense nuclear waste is assumed for the
purposes of the calculation (v 1% of the 5500-kg waste for each
payload). This estimate is considered conservctive based upon the
design features of the protection systems. However, health effects
results are presented parametrically for |, 10 and 100% releases.

e Isotopic compositions employed for the Savannah River and
Hanford defense wastes are those shown in Tables 3-5 and 3-6
(see Section 3.2.2).

e Three different meteorologies have been assumed: Sea Breeze,
Fall and Spring.(s—a)

e The activity median aerodynamic diameters (AMAD) for the
radioactive particles were chosen as 0.2, 1.0 and 5.0 um.

e The area used to calculate fhe-populaﬂon dose is limited to 100
km from the Kénnedy Space Center, Floridd, launch pad (Launch
Complex 39). Pbpuicn‘ion data were obtained from Reference §-5.
Dose contributions outside this area are neglected.

e 70-year dose commitments were calculated based upon only
inhalation of particulate matter. External doses due to submersion
in contaminated air and radiation from particles deposited on
environmental surfaces were ignored.

e Inhalation of resuspended particles and ingestion of contaminated

food and water was ignored.
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e Health risk factors are based upon those used in the Draft

Environmental Impact Statement for Management of Commercially
Generated Radioactive Waste.\6™®)
e Organs assumed in the calculations include total body, kidneys,

liver, bone, lungs and thyroid.

6.1.1 Model Descriptions

Three different computer codes have been used to calculate the
consequences of an on- or near-pad catastrophic Space Shuttle failure: the
NASA/MSFC Multilayer Diffusion Model(é-z), DACRIN(6'3), and an in-house code
which combines outputs from the MSFC code and DACRIN. The first two are
described below. The last is described in Appendix F.

6.1.1.1 The NASA/MSFC Multilayer Diffusion Model

The NASA/MSFC Multilayer Diffusion Model'(6_2) has been employed
extensively by NASA and the USAF to predict the downwind concentrations of
potentially toxic rocket exhaust effluents (e.g., HCl and A1203). Predictions for
ground level concentrations as a resuit of normal launches of existing expendable
launch vehicles (e.g., Delta and Titan Ill) have been compared to ground-based
measurements and found to be somewhat conservative (i.e., model overpredicts
by a factor of 2 or more). The recent Space Shuttle Program Environmental

Impact STaTemen‘r(sJ)

also employed this model, exclusively. Although no
effluent measurements are available for on-pad catastrophic failures of launch
vehicles, the models developed to handle these scenarios are believed to be
- adequate. The reader is referred to Reference 6-2 for the use of Model Number
3 and discussion of the on-pad slow burn scenario. The most recent Space
Shuttle on-board propellant data were employed and the slow burn was assumed
to occur over 7.5 minutes, or 450 seconds (see Section 5.1.1.2), as compared to
a value of 5 minutes, or 300 seconds, that was used previously. Also, since the
Space Shuttle SRB propellant combustion appears to provide the worst thermal
environment, the short-term hydrogen/oxygen fireball (duration, ~ |0 seconds)
was ignored as a carrier of waste particles in the diffusion model. If waste is

to be released, it is likely that the longer term solid propellant fire will
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contribute to the breach of containment and provide the air transport
mechanism for the waste material. (See Section 5.1.1 for Shuttle accident
environments.)

The MSFC Multilayer Diffusion Model (MLDM) was modified to provide
concentration and time-integrated concentration data for the nuclear waste
material out to a distance of |00 km. For the purposes of the calculations it
was assumed that a 55 kg of waste (1% of 5500 kg) would be released. Three
previously used meteorological cases (Spring, Fall, and Sea Breeze)(é-b') were
employed to estimate individual and population dose data.

The peak downwind waste concentrations for any waste mix as a
function of meteorological conditions and distance from the launch pad are
shown in Table é6-1. Table 6-2 provides the peak downwind waste time-integrated
concentrations also as a function of meteorology and distance from the launch
pad. Figures é-1 through 6-3 display isopleth data for time-integrated
concentrations (in ug-s/m3) as a result of nuclear waste released during the
three meteoroiogy cases. Also shown in the figures are population data, as
provided by Reference 6-5. When the time-integrated concentration data are
combmed with population data, assuming an average inhalation rate of 2.315 E-4
m /sec (20 m3/dcy), a population dose in terms of ug-man results. Appendix F
describes this procedure. The above data when combined with dose factors for
the various organs, particle sizes, and waste mixes of interest, provide the

population dosage data in terms of man-rems (see following discussions).
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TABLE 6-1. PEAK DOWNWIND INSTANTANEOUS CONCENTRATIONS
OF NUCLEAR WASTE AS A FUNCTION OF DISTANCE

...... Meteorological Case - - - - -

Distance, km Fall Spring Sea Breeze
--------- ug/m3—---——--
5 0.160 0.000 0.125
{0 0.766 0.260 0.046
I5 0.460 0.530 0.013
20 0.292 0.547 0.006
30 0.144 0.378 0.003
40 0.084 0.244 0.002
50 0.054 0.167 0.002
60 0.038 0.120 0.001
70 0.028 0.0920 0.001
80 0.021 0.070 -
90 0.016 0.054 -
100 0.012 0.041 -

NOTE: Based on 55-kg release of waste.

TABLE 6-2. PEAK DOWNWIND TIME-INTEGRATED CONCENTRATIONS
‘ OF NUCLEAR WASTE AS A FUNCTION OF DISTANCE

------ Meteorological Case - - - - -

Distance, km Fall Spring Sea Breeze
-------- Hg-s/m” - = - - - - - -
5 23.4 0.06 12.29
{0 123.2 43.9 6.73
I5 85.4 92.5 4.57
20 63.6 100.3 3.52
. 30 42.1 78.8 2.40
40 3.4 58.6 .82
50 25.0 46.1 | .46
60 20.8 38.0 .22
70 17.8 32.3 .05
80 5.6 28.1 0.92
90 13.8 23.7 . 0.8l
100 12.0 20.3 0.72

MOTE: Based on 55-kg release of waste.
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PAYLOAD DURING SPRING METEOROLOGICAL CONDITION

Reproduced from '
best available copy.




. .
Paatad, "t ',“ e P %Mumnmn
Mest . \ FR Law 0
e PR Sy T - -—SJ‘ .
FLAGLER Ct

-
Y
-

4
\

100Km

: ] BUNRECL Beveny Beacn o, NNW

Famyna Fann® T :
B e S0

CRESLENT CilY s

Y Ciexcent iy ! X f“"/ ?’;a

lqv . _ ‘ : .‘ A 80Km

2 o Sevie MW -‘
waARION

o )
Units in (pges/m

—— g

t

oA
L EusTIS
ae ‘luslu; .
SBURG

T,

o[ WounTl
DCRA

Tav 1 -
s snmdif ORAKGE TO

I IO R X e
S ;; Tanct 5 q
< Thaaun bzewgos &
! TAvARE .. Mangmon 4 Qb
’ w
b ]

pol A . >
L wontves Sioou]l-—“-“: ' Cas]
) TR0 SO A T
< R ROENY T v @871 ‘Etang)
' j_u.mwau‘n ’cn I_. 2 _‘_"\"“'W;/‘( N wintde
Clesmpnrf » - ~ T inande’, -
Y o T W ot Population
- wingermére #’ .
cLzunonvk- -mo:n e \: B . POpUlelon
i m-u«;,} Bene tare perz
Tafte: km
‘\ TAFY
SUOTN USCEOLA GO
POLK CO OSCERLA C ; 119\::\
gk
L .
g -
unurow -.‘kew” wie - X}
#an iy N \é? ateinte Yrach

IR \ .

aRfams  Gavenyol
anda.t ~—rn
 Lame T o o : .
'"'“'L . Attiea . ' naines G .
i oei.
- 7 Wnter

vest. “Naves IN0s, AR w1 SOLINE BEACn
STe .,
ven -
0 TTEone, S ), Qu¥et Faf uas. it IOUIMS
~ N -
g Lane Waverly S/

~waknea
fts mavia _ ° LARE WALLS NORTH
—
- - __\j_— 3 Lane Waes SW
Jartom ) = f—fq‘n‘nnu Pars

LaAST = TRans wares
BARTOW EAS SQUINBARYON PAEK -

Milicrest Mewghlsy

B L ; )
- ’
fon Meace Erostoront
-

T MEADE ’ FROSTPROOF

.-

g R
[INDJAN RIVER COB g, 0

s r3ar e

~ s Ssw FRLLSMERE "
’ ~ A ooy
i - - - - ' § T
et - o poe HIGHLANDS €O} UKEECHOHEE (O o b
'{.Glﬂn | AvON PANK sraem
' ' - - -

FIGURE 6-2. ISOPLETHS FOR ASSUMED 55-KG RELEASE OF WASTE
PAYLOAD DURING FALL METEOROLOGICAL CONDITION



6-8

PaLainat

Paalag . e, . Pl Manasiand
ner tast o
- “,»'J"'nlam -
- ! FLAGLER CO
~ -
t ! g l
¢ .
' . ' BUNNLLL s 100Km
®.nong bant < ° K evetiy Beach NNW
A Y
_] Ll'l‘s;.l::“..‘l Bunnen .. %
o . . Km
g
. Lienent Lty 1 c‘;ﬂ
'9/ ) >y H:-‘élm-suu
7,
Ve - ! © 3 80Km
O_ . Sevme ) )& "
70Km
MARION |
(\ A -2 60Km,
"4’@ N, FENINSULA
~
1 O
w UMATILLA
—-— 3779
eusust  ynalie o) {275‘.,6
25,

PR U
MouNT)
shuRe ooRra —

o I8, . aunt Jora A
Tavdes -
_Syiwan Shards OKAT(;E O

aror ' ;

TANGENINE.

i% .-

2N G .
< ki bzetiwgov g [ v &
‘ TAVARES T Bansmonte ir

e he

-~ Vontverde 2.t0 n’on-_y —

_}{-W\‘ ﬁ:oﬁﬁmq T g%&?_ -

7 munbon )m [,»_zo‘!" talonSTHE) b

" Cievpnty : oL
EiVal B i v “

On':?a - wmies Gavden ,/3-__3 Criagdo . .
wingermire |

<. T e

L]

Population

Population

BRI L] per
km2

- -
CLENMONT wiNDERMERE RITAW
t - A

. un-we' et [

Tafte-*

TAFY

- -
POLK €O OSCEYLA CO. T
S\ T
- @t
A \}
»®
UAVENPORT .

WSW "\:p;..ss mee
\

Fas iy

RN Vavenyo
ELL TN
Lase & _—
mmf“ “Aiteg ~Harnes TR,
~a—x o~ pumDet
anatg mami 1w

- ~ Winter (R
cest Bt aven  Lane Hamiiton

™ """ Dundee X = suve .
:I:’ M 2 Du Lowr B
Pa——
¢ .- Eiose, N =
-~ . P
pe Lake Woverly . 7

rtvase  WaBneta
“te maven’ . LAKE WALLS NORIH

TN T 3 Lane waies
artow L P i sw
= Hghland Pars
BANTOW EASY ] “Lanr wagsy -
SOUTHSARICNR Padr
. _ cMilicrest wenat, _
v ook -
- . AN RIVER C (u;mh":
fon Meste = —"f;as;amnl B
T MEADE . FROSTPROUF 28 R
g -
s FECLOYMERE ¥ =
e e o Mo
Fowing -7 - - — - S =
Ty - _avonpun  HIGHLANDS €O § OKEECHOHEE (0 e
! . AvON PANK
<8 PR
: - - -

FIGURE 6-3. ISOPLETHS FOR ASSUMED 55-KG RELEASE OF WASTE

PAYLOAD DURING SEA BREEZE METEOROLOGICAL
CONDITION



6.1.1.2 DACRIN Model and Dose Factors

The DACRIN computer program(6-3)

, permits rapid and consistent
estimates of the effective radiation dose to the human respiratory tract and
other organs resulting from the inhalation of radioactive aerosols. The program
is an outgrowth of the development of a mathematical model for the organ dose
following the basic precepts of the ICRP Task Group on Lung Dyncmics(6-8) and
a simple exponential model for retention by an organ of interest.

The program calculates the effective radiation dose to any of 23
organs and tissues from inhalation of any one or combination of rcdionuclid(es
considered by the ICRP (see Table 6-3). A maximum of 10 organs can be
selected for any one case (run). In addition, up to five multiple intake intervals
and 10 time intervals measured from the last intake, may be selected for each
case. Organ doses from inhalation are calculated by specifying the quantity of a

radionuclide inhaled.

TABLE~ 6-3. DACRIN ORGAN LIST

Organs Inciuded in DACRIN

Total Body Adrenals Pancreas

Body Water Testes Heart

Kidneys Ovaries . G.l. Tract

Liver ~ Skin Stomach

Spleen Brain Small Intestine

Bone Muscle Upper Large Intestine
Fat Prostrate Lower Large I[ntestine
Lungs Thyroid

The model of the respiratory tract adopted by the Task Group on Lung
Dynamics forms the general basis for the mathematical models developed to
calculate the dose from the inhalation of rcdionuclides.(6'8) In this model, the
respiratory tract is divided into three regions, the nasopharyngeal (NP), the
tracheobronchial (TB), and the pulmonary (P). The schematic representation of
the respiratory tract used in the development of the mathematical model for
the deposition and clearance of inhaled radionuclides is shown in Figure 6-4.
Deposition into each region is assumed to vary with the aerodynamic properties .

of the aerosol distribution and is described by the three parameters D3, DL;’ and
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D5 (see Figure 6-4). These parameters represent the fraction of the inhaled
material, QI, iniﬁolly deposited in the NP, TB, and P regions, respectively. Each
of the three regions of deposition is further subdivided into two or more
subcomparitments. Each subcompartment represents the fraction of material
initially in a compartment that is subject to a particular clearance process. This
fraction is represented by fk’ where k indicates the clearance pathway. The
quantity of material in the TB region, for example, cleared by process (c) is
then represented by the product chan. Values of the (fk) and the clearance
half-times for each clearance process for the three solubility classes of aerosols
used in the code are those suggested by the ICRP(é-?) (see Appendix G, Tables
G-2 and G-3). Values of the deposition fractions D3, Dl&’ and D5 as a function
of activity median aerodynamic diameter (AMAD) as used in DACRIN are shown
in Table 6-4.

For other details concerning the. DACRIN model, the reader is referred
to References 6-3 and 6-9.

TABLE 6-4. FRACTION OF INHALED PARTICLES DEPOSITED
IN THE RESPIRATORY SYSTEM VS PARTICLE
DIAMETER, AS EMPLOYED BY DACRIN

Particle Size, Fraction of Inhaled Quantity Retained
AMAD Nasopharyngeal Tracheobronchial Pulmonary
micrometers Region, D3 Region, Dl; Region, DS—
0.2 0.031 0.08 0.414
0.6 0.165 0.08 0.286
.0 0.288 0.08 0.234
2.0 0.500 0.08 0.173
3.0 0.628 0.08 0.142
5.0 0.770 0.08 0.109

Source: DACRIN Model.

Dose factors (rem/ ug) for the Savannah River and Hanford waste
payloads as a function of time after the initial dose and activity median
aerodynamic diameter (AMAD) were calculated using DACRIN. Data in Tables
3-5 and 3-6 were converted to values of Ci for a given radionuclide per ug of
waste. Table G-3 was used to determine the solubility class for each oxide.
Also, a 10-minute uptake time was assumed. These data provided the input to

the DACRIN code. The dose commitment factors in rem/ ug waste have been



6-12

calculated for three AMAD values (0.2, 1.0 and 5 um), two mixes (Hanford and
Savannah River), and various organs. These data are presented in Tables 6-5
through 6-10. The bottom line in these tables represents 70-year dose
commitment factors used to calculate the population doses as discussed in the

next section.

6.1.2 Results

Individual and population dose commitments dve to an accidental
release of radioactive material from a waste payload during an on- or near-pad
catastrophic Space Shuttle failure are presented below. Dosage data developed
are based upon 1% releases (55 kg of defense waste) and upon results previously
developed in Section 6.l.1. Dose and risk data for other release scenarios (either
higher or lower than the assumed 1% release) may be obtained by multiplying
the dose and risk data by the appropriate ratio.

Dose commitments to individuals as a result of releases of Hanford
and Savannah River wastes are shown in Figures 6-5 and é-6 as a function of
years after release. Doses to total body, bone, lung, liver and kidney are
presented for activity median aerodynamic diameter (AMAD) particlies of | m
and the Spring meteorological case. These data are for an individual 20 km
downwind, at a location such that he inhales air containing the highest
concentration of radionuclides that have dispersed to the ground level. In
general, Figures 6-5 and 6-6 indicate that the Savannah River waste presents
the highest hazard of the two mixes. The 70-year lung dose commitment is a
~ factor of 100 greater than for Hanford. However, the 70-year bone dose
commitment is only a factor of 4 greater than that of Hanford. It can be seen
from Figures 6-5 and 6-6 that the lung dose is delivered during the first 5 years
following accidental release, whereas doses to other organs continue to rise as
the radionuclides are transported through the body. The highest lifetime dose
commitment shown is 300 millirem for the lung (see Figure 6-5).

The relationships among particle sizes, meteorological cases and doses
as they occur in the total body, lung and bone are shown in Figures 6-7, 6-8
and 6-9. Variations in assumed particle sizes have more of an effect on lung
doses than any other organ. The lung doses increase with decreasing particle

size and doses to other organs decrease with decreasing particle size. Doses
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DOSE COMMITMENT FACTORS (rem/ yg WASTE) FOR

HANFORD WASTE, WITH AMAD VALUE OF 0.2 ym

TABLE 6-5.
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TABLE 6-8. DOSE COMMITMENT FACTORS (rem/ ug WASTE) FOR
SAVANNAH RIVER WASTE, WITH AMAD VALUE OF 0.2 um

Dose Time

(Years) . Total Body Kidneys Liver Bone Lungs
S 4,17 E-02 7.59 E-02 8.56 E-02 2.23 E-0I .73 E+OI
5 9.90 E-02 .29 E-OI /.80 E-OI 6.19 E-0OI 2.23 E+0l
10 .50 E-OI .46 E-OI 2.37 E-0I 8.83 E-OI 2.24 £+01
20 2.25 E-0l 1.80 E-O! 3.51 E-OI 1.31 E+00 2.24 E+OI
30 2.76 E-0OI 2.10 E-0! 4.43 E-OI .63 E+Q0 2.24 E+01
40 3.10 E-OI 2.36 E-0I 5.15 E-OI [.87 E+00 2.24 E+0I
50 3.34 E-OI 2.58 E-0I 5.71 E-0I 2.06 £+00 2.24 E+OI
60 3.50 E-O! 2.76 E-0I 6.15 E-OI 2.20 E+00 2.24 E+0I
70 3.62 E-OI 2.93 E-0I 6.49 E-OI 2.32 £+00 2.24 E+01

TABLE 6-9. DOSE COMMITMENT FACTORS (rem/ ug WASTE) FOR
SAVANNAH RIVER WASTE, WITH AMAD VALUE OF 1.0 um

Dose Time
(Years) Total Body Kidneys Liver Bone Lungs
! 4.64 E-02 8.26 E-02 9.27 E-02 2.50 E-01 9.80 £+00
5 [.03 E-OI {.18 E-OI .54 E-OI 5.87 E-0I .26 E+OI
[0 - 1.55 E-0OI 1.28 E-OI 1.89 E-Ol 8.32 E-O! [.27 £+01
20 2.32 E-OI .49 E-0OI 2.57 E-0! [.22 E+00 1.27 E+Ol
30 2.83 E-OI .67 E-OI 3.13 E-Ol .50 £+00 [.27 E+0OlI
40 3.17 E-0OI 1.83 E-OI 3.57 E-OI .70 E+00 1.27 E+0lI
50 3.40 E-OI .96 E-OI 3.90 E-OI |.86 £+00 [.27 £+01
60 3.55 E-0I 2.07 E-0l 4.17 E-OI .97 E+00 1.27 E+O
70 3.66 E-0I 2.17 E-OI 4.37 E-OI 2.06 E+00 1.27 E+0I

TABLE 6-10. DOSE COMMITMENT FACTORS (rem/ ug WASTE) FOR
SAVANNAH RIVER WASTE, WITH AMAD VALUE OF 5.0 um

Dose Time
(Years) Total Body Kidneys Liver Bone Lungs
I 6.83 E-02 [.19 E-OI [.37 E-OI 3.77 E-0I 4.57 £+00
5 .46 E-OI 1.47 E-OI 1.82 E-OI 7.79 E-0I 5.88 E+00
10 2.21 E-0! [.53 E-0l 2.04 E-01 . 1.10 E+Q0 5.90 £+00
20 3.31 E-O! .66 E-OI 2.46 E-0OI [.59 E+00 5.90 E+00
30 4.02 E-OI .77 E-OI 2.79 E-0I 1.93 E+00 5.90 £+00
40 4.49 E-OI 1.86 E-Of 3.05 E-01 2.17 E+00 5.90 E+00
50 4.80 E-OI .94 E-OI 3.25 E-0I 2.35 E+00 5.90 E+00
60 5.00 E-OI 2.0l E-OI 3.41 E-0I 2.47 E+00 5.90 E+00
70 5.13 E-01 - 2.07 E-0l 3.54 E-01 2.56 £+00 5.90 E+00
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obviously could be reduced by choosing a waste form that would not allow the
formation of small respirable particles. Doses also could be significantly reduced
by employing launch constraints dealing with meteorological conditions (see
differences between Sea Breeze and Spring cases). The most important
parameter would be wind direction. For example, if wind is from the west,
radioactive fallout from an on-pad accident would be transported out over the
Atlantic, avoiding an accute exposure to local populations.

