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SUMMARY

1. INTRODUCTION

High-Temperature Cas~Conled Reactors (HTGR) nave the potential of lowering
vower costs and improviag fuel utilization if fuel recycle capability is estab-
lished. The objective of the National HTGR Fuel Recycle Development Program is
to develop recycle technology such that commercial plants for reprocessing and
refabrication of HTGR fuels can be built and operated economically. To accom-
plish this obJective, 1t is necessary Lo perform process and equipment develop-
ment, involving engineering design and testing. The operations considered take
place between the discharge of spent fuel elements from the reactor and the
return of rvefabricated fuel elements to the reactor; these include fuel shipping,
handling, storage, fuel purification and recovery, refabrication, and waste man-
agement.. This report describes a plan for accomplishing the program objective
and outlines a systematic, orderly, and timely effort. The work ig delineated
into four specific task areas, designated as Fuel Reprocessing Development, Fuel
Refabrication Development, Recycle Fuel Irradiations, and Commercial Recycle
Plant Studies. This program plan represents the stetus of plan on
Decenber 31, 1970 and does not necessarily represent the final position of the
JSAEC.

2. PROGRAM BUDGET AND SCHEDULE

A graphical schedule summarized in Table 1 traces the program from develop~
ment work in fiscal year 1970 through demonstrated operstion of a recycle-fuel
pilot plant and conceptusl design of a commercial plant in 1280. A total of
$48,997,000 in operating expense is associated with the program plan through
1980; the capital cosgts associated with egquipment and facility modifications
required for pilot plant operations total 7,831,000. The program costs as a
function of task area and year are summarized in Table 2, and Table 3 summarizes
capital costs assoclated with fuel reprocessing and refabrication development.

=l

3. TECHNICAL AND ECONOMIC BACKGROUND

- . " . 2135
The HTCR fuel cycle begins with a fuel containing thorium and 3515, The

e}
EAER)

thorium is converted into U, and when fuel cycle eguilibrium is reached aboutb
half the figsile material needed for reactor refueling l1s provided by the 225y,

The fuel is in the form of microspherical particles (costed kernels of oxide or

carbide with fisszile kernels haviog TRISO coatings and fertile kernels having

BISO coatﬁngs), bonded. together in fuel sticks and inserted into large hexagonal



Table 1. Summary of HTGR Fuel Recycle Development Program Schedule

1970 1971 1972 1973 | 1974 | 1975 | 1976 | 1977 ] 1978 | 1979 | 1980

REPROCESSING DEVELOPMENT

Process Development and Head-End Pilot Plant Design
Head-End Pilot Plant Equipment Fabrication and
Installation, and Cold Operational Testing

>

Head-End Pilot Plant Hot Demonstration

Acid Thorex Pilot Plaunt Design

Acid Thorex Pilot Piant Bquipment Fabrication
and Installation, and Cold Operational Testing

Acid Thorex Pilot Piant Hot Demonstration

REFABRICATION DEVELOPMENT

Process Development and Refabrication Pilot Plant
Design

Refabrication Pilot Plant Equipment Fabrication
and Insbtaliation, and Cold Operational Testing

Refabrication Pilot Plant Hot Demonstrabion

RECYCLE FUEL TRRADIATIONS

Capsule Irradiation Tests and Peach Bottom
Irradiation Tests

Proof Tests in FSVR

Refabricated Fue? Irradiation Tests in FSVR

COMMERCTAL RECYCLE PLANT

Engineering and Economic Studies

Commercial Plant Conceptual Design —_
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Table 3. Summary of Capital Expenditures for Fuel
Reprocessing and Refabrication Development

Costs

Task Avea ’$'s in Thousands)

Fuel Reprocessing Development

Head~End Pilot Plant 5,700
Acid Thorex Pilot Plant 1,150
Fuel Fabrication Development wmg@;a

TOTAL 7,831

AThe equipment costs for refabrication demonstration were
included in the original Thorium-Uranium Fuel Cycle Development
Facility, and this amount represents the remainder of those
funds.

graphite blocks to form fuel elements. These elements, approximately 31 in.
long by 14 in. across the flats, are stacked in the resactor with no added sup-
porting structure. After a four-year exposure, the gpent fuel elements are
removed from the reactor and reprocessed for fuel recovery and fission product
removal. During reprocessing, the elements are mechanically reduced to release
the fuel particles. The particles are burned to eliminate their outer carbon
coatings and then screened to separate the particles that originally contained
2357 from those containing thorium or other materials. This separation step
limits the buildup of 236y 4n subsequent reactor cycles if the spent 235y par-
ticles are removed in the reprocessing step. Particle classification accom-
plishes this separation because particles containing 2357 have a silicon carbide
coating, which remains intact during burning and gives these particles a larger
size than the oxide ash from the thorium RISO-coated particles.

The spent fuel is dissolved and treated by solvent extraction to remove
fission products and to separate the 233y from the thorium. Thae 227U is fab-
ricated into coated particles. The particles are fabricated into fuel sticks
and then into fuel elements, which are returned to the reactor.

The recycle fuel must be handled in heavily shielded facilities because of
nigh concentration of 232U, which has daughter products that emit high-energy
gamma radiation. Thus, aboutbt one-half the fuel elements will be fabricated in
a shielded recycle facility; the other fuel elements containing 235y may be fab-
ricated in nonshielded facilities. In addition, only fuel particles containing
2337 will be made in the recycle facility:; the thorium-containing fertile par-

ticles used in the recycle elements willl he made in another facility.



Estimates of start-up schedules for commercial 1000-MW (e} HIGR's lead to the
conclusion that commercial fusl recycle facilities are needed in 1984; the

present program plan is consistent with that need.

4. TASK 100 — FUEL REPROCCESSING DEVELOPMENT

The fuel reprocessing development task has three major subtasks: Head-End
Reprocessing Development (Subtask 110), Head-End Pilot Plant Demonstrabion
(subtask 120), and Acid Thorex Pilot Plant Demonstration (Subtask 130). Each
igs scheduled to give an orderly development that fits the overall schedule of
the progrswm, and each is gubdivided further into specialized subtasks. The
plan presents the need, existing technology, and plan of accomplisiment for
each subtask.

Subtask 110 is divided into burner feed preparation, in which the graphite
fuel elements are treated to minimize the burning needed to remove carbon from
the fuel; burner technology, in which carbon is burned from fuel and some fuel
is converted to oxides; burner ash handling, in which 23%7 and 770 are separated
by utilizing size differences, if possible, taking advantage of unburned JiC
coatings; treatment of classified burner ash, in which 3iC-coated particles are
further treated as needed to prepsre for further processing; albternate methods
for maintaining sevaration of 233y and 235U; scrap recycle; off~gas handling and
decontamination; and waste treatment and disposal.

Subtask 120 utilizes the information generated in Subtask 110 and demon-
gtrates that the processes and equipment are satisfactory for preparing irra-
diated fuel elements for solvent extraction. Since all the spent fuel from the
reactor passes through hesd-end processing, the head~end pilot plant throughput
dominates the scale of the fuel recycle plant. Based on experience in the chem-
ical process industry, pilot plants generally need to have throughput rates about
10% or more of a future commercial Ffacility to provide meaningful scale-up data
on processes and equipment. Further, to develop the best processes and equip~
ment, pilot plants are usually operated for several years, and hardly ever less
than six months. Using these guidelines, the Head-FEnd Pilot Plant was scaled
for a throughput rate of about ten Fort St. Vrain Reactor (FSVR) fuel elements
per day and considered to operate for a time equivalent to six months at the
design throughput rate. Since the pilot plant may not operate always as planned,
the program considers that an equivalent six-month' run may occur over several

years.
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Subtask 120 (Head-End Pilot Plant Demonstration is divided into equipment
design, equipment procurement and testing, equipment installation, cold opera-
tional testing of the pilot plant, hot operational testing of the pilot plant,
treatment and disposal of associated wastes, material handling, and process
development support. The principal operations involve sawing and crushing the
spent fuel element, separating moderator graphite from the fuel material by
screening, followed by burning the fuel in a fluidized bed. The resulting
materials are separated by sieving into "burned fissile"” and "fertile" particles
At this point, fuels initially having BISO coatings can be leached and prepared
for solvent extraction processing. After crushing and burning steps, TRISO-
coated fuels are also leached and prepared for solvent extraction processing.
The planned location of the Head-End Pilot Plant is the Thorium-Uranium Recycle
Facility (TURF), ORNL Building 7930, which is a remotely maintained and operated
hot cell facility built especially for demonstration and development of thorium
fuel cycle technology.

Subtask 130 demonstrates application of the acld thorex solvent extraction
process to the separation and purification of 232y from the thorium and fission
products. It is also subdivided into design, procurement and testing of equip-
ment, ingtallation of equipment, cold operational testing, hot demonstration,
waste treatment and disposal, material handling, and process development support.
The acid thorex pilot plant will be a modification of the preexisting remotely
operated but directly maintained Thorex Pilot Plant in ORNI Building 3019. The
capacity of the plant is about & kg 233U/day, which exceeds the requirements
assoclated with the Head-End Processing Pilot Plant. The principal operations
involve separation of the uranium and thorium from the fission products in an
extraction column, followed by separation of uranium from the thorium in a
partitioning column. The uranium is then separated from the organic solvent
in a stripping column and, after evaporation, i1s transferred to the refabrica-

tion pilot plant.

5. TASK 200 — REFABRICATION DEVHELOPMENT

The refabrication development task has two major subtasks: Refabrication
Process Development (Subtask 210) and Refabrication Pilot Plant Demonstration
(subtask 220'. Each is scheduled to fit the overall schedule of the program
and is subdivided into specialized subtasks. The plan presents the need,

existing technology, and work plan for each subtask.



Subtask 210 is divided into sol preparation, in which the thorium and
uraniuwn nitrates from reprocessing are converted to oxide sol by amine extrac-
tion in the solex process; microsphere preparation, in which the sol is dehy-
drated to form small spherical particles of oxide; microsphere coating, in which
layers of pyrolytic carbon and possibly S1C are deposited on the fusl particles;
particle handling and inspectilon; fuel stick fabrication in which coated fuel
particles are blended in molds, injected with binder, and cured into cylindri-
cal rods; fuel element fabricatlon, in which the fuel sticks are inserted into
graphite blocks; and recycle of off-gspecification material.

Subtask 220 utilizes the information obtained from Subtask 210, and demon-
strates that the processes and equipment are satisfactory for refabrication of
fuel elements. As in the other pilot plant subtasks, the work is divided into
process and egquipment design, procurement and testing of equipment, installation
of equipment, cold operational testing of pilot plant, hot demonstration, waste
treatment and disposal, materials handling, and process development support. The
principal operations involve converting the 233U02(N03)2 (from the Acid Thorex
Pilot Plant) into a sol by solvent extraction digestion; using the sol-gel pro~
cess to convert thoria and urania sols into calcined microspheres; coating the
microspheres with various layers of pyrolytic carbon and 8iC; blending coated
fuel particles; combining fuel particles, graphite filler and binder meterials
to form fuel sticks, which are then carbonized:; and assembling the final fuel
element. The scale of operations permits about two recycle elements to be
fabricated per day; this throughput is about 5% of that envisioned for
a large commercial facility. The planned location of the Fuel Refabrication

Pilot Plant is the Thorium~Uranium Recycle Facility (TURF) .

6. TASK 300 — RECYCLE FUEL IRRADIATIONS

The irradiation task has four subtasks: Capsule Irradiation Tests

Subtask 301), Peach Bottom Irradiation Tests /Subtask 302), Targe-Scale Proof
Tests (Subtask 303), and Refabricated Fuel Irradiation Tests (subtask 304). The
scheduling and needs of the irradiation program are followed by presentations of
the requirements, technology, and plan of each subtask. Subtask 301 includes
small-scale tests in test reactors of developmental fuel particles and fuel
sticks. Subtask 302 covers irradiation in the Peach Bottom Reactor of special
fuel elements similating as far as possible the fabrication methods and operating
conditions anticipated for HTGR recycle fuel. Both subtasks will provide infor-
mation on irradiation performance as well as irradiated material for ILaboratory

and engineering tests of reprocessing methods. In Subtask 3032 two full-size
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HTGR elements, wmade by recycle fabrication methods but containing 2357 rather
than 233U, will be tested to verify the capability of tue refabrication methods
for producing fuel with satisfactory performance. Finally, Subtask 304 will

test fuel elements produced in the cold start-up and hot operation of the
Refabrication Pilot Plant. Irradiation testing of recycle fuel fabricated during
the pilot plant hot demonstration runs provides the final proof and performance

tests of the recycle technoclogy developed in bthis program.

