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SPACE DISPOSAL OF NUCLEAR WASTES

1.0 INTRODUCTION. The large increase in United States electrical power generation
by nuclear fission reactors is projected to result in a total of about 1.2 billion
kilowatts of fission power generating capacity and 200,000 cumulative metric tons of
spent fuel (raw nuclear waste) by the year 2000 (Reference d.). In addition, a rela-
tively constant, but continuing, waste generation rate of about 13,300 metric tons
per year afier the year 2000 is estimated in Reference a.

Present nuclear waste disposal techniques of surface storage and continuous monitor-
ing appear unrealistic as a final disposal solution due to the large waste quantity,
extremely Tong radicactive life, and environmental incompatibility of many of the
waste components. Consequently, other methods of disposal such as transmutation of
dangerous products to benign elements, transportation of the dangerous products to
space, and various, special, geological disposal techniques have been under consider-
ation as a permenent solution to the problem.

A program for space disposal of nuclear waste products is defined in this study, and
total program cost estimates for a number of the most pertinent transportation Systems
are produced as an end product. These costs are summarized in Table II.

2.0 STUDY DESCRIPTION. This study is composed of three general parts: a considera-
tion of nuciear power waste generation and waste disposal factors, a study of space
transportation vehicles, and the integration of these and other factors into a total
program definition and cost estimate.

The first study portion, presented in Section 3, consists of the review, update,
expansion, and derivation of new data related to the generation, processing, and hand-
Ting of nuclear waste materials. This effort addresses such known and significant
factors as waste composition, partitioning, environmental safety, disposal require-
ments and the impact of these factors upon hardware design, mission configuration,
operatjons and ultimate program costs.

Another study portion, presented in Section 5, consists of the definition and concep-
tual design of the space transportation vehicle system. This is approached in terms
of individual vehicle elements as follows: (1) Booster to low Farth orbit - Shuttle,
350,000 pound payload/SSME unmanned booster, and 160,000 pound payload SSME unmanned
booster; (2) Nuclear waste payload - design factors and selected confiquration;

(3) Chemical upper stage - FCT, new Cryo stage, SEM, and pertinent combinations;

(4) Ion upper stage - two sizes plus various chemical stages for Van Allen belt
transit. The ion vehicle design is based on SEPS technology and hardware.

Finally, Section 4 outlines a baseline program, establishes and integrates the various
cost factors from the other two study sections and identifies, analyzes, and integrates
other programmatic considerations {such as vehicle R&U and procurement, operations,
facility requirements and mission configurations).

ATl three portions interact in content and overlap in time of accomplishment; they are,
however, presented in this sequence for reading clarity.

3.0 NUCLEAR WASTES. A typical nuclear waste space disposal program (Section 4.1) is
utilized in this study to explore the impact of various space vehicle design approaches,
This program is based on previous nuclear power generation and waste disposal studies,
updated and expanded as required, and summarized in this section.
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3.1 Waste Components. Nuclear power generating capacity in the United States is
projected to increase to 1.2 billion kilowatts by the year 2080, resulting in the
generation of 200,000 metric tons of irradiated {or spent) fuel, including 1,270
metric tons of actinides ({Reference d.}. Reference a. agrees closely, predicting
about one billion kilowatts of power, 9.000 metric tons of fission products, and
1,200 metric tons of actinides. These actinides may be reduced to 300 metric tons
by removal of essentially ail uranjum isotopes, and to 100 metric tons if additional
in-pile transmutation to short lived components {Raference b.) proves feasible,

3.2 Disposal Requirements. The final, long term solution to the radicactive waste
disposai problem is anticipated by ERDA (formerly AEC) to be implemented no earlier
than the year 2000 (Reference 1.} and to consist of one or more of three general
approaches (References 1. and d.):

a. MWaste deposit in selected seabed areas such as geologically stable ocean
floor regions, subduction zones, deep sea trenches, or high sedimentation areas.

b. Transmutation of highly toxic/leng-Ytived components into less undesirable
isotopes.

¢. Extraterrestial disposal.

In implementation of the latter two opticns, partitioning (or separation) of the Tong-
iived from the short-lived waste fractions i3 necessary (Reference d.). In this case,
Tong-lived is roughly considered as possessing impartant radiocactivity after 1000
years. Thus, in the space disposal program, the actinides and possibiy samarium,
technetium, tin, and iodine fission products and nickel contaminant would be separated,
salidified, encapsulated, and transported to a permanent depoesit in space {(References
c. and d.). The remaining short-lived fractions would be candidates for some form of
geological disposal or for surface storage and monitor until radiclogically safe. In
this study, as in Reference a. and as suggested in References c¢. and d., only parti-
ticning to isolate the actinides as a group and to recover usable uranium is assumed
necessary. The final waste for space disposal thus consists of the actinides (except
uranium} plus either 1.0 percent or 0.1 percent of the total fission products, depend-
ing upon degree of partitioning.

Space options include transportation to high Earth orbit, planetary or lunar orbit,
solar orbit, solar impact, and solar system escape. Based on the considerations
detailed in Reference a., solar system escape is selected as the prime candidate for
space disposal, however, the solar orbit eption is also included due to its relatively
low AV requirements and consequent better compatibility with the Space Shuttle and
Fuil Capability Tug combination.

3.3 Disposal Processing. Since the intent of this study is to show the cost differ-
ential chargeable to space disposal, processing functions common to present practices
{References d. and 1.) are not included. These common functions (Reference d¢.) include
partial uranium recovery, solidification and encapsuilation, surface storage {partition-
ing may require some interim aqueous storage to reduce solvent or jon-exchange media :
radiation damage), and considerabie handling. Actinide partitioning, partial transmu-
tation, and additional handling are new functions required for space disposal.

Partitioning is the biggest factor due to the nead for new facilities and high opera-
tional costs. Previous estimates originating in Reference ¢. and noted in Reference a.
indicate a total cost per metric ton of irradiated fuel as follows:

a. All actinides plus 1.0 percent of the fission products = $10K

b. Actinides less U plus 1.0 percentzof the fission products = $15K




¢. Actinides less U plus 0.1 percent of the fission products = $20K

These figures were updated by Reference h. to be $30K, $45K, and $60K, respectively,
divided equally between facility and operations costs. For the anticipated program,
estimated R&D costs are negligible at about $3M to $5M (Reference d.), and are

assumed to be included in the previous figures. It is important to note that there

ts considerable question about the optimum approach, large scale feasibiiity, and

even theovetical possibility of some of the partitioning factors {References c¢. and h.).
Therefore, the exact nature, extent, and cost of the partitioning process and facilities
is only a consensus ¢f opinion among knowledgeable and experienced personnel. This un~
certain situation is not expected to improve in the near future, since partitioning R&D
has been terminated due to LRDA Dudget cuts {Reference i.).

This study assumes that substantial (two-thirds) portions of the waste actinides are
transmuted by continual recyciing in commercially-owned fission reactors (Reference d.).
This is shown in the simplified diagram of Figure 1. Thus, there is no requirement

for new, expensive, transmutation facilities and the major expense, after partitioning,
is a significant increase in handling, a moderate fuel enrichment for Light Water
Reactors, and an R&D cost of $75M for actinide recycle engineering (Reference d¢.).

Since these charges are small compared to partitioning and since the partitioning cost
estimate is poorly defined and subject to considerable modification, this study assumes
that transmutation costs are contained within partitioning cost uncertainties, and
therefore, are not additionally defined or included.

Total differential processing costs for space disposal are therefore taken as $45K
and $60K/metric ton of fuel, less a credit of $5K/metric ton of fuel for uranium
recovery. This results in an $8.08 and $11.0B total program cost estimate for 1.0
percent and 0.7 percent fission products, respectively.