Population doses were calculated from isopleth data for
time-integrated concentrations and population data (see Section é.l.1 and
Appendix F for details). The range was limited to 100 km because of the
following three reasons: (1) the MSFC/MLDM, when used beyond 100 km, would
create considerable uncertainty, (2) population data were available only out to
100 km, and (3) isopleth data (see Figures é-1, 6-2 and 6-3) indicate that most
of the acute dose would be expected inside the [00-km distance. Calculation of
the population dose at distances greater than 00 km shouid be considered in
future studies. However, the analysis provided below is believed to provide
reasonable results.

Table 6-{1 provides the 70-year population dose commitments in
man-rems, calculated for Hanford and Savannah River wastes, for organs and
tissues such as total body, kidneys, liver, bone and lung for'three meteorological

conditions, and for three particle sizes.
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TABLE 6-11. POPULATION DOSE COMMITMENTS (70-YEAR) FOR DIFFERENT
CONDITIONS AS A RESULT OF A 55-KG RELEASE (1%) OF
WASTE PAYLOAD, DURING ON-PAD SPACE SHUTTLE ACCIDENT

AMAD
Condition/ Value Lung Bone =~ Total Body Kidneys Liver
Waste (pm) = = = = = = = = = Man-rems = = = = = = = = = = - - -

Spring Meteorology Case

300

Savannah River 0.2 23,000 2,400 370 660
[.0 13,000 2,100 370 220 440
5.0 6,000 2,600 520 210 360

Hanford 0.2 200 620 {30 4¢ 95
1.0 10 610 130 29 59
5.0 53 830 190 19 40

Fall Meteorology Case |

Savannah River 0.2 20,000 2,100 330 270 590
1.0 12,000 1,900 330 200 400
5.0 5,400 2,300 470 190 320

Hanford 0.2 180 560 [10 42 85
1.0 {00 550 {120 26 53
5.0 47 750 {70 |7 36

Sea Breeze Meteorology Case

Savannah River 0.2 260 27 4.2 3.4 7.6

. 1.0 150 24 4.3 2.5 5.1

5.0 69 30 6.0 2.4 4.1

Hanford 0. 2.3 7.2 .5 0.53 (.1
{.0 1.3 7.0 1.5 0.33 0.68
5.0 0.6l 9.5 2.2 0.22 0.46

To determine the level of risk for the above scencrios; linear,

non-threshold, health effects risk factors developed in Table G.3 of the Draft

Environmental Impact Statement fot Management of Commercially Generated

(6-6)

Radioactive Waste were employed. Table 6-12 provides these data.
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TABLE 6-12. HEALTH EFFECTS RISK FACTORS

‘ Predicted [ncidence
Type of Risk per 10° Man-Rem

Cancer deaths from:

Total body exposure 5
Lung exposure

Bone exposure

Thyroid exposure

WMNUBnO

Specific genetic effects
to all generations from:

lotal body exposure 50

Source: Reference 6-6.

The range of health effects for a given organ or tissue (Savannan

River highest) were then determined from the population doses listed in Table
6-11. Combined with the health risk factors of Table 6-12, these data were used

to determine ranges of health effects for different release percentages,

meteorological conditions and waste mix, as shown below in Table 6-13.

TABLE 6-13. RANGES OF EXPECTED HEALTH EFFECTS FOR

ON-PAD SHUTTLE FAILURE WITH RELEASE OF
DEFENSE NUCLEAR WASTE MATERIAL

Type of Risk

Ranges of Expected Health Effects*

Percent Release

Cancer deaths from:
Total body exposure
Lung exposure
Bone exposure

Specific genetic effects
to all generations from:

Total body exposure

| [0 100
0-1 0-1 0-3
0-1 0-2 0-12
0-1 0-1 0-1
0-1 © 0-1 0-3

*NOTE: Data have been rounded off to nearest whole number; for accurate
values, multiply appropriate data in Tables é-11 and 6-12.
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The on-pad Space Shuttle failure and postulated release of 55-kg of
| respirable-sized particles of defense nuclear waste, dispersed by a slow burn of
the Space Shuttle SRB propellant, would be expected to result in less than one
eventual cancer death and less than one eventual genetic defect to individuals
outside of the launch site area based on the assumptions and analysis herein.

For the worst case release assumption (this would not be a credible accident), it

could be assumed that 100 percent of the waste payload would be released. This
implies that cancer deaths that would result would be ~3 from whole body
exposure, ~ 12 from lung exposure and ~| from bone exposure. Less than 3

genetic defects would be expected.

6.1.3 Conclusions

The analysis performed to date regarding the on-pad Space Shuttle
catastrophic accident indicates that large credible-type releases, such as 1%, do
not pose a significant health risk to the general public. However, more research
is required to calculate population doses outside of the immediate 100 km
radius. The effects of resuspension and ingestion also need to be determined.
Studies .evaluating resuspension and ingestion would allow an assessment of
whether the populations in certain areas would have to be relocated. More work
is required to assess the impact to the immediate KSC area and its workers.
The use of launch constraints coupled with highly reliable container systems, and
use of a non-dispersable waste form would greatly enhance safety. Also, a more -
realistic detfinition of the Savannah River waste for space disposal may alter, to
some degree, the results shown here (see Section 3.2.2.2 and Table 3-6). Specific
conclusions are as follows: '

e The Savannah River waste, as defined for space disposal, is

considerably more hazardous than that from Hanford

e The smaller the particle size (within the 0.2-5.0 um range), the

higher the dose to the respiratory system

e The larger the particle size (within the 0.2-5.0 um range), the

higher’ the dose to other organs

e Meteorological conditions have a profound effect on predicfed

exposures
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The maximum number of health effects expected from a |%
release under the various conditions presented here is less than |
Launch constraints concerning wind direction should be employed

during waste payload launches.
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6.2 Reentry and Burnup of Defense Nuclear Waste Payload

Reentry and burnup of a nuclear waste payload in the upper

atmosphere would result in the worldwide distribution of small radioactive

particles. The purpose ot this section is to provide an assessment of the impact

of such an accident on world health. The assessment is based on a model

designed to provide estimates of world population doses due to inhalation of

radioactive particles injected into the upper atmosphere by the reentry and

burnup of a defense nuclear waste payload. The principal assumptions, upon

which the world population dose model is based, are summarized as follows:

- Reentry and burnup of a defense nuclear waste payload takes

place in the upper atmosphere at altitudes greater than 2| km
(HASL model requirement). |

For the purpose of the calculation, the entire nuclear waste
payload (100% of the radicactive waste) was assumed to be
converted to radioactive particles less than |0 um diameter (see
Section 3.4.3.2 for discussion of reentry analysis). However, health
effects results are presented parametrically for |, 10 and 100%
releases.

The contribution of particles greater than 10 uym to inhalation

dose is assumed to be negligible.

The activity median aerodynamic diameters (AMAD) for the
radioactive particles were chosen as 0.2, 1.0, or 5.0 um.

Isotopic compositions employed for the Savannah River and
Hanford defense wastes are those shown in Tables 3-5 and 3-6
(see Section 3.2.2).

The latitudinal distribution of particies moving from the upper
atmosphere to the Earth's surface is a function of the injection
latitude (i.e., the latitude at which reentry and burnup dccurs), as
given by Reference 6-5.

The general kinetics of small particle transfer from the upper
atmosphere to the Earth's surface are adequately described by the
HASL model of atmospheric transport (References 6-10 and 6-11),
ignoring the interhemispheric exchange rate. .
Inhalation of radioactive particles descending into surface air will

account for the principal component of world population dose due
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to a reentry and burnup accident. External dose due to submersion
in contaminated air and to radiation from particles deposited on
environmental surfaces was ignored. The internal doses due to
inhalation of resuspended particles and ingestion of contaminated
food and water were also ignored. ’
e The model proposed by the ICRP Task Group on Lung
(6-8) s modified by ICRP Publication 19,6712

the best available basis for estimating internal radiation doses to

Dynamics provides
human organs and tissues due to the inhalation of radioactive dust
particles.

Because it is assumed that the entire defense nuclear waste payload is
converted to small, radioactive particles, the model will provide worst case
estimates of world population doses. The world population dose estimates given
for Savannah River and Hanford wastes may be reduced if only a fraction of
the waste payload is converted into small radioactive particles and if only a
fraction of the particles are less than [0 um in diameter. If, for example, only
20% of the payload were converted to small particlies and 50% of these
particles were converted to particles iess than {0 um in diameter, the health
risk data given in this section should be multiplied by 0.2 x 0.5 = 0.1. This
would reduce each value by an order of magnitude.

If we assume that accurate adjustments could be made for partial
burnup and that the particle size could be established, the adjusted predictions
for world population doses might actually be lower than the real case. This
would be due to the dose contributions from exposure pathways ignored by the
model. It is believed that the total lifetime dose for all exposure pathways that
have been ignored could be as much as 20% higher than the dose due only to
direct inhalation of fallout particles. For the case of 20% burnup with 50% of
the radioactivity in particles <10 um, the recommended adjustment factor
would then be 0.2 x 0.5 x .2 x W_, where Wn is a world population dose

estimate given in this section in terms of man-rems to a given organ, n.

6.2.1 Model Description

The world population dose to organ n, Wn’ from the injection of

radionuclide mixture X, into the upper atmosphere of latitude band i, is given by
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r=x k=20
Wy = (rz] Dnr‘k Air) ( Z fikpk) ' ()

where:

Wn is the world population dose (man-rems) to organ n, due
to the injection of radionuclide mixture X into the upper
atmosphere (> 21 km) of latitude band ij ’

x is the total number of radionuclides in mixture X;

Dnrk is the lifetime (70-year) radiation dose (rem) to organ
n of an individual member of the population (F’k) of
equal-area latitude band k per nCi of radionuclide r
falling in band k, based on inhalation of radioactive
particles passing through surface air (the model used to
calculate these dose factors is described in Appendix G);

Air ‘is the amount ( pCi) of radionuclide r initially injected
in latitude band i (see Tables 3-4 and 3-5 for
compositions);

fik is the fraction of radioactive material (particles
< 4 um) injected in latitude band i, which falls in equal
area latitude band k (see Table 6-14);

and

Pk is the population (number of people) of band k (see

Table 6-8).

The parameter values for substitution in Equation (1) are listed in
Tables 3-5, 3-6, and 6-14 through 6é-18. The results, Wn’ are given in Tgbles
6-19 and 6-20 for: two postulated radionuclide mixtures (Savannah River and
Hanford), seven different injection latitude bands (see Table é-14), 9 organs, and
the total body. ’

The Air values are taken from Tables 3-5 and 3-6 which list the:
amounts of radionuclides contained in each of the two types of postulated waste
payloads. Note that the units of Air are in micro-Curies (uCi)

The fik values given in Table é-14 were calculated according to the

LOPAR subroutine of the RISK Il computer program which is described in



TABLE 6-14. FRACTION f'k OF SOURCE (A.')INJECTED IN LATITUDE BANK i
WHICH FALLS IN EQUAL AREA LATITUDE BAND k AND TOTAL
POPULATION (Pk) OF BAND k

Equal Arca - e Aniection Latitude Band S Pi
_Latitude Band i 1 o 2 o 3 N 4 o 5 o 6 o 7 o 8 o 9° OIOO Total
k Lat.* Lat. 8590 N 75-85' N 6515 N 55-65 N 45-55 N 3545 N 2535 N 15-25 N 5-15S N S5 NS'S Papulation
1 64-90:N 0.0727 0.0727 0.0725 0.0718 0.0700 0.0672 0.0636 0.0588 0.0524  0.0437 30,469,587
2 54-64°N 0.1478 0.1477 0.1473 0.1450 0.1398 0.1317 0.1208 0.1064 0.0876  0.0622 161,300,755
3 44-S4°N 0.1787 0.1787 0.1782 0.1753 0.1687 0.1584 0.1445 0.1263 0,1024  0.0703 432,222,025
4 36-440N 0.1745 0.1745 0.1741 0.1712 0.1648 0.1548 01413 0.1236 . 0.1004 0.0691 543,074,832
5 30<360N 0.1606 0.1606 0.1602 0.1576 0.1518 0.1428 0.1305 0.1145 0.0935  0.0652 691,722,558
6 24-300N 0.1109 0.1109 0.1107 0.1091 0.1055 0.1001 0.0927 0.0830 0.0703  0.0532 605,118,210
7 | 7-240N 0.0823 0.0823 0.0822 0.0812 0.0789 0.0754 0.0707 0.0644 0.0563  0.0453 387,278,363
8 H-1 7°N 0.0474 0.0474 6.0474 0.0471 0.0464 0.0454 0.0439 0.0421 0.0397 0.0363 199,943,660
9 643 N 0.0178 0.0i178 0.0179 0.0182 0.0188 0.0199 0.0213 0.0231 0.0255 0.0288 203,931,205
10 0-60N 0.0074 0.0074 0.0075 0.0080 0.0091 0.0108 0.0133 0.0164 0.0205  0.0260 78,887,239
1} 0-6 2 0.0000 0.0000 0.0001 0.0008 0.0024 0.0049 0.0082 0.0126 0.0183  0.0260 69,355,336
12 6-1 InS 0.0000 0.0000 0.0000 0.0009 0.0027 0.0060 0.0091 0.0139 0.0202 0.0288 132,699,175
13 1 l-l7OS 0.0000 0.0000 0.0002 0.0011 0.0034 0.0068 0.0115 0.0176 0.0256 0.0363 43,233,315
14 1 7-24°S 0.0060 0.0000 0.0002 0.0014 0.0042 0.0085 0.0143 0.0219 0.0319  0.0453 58,286,844
15 24‘3005 0.0000 0.0000 0.0002 0.0017 0.0049 0.0100 0.0168 0.0257 0.0374  0.0532 44,600,711
16 30-'}605 0.0000 0.6000 0.0003 0.0021 0.0060 0.0122 0.0205 0.0315 0.0458  0.0652 37,873,258
17 36~44°S 0.0000 0.0000 0.0003 0.0022 0.0064 0.0129 0.0218 0.0333 0.0486  0.069 7,566,457
I8 44-5405 0.0000 0.0000 0.0003 0.0022 0.0065 0.0131 0.0221 0.0339 0.0494  0.0703 828,162
19 54-6405 0.0000 0.0000 0.0003 0.0019 0.0058 0.0116 0.0196 0.0300 0.0437  0.0622 56,392
20 64-90°S 0.0000 0.0000 0.0000 - 0.0013 0.0041 0.0082 0.0138 0.0211 0.0307  0.0437 449
Equal Area e i o e Mection Latitude Band Pk
_Latitude Band i i 12 ] 13 14 15 i6 LR 18 LN Total
k Lat.* La. 5-15S 15-25°S 25-35'S 35-45°S 45-55°S 5565 S 65-75'S 75-85'S 8590°S Population
i 64-90:N 0.0307 0.0211 0.0138 0.0082 0.0041 0.0013 0.0000 0.0000 0.0000 30,469,587
2 54-64°N 0.0437 0.0300 0.0196 0.0116 0.0058 0.0019 0.0003 0.0000 0.0000 161,300,755
3 44-540N 0.0494 0.9339 0.0221 0013 0.0065 0.0022 0.0003 0.0000 0.0000 432,222,025
4 3h-44°N 0.0486 0.0333 0.0218 0.0129 0.0064 0.0022 0.0003 0.0000 0.0000 543,074,832
5 jD-JboN 0.0458 0.0315 0.0205 0.0122 0.0060 0.0021 0.0003 0.0000 0.0000 691,722,558
6 24-300N 0.0374 0.0257 0.0168 0.0100 0.0049 0.0017 0.0002 0.0000 0.0600 605,118,210
7 1 7-24°N 0.0319 0.0219 0.0143 0.0085 0.0042 0.0014 0.0002 0.0000 0.0000 387,278,363
8 - 70N 0.0256 0.0176 0.0115 0.0068 0.0034 0.001} 0.0002 0.0000 0.0000 199,943,660
9 b1 N 0.0202 0.0139 0.0091) 0.0060 0.0027 0.0009 0.0000 0.0000 0.0000 203,931,205
10 . O-b:N 0.0183 0.0126 0.0082 0.0049 0.0024 0.0008 0.0001 0.0000 6.0000 78,887,239
3] 0-6 2 0.0205 0.0164 0.0133 G.G108 0.6091 0.6089 0.0075 0.6074 0.0674 69,355,336
i2 o-1 IuS 0.0255 0.0231 0.0213 0.0199 0.0188 0.0182 0.0179 0.0178 0.0178 132,699,175
i3 i1 7' S 0.03917 0.0421 0.0439 0.0454 0.0464 0.047 0.0474 0.0474 0.0474 43,233,315
14 |7-24:S 0.0563 0.0644 0.0707 0.0754 0.0789 0.0812 0.0822 0.0823 0.0823 58,286,844
i5 23-30 S 0.0703 0.0830 0.0927 0.1001 0.1055 01091 0.1107 0.1109 0.1109 44,606,711
16 30-36"8 0.0935 0.1145 0.1305 0.1428 0.1518 0.1576 0.1602 0.1606 0.1606 37,873,258
17 30-4405 0.1004 0.1236 0.1413 0.1548 0.1648 0.1712 0.1741 0.1745 0.1745 7,506,457
18 44-5405 0.1024 0.1263 0.1445 0.1584 0.1687 0.1753 0.1782 0.1787 0.1787 828,162
V] 54-6405 0.u876 0.1004 0.1208 0.1317 0.1398 0.1450 0.1473 0.1477 0.1478 56,392
20 64-90°S 0.0524 0.0588 0.0636 0.0672 0.0700 0.0718 0.0725 ¢.0727 0.0727 449

*Boundaries are appronimate.

Source: Relerenee 65,

8Z-9
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Reference 6-5. While LOPAR applies to particles having diameters less than 4
uym, we assume, for present purposes, that it also applies to particle
populations for which the AMAD values are less than 5 um. The relationship
between injection latitude (i) and deposition latitude (k) is shown graphically in
Figure 6-10. This figure and the data in Table 6-14, including the populcmon
data, were extracted from Reference 6-5.

Table é6-15 gives, for each injection band i, the sums indicated in
Equation (1) by . Zfikpk’ The sums in Table 6-15 reflect two fccfs, also
observable in Table é-14: (a) the population of the northern hemisphere is
greater than the population of the southern hemisphere, and {b) the farther
north injection occurs the larger the total deposition in the northern hemisphere.
In other words, the farther north the injection latitude, the greater the world

population dose estimate will be for any postulated mixture of radionuclides.

TABLE 6-15. SUMMATION OF POPULATION FACTORS
FOR EACH INJECTION BAND

Injection Injection k=20
Latitude Band Lo (FPydy Latitude Band Lo (FikPi);
() k=1 4 () | k=1

| (85-90°N) 4.21822 E+08 1 (5-15°5) 1.50421 E+08
2 (75-852N) 4.21806 E+08 12 (15-25°5) 1.10250 £+08
3 (65-752N) 4.20944 E+08 13 (25-35%5) 7.9700 E+07
& (55-65°N) 4.15038 E+08 14 (35-45°5) 5.64713 E+07
5 (45-55°N) 4.20939 E+08 15 (45-55°5) 3.9088] E+07
6 (35-450N) 3.81304 E+08 1§ (55-6525) 2.80052 E+07
7 (25-35%N) 3.53348 E+08 17 (65-7555) 2.30093 E+07
8 (15-23°N) 3.16835 E+08 |8 (75-85°5) 2.22276 E+07
9 (5-15°N) 2.69197 E+08 19 (85-90°5) 2.22276 E+07
10 (5°N-5°5) 2.04556 E+08 B -

Source: Based on data from Reference 6-5, and as given in Table 6-14.