7. TASK 400 -~ COMMERCTAL RECYCLE PLANT STUDIES

The primary aim of the commercial studies task is to ensure that the tech-
nology developed in this program is meaningful to a commercial fuel recycle'
plant. Thus, an important consideration is feedback to the development tasks of
the needs of a commercial plant, and this feedback is the aim of Subtask 410,
Engineering and Economic Studies. The subtask is subdivided into process evalua-
tion, which guides the development and evaluates development data for design
needs; fuel shipping methods and costs; irradiated fuel storage, which considers
the optimmm timing, size, and location of storage sites; and waste management
and by-product recovery. The engineering studies should be completed in 1978,
Subtask 420 concerns the conceptual design of a commercial recycle plant, and
translates the results of the development program into a meaningful document for
future use. The conceptual design activities include plant layouts, equipment

and systems designs, and the preparation of a conceptual design report.



1. INTRODUCTION

The High-Temperature Gas-Cooled Reactor (HTGR) system uging the Th-23°y
fuel cycle has the potential of both lowering power production costs and
improving the utilization of our thorium and urani&m resources. Studies of
HTGR fuel cycle economics have shown that 23U has a relatively high value in
HTGR's. As a result, it is economically important to develop HTGR fuel recycle
technology. This report summarizes a plan for developing that technology in a
logical and economical manner, and is based on information developed in USAEC-
sponsored programs at Culf Ceneral Atomic (GGA) and Osk Ridge National
Laboratory !ORNIL). :

The recycle development program is to be carried out largely at ORNL,
making use of available facilities such as TURF (Thorium Uranivm Recycle
Facility) and the Thorex Pilot Plant. The recycle pilot plant demonstration
also considers use of these facilities, and constitutes part of the develop-
ment and proof testing of processes and egquipment. However, the Tdaho pro-
cessing plant is also available to the USAEC for carrying out the head-end
processing part of the recycle demonstration. Thus, while this report con-
siders the entire fuel recycle demonstration to be carried out at ORNL,
permitting the program'plan to be outlined in a specific and thorough manner,
it does not necessarily represent the position of the USAEC concerning the

Location of the head-end processing pilot plant.
1.1 ORBRJECTIVE

The primary objective of this program is the development of fuel recycle
technology that is required to establish and support commercial HTGR fuel recy-
cle operations. The intermediate objéctives of the program are the development
of reprocessing and refebrication processes, equipmént, practices, and procedures
and demonstration of pilot-scale reprocessing and refabrication operstions. A
concephbual design of & large-scale recycle plant will be produced during the
development program, to be followed by design and construction of a commerciasl
plant by private industry. This program is intended to integrate the efforts
of bobth the ALC and private industry in meeting the objectives.

This program plan outlines the development and demonstration work, pro-
vides a schedule for an orderly and efficient approach to commercially accept-
able fuel recycle procedures, and esteblishes the associated priorities, timing,
and budget estimates. The program plan does not necessarily represent the final

position of the USAEC.



1.2 ©SCOPE

The scope of the National HTGR Fuel Recycle Development Program includes
spent fuel reprocessing, recycle fuel fabrication, storage and shipping where
concerned with recycle fuel, waste management, recycle fuels irradiation, concep-
tual design of a commercial recycle plant, and liaison with private interests
in the design and construction of a commercial recycle plant. 7This program is
intended to develop recycle technology for a reference fuel element containing
fuel sticks of coated ceramic fuel particles. Alternative fuels will be
investigated only to the extent of determining their relative merits. Non-
recycle fuel design or fabrication technology will not be developed in this
program. The technology of nonrecycle fuels will be adapted to recycle
fuels wherever possible.
The National HTGR Fuel Recycle Development Program Plan l1s directed toward:
1. summarizing as of December 1970 the development work and the work schedule
required to develop a commercial fuel recycle industry for the HTGR in a
well ordered, economic manner, and

2. supplying budget estimates and documenting justifications for the develop-
ment work.

The National HTGR Fuel Recycle Development Program Plan is composed of four

specific areas of activity.

1.2.1 Task 10C — Reprocessing Development

This task is the development of processes and eguipment required to remove
intact spent fuel particles from the spent fuel elements, to separate the
recycle (fertile) fuel particles from the fissile fuel particles, and

to recover and decontaminate the 223U from the recycle fuel particles.

1.2.2 Task 200 — Refabrication Development

This task is the development of remotely operable processes and equipment
for making fuel particles containing recycled 2337 ang for assembling these

fuel particles into HTGR fuel elements.

1.2.3 Task 300 — Recycle Fuel lrradiations

This task is the proof testing and qualification of fuel particles and
fuel elements made with the processes and eguipment developed for refabrication
and providing sufficient irradiated fuel to test, on a significant scale, the

roceasses and equipment developed for reprocessing.
q



1.2.4 Task 400 — Commercial Recyele Plant Studies

This task is the study of developments in the reprocessing and refabrica-
tion areas and their impact on the timing, operability, meintainability, and
economics of the commercial recycle plant, and the use of these studies to
assist in gulding development program tasks.

In the execution of this program, available and applicable engineering
standards and quality assurance practices for desipning, constructing, snd
operating the pilot«plant equipment will be utilized. Concurrent with process
and equipment development, standards and procedures will be developed where
they are not availasble or are inadequate to define the technology required to

support commercial fuel recycle.



2. PROGRAM BUDGET AND SCHEDULE

Information on the funding and overall scheduling needed for timely

completion of the program is collected in this section.

2.1 TIMING AND SCHEDULE

The timing of the program is controlled by two considerations: the most
propitious date to start commercial recycle operations and the best utilization
of research and development resources — funds, manpower, and facilities. A
study of the economics of HTGR fuel recycle and the development required (see
Chapter 3) indicates 1984 as the ideal date for the start of commercial recycle
operations. The schedule of the development program that must be followed to
achieve this objective is shown in Fig. 2.1. The schedules for the four tasks

are broken down further in the chapters on these tasks.

2.2 ERUDGET

The total cost of the program to the AEC is somewhat over $50 million,
with the bulk of the money being spent at a rate of $% million to $6 million
per year during 1972 through 1978. The total is broken down in Table 2.1,
which shows the distribution of operating costs with time and among the princi-
pal tasks and subtasks. The capital requirements are for equipping and modi-
fying pilot plant facilities at ORNL and will be needed principally during 1973
through 1972. These expenses are itemized for the three pilot plants in
Tables 2.2, 2.3, and 2.4. An expenditure of about $20 million from 1978 to
1983 is expected for the construction of the commercial recycle plant. However,
this will be private funds of the commercial reprocessor and hence is not shown

in the tables of AEC expenditure, and this task is not included in this program.

2.3 KEY PROGRAM MILESTONES

Key milestones of the program plan are given in Table 2.%. These mile-
stones have been indicated on the program schedule, Fig. 2.1, and also on

individual schedules of the tasks given in subsequent chapters of this plan.
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Table 2.1.

Summary of Costs of HIGR Fuel Recycle Development

Program

Cost, $1,000, for Each Fiscal Year

Total

Task Task Titvle Manpower and
1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 After Material
110 Head-end reprocessing 249 685 1,112 1,104 797 495 100 0 0 0 0 Q 4,542
development
120 Head-end pilot plant C G 0 536 772 1,704 1,368 708 708 672 600 0 7,068
demonstration
130 Acid Thorex pilot plant 0 J 0 0 272 572 &72 572 572 572 500 a 3,732
demonstration
210 Refabrication process 480 590 1,158 1,814 1,382 678 542 o 0 0 0 0 6,645
development
220 Refabrication pilot 200 800 1,475 1,194 32,182 3,108 2,554 2,424 2,666 2,180 2,000 c 21,783
plant demonstration
300 Recycle fuel irradiations 120 160 410 305 165 150 152 85 110 100 15 256 51 2,079
Irradistion units™ 0 (200)  (100) (z00) (50) 0 0 o] 2 G 0 G (450)
400 Commercial recycle plant o] Q4 310 342 396 276 320 524 £00 226 50 s 3,138
studies e
Total operating budget 1,049 2,329 4,465 5,295 6,97 6,983 5,708 4,31> 4,656 3,75C 3,165 256 51 46,987
Total capital budget v,851
Total AEC budget 56,81¢

“Not inciuded in totals.



Table 2.2. Summary of Capital Expenditure for Reprocessing Development —

Head=~Fnd Pilot Plant

. Approximate
'T -
Them Cost
Process Equipment
Purner feed preparation equipment 3 300,000
Burner and ash handling equipment 330,000
Classified burner ash treating eguipment 175,000
Off~gas handling and decontamination equipment 400,000
Subtotal process. equipment 1,205,000
Engineering 600,000

Total process equipment

Waste Treatment and Disposal

Solid waste disposal equipment
Gaseous waste disposal equipment

Subtotal waste treatment and disposal
Ingineering
Total waste treatment and disposal

Material Handling

Spent fuel receiving and storage area
Cooling tower

Subtotal material handling

Engineering
Total material handling

Total Head-End Pilot Plant

$1,805,000

295,000
150,000

$ 445,000

$2,930,000
100,000

3,030,000
420,000

£3,450,000

$5,700,000




Table 2.3. Summary of Capital Expenditures for Reprocessing Development —

Acid Thorex Pilot Plant

Tt em Approximate
Cost
Process Equipment

Leacher $ 50,000
Extraction column modifications 60,000
Boron-containing Raschig rings 1C,000
Centrifuge for solids removal 50,000
Partitioning column pulser 10,000
Off-gas handling and decontamination equipment 320,000
Subtotal process equipment 500,000
Engineering 250,000
Total process equipment 8 750,000

Waste Treatment and Disposal

Solid waste disposal equipment
Gaseous waste disposal equipment

Subtotal waste treatment and disposal

Engineering
Total waste treatment and disposal

Material Handling

Feed~-charging mechanism
233U withdrawal system

Subtotal material handling

fngineering
Total material handling

Total Acid Thorex Pilot Plant Modifications

§ 100,000
90,000

190,000
90,000

$ 280,000

& 50,000
30,000
80,000
40,000

$ 120,000

$1,150,000




Teble 2.4, Summary of Capital Expenditures for Refabrication Development —
Refabrication Pilot Plant®

\pproximat
Ihen Agp{ }mate
Cost
S0l preparation equipment $ 110,500
Microsphere preparation equipment 110,000
Microsphere coating equipment 207,000
Fuel stick fabrication equipment ‘ : 102,000
Fuel element assembly equipment 86,000
Data handling and process control ’ 233,000
Subtotal equipment 348,500
Engineering 20,000
Contingency 113,025
TOTAL : & 9g1,525°

a . . X . . . ) o e s
The equipment costs Tor refabrication demonstration are included in the
original TUFCIF (TURF) construchtion authoriszation.

[ i . . . . .
This amount represents the remainder of project funds in AEC Direchtive
No. CI--2%1,



Table 2.5. HTIGR Fuel Recycile Development Program Milestones

Vi lestone® Task Event Date
1 200 Establish fuel stick fabrication technology January 1972
2 300 Complete hot cell studies with first Peach Botiom test element January 1972
3 200 Bstablish microsphere coating technology March 1972
A 100 Fstablish method for burner feed preparation July 1972
5 100 Establish leacher technology July 1972
6 2C0 Establish fuel element asgembly technology July 1972
7 200 Issue pilot plant conceptual design report (Refabrication Pilot Septenmber 1972
Plant )
g 100 Establish particle separation method January 1973
100 Establish off-gas handling method January 1973
10 300 Insertion of large-scale proof test elements into FSVR January 1973
11 100 Complete comstruction of fuel handling facility July 1973
12 100 Issue pilot plant coneceptuzl design report {Head-End Pilot Plant) Janusry 1974
13 200 Issve pilos piant preliminary design report (Refabrication Pilot March 1974
Plant)
14 100 Issue pilot plant conceptual design report (Acid Thorex Pilot Plant) January 1974
15 100 Issue pilot plant preliminary desigrn report (Head-End Pilot Plant)  July 1974
16 200 Issue pilot plant final design report {Refabrication Pilot Plant) Septernber 1974
17 120 Issue pilot plant preliminary design report (Acid Thorex Pilot January 1975
Plant)
18 300 Compiete capsule irradistion tests Januery 1975
19 100 Complete consﬁraction of pilot plants (Head-Fnd and Acid Thorex Januvary 1976
Pilot Piants)
20 200 Complete coastruciion of pilot plant {Refadbrication Pilot Plant) January 1976

0T
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Table 2.5 {Continued)

s

1

Milestone Task HEvent Tate

21 150 Initiate hot demonstration of pilot plants {Head-FEnd and Acid July 1976
Thorex Pilot Plants)

22 200 Tnitiate hot demonstration of pilot plant {Refabrication Pilot July 197¢
Plant }

23 300 Tnsertion of refabricated test elements into ¥FSVR July 1976

24, 450 Selection of reprocessing process {commercial plant studies) July 1976

25 400 Selection of refabrication process {commercial plant studies) July 1976

25 300 Examination of proof test elements September 1977

27 300 Sxamination of proof test elements January 1979

28 O IB0 0 Complete reprocessing demonstration y : July 1983

2% 200 Complete refabrication demonstration July 1980

30 400 Issue commercial recycle plant conceptual design report July 1980

31 108 Tssue reprocessing demonstration final report January 1581

32 200 Tssue refabrication demonstration final report January 1581

1T

B, .. o B b s - B . .
Milestones are indicated by these numbers in Fig., 2.1 and in develcpment schedules in later
chapters,
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3. TECHNICAT, AND ECONOMIC BACKGROUND

To give sound basis for understanding the tasks discussed in the main body
of this document, the technology and economics of the fuel recycle are reviewed

in this chapter.