3.4 Disposal Packages. Both actively controlied and essentially passive types of
payload packages were considered in this study. In general, the former provides a
Tighter design, with a waste to total package weight ratic of about 8 to 10 percent

as compared to the passive ratio of 3-1/2 percent to 7-1/2 percent., The latter
design, developed in Reference a., has been selected for this study because of its
higher inherent reltability and lower cost resuylting from its passive re-entry and
hard fanding features. See Section 5.1 for additicnal considerations of the packaging
design which is shown in Figure 2.

The design consists of a central aluminum-copper matrix with Yithium hydride particles.
This matrix provides the solidified and encapsulated actinide wastes with mechanical
support, efficient heat removal, and some radiation shielding. Spherical tungsten and
Tithium hydride shells around the matrix complete the radfation shielding, and inner
and ocuter stainless stzel impact shells provide a passive, hard landing capability.
This capability has been demonstrated by testing which reveals no structural failure
during payload and reinforced concrete block impacts at velocities to 320 meters per
second (1050 FPS}. The sperical waste container within a passively stable re-entry
vehicle and ablative heat shield forms the total payload package. Although not men-
tioned in Reference a., it is noted that a small radic and possibly sonar beacon and
associated power source is required in the waste package for location and recovery in
the event of a malfunction during launch or upper stage propulsion. The beacon

and power source should be as Jong-Tived as possible to provide recovery after long
delayed Earth re-encounter, such as might occur after a propulsion failure which places
the waste package into a high Earth or one A.U. sun orbit. The weight penalty of such
a recovery system is negligible compared to the total waste package.

4.0 WASTE DISPOSAL PROGRAMS. This section applies various space transportation
systems developed in Section § to a standardized and typical waste disposal program
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based on the preceeding sections's considerations. Results consist of a space program
cost estimate for each vehicle system selected for consideration.

4.1 Baseline Program Description. The program baselined for this study, as derived
from Section 3 and 5 considerations, consists of processing all expended fuel gener-
ated up to the year 2000 and transporting the resultant 100,000 XG of accumulated
actinides and 0.1 percent or 1.0 percent of the total fission products to either

solar system escape or to solar orbit. The program is designed to reach completion

in the year 2010 to allow at Yeast 10 years of pre-partitioning aqueous storage of the
waste material. Sections 3.1 through 3.3 discuss these factors in detail. Figure 3
presents a proposed actinide disposal rate which establishes, in conjunction with pay-
load size, the required launch rate for each transportation system. Note that the
program start date, in conjunction with the end date, allows a reasonable build-up to
a steady disposal rate of 6-2/3 metric tons per year. This corresponds to the steady-
state actinide generation rate anticipated after about 2000, and allows disposal of
accumulated wastes and transition into a continuing program disposal rate after 2010
without a peak in vehicle flight rates. The end point of the 17-year baseline study
program simply establishes the point at which non-recurring costs are amortized.

4.2 General Program Factors. In determining program costs chargeabls to space
disposal of nuclear wastes, the following equation incorporates the pertinent cost
factors and has been used for each transportation system:

Cost = Process + (Veh, Proc.) (No. Flts.) + Veh. R&D + (Ops.) (No. Flts.)

Elect. Energy

Process is the total facilities and operations waste processing cost chargeablie to
space disposal.

Veh. Proc. is the summation of vehicle procurement costs within each space trans-
portation system.

No. Flts. is the total flights required to transport the waste actinides of the
program.

Veh. R&D is a summation of development costs for the space transportation system.
Ops. is the summation of per flight operational costs.

Elect. Energy is the total energy developed by the nuclear reactors producing the
waste for space disposal. Dividing by this guantity gives the cost in terms of an
electricity surcharge. The program cost mav be reduced slightly if the surcharge is
levied at an early date and placed ir an interest generating trust fund. Conversely,
the cost may be increased if the surcharge is delayed and money borrowed for the
waste disposal program. This study assumes a surcharge application near the disposal
program start date and negligible interest benefits or penalties. See Section 4.2.4.

4.2.1 HWaste Precessing. As indicated in Section 3.3, total space disposal processing
charges, which are equated to partitioning charges, are based solely on the irradiated
Tuel quantity. This is not strictly correct, since the waste flow rate directly impacts
the facility size and cost. The flow rate, however, is expected to stabilize at about
20,000 KG of actinides {excluding uranium and resulting in 6,670 KG for space disposal
after transmutation} per year after 2000 (Reference a.g, and the estimated charge of
$8.0B and $11.0B as applied to the waste accumulated by the year 2000, appears reason-
ably compatible with the flow rate and appropriate at this time as a first estimate.
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4,2.2 General Vehicle Considerations. Cost considerations that are common to each
type and size of vehicle include the single unit procurement cost, the development
cost, and most elements of the operations cost. Table 1 summarizes estimated values
for each vehicie considered in this summary report. Very briefly, these figures were
derived as follows:

Vehicle Procurement and Operations. These two items are discussed together since a
significant portion of reference source cost data is in terms of total recurring costs.
These sources include the following:

a. Qutlook for Space summary report (Reference j.) and associated, unpublished
supporting studies for recurring booster costs.

b. 1971 Shuttle recurring cost of $10.5M; verbally acquired from JSC/BW.

c. Expendable FCT single unit procurement cost of $11.0M; verbally acquired
from MSFC/PFO2.

d. 1972 Centaur launch cost of $5.8M from Reference a.

In applying these sources, all costs were translated to FY 1975 dollars on the basis
of 10 percent, 8 percent, 5 percent, and 5 percent inflation during the four pre-
ceeding years. In addition, 211 costs were separated for this study into vehicle
procurement and total {(ground and flight) operating costs by defining and senparating
the procurement cost based on previous in-house studies. This separation allows
better adaptation of costs to fit and account for each vehicle's individual configura-
tion pecularities.

Regarding Reference j. and supporting studies, level III booster (400K pound payload)
designs and estimates by Withee/Jones of General Dynamics, Kelly/Goodman of Grumman,
and Tischler, a private consultant, were found to be particularly partinent for the
new 315K and 160K boosters. These are shown in Table III and Figure 4, Note that
for the space nuclear waste disposal program, the relatively steady and predictable
taunch schedule essentially eliminates the need to maintain an inventory for the
transportation vehicles. Instead, direct shipment from manufacturer to launch area
is assumed, and only a small portion of the annual capability maintenance cost is
inciuded in operations to allow for brief perturbations of the launch schedule.

Table I shows costs for single vehicle procurement: however, considerable savings

are anticipated in the large quantity production of propulsion vehicles on a predeter-
mined schedule. This saving is presented in Appendix A for the FCT, and is applied

as the same percentage saving to all predominently cryogenic stages and the new
boosters. In addition, one-half of the percentage saving is applied to 3RM vehicles,
with the smaller value attributed to the more nearly off-the-shelf status of the
sotids, resulting in a less favorable ¥learning curve."

Finally, the requirement for additional Shuttle vehicle purchases is somewhat indeter-
minent since it depends not only on number and time of waste disposal Tlights required,
but also on guantity and schedule of other space packages competing for transportation.
For the 17-year program outlined in 4.1, however, solar orbit, which requires a total
of only 126 and 183 flights (Table II) for 0.1 percent and 1.0 percent fission product
payloads, respectively, can be accommodated within the present Shuttle complement.

On the other hand, 524 and 885 flights required for solar system escape {55.) require
a set of Shuttle vehicles for exclusive waste disposal use. To this end, 3 and 5
vehicles at $320M each (derived from $250M in 1971 dollars - Reference, JSC/BW) are
included in the Shuttle SSE program.