The individual lifetime dose factors per unit (u Ci) input to band k,
Dnrk of Equation (1), are listed for three postulated particle populations (AMAD
= 0.2, 1.0,or 5,0 um) in Tables é6-16, 6-17 and é-18, respectively, for 4|
radionuclides and |0 organs. The next to last column "BODY DOSE" gives dose
factors for the total body. As the dose to an organ is determined by the energy
deposited per gram of tissue, the "BODY DOSE" is not the sum of doses to the

organs of the body. The zero values listed in these three tables mean that the
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TABLE 6-16. DOSE FACTORS (REM/p Cl FOR EACH
NUCLIDE) FOR AMAD OF 0.2 MICRONS

Organ
Radio- Total Thy-.
nuclide Class NP 8 P LM GIT Bone Liver Kidney Body roid
€0-060 W B.727t-16 4.B286-18 2.643(-15 7.057E-15 &.502E-17 0. 4.751€E~19 0. 4.840€-19 0.
SE-07Y W €.577E-17 3.663€-19 2.044E-16 5.602E-16 5.611E-18 0. 3.8936-18 9.008E~15 6.190E-19 0.
SR-089 W 1.659E-17 6.0216~-20 2.624E~-17 3.56bE=-17 1.124E~18 3.941E-18 0. 0. 2.576E-19 0.
SR-080 W 1.637E-15 G9.104E-18 5.061E-15 1.380E~-14 2.661E-17 2.011E-13 0. 0. 3.B07E-15 0.
Y-091 Y 2.56bE~17 1.537E-1S 7.556E~17 6.856E-17 1.467€~18 3.182E~19 0. 0. 8.625E-21 0.
IR-093 W 2.9756-17 1.657E-1G G.245L-17 2.534E-16 2.539E-18 1.192E-16 1.719E-17 S5.3016-16 2.981E-18 0.
NB-095 W 3.617E-18 1.701E-20 &.7156-18 5.224E~18 1.437E-19 8.5206-20 5.802E-20 2.927E-20 3.058E-20 0.
ZR-095 W 2.440E=17 1.200E-19 &.280E-17 6.487E-17 T.851E-19 1.656E~18 6.824E-19 4.7726~19 4.287€-19 0.
TC-099 w 1.672E-1€ B.198E-19 L. 574E-16 1.254E~15 1.256E-17 2.113€~19 3.133E-19 3.384E-16 B.453E-20 O.
RU-103 \ S.803E-18 3.452E-20 1.2516-17 B8.101€-18 1.692€-319 2.270E-21 0. 8.569€-20 1.084E-21 0.
RU-106 Y 8.074E-16 S.1796-18 9.552F-15 4.395E-14 S.0S0E~17 1.959€-14 0. 2.721E-16 2.463E-19 0.
PU~107 \J 1.5296~17 1.1006-19 4.279E~16 1.330E-14 1.315E-18 0. 2.872€-19 1.257E-15 2.039E-20 0.
CO-113H \ 2.864E-16 2.025E-18 7.301t-15 1.512E~13 2.381E-17 0. 1.711E-16 1.713E~15 5.52E-18 0.
SB8-125 W 1.953E-16 1.072E-18 5.746E-16 1.483E-15 1.009E-17 5.459€-18 1.368€-19 0. 3.402€E-18 B.627E-21
SN-12b W 1.722E~15 G.594E-18 5.3526-15 1.467E~14 S5.077E~17 1.079E-15 2.851E~17 0. 4.032E-17 B8.372E-18
TE~127M W 3.641E-17 1.8556-19 7.7136~17 1.423E-16 2.019E-18 1.148E~13 5.600E-13 9.996E~18 1.530€-19 3.171E-19
TE- 129K W 1.0164E=17 Ho745E-20 1.27276-17 1.365E-17 S5.064E-19 1.431E-19 B8.488E-20 6.644E-19 3.586E-20 5.3206-20
1-129 o 3.567E-18 6.242E-20 7.183F-18 B8.750E-17 4.,691E-19 3.979E-17 4. 113E~18 1.791E~14 1.781E~17 1.429E-14
C5-134 0 Leb39b=-17 2.526E-19 2,905E-17 3.5355E-16 1.421€-18 4.0086-17 1.127€-16 3.802€-16 5.995E~17 0.
€5~135 0 7.806E-18 1,370E-19 1.577E~17 1.921E-16 1.093€-18 6.577E-17 6.774E-17 1.047E-14 2.132E-17 0.
c5-137 0 1.696F~17 2,979E-19 3.428E=17 4.176E-16 2.086E~18 1.072E~16 1.460E-16 6.963E~15 S5.6606-17 0.
CE-141 \ 2.252E-18 1.3356-20 3.869E-18 1.962E-18 1.186E-19 3.829E~21 2.689E-21 6.7606-22 3.198€-22 0.
CE-184 \ £.056F=16 3.840E-18 6.235F-15 2.395E-14 3.972E-17 4.593E-17 1.951E-17 B.797€-18 2.488E-18 0.
PH=-147 ] 7.197E-17 4. ESSE-19 1.306E-15 1.136E=-16 S.372E0-18 3.737E-17 3.492E-16 7.924E~18 1.418E-18 O,
SM-151 \ 7.0166-17 5.105F=19 1.965E-15 7.261E-14 5.945€-18 1.345E-16 2.309E-18 4.239E-16 5.5506-18 0.
EU-152 A 1.096E~15 7.739E-18 2.772E~14 5.530E-13 9.0856~-17 1.8126-15 1.379E-16 1.730E-15 7.512E-17 0.
€u-154 ¥ 1.354E=15 9.593E-1F 3.489F-14 7.637E-138 9.066E-17 1.879E-15 1.785E-16 2.4926-15 1.207€-16 0.
EU-155 v B.072F-17 5.321E-19 1.2530-15 B8.475E-15 4.564E~18 1.480E-17 3.447E-18 ©.030E-18 1.679E-18 0.
18-160 v $.219€-17 1.9376-19 1.158F-16 1.309E-16 1.3206-18 2.066E-19 0. 4 702E-20 2.57¢E-20 0.
u-233 \ 8.5916~14 B 17bE-16 2.408E<12 1.026E-10 7.241E-17 1.182€-13 0. 3.0956-11 7.164E-15 0.
u-235 v 7.903E-14 5.684E-16 2.212E-12 9.453E~11 7.685E~17 1.6306-14 0. 4.0506-12 9.876E-16 0.
NP-237 \ BoeluE~14 6.0550-16 2,3566-12 1.006E~10 7.2641E-17 2.423E-11 2.090€-12 8£.274€-12 J.596E-13 0.
PU-238 Y 9.642E-14 6.9156-16 2.658E-12 9.662E-11 7.957E-17 2.6B6E-12 1.7256E-12 5.544F~13 1.318E-13 0.
u-z34 \ 7.366E-1 S.3136E-16 2,068E-12 B8.841E~-11 6.35%E-17 1.55%E-14 0. 31.7366-12 9.232E-16 0.
PU-239 Y Be9bSE=1b H.429E-16 2.471E-12 8.934E-11 7.523E~17 2.584E-12 1.607€-12 5.158E-13 1.225E-13 0.
PU-240 Y B.965F=14  E.429E~16 2.471E-12 B.984E-11 7.523E-17 2.584E-12 1.607E-12 5.158E~13 1.225€-13 0.
AM=-241 v Gu7blF =14 - T.DI8E~16 2.724E-12 1.127€~10 6.241E-17 2.041€~12 2.141E-12 1.235€E-12 1.279E-13 0,
PU-241 Y B.465t 17 E.429E-19 2.4716-15 EJ.GH4E-14  7.568E-20 1.340€-13 3.032E-14 2.433E-14 S5.317€-15 0.
PU-242 Y Be780E=1b  E,274E-16 2,434E-12 D.997E-11 7.2056-17 2.927€-12 1.8556-12 T7.208E-13 1.450E-13 0.
AN-243 Y 4.2760 =14 EL071E-1€ 2.546E-12 1.10.€-10 7.978€-17 1.656E-12 2.132E-12 1.289E~-12 1.270€-13 0.
CLM-244 v 95560 ~1h E.7B3F ~1h 2,489E-12 5.791E-11 7.738E~17 B8.607E-13 3.441E-13 1.564E-13 5.036E-14 40,
Class = Translocation Class NOTE: NP = MNasopharyngeal Region
D = Day IB = Tracheobronchial Region
W = Week P = Pulmonary Lung Region
Y = Year LM = Thoracic Lymph

GIT = Large Intestine

i€-9



TABLE 6-17. DOSE FACTORS (REM/pu Cil FOR EACH
NUCLIDE) FOR AMAD OF 1.0 MICRONS
Organ
Radio- Total Thy-
nuclide Class NP T8 P LM GIT Bone Liver Kidney Body roid
Co-060 -H B 436E-15 3.711F-18 1.4B3E-15 3.4959E-15 S.5606-17 0. 5.1226-19 0. S5.218€E~19 0.
SE-079 L] 6.357E~16 2.B11E~-19 1.146E-16 3. t43E-16 6.690E~18 0. L 46BE-18 1.03%E-14 7.105E-19 0.
SR-089 L} 1.604E=-§6 6.4066-20 1.4726-17 2.001{E-17 1.574E~-18 5.033E-18. 0. 0. 3.292€~-19 @.
SR~-090 ] 1.582E~14 €.988E-16 2.0839FE-15 Toa743E-19 3.270€-17 2.155€-13 0. Oe 4.079€E-15 0.
Y-091 Y 2.4383E-16 1.370E-1S 4.239E-17 3. b8406E-17 2.366E-18 L.569E-19 0. 0. 1.238E-20 0.
IR=-093 L 2.876F-16 1.2726-19 5.186E-17 1.422E-16 3.117E-18 1.097E-16 1.541E~17 4.882E-16 2.743E-18 0.
Nu3~-095 W 3.497E~17 1.3706~20 2.6456-18 2.Y931F-18 2.073E-19 1.012€6-19 6.832E-20 3.476€E-20 3.632€-20 0.
2R=~095 L] 24359k =16 9.%36E-20 2.401E-17 3.639E-17 1.0b1E~-tt 1.8318E-18 7.493E-19 5.239E~19 4.707€~-19 0.
TC~-099 W 1.423E-15 6.291E-19 2.566E~16 7.033E-16 1,542E-17 2.343E-19 3.473E~19 3.754E-16 9.371E-20 0.
RU-103 Y 5,61 0F-17 3.083E~-20 7.016E-18 &4 545E~18 2.757E~19 3.716€E-21 0. 1.370E-19 1.775E-21 - 0.
RU-106 \{ T.805€6-15 4,.,501t-18 5.358E~15 2.467E~14 7T.338€E-17 2.012E~-1& 0. 2.795E-16 2.530E-19 0.
PO-107 Y 1478616 94191E-20 2.401E-16 1.027E-14% 1.657E-18 0. 2+731E-19 1.216E-15 1.940E-20 O,
CL-113M Y 2.766E-15 1.702E-18 4. 096E~15 be4d2E-14 3.056E~17 0. 1.045€6-16 1.047E-15 3.345E~-18 0.
SB-125 W 1.880E~15 B,261E~-13 3.224E-16 Be354E-16 1.254E-17 5.260E-16 1.318E-19 0. 3.278E~18 8.313E-21
SN-126 L] 1.6656-14 T7.3616«18 3.0036-15 B.231F-15 6.234E-17 1.196E-15 3.161€-17 0. 4e536F-17 9,281E-18
TE-127M W 3.520F=16 1.459%~1% 4,3276-17 7.985E-17 2.686E-18 1.354E~-18 ©6.535E-19 1.177€-17 1.802E-19 3.734€-19
TE-124M L] 9799617 3.427€-20 7.1656~18 7.657E~-18 7.369E-19 1.897€~19 1.126E-19 bB.811E-19 4.755E~20 7.054E-20
I-129 [} 3 43BE-17 6.242E-20 4, 648E-18 4,908E-17 3.679L~18 44591E-17 4 745E-18 2.067E-14 2.055E~-17 1.649E-14
CS~134 D 1391616 2.526E~1G 1.880E-17 1.983E-16 1.115E~17 4.626E-17 1.300E-16 4.389E-16 6.920E~17 0.
C5-135 0 7.54TE-17 1.,3706-19 1.020E-17 1.076E-16 8.568E~18 7.589€-17 - 7.812€~17 1.208E~14 2.459E-17 0.
€S-137 o] 1.641E=16 2.979E=19 2.21BE-17 2.343E~-16 1.,636E-17 1.236E-16 1.685E-16 6.034E-15 6.554E~17 O,
CE~141 Y 2 M TTE~17 1.194E=20 2.170L=-18 1.101E~48 1.943€6~19 7.016€~-21 4.926E~-21 1.239E-21 S.859€£-22 0.
CE-1hb Y 5.85LF =15 S5.3516-18 3.498L-15 1.344E-14 S.867E-17 3.659€-17 1.554E-17 T7.008E~-18 1.982E-16 0.
PH-147 Y 8,957F~16 b4 .184E~19 7.3295E€-16 obe375E~15 T.338E~18 2.465E-17 2,303E-18 5.2266-18 9.323€E-19 0.
SH=151 Y EeB79E~16 4 270E-19 1.102E~15 4.073E~14 7.509E~18 B.104E-17 1.392E~-18 2.6006-16 J.345E~18 O.
Eu-152 Y 1.059E =14 €.507E-18 1.5556-14 3.102E-13 1.168E-16 1.109€-15 B.442E-37 1.030E-15 4.598E-17 0.
FU-154 Y 1,309t =14  S5.0576E-18 1.957F-14 4.284€E-13 1.161E~16 1.146E-15 1.089E-16 1.521E-15 7.362E-17 0.
EY-155 Y 7.8036~16 4oS5B0F-19 7.028L~16 ihel54E-15 b.389€E-18 1.020E-17 2.377€-18 4.,158€-18 1.158E-18 0.
Td=-160 Y $.1126~16 14723616 b 4ITF=17 T .3GL4E-17 2.111E-18 2.688E-19 0. 6.118E-20 3.350E-20 0.
u-233 Y 8.3006-13 S,163t-1€& 1.3490-12 5.767E~11 9.121E-17 1.3728-138 0. 3.6326~-11 M. 317€~-15 0.
y-235 Y 7T.6406-13 4.7500-16 1.241{-12 S.300E-11 9.679E-17 S.800£-15 0. 2.448E~12 S5.9406~-16 0.
NP~237 Y 8e138E=13- 5.0606-1€ 14322t~12 5,652E-41 S.1216€=17 2.840E-11 2.445E-12 Y.709E-12 1.8264E~-12 G,
PY-233 Y 9,300 =13 S.786E-16 1.491t-12 S.620E-11 1.005E~16 1.620E-12 1.044E~-12 3.353E-13 7.968E-14 0.
uy-2358 Y T1425-13 t4.b48c-16 1,160F~12 4.960E-11 B.004E=-17 9.376L-15 (. 2.239t-12 5.552E-1b 0.
PU~2349 Y B.bbbt =13 5.378k-16 1.:386E-12 S.040k-11 9.505E-17 1.562E-12 S.7(2€-13 3J.118E-13 7.409E-14 0.
PU-240 Y 8.666E-13 S.378b-16 1.386E-12 S5.040€-11 9.505£-17 1.5626-12 Y.702€-13 3.110t-13 7.409€-14 0.
AN=-24 1 Y 3,458t =13 6G.80bL-16 1.528E-12 beS20E~11 1.039E-16" 1.233E-12 1.293€E-12 7T.467€-13 7.714€E-14 0.
PU-24 1% Y BebbbE=10 YH43786-19 1.3866-15 5.040E~-14 9.668E~20 82.101E-14 1.831E~14 1.471E-14 3.215E-15 0.
PU-242 Y Bete39E =15 9.2456-16 1e3bobt=12 S.blof-3i Y.002€-17 1.76TE-12 1.119€-12 4.3556-13 8,760E~14 O.
AM=-243 Y BeIOTE~13 55750 ~16 1,456t-12 6.714E~11 1.005t-16 1.001€-12 1.287¢-12 7.791€-13 7.665E-14 0.
LH-244 Y Col3nE=13 S.t94t =16 1.396F~12 3.260E~11 YeB8Y2E=-17 S5.24EE-13 2.095E~13 9.521E-14 1.069E~14 0.

Class = Translocation Class

D
w
Y

Day
Week

Year

NOTE:

MNP = Nasopharyngeal Region

TB = Tracheobronchial Region

P = Pulmonary Lung Region
LM = Thoracic Lymph
GIT = Large Intestine
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TABLE 6-18.

DOSE FACTORS (REM/u Cl FOR EACH

NUCLIDE) FOR AMAD OF 5.0 MICRONS

Organ
Rad1;)‘d o Total Thy-
nucltide ass NP B P LM GIT Bone Liver Kidney Body roid

C0-060 L] 2.24 06~ 2.9676E=18 7.0926-16 1.894E-15 9.4bL5E-17 0. 7.6196-19 0. 7.762E-19 0.

SE-079 W 1.6B8E~16 2.2426-19 5.4B3E-17 1.503E-16 1.166E-17 0. T 112E-18 1.643E-14 1.131€-48 0.

SR-089 W 4.257E-16 54329E-20 7.039E~18 9.571€-t8 2.363E-18 6.343E-18 0. 0. 5.457E-19 O.

SR-090 W 4.201E-14 5.578E-18 1.358t-15 3.703E-15 5.5406-17 3.191E£-13 0. 0. 6.041€E~-15 0.

Y-091 Y £.5920-16 1.2586-19 2.027E-17 1.839E-17 4.501E~18 6.262E-19 0. 0. 2.239E-20 0.

IR-093 H 7.636E=16 1.0156-19 2.480E-17 6.793E~17 6.276E-18 1.326E-16 1.912E-17 5.307E-16 3.316E-18 0.

NB-095 L] C.254F =17 14149E-20 1.2656-18 1.402€-18 3.824E-19 1,4B4E-19 1.011E~19 5.0937E-20 5.326E-20 0.

IR-095 W 6.262E-16 7.593£-20 1.148E-17 1 740E-17 1.950E-18 2.534E-18 1.0u5E-18 7.304E-19 6.562E-19 10O.

1C-0499 L] 3.778E-15% 6S.019E-1Y9 1.2276-16 3.364LE-16 2.610E-17 3.601E-19 5.338E-19 S.774E-16 1.L40E-13 0.

RU-103 Y 1.430E=-16 2+.8376-20 3.356E-18 2.174E-18 5.,266E-19 T.1106-21 0. 2.622E~19 3.396E-21 0.

RU-106 Y 2.072L-14 L.049E-18 2.563r-15 1.1e0E~1b 1.334E~16 2.956E-1t 0. 4.107E-16 3.716€-19 0.

PO-107 Y 3.9250-16 7.987(-20, 1.148€-16 4.,9100-15 2.798£-18 0. 3.753E-19 1.696E-15 2.665E-20 0.
CD-113H Y 7.351F-15 1.487E-18 1.9596-15 4.056E-14 S.218E-17 0. 6.864LE-17 6.873E-16 2.223E-18 0.

S4~125 W 6.013F-15 b.6186-19 1,542F=16 3.995E-16 2.138E-17 6.750E-18 1.692E~19 0. 4,206E-18 1.067E~20
SH-126 W 6.421E-16 5.8736-18 1.4366~156 3.956E-15 1.055E-16 1.839E-15 4.858E-17 0. 6.972E-17 1.427E-17
TE-127TH W 9. 34bE-16 1.195F-19 2.069E-17 3.819E-17 4.760E=-18 2.12hF-186 1.037€-16 1.651E-17 2.832E~19 5.870€E-19
TE-129M ‘W 2.602F-16 3.214-20 3.4278-18 3.662&-18 1.3626-18 3.192E-19 1.894E-19 1.,483E-18 8.001E-20 1.187E-19
1-129 0 o112 3-17 6.242E-20 2.958t-18 2.340E-17 9.605E-18 7.34€E~17 7.592E-18 3.307€-14 3.288E-17 2.638E-14
C5-134 C 3.0940-16 2.526L-19 1.196€E-17 9 L84E-1T 2.910E-17 T7.4O0WE-17? 2.081E-16 7.023E-16 1.107€-16 0.

€S-135 0 2.004E-16 1.3700-19 6.4936-18 5.153E~17 2.237E~17 1.21LE-16 1.250€-16 1.933E-14 3.935E~17 0.

cs-137 8] Lo3STE-16 2.9795-1Y 1.412b-17 1.120E-16 4.270€E-17 1.978E~16 2.696E-16 1.286E-14 1.049€E-16 0.
CE~-1by Y 6.779¢-17 1.1006-20 1.038E-18 S5.265E-19 3.719E-1Y 1.396E-20 9.819E-21 2.463E-21 1.168€-21 0.