3.1 FUEL CYCLE

The HTGR's being developed in the United States will use the Th-~233U cycle.
The initial core will be fueled with Th-23°U (the 27°U from 93%-enriched
uranium), with increasing amounts of 2337 used as it is produced and recovered.
Since the conversion ratio of the type HTGR under consideration is about 0.8
with a fuel exposure time of four years, makeup “>°U will have to be used
throughout the life of the reactor. These conversion ratios are valid only if
the spent 22°U, which contains °2°U, is not recycled with the 2??U. Techniques
have been proposed to keep the spent 235y separate from the 233U; these will be
explained in subsequent sections. The penalty for recycling various amounts of

uranium containing the steady-state amount of °2°U is described in Appendix A.

3.2 TFUEL BLEMENT

The fuel element for the reference HTGR is a hexagonal block of graphite
approximately 31 in. long and 14 in. across the flats, as shown in Fig. 3.1. In
both the reference 1000-MJ(e) HTGR and the Fort St. Vrain HTGR (FSVR) currently
being constructed, these fuel elements will be stacked in a close-packed array.
No supporting structure or additional moderator material is needed. The typical
fuel element contains 102 helium coolant holes and 210 fuel holes. A slightly
modified fuel element, shown in Fig. 3.2, contains large holes for the control

rods. The FSVR fuel elements are described in Appendix B.

3.3 FUEL

The fuel used in the HTGR is in the form of ceramic kernels (microspheres),
coated with pyrolytic carbon and silicon carbide and bonded into sticks that fit
into the fuel holes in the graphite blocks.! The coatings on the kernels pre-
vent the rapid spread of fission products in the reactor system. An inner layer
of low-density pyrolytic carbon is applied to all kernels to provide voids for
the fission products and to protect the outer coating from fission recoil
damage. The outer layers, which may be either a single layer of high-density

pyrolytic carbon or a layer of silicon carbide sandwiched between two layers of
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high~density pyrolytic carvon, act as a pressure vessel to contain the fission
products. The principal reason for the silicon carbide coating in the 100C-MW (e)
reactor is to keep the particle intact during early stages of reprocessing so
en ve classified by size from other particles, although the silicon carbide
is also . a more effective diffusion barrier to socme Tission products.
Four types of particles are used to allow for maintaining sepavstion of
spent 751 (containing *7°U) from “??U and to minimize the fabricabion costs.
The latter is possible because particles containing only thorium or “2°J can be
fabricated at considerably lower cost in a separate facility from the 223y par-
ticles since shielding is not necessary. The four particle types are one
fertile particle and three fissile particles: a fisgile particle contsining
2390 with a pyrolytic carbon coating, called the BISO fissile particle; a
fissile particle containing 7°°U coated with both pyrolytic carpvon and silicon

carbide, called the TRISO fissile particle; and a fizsile particle containing

A&}

23377 with & pyrolytic carbon coating, called the recycle particle. Only one
type of fissile particle is used in any one fuel element, Fissile particles
are mixed with fertile particles before the fuel stick is formed.

Two types of elements are used at one time in the core: element A and
element B, Every element containg the ThC, fertile particle. The TRIZO fissile

2357 and can be

particle is contained in element B. This particle contains
separated from the other parbticles by size classification because of the 3iC
coating., Initially, until 223y is available, element A contains the BISO fis-
sile particle. Although this particle cannot be size classified from the
fertile particle, most of these elements will be removed before full burnup is
achieved (four years for the reference fuel design). Thus significant quanti-~
ties of “2°U will remain, and it is economically warranbed to reprocess these
elements without separation of the particles. The penalty associated with
neutron absorptions in 2351] bred from °°°U becomes large only when thig nuclide
builds up to large concentrations due to its continued production from 235y
makeup fuel. In later core loadings, the same element B ag in the initial
fueling is wused, and the recycle particle is used in element A. Since this
varticle contains only 222y and thorium no separation of particles is required.
The coated particles are described in Table 2.1. Carbide kernels were
chosen for the initial loadings and for the fertile particles because the
manufacturing capability to produce these particles in large quantities already

exists.
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Table 32.1. HTGR Reference Fuel Particle Descriptionsa

Particles Common to B1S0°
Both Initial and Fisgile
i F i e
Property Recycle Fuel Particle Rer?l
9 for Particle
i . TRISO e
Fertile Fissile Initial
S L sile o
Particle Particle Fuel
Particle number 1 3 2 4
Kernel composition ThC> 23510, 235U, (Th,?2%U)0,
Kernel diameter, um 400 100 100 350
Coating thickness, pm
Buffer carbon 50 50 50 80
Inner dense carbon 20
Silicon carbide 20
Outer carbon 70 30 70 12C
Total particle diameter, .m 640 340 340 750
Ratio of coating thickness to 0.30 1.2 1.20 Q.57

kernel diameter

®particles will be bonded into fuel sticks for insertion into hexagonal
graphite block fuel elements. Sticks containing about 15% B,C in a graphite
matrix will be used in the corner holes of the fuel elements as a burnable
poison.

bTRISO designates three types of coaftings of the kernel: buffer, silicon
carbide, and dense pyrolytic carbon.

®BIS0 designates two types of coatings of the kernel: buffer and dense
pyrolytic carbon.

3.4 REACTORS

At present the only operating HITGR in the United States is the Peach
Bottom Nuclear Generating Station located near Delta, Pennsylva,nia,2 This
reactor uses a hot-pressed fuel compact rather than the bonded fuel particles
of future HTGR's. However, fuel elements similar to those for future HIGR's
have been inserted in the Peach Bottom Reactor. These fuel elements will
provide a test of the reference fuel and several advanced fuels and will provide
a reasonably large dquantity of irradiated material for reprocessing development.

The Fort St. Vrain Reactor?® is scheduled +to be in operation in 1971. This
reactor is a 330-Mi(e) HTGR being built for the Public Service Company of
Colorado. This reactor is a prototype of the 1000-Mi(e) HTGR's, with many fea-

tures of the two reactor types similar. Of importance to this program is that
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the basic fuel and fuel element type (costed particles bonded together into fuel

sticks and inserted into large graphite blocks) are identical.

3.5 FUEL RECYCLE OPERATICNS

Fuel recycle4 foyr HIGR's is diagrammed in Fig. 3.3. At fuel cycle equi=-
librium, spent fuel in the form of elements A and B is removed Trom the reactor
and after short-term storage sent to be reprocessed. The reprocessing operations
include head~end and solvent extraction reprocessing. In head~end reprocesging
the particles are removed from the elements, classified into particle types,
and prepared for solvent extraction,

In solvent extraction reprocessing, the fuel is treabted by the Acid Thorex
Process ‘to remove Tission products and separate the uranium from the thorium.
The thorium will be stored for 15 years to allow its activity to decay to a
level approximately that of unirradiabted thorium. The uranium contains large
quantities of “2°lJ. Because of the short half-life of “2°U (74 years) and the
high-~energy gamma activity of its decay products, heavily shielded facilities
will be needed not only for the reprocessing facility but for the refabrication
facility as well.

The purified *?7°U is transferred from the reprocessing facility to the
refabrication facility, where it is fabricated into oxide kernels by the sol-
gel technique for producing microsphéres. In this process, thorium is added to
the fuel.* The oxide microspheres are coated with pyrolytic carbon and, after
mixing with the coated ThC, particles (produced in another facility), bonded
into fuel sticks. The fuel sticks are loaded into fuel elemenis, and these are
canned and shipped to the reactor. 8ince the HTGR couversion ratic is less
than 1, fresh fuel is also supplied to the reactor in the form of type B ele-
ments Fabricated in unshielded facilities.

A1l of the processing facilities — fresh fuel‘fabrication, fuel reproceg-
sing, and refabrication — would be designed to handle a number of large HIGR's

to take advantage of the effect of scale on costs.

3.6 SPENT FUEL LOADS

The guantity of spent fuel available for reprocessing is not easy to

predict: since the schedule of HTGR construction ig nob well established. How=

ever, sufficient information is available to determine a range of possible fuel

'y'- N . - i . 3 -
The addition of thorium is currently specified because the technology of
fabricabing this mized oxide particle is further advanced.
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guantities, shown in Table 3.2. Considering the spent fuel availability in
1984, the projected startup date for commercial HTCGR fuel recycle operations, the
quantity of available fuel from several sources can be predicted. The FSVR
will have discharged approximately 30 metric tons of metal (U + Th + fission
products) in spent fuel elements. It is estimated that the first 1000-Mfi(e)
reactor will go into commercial operation in 1977. Acceplting this assumption,
and further assuming that the schedule of reactors.constructed is as postulabed
in the conservative growth rate depicted in case 1 of Table 3.2, about 330 metric
tons of metal will be availlable for reprocessing in 1984, with 115 metric tons
of the available metal being discharged from all U.S. HTGR's (FSVR included) in
that year. This 330 metric tons includes roughly 11 metric tons of fissile

material (*2°U + 23%y).

Table 3.2. Some Predicted 1000-MW(e) Reactor Installation Schedules

Number of HICGR's to be Installed Each Year

Case

1977 1978 1979 1980 1981 1982 1983 1984 1285 1986 19387 1248 Tobal
1 1 1 2 3 4 - 5 & 5 0 0 0 32
2 2 2 3 5 7 4 7 5 0 0 0 0 39
3 1 3 2 6 10 12 192 20 11 o 4 3 105

The cost benefit analysis of the U.S. Breeder Reactor Program calculates”
that 136 HTGR's can be economically‘built between 1220 and 1987, © In the linear
analysis wsed in the study, the construction in early years of the reactor
growth was limited to four reactors per year for the first two years, eight ver
vear in the next two years, 16 per year in the nexlt two years, and whabever is
most advantageous after that. The cbnservatism,of the 1980 introduchion date is
balanced by the large initial growth, possibly reguiring more than one reactor
fabricator. Hence, the output in 1924 calculated from that growth rate would
not be unrealistic. Again, including FSVR output in the estimabtes, 240 metric
tons of metal would be available in 1984, including 125 metric tons produced in
that year alone.

Using 1977 as the date of introduction of the first large HTGR and a more
optimistic growth rate in the early years, as shown in case 2 of Table 3.2,
the fuel avallability is almost double that calculated from the first growth
case. :

Thus , present expectations of HIGR growth indicate that a substantial

vantity of spent fusl containing significant fissionable material will be
¥ g g
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ready for reprocessing in 1984 when the first commercial plant becomes

operational.

3.7 ECONOMIC CONSIDERATIONS

The value of an HTGR fuel recycle program can be gaged with accuracy since
HTGR's can be operated without recycle, and therefore the difference in power
cost of recycle and nonrecycle operation can be calculated. GGA has calculated®
that operation of HIGR's withoul benefit of recycle increases fuel cycle costs
0.2 to 0.3 mill/kWh. The important aspect in determining the value of recycle
is that this 0.2 to 0.3 mill/KWh increase results in a 5.3 to 8.0% increase in
power cost. To put the potential cost savings of fuel recyecle into perspective,
the real savings accrued to the economy by the year 2000 is $1.048 billion,
assuming construction of reactors as outlined in case 1 of Table 3.2 (a total of
32 reactors built by 1985) and using 0.25 mill/kWh as the power cost savings of
recycle operations. Discounted to 1970 at an annual rate of 7%, this savings
amovnts to $262 million. Compared with the $56.8 million expenditure outlined in
this program, which discounts on the same basis to $40.7 million, this savings
translates to a cost benefit factor of about 6.

In addition to decreasing the cost of electric power, recycle of HIGR fuel
will save a considerable portion of the uranium reserves. The nonrecycle mode
of HTGR operation uses about twice as much °2°U. By the year 2000, the HIGR
system described by case 1 without recycle would use 30,000 metric tons UsOg

more than the system using recycle,

3.8 TIMING

An overall study in the economics of an HTGR economy was performed to
provide an understanding of the economic problems involved in the timing of the
HTGR Fuel Recycle Development Program.7 The results of this study are shown in
Fig. 3.4 and are based upon the reactor schedules shown in Table 3.2. The
ordinate in Fig. 3.4 is the difference in total fueling expenditures {discounted
at 7% to 1977) between the optimum vecycle introduction date and any other intro-
duction date for the three different reactor installation schedules.