Vehicle Flights. Payload size for each transportation system establishes the actinide
load and, consequently, the total number of flights to carry the 100,000 KG of program
generated actinides. These fiights, shown in Table 1I, are divided by 15 (total pro-
gram length less two years for buildup) equivalent program years at the steady state
level to derive the steady state flight schedute or missions per year.

Vehicle R&D. The iump sum R&D cost estimate for each vehicle is shown in Table I. The
estimate for large boosters was derived by modifying non-recurring cost fzggres fYom
Reference 3. and from Table III/Figure 4 to reflect individual vehicle configuration
variations. Table III 9s a copy of estimates derived by the Outlook fﬂr Spage Horking
Group V Forecasters in support of data presented in Reference j. Again, des1gns and
estimates by Withee/Jdones, Kelly/Goodwin, and Tiscnler proved to be most pertinent.

In the case of the upper stages, the Cryo vehicle estimate is based upon, and extra-
polated from, Apollo and Centaur experience; and the ion stages are based upon SEPS
study data. In both cases, the availability of proven hardware and technology is
anticipated.

4.2.3 Qperations Facility Reguirements. New mission control and launch requirements
Wil be determined by the frequency and length of waste disposal flights, utilization
of existing facilities by competing space programs, and unigue vehicle or mission
requirements. A numerically rigorous cost estimate of new facilities thus requires
establishment of available facilities throughout the program's time period and the
detailed and reasonably accurate design and cost estimate of new facilities for each
transportation system. Such an effort is beyond the scope of this study, but will be
required once a detailed program study has been initiated.

Broad cost impact factors have been {dentified, however, and their probable impact on
the program predicted in general terms. This gives a fairly useful indication of
facility cost trends and relative magnitudes for the various vehicle configurations.
These considerations are as follows:

Existing Facility Availability. Based on present NASA planning, it appears reasonable
to assume a mocderate availability of present and authorized launch and mission control
facilities. Quantitatively, this is assumed to translate to two Shuttle or unmanned
Taunches per month and no more than a few days (possibly 5} of intensive tracking,
control, and monitor per month. Relative to the cost magnitude of the baseline pro-
gram, the costs of Taunch and mission control facility modifications and expansions
within these utilization rates appear to be small, and are therefore not inciuded.

Solar Orbit Missions. Expansion of existing Taunch facilities can probably handle the

solar orbit missions, although the highest launch rate of 24.4 Shuttle vehicles per

year (for 12.2 missions per year as indicated in Table 11) exceeds the Z per month

Timit just defined. Rote—fron-Table—llthat—theverysirongcandidate-transportation
l ; . . ECTwith. 1.0 e

! roduct—paytoad-requires.
ortyted-Shuttle-launches—per—month-

Significant new mission control facilities are probably not reguired, either, since

€ach mission requires only two relatively short periods of intense tracking, monitor,
and control. These periods occur throughout launch operations and during solar orbit
insertion, about € months after launch. Facility utilization requirements are estimated
at 3 and 2 days for Shuttle or unmanned vehicle launch, respectively, and 1 day for
solar orbit insertion. It is anticipated that each vehicle can be placed into a low
activity mode during the 6-month coast period, and that ground monitor can be accom-
plished on an intermittent and possibly automatic basis with a very low increase in
facility utilization. Thus, the highest utilization amounts to about 4 days per month.
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Sglar System Escape - Chemical Propulsion. For chemical propulsion out of the solar
system, new launch facilities of significant magnitude appear to be required for all
but two vehicles, the new 160K booster + 2 FCT and the new 315K booster + 2 Cryo +

2 SRM, each vehicle with the 0.1 percent fission product payload. These vehicles
have launch rates of about 1-3/4 and 1-1/2 per month, respectively.

Intensive mission contrel is estimated to be required for 2 and 1 days during Shuttle
and unmanned vehicle launch, respectively; and for one additional day during inflight
trajectory correction. Again, it is anticipated that each vehicle can be placed into
a Tow activity mode with intermittent and perhaps automatic ground monitor between
launch and trajectory correction maneuvers. Thus, no new mission control facilities
appear necessary for the twe vehicles just identified. Of the remaining vehicles,
one requiras no new facilities and five regquire moderate to extensive additions to
existing facilities.

Solar System Escape - Ion Propulsien. Transportation systems incorporating an ion
propulsion stage all have low launch rates and require no significant new launch
facilities. The ion stage mode of cperation, however, is continuous thrusting over
very long periods, such as several years. Thus extensive, new, dedicated mission
contral facilities will be reguired to handle the long term control of each vehicle
and the resultant high vehicle density. This density will range from 11 to 35
simultaneous vehicle operations depending upon launch rates and assuming a 2-year
operating time for each vehicle. See Section 5.4 for additional ion stage discussion.

4.2.4 Electirical Energy Surcharge Estimating Basis. For a surcharge to pay for the
space disposal of nuclear waste, total cost of the 17-year baseline program is divided
by the guantity of electrical power associated with the specified actinides and @u?ti~
plied by 1000 to convert dollars to milis. Total eIectréca] energy is 73.4 X 107 KWH,
as derived from the Reference a. estimate of 0.409 X 107" ¥G actinides (excluding
uranium isotopes) generated per KWH.

5.0 VEHICLE DESIGNS. This section describes the booster and upper stage space trans-
portation vehicles which are considered most appropriate for meeting program cost and
performance objectives. Table 11 gives nine vehicle system configurations, each with
payloads of actinides plus 0.1 percent and 1.0 percent of the original fission pro-
ducts. These were not all of the configurations studied, but were selected for this
report to show particuiar vehicle sizes, combinations, or designs of particular inter-
est or to demonstrate important points of consideration. In addition, particular
vehicle designs were selected to achieve good compatibility among the largest number
of vehiclies and systems.

5.1 HNuclear Haste Payload. Section 3.4 gives a general description of the nuclear
waste payload package and identifies its design source. Selection of a payload con-
figuration has a large impact upon propulsion vehicle requirements and designs, and
hence upon total program costs. This secticn, therefore, identifies and discusses
specific factors leading to the payload design selection.

All but one of these factors, (i.e., pre-partitioning storage), ultimately leads to a
trade-off between waste disposal reliability (or Earth environment safety) and program
tost. Since the entire point of the space disposal program is the final and complete
isolation of the extremely Tong-Tived and dangerous waste products from the Earth's
environment, it is self-defeating to significantly compromise reliability for cost.
Therefore, such trade-off decisions within this study are biased toward safety.
Significant system study effort will be needed to treat all aspects of missicn comple-
tion reliability and to define abort procedures.

5.?.1 Design for Earth Re-encounter. Table IV, derived from Reference a., shows the
weight distribution for several waste package sizes and percentages of fission products.
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Note that the combination of core matrix, re-entry heat shield, and double impact
shells form about one-half of the total package weight. This combination is designed
to maintain structural integrity throughout Earth atmosphere re-entry (including both
Tow and high velocity and entry angle modes) and after surface impact with rock or
concrete at a sea Jevel velocity of 300 meters per second [984 FPS). This velocity

is based on atmospheric entry at 11 KM per second {36,090 FPS). Thus, by maintaining
the structural and heat shield configuration throughout the propulsion phases, consid-
erable protection is provided against a vehicle failure causing widespresd actinide
distribution in the atmosphere or ocean. This holds true even after extreme perinds
of time such as might result from propulsion failure near Earth escape velocity.
Atthough the weight penalty is high, such protection appears necessary and commensur-
ate with the program safety philosophy, and has accordingly been retained in the study.