CE~1b44 Y 1.554E-14 3.025E-18 1.673E-15 6.426€E~15 1.0756-16 4.113E-17 1.767E~17 7.B78E-18 2.228E-18 0.

PH=14T \ 1,867t -15 3.6670-19 3.503E-16 3.049E-15 1.2956~17 1.963E-17 1.853E-18 4.204E-1& 7.500E-19 0.

SM~-151 Y 1.8276=-15 3.713L-1S% 65.2720-16 1.9tsb-1b 1.270E~17  5.1026-17 8.760E-19 1.653E-16 2.106€E-18 0.

EU-152 A} 2.81 3L =14 G5.6890-18 7.437E~15 1.4B4E-13 1.946E-16 7.325E~16 5.576E-17 7.193E-16 3.037E-17 0.

EU-158 Y. TokTht -1t 7.0336~18 Q.360E-15 2.049E-13 1.961E=16 7.4S4E-16 7.118E~17 9.945E-16 K. B14E-17 D.
EU-155 \ 2.072t-15 t.006f-19 3.3b1E~16 24274E-15 1.142E~17 9.032E-18  2.104E-18 3.631€-18 1.,025€-18 8.

Tu-tbl Y B.2n3k -1€ 1.580:~19 3.107t-17 3.512E~17 4.001E-18 4,€25E~19 0. 1.053E-19 5.763E-20 O,

u-233 ¥ 2.2056-12 L 4876-16 6.450E-13 2.758E-11 1.561E-16 2.205E-13 0. 5.876E-11 1.336E-14 0.

=235 Y 2.0290-12 4.1286-16 5.934t-13 2.53cE-11 1.6356-16 6.126E-15 0. 1.556E-12 3.713E-16 0.
NP-237 Y 2 lvil=12 4.397C-16 6.321€-13 2.703€-11 1.541E-16 4.592E-11 3.959F-12 1.571E-11 1.816E~12 0.

PU~236 Y PouT51 =12 5.031E-1€ 7.131E-13 2.532E-11 1.701E-16 1.029E-12 6.609€-13 2.130E-13 5.069E-14 0.

u-238 Y 1.89bF =12 $.859F=16 65.5476-13 2.372¢~11 1.352&~16 5.859E-15 0. 1.454E~12 3470E-16 0.

PU-23Y Y 2o301F-12 G 679 -16 6.631F=13 2.410E-11 1.608E-16 9.9276-13 B.145E-13 1.931€-13 4. 713E-14 0.

PU-240 Y 2.3016-12 4 .67tF-16 6.6310-13 2.410€-11 1.608E-16 9.9276~13 ©.145E-13 1.981E-13 &G .713E~14 0.
M-rbt A 2.506t=12 5,09 -16 7.309t-13 3.U23E-11 1.755E-16 7.826E-13 B.196E~13 u.745E-13 4.881E-14 0.

PU-241 Y 23016 =15 4.67b60 1S H.651F-16 2.410E-1L 1.639E-13 S,147E-14 1.160E-14 9,363F-15 2.045E-15 0.

PU~242 \ P 26 1E~12 4 559E-16 6.531L-13 2.6826-11 1.5356-16 1.119E-12 7.055E-13 2.7636-13 5.553E-14 0.

AM=-243 \ 2.8510-12 Wl.AUSE-1E b.96kb=13 2.9726~11 1.667E-16 6.3526-13 B8.152E-13 L. 9506-13 4. ALIE-14 0.
CH-204 Y Pobn it =17 LoUB7F-16 6. E77F-13 1.563E-11 1.685E-16 J.u21E-13 1.362E-13 6.1926-14 1.999E-14 0.
Class = Translocation Class NOTE: NP = Nasopharyngeal Region

D
w
Y

= I)GY
= Week

= Year

TB = Tracheobronchial Region

P = Pulmonary Lung Region
LM = Thoracic Lymph
GIT = Large Intestine

£e-9
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metabolic data needed to calculate the dose factor were not available. The

model used to calculate dose factors, Dnrk’ is fully described in Appendix G.

6.2.2 Results

6.2.2.1 Maximum Doses to Individuals

The world population dose estimates summarized in Tables 6-19 and
6-20 were calculated according to the formula indicated by Equation (l), i.e., by
successively substituting the values given in Tables 3-5 and 3-6 for the A
terms of Equation (I), values from Table 6-15 for Zf Pk’ and values from
Tables 6-16 through 6-18 for D Then, for each organ, mjec’non band, AMAD,
and mix, the dose terms were summed

Maximum lifetime organs doses (70-year) can be estimated as three
times the mean lifetime organ dose to an individual in the equal area latitude
band receiving the largest fraction of the radioactivity injected into the upper

atmosphere by reentry burnup of a nuclear waste payload, i.e.,
D(70) max = 3fikmaxtin/LfikPk ' (2)

wheres

f.

ikmax = = 0.1787 is the maximum volue of f.

e Table 6-14,
and
Wn/1f5kPk = L DnrkAjp is the dose factor sum, which is
constant for a radionuclide mix, AMAD, and organ.
For example, the highest estimated world population for lung is the
first value given for lung in Table 6-19. Based on this value and Equation (1),

the estimated maximum individual lifetime lung dose is

D(70)LUNG MAX = 3(0.1787) (7.52 E+07/4.15 E+08)
= 0.097 rem; 0.0014 rem/yr (3)

As lifetime doses are integrated over a 70-year interval the preceding estimate

implies a mean annual dose rate of 0.097/70 = 0.0014 rem/yr.



TABLE 6-19. WORLD POPULATION DOSE SUMMARY FOR TOTAL
BURNUP OF SAVANNAH RIVER DEFENSE WASTE
PAYLOAD ABOVE 21 KM
World Population Doses (man-rems) Organs*
Injection  AMAD
Latitude Value Total Thy-
Band (yim) NP 8 P LM GIT Bone Liver Kidney  Body roid
4 0.2 7.65E40606 Lel9C+ 04 7.52E+07 L.46E+08 4.43E+05 8.75€+07 J.12E¢06 4.04E 00 1.83E+86 1.04E¢02
[ N 7.036¢06 b o LOEC DG 6.91E¢07 L.10€E+08 Leo13E405 8.0LE407 2.86E406 3.71€E406 1.69E+06 9.51E+0¢
8 S.84EDE 3.E66E¢0UL S.THE+O7 3.40E+08 3.43E¢05 6.68E¢07 2.38E¢06 3.08E¢06 1.40€E+06 T.S1E+01
10 3. 77E+06 2.36E404 3.71E407 2.20E+08 2421 ¢85 Le31E+07 1«54E+D6 1.99E +06 9.04E+05 S5.10E+01
12 2e03E 406 1.276+04 2.00€E+07 1.18E+08 1.19E+05 2.32E407 6.28E405 t.07E +06 4.87€+05 2.75E¢01
14 1.04E406 6.52E+03 1.026¢07 6.07E+07 6«11E+04 1.19€E+07 he24E0S '5.50E +05 2.50E ¢+ 05 1.43E¢01
16 Se16E 405 3.23E+03 5. 08E¢D6 3.01€407 3036404 5.91E¢06 2.1 0E+05 2.73E¢05 1.24E+05 6.99€ +00
4 1.0 T.40E4D7 Lel3L¢0Y Le22b¢D7 2.50E 408 64+ 65E +05 9.,16€4+07 1.95E+06 4.05E+406 1.86E+06 1.24E¢02
6 * be 7TGE4D7 3.79E+04 3.88E¢07 2.30E+08 be11E4+05 B 420407 1.73E¢06 3.73E¢06 1.71E406 1.14E+02
) SeeS5E 407 3.156¢04 $.22E¢07 1.91E¢08 5. 08E¢05 6.99E¢07 1.49¢8¢06 3.10E406 1.42E406 9.47E401
10 3. E5E+07 2. 04E ¢ 04 2.08L407 1.23€+08 3$.28E+05 L.52E4¢07 9.63E405 2.00E+06 9.1 6E+05 6.12E+01
12 1.GEE407 1.10E+04 1.126+07 6.6LE407 1.77E+05 2.43E¢07 5.19E+05 1.08E+06 4.94F +05 3.30E+01
14 1.01E+07 S.62E¢03 S.74t ¢06 3.L0F ¢07 9.05E+04 1.25E07 ' 2.66E¢05 5.52E +05 2.53E4¢05 1.69€+01
i6 4e943E 406 2.798¢03 2.05E¢06 1.63E4¢07 b49ELOL 6+18E+00 1.328+05 2.74E 405 1.25€+05 8.37€+00
4 5.0 1.36E+08 S.EYE ¢+ 04 Ze B2t ¢07 1.20€+¢08 1.226+06 1.33E+08 1.38£4+06 S.84E 400 2.64E+05 1976402
o . L. E0E4DS 3.34C+04 1edSE+D7 1.10E+08 1.12F+06 1.22E+08 1.27E¢06 5.37E 406 2.42E+06 1.81E+02
) 1.50€+08 2. B2F ¢+ 04 1. 548407 G.13E¢07 F+32L 405 1.02€E¢08 1.06E+06 b.46E 106 2.01FE¢+06 1.51E+02
10 3.6RE407 1.82E+¢04 Ye95E +06 $.89E+07 6.02E405 EJ57E+D7 6.81E+05 2.88E406 t.30€E+06 9.72E+01
12 5.22E4¢07 4. BOE+ 03 S.36E+06 3.14E 407 J.24F40% 3.54E407 3.67E+05 1.55E406 T.00€+05 S.24E+ 01
1 2. E7L ¢07 5.026¢03 2. 75E+06 1.63E¢07 1 .66E+05 1.81E+07 1.88E¢05 7.95€+0% 3.59F +05 2.68E+01
16 1 1.33F+07 2olbiafF 03 1. 36t ¢06 B.07E+06 telbt ¢ 04 9.00E ¢06 9.33E+04 3.94E ¢+05 1.78E+85 1.33E+01
* NOTE: NP = Nasopharyngeal Region

TB = Tracheobronchial Region

> = Pulmonary Lung Region

LM = Thoracic Lymph

GIT = Large Intestine
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TABLE 6-20. WORLD POPULATION DOSE SUMMARY FOR TOTAL
BURNUP OF HANFORD DEFENSE WASTE PAYLOAD
ABOVE 21 KM

World Population Doses (man-rems) Organs*

Iinjection  AMAD
Latitude Value Total  Thy-

Band (ym) NP T8 P LM GIT Bone Liver Kidney Body roid
& 0 .2 3.10E¢05 1.790¢03 1.7t +b J.41E¢07 HhohbE+0S 3.4 sE 407 6.01€6¢065 1.06F 06 b.93E+05 2+.5%5E¢00

) 2.B4E¢DS 1.6 443 1. 54+ 86 3.13€407 4 J4L7E+D3 3.21L+07 L.52E¢05 J.70E+05 b.37E+05 2.3%+00

[ 2e30E405 1.37€+03 1.28L¢006 2.60€ 107 $.71F¢03 2.67E¢07 [T XL B8.06E +05 5.29E ¢+ 05 1.95£+00
10 1.53L¢05 d.836¢02 Be 2SEH+0S5 1.648E¢07 2.4084¢03 1.72E¢07 2.96E+05 5«.20E+05 J.41F« 05 1.26E¢00
12 Ba22L U4 LelOE+Q2 bbbt 405 9.0%E 06 1.29£+03 Y.26E¢00 1.60E¢05 2.80E ¢05 1.84E+05 6.78E~01
14 Le21t+04 2.44E+D2 2.28E4+05 he.blWE+006 b1l +02 4. 75E ¢D0 det HE+ 04 1.44E405 el SF ¢ 00 3.47E-01
16 24 09E ¢0 Y 1.21k¢02 1.136¢06 2.30E+006 3.28E¢02 2.3cE+06 4 06F ¢4 T«12E ¢04 4.68E +04 1.72E-01
4 1.0 2etdt ¢0b 1 406¢03 Ye $3E405 1.91E+407 7T.47E¢03 J.716 407 3.72€¢05 1.058 ¢+06 7.25E +0% 2.95E+¢00

6 2. 100 ¢086 f1.2c6¢03 AeH3EFGS 1.76E+¢07 bed6E+03 3.41E¢07 J.u26805 9,.69E+05 6.66E ¢+05 2.71E¢00

& 2.20f ¢06b 1.07E¢0% 7.17€¢05 1.46E+07 Ha70t €03 2.835L¢07 2.t +05 8.05E +05 5.53E¢05 2.25E 400
10 leb7L ¢80 b lrEt0? 4638405 Y. 42E¢06 J.o08E403 1.83E+407 1.3 #3235 S.20€ 405 3.57F +05 1.45E+00
12 7.85L ¢0% J.7t1E402 2.49E+05 S.046E ¢06 1968403 9.36E +0b G.BEF+04 2.80€E+05 1.33F¢05 T.82E-01
14 Lo 07t 405 1.490t¢02 1.28F¢05 2.60E¢06 1.02F+403 5.05E¢06 5.06F ¢+04 1.43€£+¢05% Y. 86E ¢+ 04 h O08E-0L
16 2.02E405 PRI XS | Ee SUF+0YL 1.293F +06 504k #02 2.50E+06 2.51F ¢4 T13E¢04 o 69E ¢ it 1.99E~-01
t 5 0 7.951 ¢0b 1.136¢03 La49E+D5 Y,14E+06 1 43Le04 S.46E+07 2.54E 405 1.51€¢06 1.05€+406 Y .TIECOD

[ * 7T.350c¢006 1.04E£¢03 Yo 13E+EY B.G0F ¢06 1310404 S5.026¢07 2.34F #05 1 . 39t ¢0b 3.63E¢05 4.33E¢00

8 e 07t ¢00 B.EGLEFD2 3.43E405 te.36L+06 1.0G3k ¢+ 04 4ol 7E 407 1.94F+ 05 1.15¢ ¢06 8. 05F +05 3.60E¢00
10 $.92L ¢00 5.59E¢02 2.211 ¢05 Y.51E406 7.03E¢03 2469E¢G7 1.265L¢05 7.40E ¢ 05 5.20E +05 2.32€ ¢+ 080
12 2ellt tbb S.tUlk e 02 1.19E+0% 2.4 3E406 $.796 403 1.05€¢07 6.70L 4004 We02E +05 2.80L+05 1.25E¢00
14 1. 0Kt +06 154442 ba11E+ 00 1.24E 4006 1.GLE¢03 7.3t ¢06 JobEc Ol 2.06E405 1.44E+05 6.41E-01
it hae 3JbE+0Y 7ol ¢01 $.03E 004 bat 7€ ¢+0% 120638 ¢02 J.6UL 06 1727 ¢04 1.02E+405 7.12f ¢ 04 3.18E-01L

*NOTE: NP = Nasopharyngeal Region

TB = Tracheobronchial Region

')

= Pulmonary Lung Region

LM = Thoracic Lymph

GIT = Large Intestine
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The highest estimated world population dose for any organ is the
estimate in Table 6-19 for Savannah River Waste. AMAD = 5.0 um, and
injection band -4, i.e., .33 E+08 man-rem to bone. Substituting this value in
Equation (2),

D(70)BONE MAX = 3(0.1787) (1.33 E+08/4.15 E+08)
= 0.14 rem; 0.002 rem/yr ; (4)

(6-13) concerning "dose limits for

Current ICRP recommendations
individual members of the public" indicate that the dose to lungs should not
exceed "|.5 rems in a year" while the dose to bone should not exceed "3 rems
in a year". Although the mean annual maximum individual dose rates estimated
above, Equations (3) and (4), are not precisely comparable to the ICRP limits,
the differences seem to justify the conclusion that even the worst postulated
reentry burnup accident would not expose any individual to a lifetime dose
greater than the lifetime dose indicated by current recommendations concerning

dose limits.

6.2.2.2 Worldwide Health Effects

To estimate the possible impact of a reentry burnup accident on world
health, the principal objective of this section, it was decided to rely upon the
linear, non-threshold health effects risk factors employed in Reference 6-6
rather than recommendations concerning maximum permissible dose§ (or dose
rates) to individuals. The factors listed in Table G.3 (page G.8) of Reference 6-6
are given in Table 6-12.

Considerations leading to adoption of the risk factors listed in Table
6-12 are discussed at length in Appendix G of Reference é-6. It should be noted
that there are many uncertainties regarding the relationship between dose (or
population dose) and health effects which may be due to radiation exposure or
to other unspecified causes. In applying the risk factors listed in Table 6-12 to
the world population dose estimates listed in Tables 6-19 and 6-20, additional
uncertainties may arise due to differences in the methods employed for
estimating population doses. Unfortunately, in the absence of clear, firm

evidence concerning dose/health effects relationships (evidence which would
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eradicate the considerable difference of opinion expressed in the recent,
voluminous literature on the subject) these certainties cannot be resolved. _
Table 6-21 gives the range of health effects expected from the
maximum and minimum estimates of world population doses presented in Tables
6-19 and 6-20. These ranges reflect the different types of waste (Hanford and
Savannah River), the different particle sizes, and the different injection latitudes
that are possible. A more realistic definition of the Savannah River waste for
space disposal may alter, to some degree, the results obtained here (see_ Section
3.2.2.2 and Table 3-6). Future work should include additional evaluation of the

health risk of Savannah River waste payloads as a fesult of a burnup event.

TABLE 6-21. RANGES OF EXPECTED HEALTH EFFECTS
FOR PAYLOAD REENTRY BURNUP

Ranges of Expected Health Effects
Percent Release

Type of Risk | |10 |00

Cancer from:

Total body exposure 0-2 0-14 2-132
L_ung exposure 0-4 0-38 0-376
Bone exposure 0-3 0-27 4-266
Specific genetic effects

to all generations from:

Total body exposure 0-2 0-14 2-132

6.2.3 Conclusions

The results deécribed in the preceding section support the following
conclusions:

e Savannah River waste, as defined for space disposal, is
considerably more of a health problem than is the waste from
Hanford.

e For any radionuclide mix, world population dose estimates increase
as the latitude of injection increases in the northern hemisphere
or decreses in the southern hemisphere, i.e., the farther north the

injection latitude, the greater the expected world population dose.
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The most hazardous accident considered in this assessment involves
the reentry and burnup of a Savannah River waste payload, north
of 55° N latitude. The least hazardous involves the reentry burnup
of a Hanford waste payload, south of 55° S latitude.

Even the worst postulated burnup accident would not be expected
to expose any individual to a lifetime organ or total body dose
greater than ’fh(eé Ili3f)etime dose indicated by current ICRP

recommendations concerning "dose limits for individual
members of the public".

With respect to expected numbers of health effects due to the
reentry and burnup of a nuclear waste payload (Table 6-21), lung
and bone appear to be the critical organs. The expected number
of cancers due to lung exposure, based on the minimum and the
maximum population dose estimate, is between 0 and 376 lung
cancers, and between 4 and 266 bone cancers in a world
population of about 3.34 billion.

While the magnitude of the expected health effects indicated by
this assessment is not catastrophic, the careful consideration of
measures which would prevent or significantly reduce the burnup
in the upper atmosphere and the production of particles less than
0 um diameter is extremely desirable. Any measure which would
reduce the burnup fraction and/or the particle fraction, as defined
for Equation (1), would have a proportional effect in reducing
world population dose estimates and expected numbers of health

effects.
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7.0 CONCLUSIONS

Based on the analysis presented in Sections 3 through 6, the following

final conclusions have been reached:

The moss of defense wastes stored at the three reposn‘orles is
7
large (IO -10

The Hanford wastes exist in several forms, while the Savannah

kg each, following preliminary preparation).

River and ldaho wastes are more uniform.

The data on Hanford and Savannah River wastes are more
complete than for ldaho. For space disposal purposes, the Hanford
and Savannah River wastes are expected to be roughly similar.
Chemical processes for concentration of defense wastes have been
postulated but the supporting data base is limited and is generally
based on laboratory experiments.

The postulated concentration processes would reduce the number
of required Shuttle flights to a manageable level (~A/100 to 400
flights for disposing of the projected year 2000 inventory).

There are @ number of waste forms that would be suitable for
space disposal. Based on the study results to date, it appears that
minimizing waste release under accident conditions will be a major
consideration in waste form selection.

Development of a suitable container appears to be feasible.
Thermal control and shielding are manageable and not a major
design problem. Minimizing waste release under credible accident
conditions must be a major consideration.