The unit cost of fuel recycle has been shown consistently%mlo to decrease
markedly as the throughput of the spent fuel processing and recycle fuel fabri-
cation facilities increases. Therefore, it does not appear to be economically

sound to build a succession of small recycle facilities as the fuel recycle
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load increases. Rather, spent fuel should be stored and the construction of
recycle facilities be delayed until the sum of the stored fuel and the current
reprocessing requirements has builb up to an economically adequate size. PRased
on these considerations, the optimum date for start of recycle operations was
found to be about seven years after the startup of the first 1000-Mi(e) HTOR,
or 1284 if the first such reactor begins operation in 1977. In all cases, the
economic penalty for being a year early in startup is aboubt half that of being
a year late. These results persist throughout all of the growth patterns that
were considered. The study also considered discount rates of O and 14% as well
as the sbandard 7%; again, the optimum recycle startup date of 1984 persisted,
indicabing a close balance between the cost of the additional 27U that must be
purChaséd before starting recycle and the cost of having a large recycle facil-:

ity hefore there is enough fuel to justify it.
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One can determine the schedule of the recycle development program by
deducting from the optimum date for introducing coumercial fuel recycle the sum
of the minimum times required for design and construction of the commercial
plant, for design, construction, and demonstration of operation of the pilot
plants, and for process and equipment development. A schedule determined in
this way is shown in Fig. 2.1, page 5. t is very tight and indicates that
the recycle program plan must be implemented at the funding levels shown in
Table 2.1, page &, as soon as possible if the greatest economic benefits are to
be realized. This schedule is based on receiving irradiated fuel from the FSVR
in sufficient gquantity to perform the hot demonstration development work begin-

ning in 1976.

3.9 EXISTING TECHNOLOGY

Only a limited amount of technology is presently available for reprocessing
of graphite matrix fuels. Commercial facilities such as the Nuclear Fuel
Services, Inec., a subsidiary of Getty 0il Company, Midwest Fuel Recovery Plant,
which is being built by General Electric Company, and the Nuclear Fuel Plant to
be built by Allied-Gulf Nuclear Service are primarily concerned with the pro-
cessing of metal-clad UO, fuels. Also, the government-owned plants at Hanford
and Savannah River are not presently concerned with reprocessing graphite matrix
fuels. Some work has been done at the Idaho Chemical Processing Plant (ICPP) on
graphite matrix fuel that does not require maintaining separation of 33U from
235U,  The information developed at ICPP will be used by the recycle development
program wherever applicable. Reprocessing of irradiated thorium metal was
demonstrated in the Thorex Pilot Plant at ORNL in 1956. This pilot plant is
essentially intact and will be converted to the Acid Thorex Pilot Plant as a
part of the recycle development program. Thorium oxide fuel rods have been
reprocessed on a production scale at the Hanford and Savannah River plants to

233U5 with relatively little 232U, for experimental purposes. Metal-

recover
clad (Th,???U)0, was remotely fabricated at ORNL in the Kilorod'! facility and
semiremotely refabricated at the Iynchburg facility of the Babcock & Wilcox
Company. '? ILittle of this experience on metal-clad fuel elements is applicable
to this program. About 32 kg of (Th,233U)02 microspheres was made and coated
at ORNL for use in High-Temperafure Lattice Test Reactor physics experiments,l3
and particles of (Th,U)0,, ThO,, and U0, were prepared, coated, and made into
fuel sticks for use in the Recycle Test Elements (RTE's) for irradiation in the

Peach Bottom Reactor.
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3.10 FACILITIES NEEDED

To implement this development program plan, facilities are reguired for
head~end reprocessing demonstration, solvent extraction reprocessing demon-
strations, fuel refabrication demonstration, proof test irradistions, and the
laboratory development work preceding these demonstration activities. This
laboratory development work includes both process development and engineering-
scale equipment development. ILaboratory development work will be done in
available chemical and engineering leboratories and hot-cell facilities at ORNL
and GGA. :

The head-end reprocessing demonsitration and the fuel refabrication demon-
stratiod will be performed in pilot plants located in the Thorium-Uranium
Recyele Facility (TURF) at ORNL. ** 'This facility has shielded chemical and
mechanical processing cells, a decontamination cell, an equipment storage cell,
a fuel receiving station, a fuel storage basin, and gaseous and liquid waste
disposal systems. Since the TURF was designed to handle PWR-type fuel elements,
the receiving and storage sreas will require some modifications snd additions
to provide the full reguirements of this program.

Solvent extraction reprocessing will be demonstrated in the existing ORNL
Ruilding 3019 facility with the Thorex Pilot Plant equipment modified for HIGR
fuel.

The irradiations will be done in the Peach Bottom Reactor, the Engineering

Test Reactor, and the Fort St. Vrain Reactor.

3.11 ORNIL PROGRESS REPORTS

In addition to the topical references cited in this and other parts of
this document, two series of progress reports document ORNL reseasrch and
development work pertinent to HIGR development. These are the series Status

and Progress Report for Thorium Fuel Cycle Development and (as-Cooled Reactor

Program Semiannual Progress Report. Recent reports in these series are listed

in Table 3.3.

Progress report series by Gulf General Atomic are referenced in Chapter 6,
page 99. ‘
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Table 3.3. Recent ORNL Progress Reports Containing HTGR Development

Report Number Period or Period Ending

Thorium Fuel Cycle Development

ORNL~4622 Jan. 1, 196%-March 31, 1970
ORNL~44.29 1967 and 1968

ORNIL~4275 Year ending Dec., 31, 1966
ORNT~4001 Year ending Dec. 31, 1965
ORNL-3831 Year ending Dec. 31, 1964

Gas-Cooled Reactor Program Semiannual

ORNIL~4589 March 31, 1970
ORNL-4508 Sept. 30, 1969
ORNT,-~44 24 March 31, 1969
ORNT~4353 Sept. 30, 1968
ORNIL-4266 March 31, 1968
ORNT~4200 Sept. 30, 1967
ORNL-4133 March 31, 1967
ORNL-4036 Sept. 30, 1966
ORNL-3951 March 31, 1966
ORNL-3885 Sept. 30, 1965
ORNT~3807 March 31, 1965
ORNL-3731 Sept. 30, 1964
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4. TASK 100 — FUEL REPROCESSING DEVELOPMENT
4.1 INTRODUCTION

Fuel reprocessing, one of the key steps in the HTGR fuel cycle, recovers
and purifies 2371y for fuel refabrication and return to the reactor. Repro-
cessing development work done thus far has shown that several process alter~
natives may, with further development, be practical methods of reprocessing.

The goal of this task is to develop and demonstrate fuel reprocessing
methods for the reference 1000-MW(e) HTGR fuel and to provide technology for
commercial reprocessing plant design, construction, and operation. The
separation and recovery of 233U’present in the thorium~bearing particles are
the primary technical goal of this development task. Although some attention
will be given to maintaining the highly burned-up 235U~containing rarticles
as a recoverable process stream, this aspect of the process will be of less
importance than 233Urecovery, The early availability of fuel from the Fort
St. Vrain Reactor {FSVR) makes it essential also to be able Lo reprocess that
fuel in the reprocessing pilot plants to get timely information for the
reprocessing technology necessary for commercial plant application. The most
significant difference now between the reference 1000-MW(e) HTGR fuel and the
FSVR fuel is that current plans call for only the 235U—containing particle
to be coated with silicon carbide in the former reactor, whereas all the
particles are coated with SiC in the FSVR,

The three major parts of this task are: (1) Head-End Reprocessing
Development (Subtask 110), (2) Head-kEnd Pilot Plant Demonstration (Subtask 120),
and (3) Acid Thorex Pilot Plant Demonstration (Subtask 130). The pilot plant
demonstrations will be complete when the eguipment and the operations carried
out in the equipment have been proven to be reliable, practical, and capable
of economical scale-up in a commercial reprocessing plant. This demonstration
will require the reprocessing of unirradiated developmental fusl elements,
irradiated materials provided by Task 300, and a number of spent fuel elements
from the ¥3VR. Head-end reprocessing bhegins with recelpt of the fuel elements
in a shielded shipping cask and ends with the shipment of the recovered fuel
values, as uranyl nitrate, in a shielded shipping carrier. An essential part
of the reprocessing scheme is the handling of all waste streams (gaseous,
liguid, and solid) in whatever manner is required for their disposal.

Head-End Reprocessing Developmert (110) will consist of: (1) develop-
ment of unit processes on a practical engineering scale with unirradiated

fuel, (2) tests of unit processes with irradiated fuel samples in small-scale



hot-cell equipment, and (3) prototype equipment development, testing, and
demonstration with unirradiated fuel. The Head-End Reprocessing Development
Subtask will be limited to a study of the reference processes, their problem
areas, and a few alternatives to those reference process steps that may prove
wnsatisfactory during their development.

Specifically, the Head~End Reprocessing Develdpment (110) steps are:

(1) Burner ¥eed Preparation (111), (2) Burner Technology (112), (3) Burner Agh
Handling (113), (4) Treatment of Classified Burner Ash (114), (5) Alternate
Methods of Mainteining Separsbtion of 277U and 225U (115), (6) Scrap Recyele
(116), (7) off-Gas Handling and Deconbamination (117), and (8) Waste Treatment
and Dispozal (118).

The Head-End Pilot Plant Demonstration will consist of design, construc-
tion, and operation of a Head~End Pilot Plant in TURF (ORNT Building 79305,
The Head-End Pilot Plant scheme begins with receipt of the spent fuel elements
from the reactor and ends with transfer of fhe fuel values free of the graphite
to the Acid Thorex Pilot Plant in ORNL Building 3019. The former shipment is
to be made with the fuel shipping cask to be furnished by GGA, and the latter
is to be made using either the solids transfer casgk to be furnished by ORNL
(VPP Waste Carrier No. 2) or the solution transfer carrier. The Head-End
Pilot Plant operationsg will demonstrate recovery of 2727 from irradiated fuel
and deliver a product ready for reprocessing to the Acid Thorex Pilot Plant.
The maintenance philosophy to be used for the Head<End Pilot Plant is remote
wodular replacement or repair. That is, all eguipment will be designed so
that the entire apparatus or, where practical, subsections of the apparatus
can be removed remotely by cranes and manipulsators.

The Head-End Pilot Plant .Demonsftmtion (120) steps are: (1) Design (121),
(2) Procurement and Testing of Equipment (122), (3) Installation of Equipment
(123), (4) Cold Operational Testing of the Head-End Pilot Plant {124}, (5) Hot
Demonstration of the Head~End Pilot Plant (125), (&) Waste Trestment and
Disposal (126), (7) Materisls Handling (127), and (8) Process Development
Support (128).

The Acid Thorex Pilof Plant Demﬁnstr&tion will consist of modifying and
using the existing Thorex Pilot Plant in ORNL Building 3019 for the recovery
of vraniuvm and thorium from fuesl material being reprocessed. Uranium and
thorium separation and dscontamination by solvent extraction wers chosen for
the reference process. This pilot plant will demonstrate the Acid Thorex
orocess and wranium recovery using the product frow the Head-End Pilof Plant

Demongtration. The Acid Thorex Pilot Plant schieme vegins with recelpt of the
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fuel values as oxides or solution from the Head-End Pilot Plant and ends with
transfer of the recovered fuel values, as uranyl nitrate,

The Acid Thorex Pilot Plant Demonstration (130) steps are: (1) Design
(131), (2) Procurement =and Testing of Equipment (132), (2) Installation of
Equipment (133), (4) Cold Operatioral Testing of the Acid Thorex Pilot Plant
(134), (5) Hot Demounstration of the Acid Thorex Pilot Plant (135), (6) Waste
Treatment and Disposal (136), (7) Materials Handling (137), and (8) Process
Developmernt Support (13%8).

The following definitions are given to assure a common understanding.
fuel element ~ the loaded graphite block containing coated particles, fuel

sticks, and retaining plugs,
fuel block — the empby graphite iltem contalining coolant and fuel holes,
fuel sticks — right circular cylinders made of particles bound together in a
carbonaceous matrix, These are inserted into the fuel holes of the fuel
block,
fuel particles — coated kernels of fissile and fertile materials or their
combinations,
poison particles ~ coated kernels of neutron absorbing materials,
kernels ~ uncoated, fissile, fertile, or neutron absorbing materials,
microspheres — kernels made by the Sol-Gel Process,

BT particles ~ burned TRIBO particles that have an exposed SiC coatbing.

4.2 REPROCESSING DEVEIOPMENT SCHEDULE

The schedule for performing the steps of this major task of the develop-

ment program is shown in Fig. 4.1,

4,3 SUBTASK 110 -~ HEAD-END REPROCESSING DEVEIOPMENT

4.3.1 Purpose

The purpose of this subtask is to obtain the information needed to carry
out Subtask 120, Head-fEnd Pilot Plant Demonstration, The fact that all fuel
particles will have TRISO coats in the FSVR, whereas it is currently planned
that only the 2°°U-containing particle will have TRISO coats in the 1000-MW(e)
HTIGR reference fuel, is important to the plans for reprocessing work. As
mentioned earlier, the first significant amounts of irradiated fuel available

for head-end reprocessing in‘the pilot plant will be from the FSVR.
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4,3.2 Requirement

This subtask requires the development of processes and equipment for
recovering the fuel values from spent HITGR fuel elements. Recovery of fuel
values from HIGR graphite fuel elements has not been demonstrated, although
some crushing, tumbling, burning, and grinding studies have been carried out
both in cold engineering equipment and in small-scale hot-cell studies,

Uranium-233 is added to -er generated in the 1000-MW(e) HTGR fuel element
in particles separate from those containing 235U, The reference reprocessing
process assumes that the silicon carbide coatings on the burned TRISO particles
(BT particles) remain sufficiently intact during reprocessing that they can be
separated by screening. Particle breakage or insufficient particle separation
can cause crossover. For example, the particles cannot be separated by
screening if they stick together in small agglomerates after burning. A cost
penalty of about 0.015 mill/kWh has been calculated for a loss of 5% of the
2377 to the 2°°U fraction. The same cost penalty occurs for 10% retention of
the ??°U (and attendant 2°°U) by the 4°°U recyele fraction when reactor
equilibrium conditions are assumed (which takes 100 years) and for 25% reten~
tion when a 30-year reactor lifetime is assumed. It appears to be reasonable
to expect to hold these percentages to such values as those above, or lower.