5.1.2 Thermal Considerations. The waste package is designed for passive thermal con-
trol utilizing radiative heat dissipation in space and radiation plus natural convec-
tive/conductive conling while on Farth. In both cases, the highly conductive core
matrix provides efficient heat removal from the package center and a package size
Timitation of 6,400 K& (14,080 pounds) reduces the probability of thermal-structural
failure with a landing and burial in soft, low heat conductivity soil. This size
resuits in about 34 KW of heat per 0.1 percent fission product package, assuming
10-year pre-partitioning waste storage as described in the next section. These tam~
perature contro! techniques are incorporated in this study to maintain a reasonable
Tevel of structural integrity.

5.1.3 Pre-partitioning ¥Waste Storage. As mentioned in Section 3.3, aqueous surface
storage of the waste may be reguired prior to partitioning to contraol solvent or ion-
exchange media damage. Such storage also veduces the weight penalty for radivactive
shielding and allows a more efficient, larger package size due to lower waste heat
Tevels. The 10-year storage period and resulting thermal energy Tevel as calculated
in Reference a. has been assumed in this study. Figure 10, which is also derived
from Reference a. information, shows typical power density decay with time for waste
from twe types of fission reactors. Heat characteristics of this study's waste packages
appear to fall cliosest £o the Yower, LWR curve. Note that elimination or significant
reduction of the waste storage period results in an extreme increase in the thermal
energy density. This essentially excludes the passive, high reliability design
approach, since extensive and active thermal cooling is reauired while in space,
during atmospheric re-entry, and on the surface while awaiting recovery. Since loss
of active cocling results in package destruction and actinide release, the 10-year
Waste storage period and passive design approach appears to be mandatory.

5.1.4 Radiation Shielding. The radiation shield provides personrel protection during
prelaunch handiing, during manned booster launch, and after Larth landing following
certain modes of transportation failura. Since the probability of vehicle failure and
Tanding in a populated area is extremely low, removal of the radiation shield in low
Earth orbit may provide an acceptable risk means of greatly increasing the actinide
payload. Such a concept retains the re-entry shield and impact shell as protection
against uncontrolled and widespread distribution of the actinides.

Table IV shows that the radiation shield, composed of a lithium hydroxide and a tungsten
shell, accounts for roughly 40 to 50 percent of the total payload package weight. Of
this, the tungsten component, providing high density gamma shielding, accounts for about
80 percent of the total shield weight. Since the lithium hydride shell is lightweight
and provides important neutron shielding for any event except package structural failure,
it is recommended that it he retained throughout each mission. Thus, the possibility
exists for a substantial increase in actinide weight per package, perhaps as much as

3 to 5 times, provided that safety considerations permit the payload to be redesigned
for tungsten shell ramoval.




The trade-off of the tungsten shell removal or retention prior to upper stage flight
is again one of cost versus safety, and additional study is required to resolve six
major considerations:

a. Radiation Shield Design: Since an early, upper stage propulsion failure
would strand the payload in Earth orbit, the shield must be designed for replacement
prior to actinide package recovery as well as for removal during normal cperations.
This requirement applies to both manned and unmanned modes of shield manipuiation,

b. Re-entry Shield: Establish the design and program impact of the new heat
shield package configuration.

¢. Operational Impact: Establish the increase in operations and crew/ground
control training for manipulation and handling of the highly radicactive package
during shield removal and possible replacement.

d. Reliability: What is the increase in failure probability and what are the
modes and probable consequences of a failure due to the increased hardware and
operational complexity?

e. Envircnmental Safety: Assuming a failure during any part of the mission
and successful re-entry and Earth landing, what is the probable effect on the farth's
environment and inhabitants of a randomly placed, cancentrated, long-lived, nigh level
source of gamma radiation?

f. Tungsten Shield Recovery: 1Is it cost effective to recover individual shields
by single purpose Shuttie flights? What ave the design and operational factors associ-
ated with storage of a number of shieids in Earth orbit and subsequent Shuttle recovery?

In view of the major effort required to resolve these considerations, this study
assumes that the waste package shielding wili be retained throughout each mission.

5.2 Boosters. Figures 5, 6, and 7 show the Shuttle and tws unmanned boosters of

160K and 375K pounds to low Earth orbit payload capability, selected for presentation
within this report. The two ummanned vehicles both utilize Shuttle SRM, SSME, and
modified propellant tank hardware and the Shuttle's hardware recovery concept. This
minimizes deveiopment, production, and new GSE costs and allows as direct a comparison

as possible of the program impact from two upper stage designs and various payload sizes.
Since the design characteristics of all three vehicles are based on established Shuttie
program hardware, expected performance and program factors are known or easily predicted.

Design activity other than shown in the figures was not accomplished within the scope
of this study.

Another version of a Shuttle derived, heavy-1ift launch vehicle (HLLV) is shown in
Figure 8 and described in Reference k. [t provides about 150K pound payload to low
Earth orbit capability, and has a 5 SRM first stage, one SRM second and third stage,
and Earth-storable liquid propellant fourth stage (inadvertantly omitted from the
drawing) configuration. Serial operation is used for all four stages. This vehicle
was not included in Table 11, however, since it provided no performance advantage and
appeared less reliable than the selected 160K booster due to 4 stage compiexity.

5.3 Chemical Upper Stages. Figures 5 through 8 show various upper stage configura-
tions which are all combinations of two basic, cryogenic propellant vehicles plus
taijored sizes of SRM's,

The "full capability” cryogenic propellant space tug (FCT) with a performance capa-
bility as shown in Figure 9 and Appendix A was considered because of its potential




availability and because of its size and performance compatibility with payloads,
launch systems, and mission requirements. Note that only an expendable version of
the tug is utilized in this report. This decision was based upon caiculations show-
ing a significant cost advantage in applying the full capability to the payioad
deployment mission rather than reserving encugh capability for return of the tug to
tow Earth orbit and Shuttle recovery. This was truye, ever assuming only half the
cost of a Shuttle fright for FCT recovery. The new Cryo stage largely utilizes
existing hardware components and is based on proven techniques and designs. This
vehicle was primarily sized for Shuttle/SSE operation in a two Shuttle per mission
mode; hawever, it also demonstrates excelient compatibility with transportation
systems utilizing the new 315K booster in SSE missions.

As mentioned, SRM selections are sized to provide necessary velocity increments
within available system weight allotments. These stages are extrapolated from off-
the-shelf catalog units and from the large, Shuttle, solid booster motors. Although
they are not strictly off-the-shelf, the cost differential for amortizing development
costs over large quantities of motors is very small and is not included as a factor.

5.4 10N UPPER STAGE

5.4.1 lon Stage Design. The large ion stage design shown in Table V and Figure 12,
is based upon a considerably modified version of the SEPS mercury propeliant vehicle
and the Jupiter orbiter and Saturn missions described in Reference e. Major differ-
ences, in addition to the twelve-fold increase in total weight, include the elongated,
open, Yightweight structure; the four panel, longitudinally stowed solar array; a
9-foot parabolic antenna; increased low thrust and RCS propeilant supplies: and
improved mercury/electron bombardment ion thrusters, estimated as available by the
early 1990 need date. It is considered important to predict jon thruster improve-
ments hecause of the high Jevel of effort and rapid advances currently being made in
the state-of-the-art. This prediction, derived from information in References f.

and g., results in the following thruster parameters: 45 cm size; 80 percent effici-
ency; 6,400 sec. specific impulse; 20,000 hour (2.28 year) life; and perhaps most
important to this progran, an extremely high reliability throughout the specified
Tife period,.