Ot the various .accident conditions examined, the fragments due to
External Tank explosion and the thermal environment during
reentry of an unprotected container present the greatest problems.
Provision of sufficient additional protection to ensure container
survival under these two conditions will be necessary and is
probably feasible but has not been examined in detail.

Recovery of a payload following an incomplete or misdirected OTV
insertion burn is feasible provided that the perigee of the resuiting
orbit is high enough to allow time to conduct the rescue mission

with a second OTV. This condition can be met if grossly
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misoriented (off by 30° error or more) OTV burns can be avoided
or terminated early. Under some conditions the failed OTV and
the SOIS can be returned also. Under extreme conditions, boosting
of the payload to a higher Earth orbit for later recovery is
feasible even when Shuttle orbit return is not.

Many of the failure modes identified have one or more pot}enficl
workarounds in terms of backup systems, design changes or
approaches, and procedures. In particular, workarounds for both the
inadvertent reentry and ET explosion have been identified. Future
detailed design activities may well uncover additional workarounds.
The environmental impacts for two credible accidents has been
examined in detail. The health risk from release of nuclear waste
material in the upper atmosphere is greater than that from on-pad
failure. The on-pad risk can be reduced further by imposing launch
constraints based on meteorological conditions:

The imposition of launch constraints based on meteorological
conditions could result in delays of the launch of the Shuttle
carrying the nuclear waste payload. If this Shuttle is launched
second (as in the current baseline), this delay could significantly
affect the chances of mission success.

Under the worst case postulated conditions, a total release of a
nuclear waste pcyload in the upper atmosphere would be a
significant accident. The consequences would be spread worldwide.
Measures to reduce the percentage release or the percentage of

inhalable particles would mitigate expected adverse effects.
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8.0 RECOMMENDATIONS

Prior to any development or implementation decision on space disposal

of nuclear waste, certain critical problems will have to be addressed by NASA

and DOE. The general areas requiring effort are defined in Section 2.7 of this

volume and in Volume Ill. Some specific recommendations concerning the

technical areas discussed in this volume of the report are summarized below:

Further definition of the defense nuclear waste radionuclide
composition (particularly for ldaho calcine) is needed (DOE)*
Definition and demonstration of nuclear waste concentration
methods are required for all three waste sources (DOE)

The characteristics and behavfor of calcine and alternative waste
forms under credible accident conditions as a means for reducing
radionuclide release need to be examined further (DOE)

The behavior of the waste container in the blast fragment
environment and potential means of additional protection needs to
be studied in more detail (NASA)

The possibility of protecting the unshielded container during
inadvertent reentry by addition of a layer of ablative material to
the outéer wall should be considered (NASA)

Methods for detecting and terminating a critically misdirected
OTV Earth escape insertion burn and payload safety or rescue
need to be developed (NASA)

Failure modes potentially leading to External Tank explosion need
to be examined further and any potential workarounds or
mitigation measures defined (NASA)

Quantitative reliability data need to be developed for all elements
of the space disposal mission (NASA)

Methods for reducing the number of inhalable particles produced
during an on-pad accident or inadvertent reentry need to be
examined (DOE)

The health effects from particle resuspension and ingestion require
further study (NASA) ‘

The effect on overall mission probability of success and safety of

launching the waste payload first rather than second needs to be
evaluated (NASA),

*Parenthetic notation after each recommendation indicates prime agency
responsibility.
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APPENDIX A
ACRONYMS AND ABBREVIATIONS

a.u. astronomical unit

AMAD activity median aerodynamic diameter
ASME American Society of Mechanical Engineers
atm atmospheres

ATO abort-to-orbit

ATOA abort-to-once-around

BNWL Battelle-Northwest Laboratories

B.R. burn rate

C degrees centigrade

C3 twice the energy per unit mass

cal calories

CANDU Canadian deuterium uranium reactor

cc cubic centimeters (cm3)

c.g. center of gravity

CFR Code of Federal Regulations

Ci Curies

u Ci micro-Curies

cm centimeters

COE center of explosion

CPIA Chemical Propulsion Information Agency
DOE U.S. Department of Energy

DOT U.S. Department of Transportation

EIS - environmental impact statement *
ERDA U.S. Energy Research and Development Administration
ET Space Shuttle's External Tank

EVA extravehicular activity in space

g grams

gal gallons (U.S.)

G.l. gastrointestinal (tract)

HLW high-level waste '

HZ/OZ hydrogen-oxygen

HTGR high-temperature gas-cooled reactor



ICRP
JSC
kg
km
KS
KSC
kW

LeRC
LH
LO
LM
LMFBR
LWR

rm

m/s

MT
Mev
MLDM
MMH
MSFC

N/ cm2
N20 4
NASA
NEP
NP
NPPF
NRC
O/F
OMS
oTv

A-2

International Commission on Radiological Protection
NASA's Johnson Space Center, Houston
kilogram

kilometer

kickstage

Kennedy Space Center, Florida

kilowatt

lymph

NASA's Lewis Research Center, Cleveland
liquid hydrogen

liquid oxygen

thoracic lymph

liquid metal fast breeder reactor

light water reactor

meters

micrometers

meters per second

molar

metric tons

million electron voits

Multilayer Diffusion Model (MSFC's)
monomethyl hydrazine

NASA's Marshall Space Flight Center, Huntsville, Alabama
Newtons

Newtons per square centimeter

nifﬁ)gen tetroxide

National Aeronautics and Space Administration
nuclear electric propulsion

nasopharyngeal

Nuclear Payload Preparation Facility
Nuclear Regulatory Commission

oxidizer to fuel ratio

Orbital Maneuvering System (Shuttle)
Orbit Transfer Vehicle

pulmonary



PCR
PL
rem
R&D
RCS
RETAC
RS
RTG
RTLS
SEP
SOIS
SRB
SRM
SS
SSME
SSP
STS
AT
8
8D
8P
USAF
AV,

WCF

A-3

Payload Changeout Room
payload

roentgen equivalent, man
research and development
Reaction Control System (Shuttle)
Reentry Thermal Analysis Code
Reentry System

radioisotope thermal generator
return-to-landing-site

solar electric propulsion

Solar Orbit Insertion Stage
Solid Rocket Booster (Shuttle)
Solid Rocket Motor (Shuttle)
Space Shuttle

Space Shuttle Main Engine
solar sail propulsion

Space Transportation System
change in temperature
tracheobronchial

to be determined

tributyl phosphate

U.S. Air Force

change in velocity

Watt

waste concentration factor
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APPENDIX B
- METRIC/ENGLISH CONVERSION FACTORS

To convert into multiply by
atmospheres ’atm5 ..... pounds per square inch (psi). . 14.70
atmospheres fatm). . . . . pounds per square ft (psf). . . ' 2116.8
calories fcal . . . . . . British thermal units (Btu). . . 3.9685 x 10'3
calories per gram British thermal units per :
fcal/g)e v v v v v v v v & pound (Btu/1b). . . . . . . .. 1.80
centimeters fcm) . . . . . inches {in) . . . « « + « .« . . 0.3937
centimeters fcm) . . . . . feet (ft) . . . . . . .« o .. 3.281 x 1072
centimeters fcm) . . . . . yards (yd). v v v v v v v v 1,094 x 10'2
cubic centimeters (cm3). . cubic inches (m3) ....... 0.0610
cubic meters (m3) ..... cubic feet (ft3) ........ - 35.32
cubic meters (m3\ ..... gallons fgal) . . . . . « . .. 264.2
degrees Centigrade (%). . degrees Fahrenheit (OF) e e 1.8C + 32*
degrees Kelvin (OK\. . . . degrees Rankine (OR). ;'. e 1.8
grams (g)e v « v v o o . . pounds {1b) . . . . . . . . .. 2.205 x 10'3
kilograms fkg) . . . . . . pounds ‘1b) . . . . . . . . .. | 2.205
kilometers fkm). . . . . . statute miles (mi). . . . . .. 0.6214
kilometers (km). . . . . . nautical miles /n.mi.). . . . . 0.540
kilometers fkm). . . . . . feet (ft) . . . . . . . . ... 3281
kilowatts kW) . . . . . . Btu per hour (Btu/hr) . . . .. 3413
meters m) . . . ... .. inches (in) . . « . . o o .. 39.37
meters fmd . . . . .. .. feet (ft) . . . . . . . . ... : 3.281
meters (m) . . « « « « « . yards {yd). . . . . . 1.064

*NO1z: Muitiply by 1.8 and then add 32.
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To convert ~into multiply by
meters per second /m/s). . feet per second (ft/s). . . . . ‘ 3.281
metric tons (MT) . . . . . pounds (1b) . . . . . . . . .. 2205
metric tons MT) . . . . . tons (T). . o o v v o v 0 v . 1.102
micro-meters fum) . . . . meters (m). . . . ... .. .. 1.0 x 107°
Newtons (NY, . . . . . .. pounds force (lbf) ....... 0.2248

2 2
Newtons per cm™ (N/cm™). .

pounds per square inch (psi). . 1.
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APPENDIX C
WASTE MIX AND FORM DATA DEVELOPED FOR COMMERICAL WASTE

Initially, Battelle's Columbus Laboratories was assigned the task of
examining commercial high-level waste (HLW) to determine waste mixes and
forms suitable for space disposal.‘ Subsequently, this emphasis was chcnged to
examine defense HLW rather than commercial HLW. This appendix deals with
the initial efforts to develop data regarding commercial waste mixes and forms
acceptable for space disposal. It also covers the effort on waste mixes and
forms for commercial HLW submitted as input to the Commercial Nuclear Waste
Management Generic Environmental Impact Statement (GEIS).

The previous study "Preliminary Evaluation of the Space Disposal of

Nuclear Wcs're"(c- D

, examined several mixes for space disposal; these inciuded:

Mix t:  Spent fuel is leached and the entire dissolver solution is
solidified and sent to space.

Mix 2:  99.5% of U is separated from the spent fuel; the remainder
of the dissolver solution (fission products, actinides, and Pu)
is solidified and sent to space.

Mix 3:  99.5% of U and Pu are separated from the spent fuel; the
remaining waste products (_fission products and actinices) are
solidified and sent to space.

Mix 4: 0.1% U and Pu, the actinides, and rare earth tission products
except cerium are solidified and sent o space.

Mix 5: 94% of the Tc is recovered -from the dissolver solution,
then solidified and sent to space.

Mix 3 was selected as the baseline case at that time, but because of
plutonium safeguards and proliferation concerns, Mixes 2 and 3 were reevaluated
in this study. In addition, an attempt was made to optimize Mix 2 by selective
removal of specific nuclides in order to reduce mass, heat generation rate, and
radiation dose rate. Results of this optimization effort would, in general, also
apply to Mix 3. Finally, a total of eight waste mixes was examined for the
Commercial Nuclear Waste Management GEIS. These included Mixes |, 2, 3, and
5 ot the previous study plus:

Mix 4'; Lanthanides plus Am, Cm, and Np - This mix assumes

extraction of U and Pu from the spent fuel dissolver



Mix 6:

Mix 7:

Mix 8:

C-2

solution, followed by partioning of the lanthanides plus Am,
Cm, and Np, and solidification for space disposal. This
replaces Mix 4 of the previous study.

lodine - Fission product iodine is collected via the
reprocessing off-gas treatment system and solidified as
80(103)2 for space disposal.

14

Carbon - C in the form of CO2 is collected ‘vic the

reprocessing off-gas treatment system and solidified as solid

CO2 or CqCO3.

Am and Cm - This mix is an extension of Mix 4! to separate

Am and Cm, followed by solidification for space disposal.

Mix 2 Opfimizaﬁon

Table C-| presents the elements considered for removal from Mix 2 in

order to optimize mass, heat generation rate and radiation dose rate. Pu

removal yields significant improvement in mass and fair improvement in heat

generation; however, this changes Mix 2 to Mix 3. Rare earth elements such as

Nd, Ce, and Eu may be useful, but very difficult to separate. A ldrge portion of

the Zr and Mo could probably be removed from the liquid HLW by concentration

precipitation. These elements are useful metals and do not constitute a disposal

hazard if left on Earth. Cs-Ba and Sr-Y could possibly be removed by oxalate

addition, which would cause precipitation of these elements, or ion exchange.

TABLE C-1. MIX 2 OPTIMIZATION

Mass Heat Generation Radiation Dose Rate

Element % Reduction Element % Reduction Element % Reduction

Pu 22.0 Pu 8 Eu Not

Nd 9.5 Cs-Ba 35-40 Cs Significant

Zr 9.0 Sr-Y 20-25 ‘

Mo 8.7

Cs 5-6

Ce 6.6
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Mix 2 Criticality

Since Mix 2 contains a significant amount of Pu, a series of
calculations was performed to determine if a criticality problem existed.
KENO(C-Z), a Monte Carlo criticality code, was used for all calculations. The
result of a KENO calculation is an estimate of Keff’ the effective neutron
multiplication factor. When Keff > 1.0, criticality will occur. Table C-2 shows
the results of the criticality analysis. The results clearly indicate that Mix 2 is
not a viable option at projected payload masses of approximately 5 MT.
Criticality can be prevented by the use of a neutron absorber such as boron
which absorbs neutrons throughout the fission energy range. Resonance neutron

absorbers, such as the majority of the fission products, have little poisoning

effect.
TABLE C-2. MIX 2 CRITICALITY ANALYSIS
Case  Density, Mass, Chemical Reflector/

Number  g/cc kg Shape Composition Thickness, cm Keff
I 5.0 5000 cube oxide | none 1.078
2 4.0 5000 sphere oxide Du/20 - f.124
3 4.0 3600 sphere oxide Du/20 [.061
4 4.0 2100 sphere oxide Du/20 0.939
5 3.74 4670 sphere boride Du/20 0.631
6 3.42 5000 spehre  oxide-65% w/o Du/20 0.858

Al-35% w/o

NOTE: Results generated from KENO code.

Mix 3

The exclusion of Pu as a waste constituent results in a waste payload
without criticality problems. Furthermore, the Pu, which is a potentially valuable
energy resource is saved for use. Mix 3 continues as the baseline for space

disposal of commercial waste.
Mix 4/

Essentially all of the actinides and lanthanides in spent fuel are

dissolved by nitric acid during fuel reprocessing. Under these conditions, the



C-4

actinides and lanthanides that do not extract into TBP as used in Purex are
readily removed from the high-level liquid waste by solvent extraction with the
bidentate, dihexyl-N, N-diethyl carbamylmethyiene phosphonc’re.(c-3) The solvent
extract may then be stripped and the actinides and lanthanides calcined to give
the mixture shown in Table C-3. It should be realized, however, that these
compositions are very approximate, and this flowsheet has never been
demonstrated on a large scale. This waste mix would constitute approximately

2.7% of the dissolved spent fuel.

TABLE C-3. MIX 4/ COMPOSITION

Compound ' Percent
U308 21.10
NpO2 .22
Pu02 0.78
Am203 3.55
szO3 .18
anO3 70.30
ZrO2 0.0l
Tc207 .18
RUO2 0.19
PdO 0.49

100.00

Since Am, Cm, Np, and Pu oxides make up approximately 6.8% of the
mix, a criticality problem may exist. If this mix is ever considered as a serious
candidate for space disposal, criticality experiments and calculations will have to
be performed. One of the benefits of this mix is that essentially all long-lived
radionuclides are removed from Earth using approximately 0% of the flights

necessary for Mix 3.

Mix 6 (lodine)

. Q .
Spent fuel contains small quantities of 'lz’l, a radionuclide which has a

half-life of 15.9 million years. Moreover, the chemistry of iodine favors the
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migration of this element(C-%)

and, under certain conditions, it might be
released to man's environment in the distant future if it is placed in a geologic
reposi\‘ory.(c-5 through C-7) Although somewhat speculative, concerns for
possible iodine migration from a geologic repository in the distant future,
coupled with the long half-life of I, have motivated the development of a
space disposal alternative for this element. 4
lodine forms volatile chemical species that tend to migrate to the
dissolver off-gas system when spent fuel is dissolved in nitric acid during
reprocessing. With proper air sparging of the dissolver solution, it is expected
that approximately 99% of the iodine initially in the spent fuel will be
volatilized and captured using silver zeolite adsorbent or possibly the lodox

(C-8 through C-12) However, that small portion which does

scrubbing process.
not volatilize will eventually report to the other reprocessing wastes or be lost
to the enviromment. Captured iodine can be converted to Bc(IO3)2. This mix

would constitute approximately 0.05% of the dissolved spent fuel.

Mix 7 (Carbon)

|4

Spent fuel contains small quantities of ~'C, a radionuclide which has a

haif-life of 5730 years. This element tends to form gaseous carbon dioxide

lL;C is released into the environment, it will be

during fuel reprocessing. If the
inhaled or ingested as food by nearly all living organisms, including man. The
chemistry of carbon is such that, under certain conditions, it may also
migrcn're(c"5 and C-6) from a geologic repository eventually in the distant future.
For these reasons MC is considered as a candidate for partitioning and space
disposal.

Carbon recovery conceptually takes place in a reprocessing plant
dissolver off-gas system after iodine recovery. The process involves sorption of
CO2 on molecular sieves, with prior removal of NOX and HZO being required for
efficient C02 recovery. CO2 is desorbed and captured by a slurry of CaO which
forms CaCO

constitute approximately 0.13% ot the dissolved spent fuel as CaCO

3 COZ’ as dry ice, could alternatively be formed. This mix would
3 or 0.06%
as solid COZ’ The majority of this material (5> 99%) is non-radioactive I2C

compounds which are also formed during these processes.
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Mix 8 (Am and Cm)

This mix can be quickly eliminated from consideration by an
examination of criticality data. For example, the estimated fast critical mass
241 24500 metal is 23.2 kg.'C713)

Clearly, 5 MT of Am and Cm must be ruled out as a possible mix, uniess

for bare Am metal is 113.5 kg, and for

“extreme dilution and neutron poisoning is used.
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APPENDIX D
'REENTRY THERMAL ANALYSIS CODE (RETACQC)

The Reentry Thermal Analysis Code (RETAC) consists of a family of
subprograms primarily directed toward reentry heating which can be combined in
various ways to best simulate the specific problem under consideration. It is
being upgraded almost continually both with improvements in existing
subprograms and with the addition of new subprbgroms. Figure D-1 shows a
general layout of the currently operational RETAC subprograms. They are, in
general, divided into four areas: environment description, thermochemical
response of materials, mechanical response of materials, and heat conduction.
The heat conduction is coupled to the thermochemical and mechanical responses
by moving boundary logic and a feedback of nose radius change and wall
temperature to the aeroheating subroutine. Shape change feedback to the ground
test. environment and trajectory subprograms have been incorporated in certain
cases. The link between the environment and material response includes gas
boundary-layer blocking effects and surface temperature. In addition to the
subprograms shown, a special subprogram can provide a simulation of internal
vaporizing reservoirs with subsequent flow through a porous structure to the
surface. ‘ '

It should be noted that not all possible combinations of subprograms
have been run to date; in fact, some programming changes are generally
necessary when a new combination is first run. However, these changes generally
are minor and, as experience has been gained in the use of ’RETAC on various
problems, they are proceeding quite smoothly. This is in line with the basic
philosophy of RETAC development which is to build a family of fairly simple
subprograms which can then be combined in a flexible manner to fit the specific
problem. As many direct interactions of pertinent phenomena as possible are
incorporated. To remain flexible, an explicit finite difference method of solution
is employed for the heat conduction equation.

Four alternate methods of calculating internal conduction are presently
available. Multilayer, one-dimensional computations may be carried out with
combined series-and-parallel heat flow paths to simulate certain two- and even

three-dimensional effects. While these techniques are still used for certain
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problems, they have definite limitation. Thérefore, alternate approaches have
been developed which are a general two-dimensional axisymmetric subprogram
and a three-dimensional (r,0,z) subprogram. A two-dimensional moving boundary
scheme has been developed to remove material and predict shape change.

The aerodynamic heating subroutine is essentially the original
subroutine developed for RTG reentry studies. Gas gap radiation has been added
for superorbital conditions, however. The aerodynamic heating subroutine
calculates heating to the reentry body on the basis of local properties (pressure,
temperature), configuration, and reentry mode. Either existing internal (to the
program) equations can be employed, or trajectory data supplied from the
3-degree-of-freedom or §-degree-of-freedom ¢6mpu1er program via punched-card
input. In the aeroheating subprogram, heat transfer correlations covering free
molecular theory, transition theory, and boundary layer theory are used. Coupling
of the aeroheating calculations with the ablation and heat conduction analyses
provides for calculation ot the reentry shield surface temperature(s). Cooling of
the reentry system during the {atter portion of reentry is, therefore,
cuTomoﬁcclly included in the analysis.