The bulk of the irradiated °°°U must be maintained separate from the 233y
(which is to be recycled). While the concepts for recovery and separation of
the two fuel components are apparently gquite sound, the practice is not devel-
oped on any meaningful scale. Potential problems, such as sticking of the
alumina powder to SiC coatings, must be studied to determine their severity,
and solutions found wherever required. Consequently, it is necessary to
establish equipment requirements, evaluate and test the various equipment
types, and in some cases perhaps develop new devices rather than modify
conventional systems,

Laboratory development of all the significant engineering unit processes
must be carried out with unirradiated prototype fuesl. Cold fuel eslements must
be crushed and the crushed product tumbled and screened to determine the
practicability of removing the bulk of the carbon from the fuel and poison
particles in this way. Several sizes and types of burners and off-gas filters
must be evaluated. Particle geparation devices and breakage must be studied,
Additional irradiated fuel compacts and capsules must be taken through the
proposed reprocessing steps in hot cell studies, Realistic parbicle breakage,
fission product release, and fuel reprocessing performance information must

be obtained in these studies.
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A preliminary hesd-end process chemical flowsheet ig presented in Fig. 4.2,
The qguanbtities shown Iin the flowsheet are based on processing about ten elements
per day; this rate corresponds to a meaningful pilet plant scale. Further, bhe
233y reclaimed daily from these FSVR fuel elements irradiated for two years
permits preparation of 10 kg of recycle microspheres having a bhorium-to-

-~
2

uranium rablo of 4.25. A generalized diagram of activiti in reprocessing

bie
development, emphasizing the head-end steps, is presented in ¥Fig. 4.2,

The wvarious steps of reprocessing development described in the following
subtasks will be carried on more or less concurrently and will continue
through the mid-1970%'g., The timing of the subtask iz shown relative to the

other subtasks in Fig. 4.1 and relative to the oversll program in Fig, 2.1,

U

-

bage

4.3.4  Funding

The required funding for this subtask is given in Table 2.1, page 5.

No new facilities (in the form of buildings or other items involving
major capital investment) will be regquired. ILeboratory development work
will be carrvied out in available chemicsl and engineering laboratoriss and
hot cell facilities at ORWL. Prototype eguipment will be required for

development of pilot-plant-scale equipment.

4.3.6 3Zubtask 111 — Purner Feed Freparation

4,3.6.1 Requirement

A process and its equipment must be developed for preparing the spent
fuel element for burning. The process must have a‘minimum of particle vreak-
age so that mixing of the 2% and 77U can be reduced to a mindioum,

The purpose of this subtask is to develop processes and equipment that
remove the matrix carbon from the coated particles in such a way that the
integrity of the silicon carbide coating is not compromised. This is crucial

because it is through the dimensional characteristics and resistance to
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oxidative attack of the silicon-carbide~coated and recycle particles that

particles having various compositions are to be kept separate.

4,3,6,2 Status of Technology

Fuel particles constitute a small fraction of the tolal material in a
fuel element, the major portion being graphite. Further, the fuel element is
large (a hexagonal parallelepiped about 14 in, across Tlats and about 31 in.
long) and unsuited for burning in a fluidized-bed burner (and perhaps in a
fixed bed also) without breakdown into smaller pieces. Separation of the fuel
sticks or preferably the fuel particles from the bulk of the graphite would
materially reduce the problems inherent in burning carbon that is contaminated
with fission products and which produces a large volume of gaseous waste to
be treated and disposed of,

Preliminary tests of simple ways of crushing a graphite fuel element have
been accomplished,l but it cannot yet be said that a satisfactory system has
been developed, This is due, in part at least, to the lack of typical fuel
elenents. Five approaches that could free the fuel particles from the bulk of
the graphite have been considered and have undergone preliminary investigation.
These are: (1) water jet erosion of the fuel sticks, (2) core drilling around
the sticks, (3) pushing the sticks from the fuel elements, (4) oxygen lance
puraning, and (5) crushing of the fuel element followed by tumbling. The
available information regarding the first four approaches is either inadequate
or discouraging.

Recent laboratory-scale research? on head-end processes has shown for
unirradiated prototype fuel material, one~ and 12-fuel-hole cylindrical
graphite blocks, that crushing of the fuel element followed by screen-tumbling
of the crushed material results in particles separated from graphite with minor
particle breakage. However, work with full-.size fuel elements is required to
establish equipment design parameters, and eventually the results of unirradi-

ated fuel tests must be verified with irradiated fuel.

4.3,6,3 Work Plan

The primary effort will be directed toward determining the optimum method
of element comminution to reduce the graphite to a size and configuration such
that screening and tumbling will separate particles from the bulk graphite and
produce material of a size that can be accepted by a fluidized~bed burner.

Techniques to be studied in developing reprocessing of reference HIGR fuel
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elements include: (1) sawing into segments followed by jaw crushing or hammer
milling into small pieces, (2) screening particles from the broken graphite,
and (3) tumbling the broken graphiteﬁto free the particles., Alternative
methods of freeing the Tuel from the block, such as pushing the fuel sticks
from the fuel holes, should be investigated further because of the advantages
of gvoiding the difficulty of crushing and burning tons of contaminated

graphite, A fuel particle detector Wwill be considered to separabe broken

sieces of the fuel block, which contain no fuel velues and need not be pro-

cegsed further, from broken pieces of the fuel sticks.

Esgentially all of this wor l'will be with unirradiated fuel elements
prototypical of the reference fuel element., Hot~cell tests will be performed
with small amounts of irradiated fuels to verify proc ess and equipment

capabiliity.

4,3.7 Subtask 112 — Burner Technology

4,3.7.1 Requirement

Bguipment musgt be developed suitable for burning the graphite contained
in the fuel elements. ' This graphite must be removed before any fissile and
fertile material separation based on particle size can be made.

4,3,7.2 Status of Tec¢hnology
Pluidized~bed burning of approximately l-in,-diam graphite pieces was

Bl

developed for use in recovery of <751 from Rover fual and has been extended

6]

to processing BTGR fuels at ORNL? and at GGA.T Control of reaction rabte and
temperature is good. The process can be an esgentially continuous operation;
however, scale~ip data on fluidized~bed burning sre insufficient to permit
design of & largew-scale undt, such as would be reguired for head-end
reprocessing of HIGR fuel,

The presence of poison parbicles containing natural boron as BiC in each
of the fuel elements poses gquestions that must be answered experimentally,

o

The boron is partially converted to lithium by (n,q) reaction, bub sowe remains

as B0, which would be. converted to ByUz in the head-end step. The effect of

of

=

d
this B204 in the burner must be determined and reflected in the desigu

pilot plant equipment.
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4£,3,7.3 Work Plan

1. Conduct small-scale hot-cell tests to find the effects of irradiation
on particle breakage and the nature and amounts of fission products in the
off'-gas,
2. determine suitable fuel chunk size for burner feed,
determine the packing of fuel chunks as they are fed to the burner,
r.  Tind the better heat transfer medium: Ala203 or fuel particles themselves,
5. determine suitable burner configuration to avoid channeling and to

promote heat removal,

(o)

develop equipment and techniques for product removal without coating

breakage,

-3

determine the effect of B.C and fission products such as molybdenum in
the fuel elements on the burning operation and devise solutions to prob-
lems as required,

develop eguipment scale~up data and design criteria
)e I P ’

O

. develop requirements for operational instrumentation,
10. determine criticality problems,
11, develop methods of off-gas filtration and filter blowback for returning
solids to the burner.
Success in one of the methods for removing fuel sticks or fuel particles
from the graphite fuel block could vastly reduce the scale of equipwment

needed for this subtask.

4.3.7.4 Analysis of Alternate Approaches

Fixed-bed burning of entire elements is an alternative to fluidized-bed
burning., It was discarded early in the development of the process for recovery
of uranium from Rover fuel because of difficulties in temperature control and
heat dissipation. It appears that a different approach (dilution of the
oxygen with CO,) might eliminate this problem. Burning graphite on a large
scale is a well developed industrial art, Development of suitable eguipment
for feeding the fuel elements to the burner and withdrawal of the ash (product)
would be required. Use of fixed~bed burning could eliminate the need for

gize reduction of the fuel element.
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4,3.,8 Subtask 113 — Burner Ash Handling

4£,3.8,1 Requirement

Meang must be developed and demonstrated to separate fuel materials Irom
poison materials and inert materials: and further to classify the fissile and
fertile materials into various size components. This separation s necessary
to realize the full economic advantage of the HIGR concept.

Tt must be borne in mind that the initial demonstration of hesd-end
reprocesging will be carried out to a large extent with irradisted fuel sle-
ments from the FSVR's first core. These slements contain TRISO-coabed
(U,Th)C» and ThC; particles., However, the process equipment must also be
capable of handling the fuel from the reference lOOO-MW{e) HIGR fuel
elements, since these are the ones for which the processes are really
being developed and demonstrated.

In the case of the reference fuél, both the BT fissile particle and
the recycle kernel {which is oxide) will remain intact in the burner ash.
These fuel materials must be separated from the Al,0; fluidizing media and
any poison material. The separated fuel materials must be classifisd to
separate 273y from 2?°U. Other kernels that were not coated with 5iC, or
that had their S5iC coatings broken, will be changed from carbides to finely

2y

divided oxides in the burner. IFf the fines contain a significant quantity
of 277U along with 2290 a process may be required fto keep these isobopes
apart. ’

Tn the case of the FEVR fuel, the BT particles (containing both fissile
and fertile materials) will remain inbact in the burner ash. They must be
separated from the 21303 fluidizing medium and any poison material. Any
broken fuel particles will be converted to fines (as oxides) for the same
reasgon as stated avove, and they too must be separated if recovery is

necessary.

4.3.8.2 Status of Technology

No: significant effort has been expended towsrd selectlion and development
tegting of equipment appropriate for separation and classification of irradi-
ated fuel particles, Presumably the same general type that is suitable for
size classification in the fuel refabrication processes (Task 200 of this plan)

would be suitable here.
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The success of particle classification based on size will depend directly
on whether the SiC coatings are ruptured, This coating could rupture in any
one or more of several operations: during fuel fabrication, during reactor
operation, as a result of mechanical operation during size reduction of the
fuel element, by thermal shock during burning, or by mechanical shock during
fluidization, If this coating (not to say the enmtire fuel particle) should
break for a substantial fraction of the fuel particles, classification of the
fuel particles to adequately sé&parate 233y from ?°°U will be impossible.
However, separation of the 23°7 from the 2°°U may be possible by an alternate
method (see Subtask 115).

4.3.8.3 Work Plan

Cold and irradiated specimens will be studied in the hot cell to deter~
mine the fraction of broken particle coatings and kernels that can be
anticipated in the burner ash material,

Equipment suitable for pilot plant operation will be developed to handle
the burner ash. Eguipment currently used for similar radiocactive operations
will be reviewed and employed if pradtical. Use of commercially available
devices with modifications as required for hot-cell operation will be empha-

sized,

4,3,9 Subtask 114 ~ Treatment of Classified RBurner Ash

4,3,9.1 Requirement

The fuel particles in the burner ash must be crushed, reburned, and
dissolved, and the solution must be made suiltable for recovery of the fuel

values by solvent extractilon.

4,3.9.2 Status of Technology

Fuel particles from the first core of the FSVR can be crushed to expose
the fissile and fertile material to attack by nitric acid or Thorex dissol~
vent. Under these conditions only relatively small quantities of carbon and
SiC will be present. The operation to be accomplished is similar in many
respects to the tests involving recovery of thoria from carbon coated sol-gel
microspheres by a grind-leach technique,l» 21-13

The material to be recovered after head-end treatment of the reference

fuel elements will be powdered oxides of poison, fissile, and fertile materials,
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the intact BT fissile particles, the,(Th,Z’BU)OL recycle particles, and Al,03.
The fuel values from the recycle particles will be prepared for recovery by
dissolution with ThOTEA dissolvent. The BT fissile particles can be crushed

and dissolved ag mentioned above for:the ¥FSVR fuel.