Ion thrusters utilizing propellants other than mercury may be available by the program
need date and may prove superior because of propeliant availability or environmental
compatibility. It is specifically noted that the 55 to 95 tons per year required for
the basic program constitutes a significant portion of the total werld's production.
Mercury propulsion appears valid for this study, however, for the following reasons:

a. FEarth environment contamination is expected to be very small due to the high
orbit for ion thrust initiation and the short thrust duration within close proximity of
the Earth. Contamination from this 10,000 N.M., and outward orbit was considered by
applying the same basic factors as presented in Reference e.

b. Mercury propulsion performance and hardware characteristics are better
defined than for other systems (such as argon) and are believed to be reasenanly
representative, within the requirements of this study, of other jon propulsion types.

This study's design approach consisted of calculating the SEPS vehicle's propellant
requirements for low thrust Solar System Escape {SSE) and modifying, extending, and
replacing portions of the design to accommodate the larger naylead and unigue mission
and hardware vequirements and Timitations. One such limitation is the total allowable
propuision period. This is determined from GN&C and propulsion system reliability and
1ife characteristics, and is estimated at no more than 2.0 years with the required high
reliability. The increase in allowable propulsion time from the 1.18 years of the

SEPS SSE mission to 2.0 years allows a 40 percent relaxation in the average thrust
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lor etectric power) to mass ratio. One perturbation to this approach is the decrease
in available solar energy at extended sclar distances beyond normal SEPS operations,
which results in a nominal increase in total propulsion time beyond the indicated
Timit. Thrusters are the critical 1ife Yimited components, however, and may be shut
down and reserved as spares as the incident solar energy declines. Therefore, this
is not a serious impact to the total mission, but should be defined in detail during
later iterations of this study.

Trne design shown in Table V and Figure 12, which is sized for operation with the new
315K booster, provides 174 W of solar power and about 5 KW {with a slight variation
depending upon fissfon product concentration] of payload waste heat power garly in the
mission and at one A.U. from the Sun. Ion propulsion utilizes 177.5 KW of this power
and a constant 1.5 KW is required for other subsystems. Thus, thruster system elec-
frical power %o mass ratic is 2.4 watts/1b., a 37 percent reduction from the 3,39
watts/1b. for the SSE SEPS.

Figure 13 shows an alternate design in which the four solar panels are stowed across
the bottom of the vehicle rather than along the longitudinal edges. This allows a
smaller and tighter structure, but results in 97.5 meter {(320-foot) long sclar panels,
Hote that the panel width limitation, which leads directly to the length problem, has
been eased as much as possible by allowing a 9.1 meter (30-foot) diameter fairing,
This results in a hammer-headed payload with the 8.2 meter (27-foot) diameter, 315K
booster of Figure 6. Since the Tong body design, also placed within a 9.1 meter
{30-foot} fairing for comparative purposes, results in 54.0 meter (177-foot) sclar
panels, it ic recommended for the large ion vehicle.

Table VII presents a small, haif payload size version of the previous vehicle for
utilization with the smaller, 160K booster of Figure 5. HNote that both boosters main-
tain the 8.2 meter (27-foot) diameter, and that provision of the 9.1 meter {30-foot)
fairing requires the hammer-head payload configuration. With the 50 percent reduction
of required solar power, solar panel lengths reduce to 48.8 meter (160 feet) and the
alternate short body design becomes the recommended approach. later studies can
resolve the larger-fairing/shorter solar pane!l versus the straight line form/longer
sclar panel trade alternates.

5.4.2 Transportation Systems. Table VI and YIII show calculated weights for all
elements of the Targe and small fon stage transportation systems, respectively.
Velocity requirements and propulsion characteristics are also noted for each burn of
the mission. These values are reasonably self-explanatory and straight-forward in
their derivation. It can be noted, however, that the 280 XM {150 N.M.) LEO of the
large ion stage is considered a minimum altitude to ensure adequate orbita) stability
for in-orbit checkout and possible repair, recovery, or other emergency action. In
agdition, chemical proputsion to the 18,500 KM (10,000 N.M.) circular parking orbit
is provided to protect the solar panels from Van Allen Belt radiation damage and to
allow a final fon stage checkout in an orbit that is still accessible from Earth.

5.4.3 Paylcad Considerations. Figures 12 and 13 show payload waste packages of

8,545 KG (18,800 pourds] each, which is the maximum size, after adding 145 K&

{320 pounds) for waste heat energy recovery, presented in Reference a. This size,

when Toaded with 0.1 percent fission product waste, exceeds thermal limits when buried
in certain types of soil. For this reason, all packages of Table II are limited to the
6,400 KG recommended in Section 3.3.3, Thermal Considerations.

The drawings also show each payload with a SRM, which is sized to provide 300 meters
per second (1,000 FPS) of velocity to the separated payload. This extra capability

may be used during flight emergencies to minimize the safety threat of a non-optimum
performance, or it may be reserved as a final SSE kick at large solar distances when
power is low and solar panels are degraded from long term space exposure.
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5.4.4 Waste Heat Utilization. Section 5.1 considers posgsible paylead variations
within the context of Earth environment safety and arrives at the conciusion that
only two configurations may be acceptable at this time. These configurations are

the original passive design of Reference a. and a modification of this design to
allow orbital removal of the tungsten gamma ray shield. For the large ion stage pay-
load of Table V, total waste actinide heat energy, as derived from Reference a. and
Section 5.1 considerations, is as foliows:

88 KW
60 KW

¥

i

a. Reference a. waste package design: 0.1 percent fission products
1.0 percent fission products

b. Removable gamma shield design: 0.1 percent fission sroducts ~ 246 KW
1.0 percent fission products ~ 276 KW

e

For the waste disposal application, reliability considerations rule cut the relatively
high efficiency, thermal-mechanical-electrical power conversion appreach. The rela-
tively inefficient, passive, highly reliable thermoelectric (example: ALSEP with a

4 percent efficiency) or thermionic diode types remain as prime candidates. The latter
is selected for this study due to its higher projected efficiency of 15 percent, Total
power system efficiency, including power conditioning (80 percent}, and all other items
(90 percent), becomes about 10.8 percent. '

Applying this efficiency figure to the preceeding power figures results in available
waste heat electricity as follows:

a. Reference a. waste package design: 0.1 percent fission products - 9.5 KW
1.0 percent fission products - 6.5 KW
b. Removable gamma shield design: 0.7 percent fission products - 26.5 KW
1.0 percent fission products - 29.8 KW

Thus, within the Earth environment protection philosophy discussed in Section 5.1,
utilTization of waste heat electrical energy appears useful as a leng-1ived, reliable,
relatively stable supplement to solar power, but does not begin to approach levels
commensurate with elimination of the solar power system. Doubling of the power con-
version efficiency, as has been predicted for advanced heat~pipe~thermojonic conver-
sion systems presented in Reference m., still fails to achieve the required power
levels by a factor of about three, for the removable shield, 1.0 percent fission pro~
duct case,

6.0 ADDITIONAL PROGRAM CONSIDERATIONS. Some factors uncovered and investigated dur-
ing the study deviate somewhat fram the specific study goal of defining and comparing
competitive systems and programs for the space disposal of nuclear waste materials.
These factors are very briefly included in this section, however, for completeness
and general interest.

6.1 Unpartitioned Nuclear Waste Disposal. Most studies, including this cne, have
assumed the obvious: that disposal of the combined unpartitioned fission and actinide
{gngudéng uranium) waste products, is not economically feasible. To test this suppo-
sition, a large fon stage and four payload packages of 9,400 pounds each in the new

315 K Booster + Cryo + SRM + lon Stage + P/L SRM configuration can be considered. It
was found that 26,587 flights were required which resulted in a program cost of $1,5638
and a surcharge of $21.3 mills/KWH. This estimate disregarded the need for new launch,
mission control, and tracking facilities. The partitioning requirement assumption, -
therefore, appears to be valid.