The GRAPH ablation subroutine essentially uses the general
aerothermal model which includes the reaction rate-controlled regime, the
diffusion-controlled regime, and sublimation regime. The model includes
continvous transitions between the regimes and also predicts when the transition
occurs. It has also been modified for other oxidation processes such as tungsten
oxidation. _ ) _ '

Another ablation model used in the program is a constant temperature
phase change with mass removal. This can be used for surface melting or
processes such as Teflon ablation. By allowing this model to simulate the
pyrolysis boundary movement and gas evolution and combining it with
subprogram GRAPH at the surface of the carbon char, CHAR, a subprogram for
charring ablators, has also been developed and used. An alternate method for
handling charring ablators is also available in which a pyrolysis zone is defined
by specifying the properties including density as a function of temperature. The
rate of gas evolution is obtained by ?%’rermining the rate of change of the
density of the material remaining. A time delay for the gases to reach the

surface can also be included.
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A generalized thermochemical response model can be used in which
the subroutine OXID calculates the mass loss in the reaction rate- or
diffusion-controlied regimes and the phase change ablation model takes over.
when a specified temperature is reached. This generalized model can ablate
through layers of different materials. It can also be used in place of the
GRAPH subroutine with sublimation handled in the phase change model. 4

The FLOW subroutine calculates the flow through a porous structure
from an arbitrary number of internal reservoirs. The porosity between each
reservoir and various surface locations is specified as input. The subroutine
calculates the pressure within each reservoir by vapor pressure and continuity
relationships and then obtains the pressure differences to the various surface
locations using the external pressure distribution. The changing distances between
the reservoirs and .'rhe surface locations are also recalculated as the surface
recedes. The final result is a distribution of ejected flow along the surface. The
heat transfer between the flowing fluid and the porous matrix can also be added
to the energy equation in the conduction program.

The liquid layer subprogrcrﬁ provides a detailed description of the
dynamics of a liquid layer on an axially symmetric reentry body surface. The
liquid layer is coupled into the external flow by shear and surface vaporization.
It is coupled to the solid body by the liquid injection rate and distribution,
surface temperature distribution, and body shape. For perametric studies, this
subprogram can be run separately -from RETAC.

The mechanical response of materials is predicted by a subprogram
STRESS in which any of a variety of models can be used. This is then coupled
with material removal logic by some assumed failure criterion. This material
removal is then linked to the heat conduction by the same moving boundary
logic that is used for thermochemical material removal. At the present time,
only one-dimensional stress subprograms have been linked directly with the heat
conduction. However, two-dimensional thermal stress calculations have been
made .using two-dimensional temperature profiles generated by RETAC, so the

extension to a two-dimensional linked model is relatively straightforward.
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APPENDIX E

CALCULATION OF THE SPACE SHUTTLE EXTERNAL
TANK FIREBALL TEMPERATURE AND HEAT FLUX

This appendix describes the equations and data that were used to
calculate the fireball temperature and surface heat flux (as a function of time)
resulting from a postulated fireball of the Space Shuttle External Tank (ET). The
results of these calculations and many of the assumptions are presented in
Section 5.1.1.1. The Bader "Liquid-Propellant Rocket Abort Fire Model"
(Reference E-1) were employed for this case, with modifications appropriate for
the Space Shuttle vehicle. Solutions to the fireball energy equation for the two
time regions of interest (the time from ignition, t = 0, until the time the liquid
propellants have all been consumed, t = Tb, and the time, t = 'rb, until the
fireball stem lifts oft the ground, t = i.S.Tb -- see Figure 5-1) are presented

below. Also, a discussion of fireball diameter is presented.

Temperature and Heat Flux Calculations for t < Lo

The energy equation (Equation !0 of Reference E-I) for the fireball is
derived by equating the rate of internal energy change and expansion work of
the fireball to the difference between the rate of energy added by fuel

(propeliant) addition and the rate of energy loss by radiation, as shown below:

d(Why,)
Rhy. - ecATS = TL (1)

where:
R = Constant Rate of Fuel Addition
hr = hrecchnfs = Specific Enthalpy of Formation
for Propellants (defined as hin in Reference E-1) .

e = Fireball Emissivity

¢ = Stephan-Boltzmann constant

A = Fireball Surface Area

T = Fireball Temperature _

W = Mass of Fireball (Wb = total mass of propeliants)
h h = Specific Enthalpy of Formation

p - 'products
for Fireball (defined as hFB in Reference E-1)

t = time (defined as t in Reference E-|)
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Equation (1) can be rearranged as:

dh dw
= 4 L2 -
Rhy = eoAT* + W o=+ hp 55 > (2)

but, %%
Equation (2) as:

is equal to R, the constant rate of fuel addition. Thus, we can rewrite

dh, dT
R (hy - hp) = cohTH + W =2 = (3)

The surface area of the fireball, A, can be expressed in terms of the
density, o , rate of fuel addition, R, and time, t. The surface area of the
spherical fireball is defined as:

| A= 4nr2 (4)
where, r is the radius of th fireball. However, the density of the firebail at any
given time can be expressed as: |

o= Mass o W Rt
Volume 4 3

(5)

3 w3

Therefore, the radius of the fireball can be expressed as:

- (3”)1/3 : (6)

4o ’

and, thus the surface area of the fireball is:

A=4ﬁ.<%>2/3 . (7)
Also, from the equation of state:
P =0T , (8)
where:
P = Pressure
® = Gas Constant
T = Temperature.
Equation (7) can be rewritten as:
2/3



Substituting Equation (7) into Equation (3) and noting that R = W/t, we arrive at

a first order, non-linear differential equation:

ar _ “ho)- st2/3714/3 | | L) |1 _ ‘
t [(hr hp)- Ste/=T t | |dhp7aT | (10)
where:
2/3
= 38 -1/3
S-4Trec<4np) R . (1
The relationship between hp and T for the Space Shuttle cryogenic
propellants was established and presented in Section 5.1.l.1 of this report. Table

E-I, below, presents data calculated for hp and T.

TABLE E-1. ENTHALPY OF PRODUCTS FOR VARIOUS VALUES
OF TEMPERATURE FOR ET FIREBALL CASE

T, °K hp, cal/g T, %K hs cal/g
2100 - 1844 2800 -836.4
2200 -1752 2900 -540.4
2300 -1653 3000 -178.8
2400 -1542 3050 26.27
2500 -l414 3100 251.9
2600 -1261 3200 739.6
2700 -1073

NOTE: These data are plotted in Figure 5-2 of Section 5.1.1.1.

The data in Table E-1 were fitted to a fifth-order polynomial of the form:

) 2 3 4 5 '
hp-BO+BIT+BzT +B3T +84T +BST s (12)

with, dh
=P _ B, 4+ 2B.T +3B.T%2 4+ 48,73 4 58, T* . (13)

dT ! 2 3 4 5
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For hp in units of cal/g and T in OK, the constants are as follows:
BO = +1.615762 E+05
= -3.309199 E+02
= +2.645649 E-0i
= -1.044912 E-O4
= +2.036638 E-08
= -1.557586 E-12.

The value of hr was computed using the heats of formation as given
in Reference E-2 for liquid hydrogen and liquid oxygen at their normal boiling
points and the ratio of hydrogen to oxygen, as particular to the Space Shuttle.
ET. The value of hr for these assumptions is -213 cal/g (-384 BTU/Ib).

To obtain the value of S we must first define certain constants and

w N -
i

B
B
B
B
B

(93 B &)
i

determine the value of R, the constant rate of fuel (propellant) addition.

For a spherical fireball under the influence of atmospheric pressure (P
= |.0 atm), the average density of the gases at the time of liftoff (t = Tb) can
be approximated by assuming, for temperature, the value of 2989°K (see Section

5.1.1.1). From the equation of state, Equation (8), we have:

5 = P__ (1.0 atm)
|7 m3-atm ) ( kg-mole ) ) o
<°'082 kg-moTe-"K/) * \12.006 kg/) * (2989°K)

Thus,
> = 0.05714 kg/m3 (0.003565 1bp/ft3)

From Equation (6) and W = R x t, the radius of the fireball at the time of
liftoff (t = Tb) is given as:

1/3
= (-3 1/3
rp = (4ﬂp ) Wy (14)
rp = 1.61 wb‘/3 (when Wy is in kg)
or
- 1/3 C
[rp = 4.063 Wy, (when Wy is in 1bp)]

Reference E-|1 defines the relationship between the time of liftoff, s

and the fireball radius at that time, Fpe This is given as:



£ = (359.>]/2 , (15)

where, g is the acceleration of gravity, 9.8 m/sz. After substituting Equation

(14) into the above relationship we arrive at:

ty = 0.702 Wy'/® (when Wy is in kg) (16)

or

[ty = 0.615 Wp'/® (when Wy is in 1by)]

Since the constant rate of fuel (propellant) addition, R, is given as:

W Wy _ Wh
R(ke/s) = 5= % " 5700 W 1/6

We have:

prul
i

= 1.425 W% (when W, is in kg)
(17)
or

[R

1.626 Wy>® (when Wy is in Tby)1

For the case of the Space Shuttle, Wb = 7.12 E+05 kg (1.57 E+06 lbm), we
arrive at:

R = 1.074 E+05 kg/s
ry = i44 m
ty 6.63 s.
Therefore, the fireball is expected to lift off the ground at 6.63

seconds after the initial fire; it is expected to have a diameter of 288 m.
Reference E-| indicates that the time of stem liftoff (see Figure 5-1) is given
as |.5 x ’rb; thus, the stem is expected to lift off the ground at 2.95 seconds
after the initial fire.

The value of S, Equation (I1), can now be determined from the
following:

1.0

1.3545 E-08 cal/(m? - K% - g)
5.855 E-03 m> - atm/(kg - °K)
1.0 atm

- 1.074 E+05 kg/s.

€

H

o
|]
P
"R
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= 4.477 £-14 (& 1 1
s =47 e () (G (e

Substituting in values for S, hr and using Equations (12) and (i3) to

We arrive at

substitute for hp and (dhp/dT), Equation (10) was then integrated numerically by
computer using the Runge-Kutta-Gill method. Battelle's IRKG and RKG Routines
were employed. About one-third ot the resulting data are shown in Table E-2.
These data are plotted in Figures 5-3 and 5-4 of Section 5.[.1.1.

TABLE E-2. RESULTS OF NUMERICAL INTEGRATION OF FIREBALL
ENERGY EQUATION PRIOR TO FIREBALL LIFTOFF

Time, sec Temperature, %k Radiant Flux, kW/m2
0.00 2989 . 4529
0.36 2938 4230
1.02 2879 3898
2.0l : 2815 3568
3.00 2763 3310
3.99 2718 3097
4.98 2678 2916
5.97 . 2641 2758
6.63 2618 2664

Temperature and Heat Flux Calculations for  t < t< 1.51

~—b b

The energy equation used for t < ty (see Equation 1) is modified by
the assumption that there is no more chemical heat added and the mass of the
fireball is constant (W = Wb)' This results in: ‘

dT

dh dh
- 4 - ——R = -—E P —
eahT4 = Wy 52 = W 7

T (18)

we

rearranging, and substituting using Equation (9) for A we arrive at:

1/dh
. s [TW?’] [tm’] {————E/ ] , (19)
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where:

g~ = 4reo (3_&8)2/3 (20)
Wy \4nP ‘

By employing Equation (13), giving the relationship between dhp/dT and T, and
evaluating $°to be:

cal\/_1 ]
- = 6.751 E-15
5= w15 () () (7

Equation (19) was then integrated numerically by computer using the

Runge-Kutta-Gill method. About one-quarter of the resulting data are shown in

Table E-3. These data are plotted in Figures 5-3 and 5-4 of Section 5.1.1.l.

TABLE E-3. RESULTS OF NUMERICAL INTEGRATION OF
FIREBALL ENERGY EQUATION BETWEEN THE
TIMES OF FIREBALL AND STEM LIFTOFF

Time, sec Temperature, %k Radiant Flux, kW/m2
6.796 2597 2581
7.128 - 2555 2417
8.124 2419 1944
9.120 2282 1540
9.950 2175 1270

Fireball Diameter

The predicted fireball diameter as a function of time is shown in
Figure 5-5 of Section 5.1.1.1. This relationship was generated by evaluating the
following equation (also see Equation 6) which relates the diameter of the
fireball to the density and the mass of the fireball:

1/3
d = 2xr = 2<%—"—"—-> ] (21)
T

The values of density, p, and fireball mass, W, were calculated as a function
of time and temperature. For values of time greater than fb = 6.63 seconds, a

constant value of fireball mass was used, Wb = 7.12 E+05 kg. The decrease in
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fireball size for t > t_ is due to the large amount of radiation being emitted
from the fireball, thus cooling it, and increasing its density.

Reference E-3 provides a relationship between the maximum fireball
diameter and total propellent for the hydrogen/oxygen combination. This
relationship was developed from experimental data. -3) The relationship,

modified to reflect diameter in meters, is as follows:

Wbo'306 (when W _ is in kg) (22)

[e
i

4.29

0.306

b (when W

[d=11.05W is in 1b)]

b

For the Space Shuttie case, Wb = 7.12 E+05 kg, and the resulting maximum
fireball diameter, d, is 265 m. This value is shown in Figure 5-5 in Section

5.1.1.1, and good agreement is observed.
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APPENDIX F

POPULATION DOSE CALCULATION TECHNIQUE
FOR ON-PAD SPACE SHUTTLE FAILURES

To calculate the population doses from radiation exposure to the public
downwind of a Space Shuttle accident during the launch of nuclear waste into
space for disposal, a calculation technique was developed and a computer
program written to perform the calculations. This program was developed to use
output from both the MSFC Multilayer Diffusion Model and DACRIN. A
summary ot the scheme and computer program is presented below.

The input to the program consists of four types of data. The first is
the population dofo* surrounding the Kennedy Space Center launch site, a
polar-coordinate grid composed of é4 individual areas having a certain population
(see Figure F-|), starting at a distance -20 km from the launch complex and
moving out in increments of 10 km. Second, two dose factor (rem/u g) arrays,
for the specific waste mix dose factors (Hanford and Savannah River waste).
Each array contained provisions for three particle sizes and six organs or body
tissues (e.g., total body, lung, bone, kidney, liver, and thyroid). The dose factors
(rem/ ug) specific to a mix, particle size and organ were multiplied by a
calculated ug-man value to provide the man-rem dose for a given set of
conditions. Third, isopleth data for lines of equal time-integrated waste
concentration ( ug-s/m3) from the MSFC Multilayer Diffusion Model (MLDM) in
the form of polar coordinates and specific to a certain meteorology condition
(e.g., Spring, Fall, etc.) and were input from previous runs of ‘r'hZ M3LDN\.

m~/s.

The program calculates an average value of time-integrated

Fourth, the inhalation rate assumed for a reference man of 2.315 x 10~

concentration ( ug-s/m3) in each population area (see Figure F-|) by breaking up
each area into eight regions having a center point, as shown by the illustration
in Figure F-1, and employing a linear interpolation technique to estimate the
value at each point between two isopleths (see Figure F-2). The time-integrated

concenfration was assumed to be zero for a point outside the isopleth for the

*From: "Overall Safety Manual", prepared by NUS Corporation, Rockville,
Maryland, for U.S. AEC, Space Nuclear Systems Division (June 1975).



. , . \
- Pastng, Tt \4“ :::‘ y) \.‘Mumnma
= w“ll‘lld - R
L ) TLAGLER C
1

v C "
) ; ) . 100Km
®.muna Fant <. \ sunnee Heveny Beach A NNW
1- - ‘,\- weians Bunnen -
Sl LLLETL P ey ';‘i.’.a 90Km
L} Crexcent City <
o l ) ORIr PENINSULA
’o_v - - 3 80Km
”b » Sewmie e N
n’u yun
- 70Km
wARION Bpach
’) -,
~ swo‘fg--su 50Km
o,
S SOULIFFENINSULA N
A 2 Population
: S
N =" population
——

o
. EUSTIS & ¢

-
s
arn Eushy’
SBURG/ -
T
Tovars

L]
. Sriven Shorgs

™ . | aroPx -
o TANGERINE. Lramgait ™ - g
A Pt Ixnu}:u @ oy L p T

! TAVARES Aliamonte ‘rn

its

ona e " 3
o ENL] .;.p-ll-—_
__ ks g
“WippewtE 3701277 ZBoe.
3 . RO “m(} 28
- .'.*-mu‘a;m fi i -_'-_“"J' ]
e i) Cloedwho  TF
1 Qanidndf wter Eavoen i~ 3
- wingermire “)‘l -
cLenmont | J winoenlere . i
: A
! ot “"w‘,’ \dgtie Isie
Tafts"

Montverd

< - C)u;! 0y
&

":‘:-

- -
POLK CO OSCEQLA CO.

Ao
\Y
huvae \,31.3
AVENPORT N o)
wsw 2 PSS HEE
Pan ity \

LeT N \
Lanfacraeo ‘Vavenuo
enonit
3 T
deie= . Lase - e
amet g = - Mawnes Tt
YL et pumont
= o emter --ASE eemirda
'e:"';?"“ ‘AMaven- Lahe Mamiton
T - T Dungee
¢ -, Eloese, - -
= . N 3
Wareriy ~ .7

.

- goLemr grtow

Wakhneta
Yo wmann  C LAKE WALES NORTH
- 2 —_

———— 3 Lane Wates

= ~Tnightand Par
BARTOW EAST . ‘tuer waies -
N — SOUTH-BARIOS Fala -
o _ - Milcsest mewgnty ~

- — <
! : .
o Wesde it
T MEADE RIS TPROUF
.
- - - - - -
“c-:::' - Avon Pars HIGHLANDS €O OREFECHOBEE €O .
n .
’ Cvon PARK
- B

FIGURE F-1. POPULATION DISTRIBUTION SURROUNDING
' KSC LAUNCH SITE



F-3

The value at point C is estimated
as follows: : :

= §4=—Dx (I0-
Value ¢ = 5+(A+B)x“0 5)

FIGURE F-2. ILLUSTRATION OF INTERPOLATION TECHNIQUE

smallest value. Once values for all eight points in a particular grid area were
determined they were averaged and then multiplied by the population for that
grid area to arrive at an average value of (ug-s/m~) - (man). The sum of all
the values for each grid area was then muitiplied by the inhalation rate and the
dose conversion factor to obtain a value of man-rem for a given meteorological

condition.
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APPENDIX G
DOSE FACTOR MODEL FOR HIGH ALTITUDE BURNUP

The world population dose model described by Equation (i) of Section
6.2 was used to estimate world population doses with respect to two
radionuclide mixtures, three particle sizes, seven injection latitude bands, and
ten organs (including total body). The results are tabulated in Section 6.2.1, and
their implications with respect to the impact of a high altitude reentry burnup
accident are discussed in Section 6.2.2. The purpose of this appendix is to
explain how the dose factors, Dnrk’ listed in the main body of this report (see
Section 6.2, Tables 6-16, 6-17, and 6-18) were calculated.

The basic approach to development of the dose factor model is
relatively simple. The amount of radioactive burnup mcﬂ’ericl falling in an equal
area latitude band k (k = 1,2,...20) is a function, fik’ of the amount injected in
latitude band i (i = 1,2,...19), as defined by Table 6-14 (see Section 6.2.1). The
factor needed, Dnrk’ is the dose to organ n of an individual in band k due to a
unit injection of radionuclide r into the upper atmosphere of band k. In the
model described below, a modified version of the atmospheric transport model
developed by Krey and ijewski(c'l’G'z) is used to estimate the radionuclide
inhalation rate (u Ci/day) for an individual in band k as a function of time
following an initial injection of |.0 u Ci of radionuclide r in the upper
atmosphere. This inhalation rate is used as input for the internal dosimetry
model proposed by the ICRP (International Commission on Radiological
Protection) Task Group on Lung Dyncmics(G-3) as modified by {CRP Publication
19. (G-4) The Task Group Lung Model and metabolic data from ICRP
Publications 2 and ¢(G™21G-6)

sizes and different radionuclides.

are used to calculate Dnrk for different particle

Atmospheric Transport Model

The Krey-Krajewski model of atmospheric transport is a simple
compartment model (see Figure G-1) based on first order kinetics. Disregarding
radioactive decay, let A(o) be the amount of radioactive material injected in the

northern hemisphere above 21 km, then
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dA/dt = -apA (n
dB/dt = ApA-AgB+kB'-kB (2)
dC/dt = apB-icC - (3)

where:
A(o) is the amount of material initially injected in A;
A(t), B(t) and C(t) are the amounts present in A, B, and C

at time t,
Ap = In(2)/6 months; \g = In(2)/10 months
k = In(2)/60 months; ‘e = In(2)/1 month.
Ao)]
A A
.AA%—*—HAA— 21 km

B X g

.ABl.__lAB_ Tropopause
C c'

-AC{—-—}AC— Surface

NORTH SOUTH
FIGURE G-1. KREY-KRAJEWSKI MODEL

For present purposes, we divide the atmosphere into three vertical
layers corresponding to A, B, and C above, and we divide each hemisphere into
10 equal area latitude bands. The exchange between hemispheres indicated by k
= In(2)/60 months is ignored and replaced by the fik function defined by Table
6-14 (see Section 6.2.1).