4,3.9.3 Work Plan

N

Laboratory development tests will be performed with both unirradisted and

irradiated coated carbvide and oxide particles to obtain data for the Tollowing:

1., an gppropriate eguipment deaign for crushing the SiC coatings,

2. an appropriate eguipment design for burning the crushed particles,

3. an appropriate equipment deasign for dissolution (an esserntial part of this
is the separation of the 2iC hulls and any other residue from the
dissolver product),

.  the degree of fuel value recovery possible from irradiasted fuels (if
excessive fissile material is embedded in the inner pyrocarbon shell,
en alternate approach will be studied).

Some fission product gases will be entrapped in the solids that reach the
dissolver, and a part of the hot~cell tests is to determine the extent of

thig problem. Methods of handling this radicactive off-gas waste must be

developed. This is discusged in Subtask 117.

4,3.9.4° Analysis of Alternate Approache

If loss of fuel values during dissclution iz not excessive, or if the
presence of organic acids is accepbable, the separsted particles may not need
to be burned after crushing to eliminate carbon present in the carbide fuel

and in the pyrolytic carbon coabtings. To he determined are the appropriate

the silicon carbide

D

burning system (fixed or fluldized bed) and how o separate
mills — and any other residue ~ from the dissolver product. Fixed-bed burning
appears to be preferable to Fluldized-bed burning for this operabion because

it will not introduce extranecus materials, such as Al,;03, which would require

later separation from the dissolver product.

- o p . ) . o 237
4,3,10  Subtask 115 — Alternate Methods for Maintaining Separation of °7°U
7 N

and <7°U

4.3.10.1 Requirewment

"

If SiC breakage should be excessive in the F3VR fuel or if the 3iC

23

coating on the U particle should break excessively and the recycle particle
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becomes broken, then a method other than size classification will be reguired

for maintaining separation of 2°°U and ?°°U.

4,3,10.2 Status of Technology

Alternative methods of meintaining separstion of 2357 and 272U have received
limited consideration. A possibility for the reference fuel follows.

Apply no silicon carbide coating to any of the particles. All 277U could be
incorporated with thorium to make Th0>~UC, particles, and the 2°°U particles could
be formed "undiluted" from either the oxide or carbide kernels. After the pyro-
lytic carbon coatings are burned off from all particles, the 235U kernels should
be readily dissolved in dilute nitric acid, whereas the ThOz~containing particles
will dissolve more slowly. If the 225U kernels are carbides, the 2357 could
possibly be carried out of the combustion chamber with the combustion products.
Removal of 2°°U oxides from combustion gases has already been demonstrated by
Idaho Nuclear Corporation during development of the process for recovering
uranium from Rover fuels,

Tests have shown that thorium and uranium carbides are rapidly oxlidized to
oxide powders if they become exposed to an oxidizing atmosphere. In the fluid-~
ized bed burner these oxidized powders would be carried oult with the off~gas.

If a significant aumber of particles break in the FSVR fuel during irradiation
or during burner feed preparation, an alternate head-end method must be developed

to assist in maintaining separation of the 23°7 and the 277U,

4.3.,10,3 Work Plan

If the technique of size classification proves unsatisfactory for maintaining
235y ana 2°°vU separate, alternste methods will be studied., Iaboratory development
tests will be performed with irradiated and unirradiated fuel specimens to
establish chemical and mechanical feasibility of processes and equipment for

2)3U and 235

keeping U particles separated, Engineering evaluations will then be
made to determine the relative merits of the available approaches. The evaluations
will take into consideration the following:

1. effectiveness of maintaining separation,

2. overall cost of process equipment,

3. relative ease of fuel refabrication,

/

ro desirability from standpoint of reactor physies,

5., desirability from standpoint of fission product release,
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4.3.11 Subtask 116 — Scrap Recycle

4,3.11.1 Requirement

Undetermined but significant amounts of scrap will be produced in almost
every stage of fuel reprocessing and refabrication. A satisfactory, simple
method of returning these scrap materials to active use or digposing of them
is required for economy of fuel recycle operations. Part of this scrap will
come from the refabricabtion operations. For example, reject microspheres
233

containing and highly radiocactive 2327 must be recycled,

4.3,11.,2 &tatus of Technology

The status of technology of scrap recycle and the problems to be
encountered are roughly the same as for normel fuel reprocessing,: with the
exception that gross amounts of radiocactive fission products will not be
present, It is exzpected that recycle scrap will be, insofar as possible,
reprocessed by the same equipment as that used for main line reprocessing of
irradiated fuel. The major problem to be considered is that of fissile
material accountability. Guidance as to the amount of scrap to be expected
14

from the sol-gel operations may be obtained from a process demonstration run

conducted previously at ORNL.

4,3,11,3 Work Plan

The problems of recycle of scrap will be studied. Steps to be taken in
the handling of each recycle material and Tor an appropriate means of account -
ability will be formulated. Ieboratory tests will be conducted to establish the

methods and techniques for handling internal recycle of materials.

4.3.12 Subbask 117 — Off-Gas Hendling and Decontamination

4,3.12.1 Reqguirement

Al effective and economical mesns is reqguired for removing radiocactive

gaseous and volatile fiegsion products from the head-end reprocessing off-gas

]

. . R - 3. - g . -
streasmg, The fissgion products way include “H, Kr, Rb, Mo, Ru, Te, I, Xe, and

Cs as major sources of radiation, significant masses of material, or both.

The processes and equipment must be selected to take into account the

nature of the gas being treated,
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4,3,12.2 Status of Technology

Processes and equipment exist for removal of T, Kr, Ru, and “H from the
gases released from dissolvers, but none have heen developed specifically for
treating gases released during combustion of carbon., Likewise, a process
exists for removing ruthenium from waste calcination off-gas streams, 177

The composition of the gas to be treated will depend upon a number of
factors, including (1) amount of atmosphere inleakage, (2) diluent used with
oxygen to maintain temperature control, (3) composition of combustion reaction
products, and (4) temperature of the burner bed.

The method of head-end processing will have an important effect on the
point in the process at which specific fission products are released and,
therefore, on the method of treatment of the filssion-product-containing off-
gases, About one-~third of the tritium but very little of the other radio-
active gases and volatile fission products is expected to appear in the gases
produced in burning the graphite from intact SiC-coated particles., Only gases
from particles having broken coatings are expected, If fuel values can be
satisfactorily dissolved in nitric acid without the need for burning, the
off-gas will be quite similar in composition to those previously treated, even

if the fuel material is ecarbide.®”

If burning of the crushed particles before
leaching is required, or, more importantly, if significant quantities of
volatile fission products are released during crushing and burning the fuel
element, or if the particles are not SiC-coated, the gases to be treated will
consist largely of carbon dioxide, This is, of course, exactly what will
happen to all but the ?7°UC; particles when reference 1000-MW(e) fuel is
reprocessed.

Cesium, ruthenium, and certain other fission products volatilize at high
temperature under oxidizing conditions. These materials may bte most completely
removed by filtration at reduced temperature, Carbon fines over the filter
medium appear to be beneficial in that they secem to act as a filter aid, *

The major component in the burner off-gas stream will be carbon dioxide,
Processes for removing this gas from gaseous streams have existed for many
years. These processes range from low~temperature freezing to the use of
sorbents. Commonly used sorbents for carbon dioxide removal are potassium
hydroxide and alkanolamines. 1t is, however, by no means certain that chemical
sorpbion is the answer. Condensation should be seriously studied.

Tt is anticipated that tritium will have ‘o be removed from the off~gas
stream before the carbon dioxide. Tritium should be removable from the

combustion gases as tritiated water by any process suitable for efficient
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removal of water from carbon dioxide gas; such processes include (1) sorption
on activated charcoal, (2) sorption on moleculsr sieves, (3) sorption on soda
ash, and (4) freezing. : '

Todine will be present at such small activity levels after the anticipated
150 or more days of decay that its removal will pose a problem similar to
those experienced in processing plubtonium production reactor and light water
power reactor fuels. However, one difference exists between this situation
and thet commonly encountered; namely, removal of carbon dioxide'from the
off-gaé stream is required before removal of krypbtor. This will‘likely remove
the bulk of the jodine.

Atter removal of carbon dioxide and any other interfering gases, krypton
(and xenon) can be trapped by low-temperature sorption on charcoal or molecular

sieves, cryogenic distillation, or perhaps sorption in Freom.'®

4,3.12.3 Work Plan

The work required for this subbtask is a gtrong function of the point of re-
lease of fission gases. Hence, exbensive effort cannot begin until this is
determined. Harly information is available from tests with irradiated Dragon
Reactor compacts, and wore will come from hot~cell studies with lrradiation
cgpsules and recycle test elements (RTE's) that will be provided by Task 300.
After this determination is made, engineering studies and scouting tests will
be performed to determine the best solution. lLaboratory development bests will
alsgo be, carried out to determine the anticipated quantity of atmosphere inleskage

into the process equipment and to develop means o reduce the inleakage.

4.3.13 BSubtask 113 — Wagte Treatment and Disposal

4,3.13,1 Requirement

Radioactive wastes from HIGR fuel reprocessing operations, as from repro-
ceasing of other types of reactor fuel, must be treated and disposged of in a
fashion that avoids present or fubure contamination of the environment.

4,3.13.2 Status of Technology

For HTGR fuels, the three major problems in head~end management of waste

figsion preducts are: 1) corbrol snd disposal of large amounts of contami-
S ) it 2

nated off-gas from fuel burnin

dized bed, and (3) disposal of the SiC-ccated

& Pk
T

FiC hulls and Al,05 from the flw
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235U02 particles. ther waste disposal problems are essentially the same as
those with the light water reactors (IWR's). Criteria for ultimate disposal
will be similar to those for IWR wastes; thus, ILWR experience can be used and
the procedures and techniques currently under development for IWR's will be
adopted.

Concepts are available 1°719-24

and laboratory data are now being derived
for the treatment and ultimate disposal of the high-level radiocactive solid
residues from the fluidized bed-burning step and of the krypton and tritium
contained in the off-gases. Disposal of spent fissile particles by storage

has been previously studied,?’

4,3,13,3 Work Plan

The plans for development of treatment processes for gases consisting
primarily of CO, are discussed under Subtask 117. Burner technology develop-
ment (Subtask 112) will determine the quantity of Al;03 to be stored and its
contamination level. Engineering evaluations of the various alternatives for
treatment and small-scale cold laboratory development tests will seek the
best method,

Waste treatment and disposal methods developed for wastes from commercial
reprocessing plants for reference recycle fuels must be distinguished from
the methods developed specifically for the pilot plant demonstrations, While
the ultimate objective is to develop processes for the commercial reprocessing
plant, attention must be paid to the specific problems that arise in the pilot

plant.

4.4 SUBTASK 120 — HEAD-END PILOT PIANT DEMONSTRATION
4,%4,1 Purpose

The purpose of this subtask is to develop and demonstrate, on an engineer-
ing scale, processes and equipment for head-end reprocessing of HIGR recycle
fuels., The Head-End Pilot Plant demonstration will be carried out at the TURF.
Equipment must be developed, designed, and bullt to demonstrate the following
operations: (1) receive, store, and prepare fuel elements for reprocessing;
(2) crush the fuel elements; (3) burn the graphite in s fluidized bed;

(4) screen the resultant discrete fuel particles from fine fuel particle
oxides, Bp03, and Alz03 and classify them into their respective size fractions;

(5) in the case of (Th,U)C, from FSVR fuel, crush the protective $SiC coatings
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from the BT particles and burn the pyrolytic carbon inner buffer coatings
(i necessary); (6) package the product for shipment to the Acid Thorex Pilot
Plant; and (7) dispose of solid, liguid, =nd gaseous wastez from the head-end

reprocessing steps.