6.2 Booster Exhaust Pollution. As indicated in Table IT, taunch rates vary from 3 to
59 per year, with one to three per month being representative of the lower cost, all
chemical transportation systems. In view of present concerns with the atmospheric
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pollution by SRM exhaust products, these SRM firing rates may be considered by some
to be unacceptable, particularly when added to other SRM-type space launches. A
change from the proposed liquid/solid boosters to all Tiquid boosters has no effect
on the relative merits of the various transportaiion system configurations for the
SSE mission. For the solar orbit mission, however, the Shuttie option loses its
status as the minimum cost program if deveiopment of the new Shuttle booster is
charged totally to the waste disposal program. SSE program calculations for the all
itquid 315K + 4 SRM booster/0.1 percent product payload configuration shows a small
program cost increase of less than 5 percent over the liguid/selid booster design.

6.3 Vehicle R&D Sharing. This study assumes that the full R&D burden for the new
booster and upper stage vehicies falis upon the nuclear waste disposal program. This
is somewhat pessimistic, since other programs will undoubtedly utilize the new hard-
ware and should pay a proportionate share. If this consideration is factored into

the program, total program ad surcharge estimates are reduced for all but the solar
orbit Shuttle configuration, and systems with the greater number of new vehicle types
show the biggest improvement. Quantitative figures are difficult to estimate at this
time since they depend upon exact vehicle utilization by future and, in many cases, {11
defined programs. It appears reasonable to assume, howsver, that the Shuttle advantage
for sotar orbit missions will probably disappear entirely; and that the relative merits
of ion stage systems may improve significantly.

6.4 Fusion Reactor Transmutation. As in Reference a., this study has assumed the use
of fission reactor transmutation to reduce by two-thirds the quantity of actinides
requiring space disposal. This is supported by Reference d. which suggests the possi-
bitity of significant reductions in the cumulative toxicity index* of actinides by
continuous recycling through fission reactors. This reduction in the long-term toxi-
city index may be by a factor of 50 or more, depending upon actinide separation effi-
ciency, reactor irradiation, and reactor type.

Reference d. aiso indicates that transmutation in the blankets of fusion reactors may
reduce the actinide cumulative toxicity index by an additional factor of 10 or more,
and may significantly reduce the total radioactive toxicity for some fission products.
Exact reduction amounts are not known at this time due to uncertainties in nuclear
reaction data for these elements and in the characteristics gf actual, successtyl
fusion reactors. Typically, reductions may be as much as 10° for 1-129 and only

2 to 5 for Cs-137.

Thus, successful and timely development of fusion reactors may well obviate or drasti-
cally reduce the need and desirability for space disposal of nuclear waste materials.
[t s suggested that this possibility be carefully considered and widely coordinated
before committing significant funds to the space disposal program.

Z.O CONCLUSIONS AND RECOMMENDATIONS. Information resulting from the study activity
is summarized in the foilowing comnents:

a. Unknown factors with the biggest impact on the space disposal program iie in
the nuclear waste management area and consist of the Earth environment issue and the
waste partitioning process. The former directly impacts the selection of space as a
means of disposal and the payload package design impact upon vehicle design, flight
quantities, and mission characteristics. The latter injects a question of technical
feasibility, waste product separation efficiency, and facilitv/operations costs.

b. It is not yet necessary to make detailed and definitive space disposal studies.
ERDA generally considers the final solution of nuclear waste management as a year 2000

* Toxicity index as used here is equivalent to dose calculations.
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or later type requirement and has cancelled funding of studies associated with the
unknown factors mentioned in the preceeding paragraph.

¢. It is recommended that definition and resclution of the Earth envirqnmgnt
safety requivement, because of its extensive program impact, be given top priorily
in future considerations of nuclear waste space disposal.

d. As may be seen from Table 11, program costs for the 18 vehicle-payioad-
mission configurations presented within this report vary over a factor of 3, from the
$16.29B and $0.222 mills/KWH of the solar arbit-Shuttle configuration to the $48.77B
and $0.664 mills/KWH of the sclar system escape-Shuttle configuration. Based on Earth
environment safety considerations discussed in Section 5.1, waste disposal by solar
system escape is indicated. Recommended vehicle configurations for these missions
are the 315K Booster + 4 SRM or the 160K Booster + 2 FCYT, each with 0.1 percent
fission product payloads. Corvesponding program costs are $27.76B ($0.375 mil1s/KWH)
and $28.62B ($0.389 mills/KWH), respectively.

Hote in Table 11 that the manned Shuttie is the highest cost option for solar system
escape, with a program cost of $36.038 ($0.490 mills/KWH) for the 0.1 percent fission
product payload. In addition, ion stages are not recommended, since the cost figures
of Table II do not reflect significant, new, dedicated facility requirements. See
conciusion 1. of this section.

e. Disposal of nuclear wastes to 0.9 A.U. solar orbit costs appreximately 40 to
45 percent Tess than sclar system escape disposal for the lower cost options of each
mission. Note that if the Earth environment safety problem of solar orbit can be
satisfactorily resolved in the future, the Shuttle + FCT + SBM and 1.0 percent fission
pradyct payload becomes the Towest cost selection of all nuclear waste dispesal options
considered within this study.

f. For the solar system escape, actinide partitioning to a remaining fission pro-
duct equal to 0.1 percent of the total fission products {s moderately to significantiy
more cost effective than partitioning to 1.0 percent. For solar orbit, actinide par-
titioning to 1.0 percent remaining fission products is slightly more cost effective.

g. A new 160,000 or a new 315,000 pound payload to low Earth orbit booster is
indicated for solar system escape. Assuming no R&D or additional Shuttle-Orbiter
vehicie procurement costs, the Shuttle is about 3 to 10 percent more cost effective
than unmanned boosters for the selar orbit program.

h. Within the recommended Earth environment safety considerations, jon stage
payload waste heat is incufficient, by a wide margin, te meet engine and supporting
subsystem electrical power requirements.

i. Without regard for the probable new taunch and tracking facilities require-
ment, an ion stage powered by a solar plus waste heat energy source appears to be
most cost effective for solar system escape waste disposal, Table II, Preg am Cost
Summary, shows a cost advantage of about $1B to $2B for the ion versus the all chemi-
cal propulsion approach.

Considering the extended duration of powered flight requiring extensive control, how-
ever, this advantage is expected to be lost as the details of the operation are
developed. Thus, a new 315K booster plus 4 SRM or a 160K booster plus FCT design is
recommended since the ion approach requires new, dedicated tracking and control

faci1i§ies and additionally poses a reliability/safety question due to the 2-year
operating period of each fon stage.