Including consideration of radioactive decay, atmospheric transport in

equal area latitude band k is represented in Figure G-2.
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Where:
y 2 A A
KT ol A b2l B, Doad C, —Com SURFACE {7 Mgt R
AR = X £ A
" | [ I
* =
AC XC + A

FIGURE G-2. SCHEMATIC DIAGRAM OF ATMOSPHERIC TRANSPORT

The differential equations for the model shown in Figure G-2 are:

dAg/dt = -xpAg (4)
dBy/dt = ApAL-ABBk (5)
de/dt = RBBk-KECk | (6)

Taking Laplace transforms, indicated for Ak by -A-k and so on, the simultaneous
solutions of Equations (4), (5), and (é) are given below for the following initial

conditions: A, (o) = f: A.. , B (o) =0, and C,(0) = 0.

sAk - Ag(o) = - Ry 7)
A = Ag(0)/(s + AF) (8)
Ag(t) = Ay(o) exp (-3ft) (9)
sBk - 0 = ApAy - ARBy

= AR/ (s + Ap)

o
=
1

AAAk(O)/(S + AK) (s + KE)

SRt | exp(—kﬁt):l (12)
* * *
A (xA-2g)
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SEk -0= kng - )\EEk (13)
Ek = A.ng/(s + AE)
= aprgAR(0)/(s + 28) (s + Ag) (s + ()
(14)
* *
exp(-Aat) exp(-Agt)
Ce(t) = AprgAi(o) +
| (3-2) (A8-2R)  (VA-28) (2E-28)
exp(-ACt) (15)
(A28 (A=)
where:
A (o) = F Aoy = 1.0 uCi of radionuclide r falling in equal
area latitude band k,
Ak('r), Bk(T), Ck(t) are the amounts (u Ci) of radionuclide r
in compartments, Ak (atmosphere above 21 km), Bk
(between 2| km and the tropopause), and Ck
(troposphere) of band k at time t (days),
ap = 1n(2)/182.5 days , AR = Ap * hp o
Ag = 1n(2)/304.2 days , Ag = Ag * \p
xe = 1n(2)/30.42 days , AL = A¢ * Ap
’\Y' = 1n(2)/Tr ’
Tr is the half-life (days) of radionuclide r, and t = days
after reentry burnup. _
(N.B. Note that Equation (14) is the Laplace transform of de/dT and

Equation (15) is the inverse Laplace transform based on the Heaviside
. (G-7)
Expansion Theorem. )
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Surface deposition, Sk(\‘), also in u Ci of radionuclide r, is simply the

integral of Ck(f)_, Equation (15), i.e.,

se(t) = ag fEcp(t) dt (16)

0

1-exp(-A3t)
Sk(t) = }\A)\Bi\cAk(O) ‘j T . i\ "
AR(AB-AR) (AC-AR)
1-exp(-x€t) 1-exp(-xét) (7
+ + ;
Ag(Aa-2g) (AG-Ag)  ACOR-A0) (Ag-2()
Note that

-~ . * * * .
Sk = aprgrcAr(0)/s(s + ap) (s + ag) (s + 1g) (18)

from which it is obvious that
Si(=) = AprgrcAk(0)/ARABAC . (19)

Disregarding radioactive decay, Sk(w) = Ak(o) and mass is conserved. Figure G-3
shows Ak(’r), Bk(f), Ck(f) and Sk('r) based on Ak(o) = |.0 mass unit and no
radioactive decay. Figure G-3 shows that following reentry and burnup (or any
high altitude injection of small diameter particles, <4 um for example) fallout
would occur over a period of several years with >99% of the mass being

deposited within 7 years following injection, > 99.9% within {0 years.

Radionuclide Inhalation Rate

Equation (15) gives the total amount of radionuclide r in the
tropospheric layer ot the atmosphere of equal area latitude band k, Ck(t), as a
function of time after injection (reentry burnup of a nuclear waste payload). .
According to ICRP(G'S), Standard Man inhales 20 m3 (air)/day. His radionuclide
inhalation rate (u Ci/day) will, therefore, be 20 times the radionuclide

. L34 . .
concentration (u Ci/m~) in surface air, i.e.,

Gl(f) = Ck(f) 20F (20)



Fraction of Mass Injected in Latitude Band k

VR -
/7 NG 20 X C (1) S0
/ AN k
\ .
\ —
\
\\ Ak(o) = [.0 mass unit.
\ Ak(t) = fraction above 21 km. ]
\
Bk(t) = fraction between 21 km and 13 km. _
\\ Ck(t) = fraction below I3 km (troposphere). _
B, (D AN S, (1) = fraction deposited on surface. S (120) = 0.9993. -
\
! \
l, AN
I N -
| N
k ~
~
~ .
\\
\\\\
A T~ B
| 1 | L | Pkl R
10 20 30 40 50 60 70 80 90
Months

FIGURE G-3.

RESULTS FROM ATMOSPHERIC TRANSPORT MODEL
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where:
Ql('r) is the radionuclide inhalation rate (u Ci/day) at time t,
Ck(T) is the amount of radionuclide (1 Ci) in compartment
Ck at time t, .
20 m3 (air)/day is Standard Man's inhalation (air) rate,
and

F is a factor (m'3) relating the concentration of
radionuclide in surface air (u Ci/m3) to the amount of
radionuclide in the tropospheric compartment of band k.
See Equation (24).

If we assume that the radionuclide in compartment Ck is well mixed,
F is simply the reciprocal of the volume (m3) of compartment Ck' It is known
that the height of the tropopause varies from about 8 km at high latitudes to
about 18 km near the equator. Assuming a mean tropospheric depth of 13 km
and a mean Earth radius of 637! km, the total volume of the troposphere, VT’

is estimated by

V= 4/3 + (63843 - 63713) x 10%m3/km3
= 6.644 E+18 m3 | (21)
1/Vp = 1.51 E-19 m3

Based on a worldwide network of air and fallout sampling stations,
Krey and Krajewski(G'l’G-Z) obtained empirical estimates of F (disregarding VT)
by comparing mean monthly air concentrations (gross beta activity) with mean

monthly deposition rates. Their results were reported as follows:

r. = 0.3 dpom/1000 SCM _ mean air concentration (22)
N kCi mean deposition

- 0.2 dpm/1000 SCM 23
Fs kC : (23)

where:
FN is based on sampling stations in the northern
hemisphere,
FS is based on sampling stations in the southern

hemisphere,
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and

SCM = standard cubic meter of air.
Converting kCi (kilocuries) to dpm (2.22 E+15 dpm/kCi), Fy, = 1.35 E-19 m™>
and F¢ = 9.01 E-20 m™
value, I/VT, based on Equation (21), the latter being but 12% larger than the

. These values, especially FN’ are comparable to the

former. As there are 20 k-bands, Vk = VT/ZO, and our estimate of the value of
F in Equation (20) is

F = (vT/zo)'I - 3.0l E-18 m™. (24)

Model for Calculating Dose Factors

Comparison with DACRIN

Figure G-4 is a schematic diagram of the Task Group on Lung
Dynamics model described by Morrow et ol.(G-3) The DACRIN computer
progrcm(G-” used in Section 6.1 is based on the same model, but the DACRIN
equations require that Ql (Figure G-4) be expressed as a pulse (acute inhalation)
or a constant rate. (chronic inhalation). In the present case, as shown by
Equation (20) and its predecessors, Q ('r) is a function of time; and, as shown by
the graph of C (f) in Figure G-3, fhe fallout period is several years.

It is perhcps tempting. to assume that Q(oo) can be freated as a pulse

input evaluated by
Qp =20 F [ Cp(t) dt . (25)
0

Then DACRIN or a similar program for calculating doses due to acute inhalation
could be used directly. This approach would be appropriate if the fallout interval
were very short (a few days or a few weeks). Since the fallout period is several
years, the use of Equation (25) and DACRIN is not cppropncte and would result

in underestimates of lifetime organ doses.
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Definitions and Data Sources

Symbols appearing in Figure G-4 and/or used in Equations (30) through
(73), to follow, are defined below. Parameter values used in the dose fcctor
model and their sources are given in Tables G-| through G-4.
Ql(t) is the radionuclide inhaltion rate (u Ci/day) as defined
by Equation (18).
d3, dq, and dS are the fractions of inhaled radionuclide
initially deposited in the nasopharyngeal (NP),
tracheobronchial (TB), and pulmonary (P) regions of the
respiratory system. The fraction exhaled (not shown) is

d2; dl = d2 + d3 + d4 + d5 = 1.0 (Table G-1).
XL : ,
d3 = (2r)°1/2 [ exp(-0.5 22) dz (26)
X_ = [1og1g(AMAD) - 10g10(2.0)1/70g10(3.45)
dgq = 0.08 (27)
Xp
dg = (2rn)-1/2 / exp(-0.5 22) dz
Xp = [10g710(AMAD) - Tog70(0.1)1/T0g10(24) (28)
AMAD = activity median aerodynamic diameter (u m)

e Sample values of d3(AMAD) and du(AMAD) are listed in Table
(.;—I.
e The clearance pathways for various parts of the respiratory system

and the thoracic lymph are labeled j = aq,b,...i (Figure G-4).

NPO, for example, represents the quantity of material,
fcd3Gl(’r), cleared from the ncsophqr)_/ngecl. region to blood
via clearance pathway a (Figure G-4).

f. is the fraction of deI(T) cleared via pathway j = a,b,...i
(Table G-2) from the G.l. tract to blood.

f, is the fraction of radionuclide r transferred from the

|
G.l. tract to blood (Table G-4).
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TABLE G-1. FRACTION OF INHALED PARTICLES DEPOSITED IN THE
RESPIRATORY SYSTEM VERSUS PARTICLE DIAMETER

Particle Size Fraction of Inhaled Quantity Retained
AMAD Nasopharyngeal Tracheobronchial - Pulmonary
Micrometers Region, d., Region, d, Region, d5
0.05 0.001 , 0.08 0.59
0.1 0.008 0.08 0.50
0.3 0.063 0.08 0.36
0.5 0.13 0.08 0.3l
.0 0.2¢9 0.08 0.23
2.0 0.50 0.08 0.17
5.0 0.77 0.08 0.11
Source: Reference G-7.
TABLE G-2. CLEARANCE PARAMETER VALUES
Translocation Class
Compartment D (day) W (week) Y (year)
j T. f. T, f. T, f.
J ] J ) J 1
Nasopharyngeal a 0.0l 0.50 0.0l 0.10 0.0l 0.0l
(NP) b 0.0l 0.50 0.40 0.90 0.40 0.9
Tracheobronchial c 0.0l 0.95 0.0l 0.50 0.0l 0.01
(T8) d 0.20 0.05 0.20 0.50 0.20 0.99
Pulmonary e 0.50 0.80 50 0.15 500 0.05
(P) f n.a. n.a. | 0.40 | 0.40
g n.a. n.a. 50 0.40 500 0.40
h 0.50 0.20 50 0.05 500 0.15
Lymph (L) i 0.50* (.00 50% [.00 1000 0.90

*NOTE: Values used for Equations (56) and (57) are 0.4999 and 49.99 days,
respectively.

Source: Reference G-7.
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TABLE G-3. PULMONARY CLEARANCE CLASSIFICATION
- OF INORGANIC COMPOUNDS

Class Y—Avid retention: cleared slowly (ycars)
Carbides—actinides, lanthanides, Zr, Y, Mn
Sulfides-——nonc
Sulfates—none
Carbonates—none
Phosphates—none :
Oxides and hydroxides—Ilanthanides, actinides Groups 8 (V and VI), 1b, 2b (IV and V), 3b except Sc3t,

-and 6b. .
Halides—lanthanide fluorides
Nitrates—none
Class W—Modecrate retention: intermediate clearance rates (wecks)
Carbidcs—Cations of all Class W hydroxides except those listed as Class ¥ carbides.
Sulfides—Groups 2a (V + VI), 4a (IV-VI), 3a (IV=VI), 1b, 2b and Gb (V + VI).
Sulfates—Groups 2a (IV-VII), and 5a (IV-VI)
Carbonates—lanthanides, Bi** and Group 2a (IV-VII)
Phosphates—Zn?t, Sn3%, Mg®*, FedT, Bi3™ and lanthanides
Oxides and hydroxides—Groups 2a (II-V1I), 3a (III-VI), 4a (III-VI), 5a (IV-VI), 6a (IV-VI), 8, 2b
(VI), 4b, 5b, and 7b ST
Halides—lanthanides (except fluorides), Groups 2a, 3a (II1I-VI). 4a (IV-VI), 5a (IV-VI), 8, 1b, 2b, 3b
(IV-V), 4b, 5b, 6b and 7b
Nitrates—all cations whose hydroxides are Class Y and W
Class D—Minimal retention: rapid clearance (days)
Carbides—sec hydroxides
Sulfides—all except Class W
Sulfates—all except Class WV
Carbonates—all except Class W
Phosphates—all except Class W
Oxides and Hydroxides—Groups la, 3a (II), 4a (II), 5a (I, III), Ga (III}.
Halides—Groups 1a and 7a
Nitrates—all except Class W
Noble Gases—Group 0
Note: Whcre reference is made from one chemical form to another, it implics that an iz vivo conversion occurs,
e.g. hydrolysis reaction.
The following periodic tabie of the clements is used with the foregoing classification.

: Group
Period | 1a| 2a | 3b [4b |56 6b | 7b 8 Ib|2b|3al4al5al6a] 7a | 0
I H He
II Li | Be B |CIN|O|F |Ne
III [Na| Mg Al |Si {P {S | Cl | Ar

IV |K |€Ca|Sc |TilV |Cr | Mn|Fe{Co|Ni|Cu|Zn|Ga|Ge|As|Se| Br | Kr

v Rbi|Sr |Y Zr {Nb|{ Mo | Te {Ru{RhiPdiAg|CdiIn {Sn|Sb|Te| I Xe

Vi Cs |Ba |La* | Hf [Ta{W |Re |Os|Ir |{Pt |Au|Hg|{ Tl |Pb|Bi |Po| At | Rn

VII |Fr | Ra | Act

* Lanthanides Ce | Pr {INd|Pm | Sm | Eu |Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

t Actinides Th | Pa|U |Np{PulAm|{Cm | Bk | Cf | Es | Fm | Md | No | Lw

Source: Reference G-3.



TABLE G-4. METABOLIC PARAMETERS FOR DOSE FACTOR CALCULATION

o()

Radionuclide Co-60 Se-79* Sr-89 Sr-90 Y-91 Z:-93 Zr-95 Nb-95 Tc-99 Ru-103 Ru-106 Pd-107# Cd-113m*  Sn-121m Sn-126*
) Trans. Class w w w w Y w w w w Y Y Y Y w w
f; (GIT = Blovd) 0.3 0.9 0.3 0.3 104 104 104 104 0.5 0.03 0.03 0.2 2.5E5 0.5 0.5
Tr {days) 1900 (276 +7) 50.5 10,000 58.0 4C + 8 63.3 35 7.7E+7 41 365 (2.6E +9) 5110 NDA {3.65E + 7)
Total Body 9.5 11.0 13,000 13,000 14,000 450 450 760 1 7.3 7.3 5 200 35 35
Bone of3) 0 18,000 18,000 18,000 1000 1000 1000 25 16.0 16.0 0 100 100
TN Liver 9.5 24.0 0 0 0 900 900 845 30 0 0 19 200 70 70
Kidney 0 11.0 0 0 0 900 900 760 20 2.5 2.5 30 300 0 0
Thyroid 0 0 0 0. 0 0 0 0 0 0 0 0 0 70 70
Total Body 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Bone 0 0 0.3 0.95 0.75 0.36 0.36 0.38 0.002 0.08 0.08 0 0 0.3 0.3
"2N Liver 0.04 0.07 0 0 0 0.07 0.07 0.09 0.003 0 0 0.09 0.75 0.01 0.01 O
Kidncy 0 0.04 0 0 0 0.02 0.02 0.02 0.001 0.2 0.2 0.08 0.10 0 0 1
Thyroid 0 0 0 0 0 0 0 0 0 0 0 0 0 104 104 &
Total Body 0.099 (0.042) 0.55 1.1 0.59 0.019 1.1 0.51 0.094 0.44 1.4 {0.0089) {0.184) NDA (1.3)
Bone 0 0 2.8 5.5 2.9 0.095 1.1 0.37 0.47 0.62 6.5 0 0 NDA (4.0)
€ N Liver 0.059 (0.042) 0 0 0 0.019 0.57 0.26 0.094 0 0 (0.0089) {0.184) NDA (1.1)
Kidney 0 (0.042) 0 0 0 0.019 0.46 0.2 0.094 0.22 1.3 (0.0089) (0.184) NDA 0
Thyroid 0 0 0 0 0 0 0 0 0 0 0 0 0 NDA (0.38)
€, (Resp. syst)(2) 072 {0.042) 0.55 1.1 0.59 0.019 052  0.26 0.094 0.27 14 (0.0089) (0.184) NDA (1.1
€ (L.g. Intestine) 0.44 (0.042) 0.55 0.21 0.59 0.019 0.24 0.16 0.094 0.14 1.3 {0.0089) (0.184) NDA (0.78)

(1) Data extracted from References G-4 or G-5 unless otherwise indicated.
(2} Values used for NP, TB, P, and L are values listed by ICRP for “Lung”.

(3} A zero, 0, simply indicates “no data listed by ICRP”,

*Isotope not listed in ICRP (1960) or ICRP (1964). Data in parentheses from D>ACR|N. Other data depend on element.

NDA = No Data Available.