44,2 Requirement

This subtask requires that s sufficient aumber of recycle fuel elements be
taken through the head-end operations to (1) demonstrate that the head-end
processes chosen and the equipment designed will perform adeguately and
(2) obtaln sufficient data on both processes and equipment to provide the basis
for design of head-end reprocessing equipment for a commercisl recycle plant,
The scale of this demonstration must be such az to show that full reference-
size Tuel elements prototypical of the reference fuel design in essential
features can be prepared for separation and purification of the fuel values by
solvent extraction. This involves a demonstration of element handling, carbou
burning, particle size classification, and off-gas treatment using fuel elements
irradiated in the FSVR. This subbtask will be successfully accomplisined when
the RIE's (Subtask 302), PTE's (Subtask 303), and a anuuber of spent FSVR fuel
elements have been reprocessed, This demonstration should result in at least
six months of accurmulated operating tiwme of the Head~Bnd Pilot Plant at a rate
of nine to ten FSVR fuel elements per 24-hr day. This scale, which is of the
order required to process fuel from an HIGR economy tobaling 3500 MW(e) oper~
ating on a four-year fuel cycle, produces IO kg/day of recycle particles,

As indicated in Subtask 110, some head-end equipment for operations such
as ecrushing, tumbling, grinding, and burning has peen cold tested. However,
no significant work has been carried out on the head-end demonstration of
prototype pilot plant equipment on highly irradiasted graphite fuels of any
kind, aﬁd irradiation of recyecle fuels of the kind degeribed in this program
has only Jjust begun. Thus, essentially no truly pértinent pilot plant demon=-
stration of head-end processes and eguipment for recycle of HTGR fuels has
been carried out, :

During this Head=End Pilot Plant demonstration it will be necessary to
determine fuel losses, realigtic routine equipment down-~time for necessary
periodic cleanout and maintenance of various equipment pleces, equipment
reliability and maintainability, and personnel radietion exposures obtained

during routine operstion.
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4.4,3 Timing

The earliest possible starting date for the Head-~End Pilot Plant demon-
stration is set by the date at which Subtask 110, the head-end reprocessing
studies and equipment development, provides the necessary information to start
the Head~fEnd Pilot Plant equipment design. The development items that are
critical, becsuse of either long equipment procurement times or the necessity
for considerable process development, are: element crushing, fluidized-bed
burning, 8iC coating removal (for FSVR fuel), and gaseous and solid radiocactive
waste disposal. The operating period of the Head~End Pilot Plant demonstration
is set by the availability of sufficient irradiated fuel from the FSVR and the
need for the proven technology for the design of a commercial recycle plant.
Because the commercial recycle plant design and construction will reqguire about
5.5 years, the pilot plant development and demonstration phase of this program
will overlap the commercial plant design. The reprocessing development schedule
(Fig. 4.1, page 30) shows the interrelation of the various parts of the Head~
End Pilot Plant demonstration subtask, and Fig. 2.1, page 5, relates this
task to the overall recycle development program. It would be desirable to
perform a single, successful campaign of six-month duration for the hot demon-
stration, however, experience has snown that this is very unlikely. Therefore,
the demonstration has been shown to span several years, reflecting that process
and equipment development work is associated with this effort. It is also
desirable to have the Head-End Pillot Plant operating during startup of the
commercial plant to provide a facility for development support should any

unforeseen problems arise.

4.4 4 Funding

An annual breakdown of the operatling costs for the Head-End Pilot Plant
demonstration is shown in Table 2.1, page 6. The estimated capital expendi-

ture required to accomplish this subtask is itemized in Table 2.2, page 7,

4.4,5 Tacilities

Construction of TURF was completed at ORNL in 1968, The facility's major
features and capabilities include provisions for receipt, processing, and
refabrication of oxide fuel assemblies up to 10 in. in rectangular cross section
and 10 ft in length. Major capabilities that are available in TURF and

required for the subtask are as follows:
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1. shielding to provide biological protection from fission product radiastion
of sources as large as 35 kg of 2357 irradiated to 25,000 MWd /fton and
decayed for 20 days; (Allowable éxposure in routinely occupied areas is
lLimited to 0.25 mR/hr,)

2. a shielded cell for chemical process equipment development;

3. =2 cell for mechanical operations on irradieted fuel assemblies, such as
dissasgsembly, incident to reprocessing;

4. a cell to serve as a radiation lock and as a deconbtaminabion area;
connected to this cell is a glove maintenance room for the repair and
maintenance of decontaminated equipment; »

5, a lightly shielded equipment storage cell to function as a stand-by storage
area for contaminated equipment; '

6. 8 liguid waste disposal system for intermediate level aqueous wastes, such
as those from equipment decontamination operations and lavoratory wastes;

7. a gascous waste disposal system for radioactive particulates that accumulate
in process vessels, and a gaseous waste disposal system for the cells
listed above; (These waste disposal systems are not adeguate to handle the
radiocactive gaseous wastes expected to be evolved from the burned graphite
fuel or the other fission product wasbes that will be present, )

8. a fuel receiving station and storage basin of limited capacity for
irradiated fuel assemblies; included are the enclosing structure and
bridge with hoist for handling shipping containers. It should be
noted that these facilities cannot accommodate carriers that are
more than 12 £t long and 6 £t in’diameter without addition of special
rigging (see Subtask 127), and they are not adequate for the hot
demonstration described in Subtask 125,

Additional fuel receiving, storage, and handling facilities must be pro=-
vided to meet the requirements of the Head-End Pilot Plant demonstrabion.

A new fuel receiving statlon is required to handle the fuel shippimg casgk from

the FSVR. A4 shielded storage vault is required with space sufficient to store

approximately 1000 spent fuel elemenits., Handling facilities are required to
transfer spent fuel elements from the receiving station into storage and

subsequently to the burner feed preparsbion equipment.

4.6 Subtask 121 — Design

4.4.6,1 Requirement

The Head-End Pilot Plant must be designed. This design must convert the

technology obtained from the Head-End Reprocessing Development Subtask (110)
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into drawings and specifications delineating equipment and systems of the pilot
plant. A safety analysis of the Head-End Pilot Plant must be prepared to
serve as the basis for hazards evaluation to assure a capability for safe and

reliable operation.

4.%4.6.2 Status of Technology

The design, construction, and operation of a pilot plant for the head-end
reprocessing of unirradiated nuelear rocket (Rover) fuels have been completed
by the Idaho Nuclear Corporation. F¥Further, the cost of building s plant to
process about 1 ton/day of heavy metal from HTGR's has been estimated on the

26

basis of a conceptual equipment design. However, the technology for nearly

all the Head-End Pilot Plant design has yet to be developed.

4,4,6.3 Work Plan

Collection of information already in existence and preparation of chemical
and equipment flowsheets will be the first step. Problem areas will be
defined and solutions found with necessary support by the persons engaged in
the head-end reprocessing development {Subtask 110). Using the results of
the development subtasks, equipment and systems will be designed. Facility
modifications and additions will make up a large portion of the design to be
accomplished under fthis subtask. Drawings, specifications, and procedures
will be prepared from which to construct the Head-End Pilot Plant. Codes and
standards applicable to the work will be utilized. Where standards are
unavailable or insufficient to supply the needs for future commercial recycle
plant design, they will be prepared as a part of the Head-End Pilot Plant
design.,

The design will be prepared in three phases: conceptual, preliminary
(Title I), and final (Title II)., As shown on the schedule, these design
phases will be coordinated with development subtasks to gain maximum benefit
from all efforts.

It is possible, but not probable, that mechanical means will be found to
free the fuel particles from the elements and the fuel sticks, In this case,
a large burner design would not be necessary. However, it seems most likely
that element burning will be required, and design of the burner ana related
equipment, such as for off-gas handling, will constitute a significant design

effort in this subtask.
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4,47  Subtask 122 - Procurement and Testing of Equipment
4,4,7.1 Requirement

Specialized processing equipment and equipment having long delivery times
must be‘procured early enough to permit development testing before installation.
Figure 4.1, page 30, serves as a general guide for procurement, but detailed
eritical path planning and scheduling studies will have to be made when
sufficiént information is available from the development subtasks to make them
meaningful.

Since all major operations will be carried out for the first time on a
significant scale with irradiated HIGR fuels in this pilot plant, it is essen-
tisl that development testing be carried to the point of confidence in all
aspects of the hesd-end reprocessing; Some of the equipment can be tested
cold before instsllation; other equipment, by its nature, must be tested in
the Head-End Pilot Plant iteelf. An outstanding example is the gaseous waste
disposal system,’which rust demonstrate the capabiiity of separating small
amounts of hydrogen (standing in for tritium) and inert gas (for ®°Kr) from

large volumes of cerbon dioxide and oxygen.

bo4,7.2° Shatus of Technology

Considerable experience in the procurement and testing of prototype head-
end equipment will be available through the hesd-end reprocessing development
work by the time this task is to be carried out. At the present time, the

experience is that giVen under various items in Subtask 110,

4,4, 7,2 Work Plan

Equipment will be procurad according to the program's critical path sched~
ule, Appropriate procurement documents and methods will be developed to
gecure equipment of adequate guality to perform the regquired tasks and to
provide a basis for procurement of eguipment for the commercial recyele plant.
As an integral part of procurement activities, each piece of equipment will
be tested appropriately to demonstrate and verify its claimed performance

capsoility.
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4,4,8 Subtagk 123 — Installation of Equivment

4,%,8,1 Requirement

Modifications and additions to TURF must be constructed and the equipment
must be installed in the Head-End Pilot Plant. This installation must be
performed with the remote handling equipment for in-cell work to demonstrate
the applicability of the remote maintenance philosophy and techniques proposed
for pilot plant operations. The equipment handling procedures developed during

installation must be recorded to facilitate eventual removal of equipment.

4,4.8.2 Status of Technology

TURF provides shielded space and basic facilities for handling, installing,
and operating most of the Head-End Pilot Plant equipment items. The philoso~-
phy of hot-cell operation and maintenance of complex equipwent has been highly
developed in connection with the Transuranium Process Plant®” and the Volatility
Pilot Plant, as well as other remotely maintained facilities at ORNL. This
experience and knowledge will be brought to bear on the problems of equipment

handling and installation,

4.4.8,3 Work Plan

New facilities and modifications to existing facilities required for
receiving and storing spent fuel elements must be constructed to achieve the
demonstration in this plan. Equipment for handling spent fuel elements will
be installed in these new facilities. These facilities must be completed in
time to receive fuel from the first discharge of the FS5VR core.

Installation of the process eguipment requires advanced planning of
equipment layout for ease of installation and removal. Tn some cases this will
require mockup studies. These studies will be defined as the design proceeds
and equipment dimensions and features become better known. Specifications
and procedures will be developed as necessary to guide the installation.

In~cell equipment will be moved into position, anchored, connected to
services, and joined to adjacent processing equipment by use of the in-cell
crane and manipulator systems, Out-of-cell equipment, including control panels,

will be either constructed in place or prefabricated and installed,
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4,4,9 Subtask 124 — Cold Operational Testing of the Head~Fnd Pilot Plant

A.4.2,1 Requirement

The remote operability of the Head-End Pilot Plant, its material-handling
capabilities, and the adeqguacy of operational procedures and runsheets must
be tested with unirradiated prototype feed materials.

An-essential part of operational cold testing any radiocchemical processing
plant is the training of plant operators. Information gained in the operation
of the Head-End Pilot Plant, both cold and hot, will be of direct wuse in
establishing licensing procedures for the commercial recycle plant. One of the
requirements of cold operation will be to train the pilot plant operators and

to establish training criteria.

4,4,9,2 Status of Technology

Over the past 20 years the cold testing phase of pilot planting a radio-

active reprocessing facility has evolved and been proven.

4,4,2,3 Work Plan

Each piece of equipment will be tested in place to verify its operstional
capability. Individual systems will be tested for leakiightness and functional
capability, and the ability of the systems to operate as an integrated pilot
plant will be established, Prototype fuel elements will be handled in the fuel
receiving station at TURF. These elements will have the same external
dimensions as the actual fuel elements. Protobype Tusl will be processed by
the same procedures that will be followed with actual radiocactive fuel.
Equipment will be modified where necessary.

Included in this subtask will be plant operating procedure development
and personnel training and indoctrination, Specifically this will include
the following items: (1) programmed instruction manuals will be prepared to
aid the plant operators; (2) formal lectures will‘be given by the designers of
the eguipment and by experienced radiochemical operation supervisors;

(3) detailed operstbional procedures will be written and demonstrated; and
(4) radiological and convenbional safety instruction will be provided by

appropriate experts.
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4,4,10 Subtask 125 — Hot Demonstration of the Head-End Pilot Plant

4.4,10.1 Requirement

The Head-End Pilot Plant must be operated on hot material until reasonable
agsurance is gained that all significant problems have been encountered and
solved., To assure this, the pilot plant must process highly irradiated fuel
elements so as to encounter sufficiently severe manifestations of various
irradiation effects. These effects include cracking of SiC and pyrolytic
carbon coatings; penetration of fuel into the pyrolytic carbon buffer
layer; fission product formetion, migration, and segregation; and dimensional
changes in the graphite element.

The overriding requirement of the Head-End Pilot Plant hot demcnstration
is that possible particle size classification be demonstrated with acceptably
low #7°U losses to nonrecycle streams and acceptably low 235y back~mixing into
the fuel recycle stream. Although exact numbers cannot be assigned because of
the somewhat arbitrary nature of the acceptable economic penalty, it seems
clear that up to 5% 2°°U loss and 10% ??°U back-mixing are tolerable., (Either
of these leads to an economical penalty less than 0.015 mill/kWh.)

An important requirement is that the alumina used in the fluidized bed be

recycled and that it not react with or stick to the fuel particles.