14




J. Shuttle recovery of upper stages from Earth orbit does not appear to be cost
effective for this mission.

8.0 GLOSSARY

ALSEP Apoilo Lunar Surface Experiments Package

CRYD Cryogenic

ERDA Energy Resource and Development Administration
FCT Full Capability Tug

HLLV Heavyy Lift Launch Vehicle

LEU Low Earth Orbit

LMFBR Liquid Metal Fast Breeder Reactor

LKR Light Water Reactor

P/ Payload

SEPS Solar Electric Propulsion Stage
SRM 5011d Rocket Motor

SSE Solar System Escape

SSME Space Shuttle Main Engine

STS Space Transportation System
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TABLE 1

VEHICLE COSTS, FY 1975 DOLLARS

GND & FLY

VEHICLE pROCUREWENTe  OPERATIONS cosTs
SHUTTLE 0.0 $13.0 Mx* 0.0
315 K BOOSTER $20.0 Hex $8.5M $4.58
160 K BOOSTER $17.0 Mx* $ 8.0M " $4.08
FCT (EXPENDABLE) $11.0 M $7.2M NEGLIGIBLE
CRYQ $15.0 M $ 7.8 H $2.08
10N STAGE {LARGE) $20.0 M $9.5M § 4.0 BHx*
ION STAGE {SMALL) $18.0 M $9.0M $ 4.0 Br#x
P/L 7.2 K POUND $1.0M $ 0.25M NEGLIGIBLE
10.0 K POUND $1.5M $ 0.35M "
14.0 K POUND $2.0M $ 0.504 "
SRM 160 K $1.04 M " "
80 K $0.84 M " "
40 K $0.56 M " "
30 X $ 0.46 M $ 0.30M "
20 K $ 0.3¢ M " "
10 K $0.21 M " "
ALL LIQUID 160 K BOOSTER $19.0 M $9.0M $ 4.5 B
ALL LIQUID 315 K BOOSTER $22.0 M $ 9.5 M $5.08

* SEE TEXT, SECTION.4.2.2 FOR DERIVATION,
**  INCLUDES RECOVERY AND RE-USE OF SRM AND SSME COMPONENTS.
*¥*  ASSUMING UTILIZATION OF PROVEN SEPS HARDWARE
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VEHICLE FLIGHT  WASTE PKG  FISSION NO. MISSIONS VEM PROC  VEW oo . oo PROGRAM SURCHARGE
TRAJECT  GUAN/LBS EA  PROD  FLTS  PER YR  COST/FLT  R&D COST  MILLS/Kut
NEW 160K BOOSTER + 2 FCT =R 3¥S 1206 0y mz 208 s20.8M 4.0 § 7.158  $28.628  0.389
. " .06 527 35.2  319.24  $4.0B  $12.075  $34.20B  0.465
NEW 315K BOOSTER + 4 SRM " 177.2¢ 0.1% 524 34.9  §12.4M  S4.58  § 5.618  $27.768 0.375
(76K LB EACH)
. " 1,01 885 59.0  $12.iM  $4.58 $ 9.478 $32.678 0.445
NEW 315K BOOSTER + 2 CRYQ + " 2/7.2K 0.3% 262 17,5 $27.7M  $6.58 § 6.608 $31.368  0.430
2 SRM (12K LB EACH)  °
" . .08 442 295 §25.44  $6.58  $11.188  $36.878  0.502
2 SHUTTLE + CRYO + SRM " 147.2K 0.1% 524 349  §7.9M $2.08 $16.168 $36.038 0.490
(13.5¢ L8)
= g " 1.0 885 59.0  $7.7M 2.0 $27.358 $48.77B  0.664
NEW 160K BOOSTER + FCT + IoN " 2/9.4K 0.1% 158 10.5  $28.2M $B.0B § 3.988  $27.448% 0.373
STAGE + P/L SRM (2.5K LB)
" " 1.0% 261 17.4  $26.3M  $8.0B  § 6.588  $29.44B% 0.40}
NEW 315K BOOSIER + CRYD + SRM 3/9.4K 0.1% 79 5.3 540.0M $10.58 § 2.058 $26.868% C.365
(66k LB) + ION STAGE + P/L SRM
(5K LB) . " .01 13 8.7 $37.6M $10.58 § 3.46B $27.078% 0.368
NEW 160K BOOSTER + FCT e 3/14.0K 0.7 90 6.0 $22.5M $6.08 § 1.50B $18.538 0.252
" " 1.08 152 101 S21.M  $4.0B § 2.548  $17.798  0.242
NEW 315K BOOSTER + 2 FCT " §/14.0C  0.1% 45 3.0 S31.7M $4.58 $1.178  $18.0%  0.246
" " 1.08 76 5.1 $30.74  $4.58 $ 1,978 $16.808 0 .229
2 SHUTILE + FCT + SR . 310.0K 0.1% 126 8.4 SIILIM 0 $3.938  $16.758  0.228
32K LB
" . 1.0¢ 183 12.2 $19.89 0 §5.718  $§16.298  0.222

* EXCLUDING NEW MISSION CONTROL AND TRACKING FACILITIES; SEF SECTION 2.2.3
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TABLE 111

LEVEL 1THE COST ESTIMATES ~ 400 K BOOSTERS
Annual Payload
Nonrecurr, Capability to Orbit
Forecaster Concept Costs Haint. Costs  Recurr, Costs
$8 SM/YR 3/L8
¥ ¥ e
Akridge VTCeVL 5570 6 ~ 1 25 « 5 20 ~ 10
Chamberlain (1) Larger Baseline Shuttle 15,4 250 i1l
(2) Larger Baseline Shuttle 28.% 250 13
with Flyback Booster
] + + 15
Edgecombe 2~Stage with Unmanned Modular 2~ .5 100 - 50 15 =
Ind stage and Flyback Booster {a to 11} {a to 11)
+ + + 3/
Gore Rhombus 1 1/2-Stage VTOVL 7.2 - 1,5 300 -5 37 -3
(1992 10c)
Hammock Larger Baseline Orbiter 9,24 78 6.73
with Flyback Booster
- +
Henry VTOVL 2-Stage, Series Burn $.1 - 1.3 360 - 50 2 -5
Ist Stage Strap-on Booster
+
Xel ty/Goodman (1) Shuttle Derived Unmanned 1.26 - .15 52 - 6 63
KLV (111 a-PL = 160K) +
(2) z-Stage, Recoverable 2nd 9.1 - 1.8 52 - 10 16
Stage Engine, Flyback
Booster
+
Nangen VTOVL $STO {Batlistic 10,6 - 1.5 30 - 6 1 -2
Recovery) :
+ ¥
Qdom VTOHL S5TO 15,5 - 2,7 15¢ - 22 25 - 6
+ +
Salkeld (1) S$570 VTOHL 11.8 In 2 hg 3 16 21
{2) vTOVL (Unmanned) 8.5 - 2 bo - 10 16
-+
Paustian 3 Stage~lst 6 Shuttle SR8's 1,165 - ,2 Ls 662
2nd S~1C with 3 F-1's
3rd S~11 with 3 SSME's
' + +
Tischler 1 1/2 Stage, VTOVL 10,13 - 2 100 - 60 30 z 6 w/o rec.
Ballistic Recovery Lo : 8 wirec.
az 36 - 12
+ +
Withee/Jones 2 Stage - st Stg, L SRB's 5,8 - .8 240 - 60 g0

2nd Stg. Recoverable Engines
19
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WASTE PACKAGE WEIGHT DISTRIBUTION

PERCENTAGE OF TOTAL PACKAGE WEIGHT

WASTE FISSION
PKG KG (LBS) PROD, ACTINIDES F1SSION CORE RADIATION RE-ENTRY I MPACT

PROD. MATR1X SHIELD SHIELD SHELL

2800 (6,160) 0.1% 5.3 0.2 17.8 43.0 13.2 20.2
1.0% 3.5 1.2 14,8 58,6 13.2 18,0

3270 (7,200) 0.1% 5.9 0.2 19,1 41.8 12.9 19,6
1.0% 3.5 1.2 15,1 Ly 4 12,9 17.3

8400 (18,400) 0.1% 7.6 0.3 25,8 38.5 12.4 15,4
1.0% i 6 1.6 19,7 b7.6 12.4 13,4

Al 318VL



TABLE V

LARGE 1ON STAGE WEIGHTS

10N STAGE (Long Body/Short Solar Panel Option)

Structure

Electric Propulsion

Comnunications {Ant. & Elect.)
Command Computer/Cata Handling
GN&C

Reaction Controi

Solar Array {174 KW & 21,230 ftz)
Power Control & Distribution
Thermal Control

Margin {10%)

len Stage, Dry
PROPELLANTS

RCS Hydrazine
RCS Nigrogen
Mercury (60,100 FPS, lsp = 6,400, 1% Resid.)