TABLE G-4. METABOLIC PARAMETERS FOR DOSE FACTOR CALCULATlONS“) (Continued)

Radionuclide Sb-125  Te127m  Te-129m -129 Cs-134  Cs-135 Cs-137  Ce-141  Ce-144  Pm-147 Sm-151 Eu-152 Eu-154 Eu-155
Trans. Class w w w D D D D Y Y Y Y Y Y Y
fj (GIT > Blood) 0.03 0.25 0.25 1.0 1.0 1.0 1.0 104 104 10-4 104 104 104 104
Tr (days) 877 105 33 6.3E+9 840 1.1E+9 11,000 32 290 920 37,000 4700 5800 621
Total Body 38 15 15 138 70 70 70 563 563 656 656 635 635 635
Bone 100 30 30 14 140 140 140 1500 1500 1500 1500 1500 1500 1500
Ty Liver 38 30 30 7 90 90 90 293 293 656 187 127 127 127
Kidney of3) 30 30 7 42 42 42 563 563 656 656 1480 1480 1480
Thyroid 4 9 9 138 0 0 0 0 (] 0 (] (] 0 0
Total Body 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
, Bone 0.1 0.09 0.09 0.07 0.04 0.04 0.04 03 0.3 0.35 0.35 0.36 0.36 0.36
fyny  Liver 0.002 0.05 0.05 0.12 0.07 0.07 0.07  0.25 0.25 0.06 0.35 0.25 0.25 0.25
Kidney 0 0.07 0.07 0.04 0.01 0.0t 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03
Thyroid 3E-5 0.001 0.001 0.3 0 0 0 0 0 0 0 0 0 0
Total Body 0.43 0.32 1.1 0.089 1.1 0.066 0.59  0.21 1.3 0.069  0.042 0.88 1.3 0.16
Bone 0.28 1.5 3.2 2.8 0.99 0.33 1.4 0.81 6.3 0.35 0.13 2.9 2.7 0.28
€y Liver 0.21 0.32 0.83 0.082 0.57 0.066 0.41 0.18 1.3 0.069  0.042 0.71 0.86 0.095
Kidney 0 0.32 0.78 0.077 0.46 0.066 0.41 0.18 1.3 0.069  0.042 0.71 0.76 0.083
Thyroid _0.095 0.3 0.68 0.068 i] 0 0 0 0 0 0 0 0 0
€ (Resp. Syst.)(2) 0.21 0.32 0.83 0.082 0.57 0.066 0.41 0.18 1.3 0.069  0.042 0.71 0.86 0.095
€, (Lg. Intestine) 0.13 0.24 0.65 0.073 0.38 0.066 0.34  0.17 1.3 0.069  0.041 0.7 0.69 0.075

71-D

{1) Data extracted trom References G-4 or G-5 unless otherwise indicated.
(2) Values used for NP, TB, P, and L are values listed by ICRP for “Lung”.
(3) A czero, 0, simply indicates “*no data listed by ICRP”,



TABLE G-4. METABOLIC PARAMETERS FOR DOSE FACTOR CALCULATIONS(I) (Continued)

Radionuclide Tb-158  Th-160  U-233 U-235 U-238 Np-237  Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 Am243  Cm-244
Trans. Class Y Y Y Y Y Y Y Y Y Y Y Y Y Y
f; (GIT -> Blood) 104 104 104 104 104 1.0 3E-5 3E-5 3E-5 3E-5 3E5 104 104 104
Tr (days) NDA 73 S9E+7  26E+11  17E+12 BE+8 33,000 B86E+6  24E+6 4,800 1.4E+8  1LLJE+5  29E+6 6700
Total Body 670 670 100 100 100 39,000 65,000 65,000 65,000 65,000 65,000 20,000 20,000 24,000
Bone 1000 1000 300 300 300 73,00  36,500(4) 36,500 36,500 36,500 36,500 73,000 73,000 73,000
Ty Liver 0 0 0 0 0 54,000 14,600(4) 14,600 14,600 14,600 14,600 34,800 34,800 3,000
Kidney 700 700 15 15 15 64,000 32,000 32,000 32,000 32,000 32,000 27,000 27,000 2,400
Thyioid 0 0 0 0 ()} 0 0 )} 0 0 0 [} [} 0
Total Body 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Bone 0.6 0.6 0.11 0.11 0.1 0.45 0.45(4) 0.45 0.45 0.45 0.45 0.25 0.25 0.3
4'2N Liver 0 0 0 0 0 0.05 0.45(4) 0.45 0.45 0.45 0.45 0.35 0.35 0.4
Kidney 0.03 0.03 0.1 0.11 0.11 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02
Thyroid 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total Body NDA  (0.85) 50 46 43 49 57 53 53 2.3 51 57 54 60
Bone NDA  (1.1) 250 230 220 250 280 270 270 14.0 250 280 270 300
ey Liver NDA 0 ()} 0 0 49 57 53 53 1.0 51 57 54 60
Kidney NDA  (0.4) 50 46 43 49 57 53 53 2.5 51 57 54 60
Thyroid NDA 0 0 0 0 0 0 0 0 0 0 0 ()} 0
€, (Resp. syst.)(2) NDA  (0.48) 50 46 43 49 57 53 53 0.053 51 57 54 60
€ (Lg. Intestine) NDA  (0.34)  0.49 0.52 0.43 0.49 0.52 0.52 0.52 (0.0005) 0.49 0.56 0.54 0.58

(1) Data extracted from References G-4 or G-5 unless otherwise indicated.
(2) Values used tor NP, TB, P, and L are values listed by ICRP for “Lung".
(3} A zero, 0, simply indicates “*no data listed by ICRP”.

(4) Based on ICRP (1972) recommendations for Pu.

*{sotape not listed in ICRP (1960) or ICRP (1964). Data in parentheses from DACRIN. Other data depend on element,

NDA = No Data Available,

1 D)
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féN is the fraction of radionuclide r entering blood which is
transferred to organ N (Table G-4). See definition of n,

below.

e Transfers from the G.l. Tract to blood and from blood to organ N’

are assumed to occur instantaneously.

Gn(f) is the quantity (u Ci) of radionuclide r in organ n at
time t.

Dn(‘r) is the cumulative dose (rem) delivered by radionuclide
r to organ n from time zero to time t. See Equation (29)
below. ‘ ,

n = NP (nasopharyngeal region), L (thoracic lymph tissue), G
(G.l. tract), and N (bone, liver, kidney, thyroid, total
body). '

@  The relationship between Gn(f) and 'Dn(f) is given by

Dp(t) = R, ft Qup(t) dt (29)
0
where: :
R, = 51.216 En/Mn (rem- uCi™ - day ")
En = effective energy deposited (MeV/dis) by radionuclide r
in organ n
and

Mn = fresh weight (g) of organ n.

e The weights ot the organs listed above (see definition of n) are as

follows:

Mnp = .35 g (References G-8 and G-9)
MTB = 400 g (Referenvce G-10)

MP = 500 g (Reference G-10)

ML = 15 g (Reference G-10)

MGIT = 150 g (Reference G-5)

(Refers to contents of large intestine)
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MBONE = 7000 g (Reference G-5)
M_IvER = 1700 g (Reference G-5)
Meoney . = 300 g (Reference G-5)
Minyrolo = 20 g (Reference G-5)
MTOT. BODY = 70,000 g (Reference G-5)

e Rate constants, A, all have units of reciprocal days (dcy-l):

T = half-life (days) of radionuclide r (Table G-4)

Tj = biological half-time (days) for transfer via pathway j
(Table G-2)

TN = biological half-life (days) of radionuclide (element) r

in organ N (Table G-4). For N, see definition of n, above.

e Values of f, and Tj are given for three Translocation Classes in
Table G-2.

e The basis for determining the Translocation Classes for inorganic
compounds is given in Table G-3 taken from Reference G-3.

e Table G-4 gives, for each radionuclide considered in the dose
factor and world population models, the translocation ciass, fj’ Tr’
TN’ fZN’ and EN and En for the regions of the respiratory tract
(NP, TB, P, and L) and for the large intestine. The data given in
Table G-4 are extracted from References G-5 or G-6.

Equations for Dose Factor Model

The dose factors, Dnrk’ given in Tables 6-16 through 6-18 in Section
6.2.1 ot the main body of this report were calculated by means of a computer
program which uses the matrix exponential function and a numerical procedure
to solve systems of ordinary differential equations. For a description of this
program see Reference G-11. '

For any subcomporfmenf, j, of the respiratory system (Table G-2) the

differential equation for the radionuclide burden is

dQy/dt = fd,Qp - AJQ; - (30)



To simpli'fy the mathematical analysis, we note (Table G-2 and Figure
G-4) that TG, Tb’
classes (D, W, and Y), and that the shortest half-time affecting GI is TC =
30.42 days. For Tj < 1.0 day and t > {0 Tj’ dQJ./dT + 0, and

Tc’ Td’ and Tf are < 1.0 day for all three translocation

it *
0;(t) = (FyaaDag(t) . (31)
Based on the simplification indicated by Equation (31), and the
definitions given previously, equations for organ burdens, Qnr’ and dose factors,

D ., are derived below.
nrk

Nasopharyngeal Region. Based on Equation (31), the simplified

differential equation for GNP is
dQyp/dt = d3((fa/az) + (fp/ap)1Qr(t) (32)
Qe = d30(fa/a3) + (Ffo/3p)1 Q1 - (33)

Based on Equations (lﬂ) and (18),

Qp = 20 F XpapAk(0)/(s + 28) (s + 3g) (s +\8) . (34)

Substituting Equation (34) in Equation (33), and taking the inverse Laplace

transform,

exp(—,\Kt) : . exp(-‘\é‘t) (35)

* *

QNp(t)=K]Ak(0)[ r » . =
. (xg=xp) (Ac-2a) (xp-2g) (rc-:B)

exp(-igt) }

(AA-2C) (Ag-AE)
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where: Ky = 20 F M\pApd3 (fa/?\;) + (fb/xg)

The integration indicated by Equation (29) yields

Dyp(t) = RypKqAg(0) L{Xq/AR) (1-exp(-Apt)) 0

+ (Xz/ka)(%exp(-két)) + (X3/AK)(1-exp(-AEt))] )

where:
X7 = 1/(3g-23) (AC-2R) »
Xp = 1/(ip-2g) (Ag-2g)
gng * k3 *
X3 = 1/(}\K->‘B)('\B->‘C) .

Tracheobronchial Region. As shown in Figure G-4, part of the dose

to TB is due to materials initially deposited in TB and part is due to materials
initially deposited in F’f and Pg and then cleared to the G.l. tract by way of
the TB region. The time required for this material to pass through TB is
assumed to be /24 doy.(G-lm Note in Table G-2 that, for Class D compounds,

fr=fg =0
dOrg/dt = [(Fcda/2g) + (fada/Ad) + (ffrds/2435)1 01(t)
+ ,\gQg(t)/24 , (37)
where:
i dg/dt = fgqdsQr(t) - 3g0q (38)
Qrs = ka0 + rgQg/24 ' (39)
kp = (fodg/ag) + (fgda/ay) + (Apfedg/24 23) (40)
Qg = k301/(s + Ag)
Qs = kpQ + (k3rg/24) Qp/(s + rg)
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kg = fgd5

Combining terms and changing the definition of 6l,

Org = KaOp * K30/(s *+ 23) (1)
where: Kp = 20 F AAAB[(de4/,\§) + (fdd4/:e.§) + (rffrdg/24 A’F)]
K3 =20 F XAKBkgfgd5/24
- * * * 7
and Qr = Ag(0)/(s+xp) (s+ag)(s+xrc) . (42)

(The only difference between Equation (42) and Equation (34) is that the
constant factors of 6! 20F Apadgs have been transferred to the coefficients K2
and K3. Note, following Equation (35) that K’
K3.) Substituting QI (as defined qbove) in Equation (41),

is of the same form as KZ and

— . Ko K
Qrg = Ak(o) 2 + 3

(s+A7) (s+48) (s+28)  (s*+3]) (s+aF) (s+xf) (s+ag)

(43)

(N.B. The Laplace transform -equations for the pulmonary region and the
gastrointestinal tract wiil have the same form as Equation (43). The
corresponding equations for GTB’ DTB’ GP, DP’ OG and DG will also

have the same general form.)

Taking the inverse Laplace transform of Equation (43), a process based on the

(G-12)

Heaviside Expansion Theorem but not collecting terms*, the equations for

QTB(T) and DTB('r) are:

¥ By not collecting terms, coefficients already calculated (XI’ XZ’ etc.) can
be used again. Also note that since

the coefficients (X, XZ""xn) are independent of radioactive decay rates.
Equations (44) and (4%) could be reduced, by collecting terms, to a more
concise form, but the less concise form makes it easier to separate the
parameters which vary with respect to translocation class, particle size
(AMAD), and latitude.



G-21

afB(t) = Ay(o) {KZ[X]exp(-th) + Xo exp(-AEt) + X3 exp(-AEt)]
* ' * * * (44)
+ K3[Xgexp(-apt) + X5 exp(-Agt) + Xg exp(-ACt) + X7 exp(-Agt)]}
- L * ' *
Drg(t) = Ryghklo) { KaL(Xy/A%) (1-exp (=A%)
+ (Xo/ag) (1-exp(-agt)) + (X3/A0) (1-exp(-2{t))
+ K3[(Xg/23) (1-exp(-2at)) + (Xg/ag) (1-exp(-gt)) (45)
+ (Xg/28) (T-exp(-2ft)) + <x6/x§><1-exp<-x§t)>]}
where:
Xq = X1/(3g-AR)
X5 = X/ (\g=3g)
Xg = X3/(XS—)E)
X7 = 1/(0A-2g) (38-2g) (1E-23)

Pulmonary Region. Following the procedure already demonstrated for

the NP and TB regions, and noting that Te = Tg = Th’ the Laplace tranform

equation for pulmonary burden is

1~
[o1N
N’

Qp = (feds/25)0y + (Ferfgrfp)dsQr/(shid) (

Substituting Equation (43) in Equation (46) gives

0 = Ak(o){ a + s } , (47)
(s+37) (s+3g) (S+Ap) (s+x£)(s+;§)(s+xé)(s+xg)

where: Kz = 20 F \pigfeds/iF o
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gﬂg K5 =20 F KAAB(fe+fg

+fh)d5

Comparing Equations (43) and (47), it is obvious that the equations for
Qp(t) and Dp(f) will have the same form as those for GTB(T) and DTB(f). The
only changes required are to substitute Kl; for KZ’ KS for K3, aand Rp for RTB
in Equations (39) and (40).

Lymph. Figure G-4 and Table G-2 show the thoracic lymph system as
two subcompartments L(i) and L(R) for Class Y compounds and as a single
compartment for Class D and Class W compounds. The table of recommended
H .-.”Ti for Class D and

Class W compounds. The values recommended for Ti in Table G-2 were slightly

clearance parameter values in ICRP (1972) showed T

altered in order to avoid the special treatment required when Th = Ti and to

make the following equations applicable to all three translocation classes.

Qu(t) = Q) () + O (r)(t) - (48)
dQg(i)/dt = fi2p0n - A?QL(i) | (49)
dQ (gy/dt = (1-f1)kth - 2pQL(R) | (50)
QL (4) ='f13h6h/(5 +27) , (51)
QL(R) = (1-Fi)AnQn/(s + 3. (52)
dQp/dt = frdgQr(t) - *Qhn (53)
Qy = frds0s/(s + ) (54)

= Fidnfds0r  (0-F1) nfhdsOr (55)

(s+ﬁ;)(s+x?) (s+ip) (s+3,)
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Q =A (0){: 6
(s+33) (s+2g) (s+AE) (s+Ap) (s+2T)

s K7 , (56)
(s+22) (s+38) (s+28) (s4Ap) (5+Ay)

where:
Kg = 20 F AprgTirpfpds
and
Ky = 20 F xprg(1-F5)apfrds ; Ky = 0 when f; = 1,
Q(t) = Ak<0)‘{K6fX8 exp(-Aat) + Xg exp(-Agt) + Xjg exp(-Agt)

+

X711 exp(-xﬁt) + X192 exp(-A?t)] + K7[X13 exp(-AKt)

+

X14 exp(-kgt) + X5 exp(-AEt) + X16 exp(-kﬁt)
(57)

+

X17 exp(—krt)l}
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RAK(0) { Kol (Xa/ah) (1-exp(~34t)) + (Xo/38) (1-exp(-2Et))

o
~
-
ct
S
"

+

(X70/28) (1-exp(-a¢t)) + (X17/25t) (T-exp(-1pt))

+

(x12/3%) (1-exp(-23t))  + K70(X13/AR) (T-exp(-2At))

+

(X12/28) (T-exp(-2§t)) + (X15/28) (1-exp(-A{t))

+

(X16/An) (1-exp(-xpt)) + (x]7/xr)(1-exp(->\rt))]} , (58)

where:

Xg = Xa/(A§-3R) . Xg = Xs/(A3-ag)

X0 = Xe/03-28) 5 Xq1 = X/ (25-3f)

*

D (f-r%

1) ’

* *
i

X12 = 1/(Aa-25) (hg=23) (Ag-x

X13 = Xg/ (Ap=A]) o Xqg = X5/ (pmE)

X15 = Xe/ (p=20) 5 X1 = X7/ (3paf)

and
* *
X17 = 1/(xA=2p) (3g=1r) (AC-2p) (An=2y)
Gastrointestinal Tract. The large intestine is assumed to be the
critical organ of the G.l. tract. Based on Table || of Reference G-5, the .

contents of the large intestine weigh 150 g, and the average residence time is
[8 hr = 0.75 day. The dose to the large intestine is assumed to be one-half the
dose to its contents.

Based on Figure G-4 and the procedures described earlier, the Laplace

transform equation for the amount of radionuclide (u Ci) in the G.l. tract is:
Qg = kg1 + KgOI/(s + +§) (59)

where:
Kg = 20 F aphg 0.75 (fpda+fydg+hefedc/a¥)
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and

dg .

Kg = 20 F aprg 0.75 )\gfg

To obtain the equation for QG(T), substitute Equation (42) in Equation
(59) and take the inverse Laplace transform of the result, using the procedure
described for the tracheobronchial region. To obtain the equation for D'G('r),
multiply the integral of GG(T) by Re. Note that R = (3/4 x 1/2 x 51.216/150
EG’ where EG is the energy deposited by radionuclide r (MeV/dis) to the

contents of the large intestine (Table G-4).

‘Organs Receiving Radionuclides from Blood. Organs identified
(Figure G-4, Table G-4) by the subscript N (N = bone, liver, kidney, thyroid,...,

total body), receive inhaled radionuclides from the blood. The general equation

for all these organs is

doy/dt = foub - ARQy (60)
Oy = fonb/(s + ) - (61)
where:
b is the rate at which radionuclide r enters blood from
various parts of the respiratory system (NP, TB, P, and
L(i)) and from the G.l. tract (Figure G-4).
and

féN is the fraction transferred from blood to organ N
(Table G-4).
The rates of transfer from the G.l. tract to blood and from blood to organ N
are "very fast" and assumed to be "instantaneous'.

Based on Figure G-4, the general equation for b is

b = 2302 *+ AcQc * tele * F1(ApQh*+agQg+r£stag0g) + 2505 (62)
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Separating the pathways for which Tj < 1.0 day from those for which
Tj > 1.0 day, and noting that Te = Tg =T .

K
b = kQ + 2g0e *+ XgQg + 4304 (63)
b = K10Q1 + *eQe *+ Aglg * 2iQi (64)
where:
! * *
Kig = 20 F xphg {(xafad3/xa) + (aefeda/re)
(65)
+ BT foda/Ah) + (hgfada/nd) + (gfedg/AP)1
(f Tp>> T3, _AJ'/E\?]“ = 1.0. The largest value of Tj in Equation (65), Table

G-2, is |.0 day, and the smallest value of Tr’ Table G-4, is 32 days (MlCe).
The smalest value of ).j/,\; is therefore 0.97 and the next smaller (for Tj =
0.4) is 0.99. The error due to ignoring the ,\j/,‘«\’j‘ factors in Equation (65) is
negligible for long-lived radionuclides, no more than |% for Tr > 100 days.)

Continuing, now, with the analysis of Equation (&4),

dQg/dt = feds - ‘eQe > ae = fodg/(s+Ag) (66)
e
dg/dt = f1fgds - Agle » Qg = fifeds/(strg) . (67)

Since Te = Tg = Th’ Equations (66) and (68) can be combined as follows:

aég = (fo+f1fg)dsQr/ (s+ip) (68)
4Qi/dt = fiinQn - AJQ4 5 Qj = FirpQp/(s427)
dQp/dt = fpdsQ - ARQn 3 Qn = ThdsQ1/(s+rp) - (69)
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Substituting Equation (69) in Equation (68),

Q5 = fianfhdsQr/(s+2p) (s+27)

Equation (70) and Equation (68) - Equation (64),

Equation (71) -

- _ K1Q K1oQ
5 = kol + nar | 1201

(staf)  (s+ap) (s+ad)
Equation (61),

g g | K100, KO k1201
N 2N * * * * * *
(stan)  (s+AN) (s+Ah)  (s+AN) (s+ap)(s+Aj

Equation (43) - Equation (72),

where:

and

QN = fanAk(o)

[ K10
(s+AR) (s+AB) (s+38) (s+AR)

N K11

(s+2p) (s+3g) (s+AE) (s+2y) (s+3p)

K12

(S+AK)(S+AE)(S+KE)(S+Aﬁ)(S+X;)(s+A?)

is defined by Equation (65)

20 F AAABAh(fe+f]fg)d5

=20 F aprgrifirpfpds -

]

J ,

(70)

(71)

(72)

(73)
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(G-12)

Based on the Heaviside Expansion Theorem and not collecting terms (in

order to simplify the calculation of coefficients),
! * * *
Q(t) = fopAg (o) { Kig[X1g exp(-Apt) + Xjq exp(-Agt) + Xpg exp(-Act)
L * * %
+ X271 exp(-ant)] + Ky1[Xg2 exp(-apt) + X23 exp(-igt)
+ X x *t) + (-rr
24 exp(-ACt) + Xog exp(-iyt) Xog exp(-Apt)]
* * *
+ Ky2[X27 exp(—)\At) + X28 exp(-XBt) + Xog exp(-,\ct)

+ %30 exp(-ANt) + X31 exp(-aft) + X3z exp(-2t)1} (76)

Dy(t) = RyfonAr(o) {Kxo[x18/xi)(1-exp(-XKt)) + (X19/28)

x (1-exp(-Agt)) + (Xog/Ag){1-exp(-x(t))

(X140 (1-exp(-ANt)) T + K111(X22/38) (1-exp(-2t))

+

+

(Xp3/28) (1-exp(-3§t)) + (Xpa/AE) (1-exp(-1%t))

+

(X25/A8) (T-exp(-afit)) + (X26/AR)(1-exp(-2pt))]

+

Ki20(Xa7/23) (1-exp(-2gt)) + (Xpg/2g) (1-exp(-rgt))
* (XZQ/AE)(1°eXp('AEt)) + (X30/l§)(1-exp(-x§t))

+ (g1/p) (-exp(-aht)) + (xg2/A]) (-exp (-3t} (75)
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