Liguid Propellants
PAYLOAD

Four = 9,240 LB Waste Pkgs + 160 LB thermocounles,
wiring, fittings, etc.

p/L Adapter & Radiators + 10%
p/i SRM (1,000 FPS)
P/L Spin Thrusters & Control

ton Stage P/L

TOTAL VEHICLE

% Dry lon Stage + Propellant + P/L
21

2,460
6,000
100
30
100
250
6,000
900
500

17,910

530
120

22,150

37,600
1,870
L, a00

200

b4, 570

84,630

LBS

1,630

LBS

LBS

21,500

LBS

LBS

L8S

LBS



TABLE VI

LARGE 10N STAGE TRANSPORTATION SYSTEM -
NEW 315K BODSTER + CRYO + SRM + 10N + P/i SR

WEFGHTS
P/L, Adapter, & P/L SRM Li 570 LBS
fon Stage & Propellants 40,060
Adapter, lon Stage to SRM (3%) 2,540
SRM (4,700 FPS Circularize at 10,000 N.Mi) 65,810
Adapter, SRM to CRYO {3%) 4,590
CRYO (6,400 FPS, LEOQ to 10,000 N.Hi.) 134,000
Adapter, CRYD to Booster (3%) 8,750
P/L & lon Stage Fairing L 500

Total to LEQ, 150 N.Mi. 304,820 LBS

VELCCITY REQUIREMENTS

Launch to LEQ = 150 N.MI. 25,700 ¥PS
LEQ to 10,000 N.HMi, Elliptical 6,600 FPS
Circularization at 10,000 N.Hi, L,700 FPS
Low Thrust to SSE (includes Gravity Loss aV) 60,100 FPS

PROPULSIGN CHARACTERISTICS

SSE: Mercury - ton Propulsion, isp = 6,400 sec.
Propellant Weight = 21,290 [8S + 1% residuais for 60,100 FPS

Circularize at 10,000 N.MJi,

Sotid Propulsion, lsp = 290
Propellant Weight = 60,540 LBS for 4,700 FPS

LEQ to 10,000 H,MI,

LOX/H2 Propulsion, lsp = 460
Propellant Weight = 105,000 LBS for 6,607 FPS

Emergency Spare or SSE Injection

Selid Propulsion, lIsp = 290
Propetlant Weight = 4,512 LBS for 1,000 FPS

22



TABLE Vil

SMALL ION STAGE WEIGHTS

10N STAGE {Short Body/Short Solar Panel Option)

Structure

tElectric Propulsion
Communications [Ant., & Elect.)}
Command Computer/Data Handling
GN&C

Reaction Controt

Solar Array {87 ®W & 10,615 ftz)
Power Control & Distribution
Thermal Control

Margin (10%)
lon Stage, Dry
PROPELLANTS

RCS Hydrazine
RCS Nitrogen
Mercury (60,100 FPS, 1sp = 6,400, 1% Resid.)

Liquid Propetlants
PAYLOAD
Two = 9,240 (B Waste Pkgs + 160 LB Thermocoupies,
Wirirg, Fittings, etc.
B/l Adapter & Radiators + 10%

P/L SRM {1,000 FPS)
P/iL Spin Thrusters & Control

ton Stage P/L

TOTAL VEHICLE

<  Dry lon Stage + Propellant + P/L

23

700
2,870
100
30
140
120
3,000
450
50
770

8,450

260
60

10,560

10,880

18,800

850
2,450
100

22,200

by,570

L85

LBS

LBS

LBS

LBS

LBS

LBS



TABLE Viil

SMALL [ON STAGE TRANSPORTATION SYSTEM -

NEW 160 K BOOSTER + FCT + 10N + P/L SRM

WEIGHTS

P/L, Adapter, & P/L SRM

ton Stage & Propellants
Adapter, lon Stage to FCT {3%)
FCY

Adapter, FUT to Booster (3%)
P/L & Yon Stage Fairing

Total to LEO, LOO N.Mi.

VELOCITY REQUIREMENTS

Launch to LED = 400 N.Mi.
LEG to 10,000 N.Mi. Elliptical

Circutarization at 10,000 N.Mi.
Low Thrust ta SSE (Includes Gravity Loss aAV)

PROPULS 1GN CHARACTERISTICS

SSE: Mercury - lon Propulsion, Isp = 6,400 sec.
Propellant Weight = 10,560 LBS for 60,100 FPS
LEC to 10,0600 N.Mi. Circuiar Orbit

LDX/H2 Propulsion, Isp = 460
From Figure 10: For 42,820 LB P/L,

Emergency Spare or SS5E Injection

Soiid Propulsion, lisp = 280
Propeliant Weight = 2,256 LBS for 1,000 FPS

24

22,200 LBS

19,370
1,250
56,500
2,980
2,000

104,300

26,600
5,600
4,650

60,100

AV = 10,250 FPS Via FCT

LBS

FPS
FPS
FPs
FPS




TRANSMUTATION WASTE MANAGEMENT

y

AQUEOUS TRANSPORTATION
STORAGE TO REPROCESSING
/
y
PARTITIONING FISSION REACTOR

L ]
FISSION PRODUCTS
T SHORT-LIVED

DISPOSAL
ACTINIDES TRANSPORTATION

y TO REACTOR

/
TRANSPORTATION

70
Lg FABRICATION

FUEL
URANTUM i

FABRICATION

FIGURE 1
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ACTINIDE WASTE PAYLOAD CONFIGURATION

Staintess-sleot impact shen‘-‘>
LiH nevtron shisid -

W gemma shisld =, ‘s‘
Reentry shield - 7

TYPICAL PAYLOADS

TOTAL PAYLOAD -~ 3,270 KG (7,194 LBS)

ACTINIDES - 191 OR 113 KG (420 OR 249 LBS) FOR 0.1%
OR 1.0% FISSION PRODUCTS, RESPECTIVELY

TOTAL FAYLOAD - 8,400 KG (18,480 LBS)

ACTINIDES - 634 OR 384 KG (1,395 OR 845 LBS) FOR 0.1%
OR 1.0% FISSION PRODUCTS, RESPECTIVELY

FIGURE 2

26
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ACTINIDE DISPOSAL RATE - METRIC TONS/YEAR

TYPICAL WASTE DISPOSAL SCHEDULE
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APPENDIX A

FCT COST AND PERFORMANCE DATA
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HEPLY TG
ATTM OF

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
GEORGE O MARSHALL SPACE FUIGHT CENTER
Marseans, SPacs FuonT CEnTra, Arapams 35812

LA
P¥é2
TO: Johnson Space Center
Atm: ER/Hubert P. Davis
FROM: Pro2/wW. G. Huber

SUBJECT:  Full Capability Tug Performance and Cost

REF: Letter KER-75-027, Full Capability Tug Cost and
Performance Data, dated February 21, 1975

Attached are the performance and cost data for the Full Capability

Tug requested in your referenced letter. The custs are those that

Idiscussed with Mr. Perlich earlier this week. If you have any

further questions, plaase do not hesitate to call.

]

L e
i |
W. G) Huber
Deputy Manager
Space Tug Task Team

Fnclosure
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