4,4,10,2 Status of Technology

The head-end treatment of irradiated HIGR recycle fuels has not yet been
demonstrated. Graphite fuel burning with nonradiocactive Rover fuel has been
done successfully and reported,9 Irradiated Dragon fuel compacts have been
handled on a small scale in a series of hot-cell experiments aimed at deter-
mining the off-gas composition at each step of the process, particle crushing
behavior, effective particle separation and size reduction procedures, and
dissolution methods. The GAIL 34 and 3B fuelsl?s?8 { Peach Bottom Reactor first
core prototype fuel) have also been studied in hot-cell tests. With the
exception of the small samples of Dragon fuel,29 the above fuels did not con-
tain SiC barrier coatings. Since particle separation is a key step in the
HTGR fuel recycle plan, it is apparent that the crucial experiments for this
subtask have only begun,

The only fuel elements with irradiation exposure equivalent to fully
irradiated HTGR fuel that will be available before the fall of 1978 are

several of the test elemenis now in the Peach Bottom Reactor, which contain
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particles with a thorium-to-enriched-uranium ratio of 2. These parbticles will
closely simulate pormal six-year burnup conditions: after threes yéars of
irradiation. Of the test elements in the Peach Bottom Reactor, six are the
RTE's (see Subtask 302), which will be available for hot-cell tests and for
preliminary work in the Head-fnd Pilot Plant as soon as the plant is ready to
receive irradiated slements. Two addibional RTE's should be in the Peach Bot-
tom Reactor by early 1971. WNo other HTGR fuel suitable for use in the headw-
end process demonstration of fully irradiated fuel will be available until the

first core of the FSVR reaches full burnup in the fall of 1978,

4,4,10,3 Work Plan

The Head-End Pilot Plant hot demonstration will consist of three ma,jor
parts: (1) studies using part of the RIE's containing thorium~22°U fissile
particles, which will have been irradiated in the Peach Bottom Reactor, and
(2) studies using the PTB's, part of which will have been irrasdiated in the
FSVR to full exposure (the equivalent of six years® exposure at full reactor
power), and (3) the reprocessing of 1000 spent FSVR fuel elemeuts, This
number of elements will provide an aggregate of four to six months of effective
pilot plant operation and will yield:sufficient 223y to fabricate about 130
recycle: elements. The actual time of pilot plant operation will probably
involve several years, reflecting the development character of the demonstration.

Parts of the RTE's will be available for head-end studies by the time they
are needed, and they will be the first hot materials processed through the
Head-End Pilot Plant. With the exception of possiple differences related to
the effects of their different irradiation history'(and attendant possible
differences in element crushing beha&ior), these eiements will be good stand-
ins for the reference recycle elements. Thelr use will enable an early test
of the head-end equipment and processes. Process and eguipment adjustments
will be made as diectated by these results before the first elements from the
FSVR aré reprocessed,

The irradiated fuel elements will be crushed, some preliminary separation
will be carried out, and the crushed materials will be burned in a fluidized
ved of AlgO; particles. The efficiency of utilization of the oxygen fed to
the system during this step is expected to be greater than 90% for operation
at 750 to 800°C. Control of the oxygen feed rate will control the tempersture.

25

Because release of 3Hgo, Kr, and other fission products iz expected

during these head-end operations, off-gases from the various steps will be

30

treated to remove these isotopes. Existing technology™~ or that developed in

future experiments will be used., The burner ash will be separated and
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classified. The Al,03 will be routed back to the burner for reuse whenever
possible, Particles of SiC-coated 2350, will be processed for storage (follow-
ing leaching to remove fuel values on their surfaces, if necessary). The
fertile particles coated with SiC (from the FSVR) will be crushed to remove the
SiC coating and treated by an additionsl burning step. The classified fractions
from the burner ash will be accumulated and dissolved.

It is assumed that the leacher and dissolver will be part of the Head~
End Pilot Plant., Whether they will be located in the Head-End Pilot Plant or
the Acid Thorex Pilot Plant (Building 3019) will not be finally decided until

additional flowsheet and operational feasibility studies have been made,

4.4,11 Subtask 126 ~ Waste Treatment and Disposal

4,4,11,1 Requirement

The natures and quantities of wastes anticipated in the Head-End Pilot
Plant are estimated in Appendix C. An idea of the size of the waste streams
and of the magnitude of the problems may be obtained from Fig. 4.2 (page 33),
which is based on putting about 10 FSVR fuel elements per day through head-
end reprocessing. The 233y contained within these elements is sufficient bto
prepare 10 kg of recycle particles with a thorium-to-uranium atom ratio of 4,25,
Gaseous wastes containing C0; and volatile fission products must be made safe
before release to the environment.

Liquid waste must be collected and disposed of according to its activity
level and type of conbamination. Fissile uranium must be diluted with depleted
or natural uranium before discharge to the Melton Valley waste system, Tri=~
tiated water will require special handling for waste storage.

Solid waste containing radiocactivity must be contained and disposed of
in controlled areas specifically designated for such wastes. They must be

collected, packaged, and identified for storage.

4,4,11,2 Status of Technology

The technology of waste treatment, disposal, and storage is undergoing
an extensive revamping in the United States. We must be sufficiently flexible
in our plan to accommodate revised criteris that may derive from this situation.
The technology for handling off-gas is discussed under Subtask 117. The
TURF off-gas system is suitable for removing particulate materials from the
cell and vessel vent gases by filtration. No gas scrubbing equipment is

provided.



Liquid waste collection and storage systems exist in TURF, They are
adequate for handling high-level wasfes that have been made compatible with
the type 304L stainless steel lines and tanks that make up the waste system,
It is assumed that provisions will be available for permanent disposal of all
radicactive wastes, Written procedures and regulations for liquid waste
handling are part of the ORNL standard practice procedures,

Solid wastes will be derived from process waste, salvaged equipment, and

contaminated clothing. Procedures exist for handling such wastes,

4,4,11.3 Work Plan

Cell ventilation air, process vessel off-gas venting, and incidental
waste gases will be disposed of by direct release to the TURF off-gas systemn,
which has a minimum of 10,000 ft/min of air flowing to a 250-ft-tall stack
with an average atwospheric dispersion factor of 0.92 X 1077 sec per cubic
meter released. (@aseous products from the burner containing CO,, CO, and
volatile and gaseous fission products will be trested in special cleanup
equipment before release to the TURF off-gas stream,

Nonradioactive liquid waste will be handled in the existing TURF process
waste system, which 1s monitored befbre collection in temporary storage tanks.
Such process waste when found to be contaminated can be diverted to ponds that
can be drained into the Melton Valley waste disposal system.

Tritiated water will be either packaged for burial or diluted with water
to reguired limits and released to the radiocactive hot drain in TURF.

Contaminated clothing, such as shoe covers and gloves, will be bagged for
disposal.

Only the radiocactive solid process wasgte will require special egquipment
for handling and disposal. Doubly enclosed contsiners for solid waste disposal:
will be provided., The filled containers will be collected in the shielded
processing cells and loaded into a heavily shielded cask for transport to
solid waste disposal areas. An existing cask will be modified for solid waste
handling. All radioactive waste thaf requires permanent disposal will be
delivered to a central radioactive waste disposal facility at ORNL. It is
assumed: that this facllity, provided by other AEC programs, will be aveilable to
support:this program., Approximately 15% of the present receiving, handling,
storage, and shipping capabilities of TURF will be utilized in the flow of

s01id wastes,
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4.4,12 Subtask 127 — Material Handling

4,4.,12.1 Requirement

Materials required to sustain operation of the Head~-End Pilot Plant must
be handled both entering and leaving the plant. These materials will include
both feed and support materials to the process, scrap and off-specification
material generated by the process, and the products coming from the process.
These materials must be received, handled, stored, or shipped as appropriate.
The present TURF capacity is insufficient to accommodate the operations of
this subtask necessary to carry out the planned demonstration.

Test fuel elements must be secured for use in development and cold opera-
tional testing. About 40 unirradiated FSVR fuel elements will be required for
development testing of the Head-End Pilot Plant eguipment. Part of these
should be shipped in the FSVR Fuel Shipping Cask to simulate hot Tuel handling.
About half these elements will be needed by January 1974 and the remainder by
July 1975.

In addition to these fuel requirements for Head-End Pilot Plant equipment
testing, test fuel elements will be required for cold studies of capability
and reliability of prototype equipment. Five to tern reference prototype fuel
elements will be required each year in 1971 and 1972 and 10 to 20 in 1973.

Spent fuel materials that must be handled from the recycle fuel irradia-
tions Task 300 include RTE's, PIE's, and refabricated test elements containing
235y and 227U, In addition approximately 1000 irradiated FSVR fuel elements
must be received, stored, and handled to supply the planned hot demonstration
operations,

Products from the Head-End Pilot Plant must be packaged, transferred from
the head-end processing cell or shipped from the plant.

Process samples and support materials must also be received, stored,

handled, and shipped to support the demonstration.

4,4,12.2 Status of Technology

Experience exists in handling spent fuel elements. The fuel cask and
carriers for handling irradiated FSVR materials exist, and operating pro-
cedures have been established for their use. However, it may be necessary to
develop certain modifications to existing procedures or, in sowe cases, to
establish new handling techniques through mockup tests. Experience also exists
for handling the flow of support materials and product from this type of pilot
plant.
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4.4,12.3 Work Plan

The 60 to 80 FSVR fuel elements required for development testing and cold
operations will be fabricated from standard FSVR fuel blocks and loaded with
fuel materials prepared during development activities of Subtask 210.

The RTE's will be delivered to ORNL in the Peach Bottom shipping cagk. It
will be unloaded, the elements will be segmented, and certain parts will be
used for postirradiation examination (PIE). Some specimens will be kept for
hot~cell development and the remainder will be shipped to TURF for storage and
eventual reprocessing. '

The PTE's, the 1000 FSVR spent fuel elements, and the refabricated test
elements containing 2?°y and 277U will be delivered to ORNL in the FSVR fuel
shipping cask. These elements, each weighing approximately 300 1b, will be shipped
six at a time inside the fuel sghipping cask, which measures about 30 in. in
diameter « 18,5 £t long. The cask is hauled on a trector trailer with overall
dimensions 50 £t long x & £t wide x 14 £t high. The trailer is 40 £t long but
can be collapsed to 30 ft when parked.

The shipping arrangement and the size of the cask make specilal cask
handling eaquipment and facilities necessary abt or near the TURF site. These
special facilities include the utilization of space in ORNL Building 7503 for
interim spent fuel storage and the construction of a spent fuel receiving,
gtorage, and handling facllity, which 1s fto be located near the TURF head-end
reprocessing cell., These facilities can receive and handle fuel at a rate
suffficient to sustain the head-end processing capacity. They would have dry
storage‘space for storing up to 1000 spent fuel elements in cans 17.5 in. in
diameter. A total of 2.1 ft° of floor space (at 75% loading) is required to
store a column of these cans, '

Process support materials such as Al,03, process gas, packaging containers,
spare parts, and hardwsre will be handled through existing facilities at TURF,
FProcess samples will also be handled through these facilities. The flow of
samples, support materials, and product, exclusive of spent fuel elements,
will regquire about 25% of the present receiving, handling, storage, and

shipping capabilities of TURF.
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4.4,13 Subtask 128 — Process Development Support

4,4,13.1 Requirement

As is the case with any pilot plant, unforeseen problems will arise and
require rapid solutions. ILaboratory and hot-cell tests on actual materials

are necegsary to give the plant's operators guldance in solving the problems,

4,4,13,2 Work Plan

A process chemist and supporting hot cell facilities will be made avail~
able to accomplish the requirement given above., Tt will be this chemist's and
the hot cell operator's function to perform the tests reguired to provide help
to solve the problems, In addition, equipment changes and head-end work on
unirradiated elements will be carried out as necessary as a result of defi-
ciencies found after preliminary hot operations with the RIE's or during the

other hot operations.

4.5 SUBTASK 130 -~ ACID THOREX PILOT PLANT DEMONSTRATION
4,5.1 Purpose

The objective of the Acid Thorex Pilot Plant demonstration is Lo prove
that the Acid Thorex Process is adequate to reprocess the uranium-thorium
mixture resulting from the head-end reprocessing of irradiated HTGR recycle fuel.
The present plan is to process this material at ORNL in Building 3019 (Thorex
Pilot Plant) with existing equipment, modified and supplemented as necessary
for HIGR Recycle fuel reprocessing. The uranyl nitrate solution resulting from
this subtask will then be shipped to the TURF for feed to the Refabrication
Pilot Plant. In addition to the primary objective, the secondary objectives
of establishing the nuwber of purification cycles required for adeguate decon-
tamination from radionuclides and chemical impurities and establishing feed

claritfication efficiency must be met.

4.5.2 Requirement

Recycle 233U must be separated from fission products and from thorium

and obher contaminants such as fluoride and boron. The 233U must be recovered



with acceptably low losses (usually less than 0.5%) and be suitable for recycle
to the Refabrication Pilot Plant.

The required activitiesg of this subtask include modifications and additions
to the existing Thorex Pilot Plant. When these modifications are made it will
bz referred to as the Acid Thorex Pilot Plant. As presently insballed, the
plant is used as the National 233U’Dispensing Facility and is equipped with
two complete solvent extraction cycles, Some rerouting of piping is necessary
to partition the uranium stream from the thorium and waste streams.

Because of the probable presence of 3H, Kr, I, Ru, Mo, Te, Cs, and Rb in
the recycle fuel, their release from process streams may require off~zas
treatment system modifications. This possibility is being better defined by
the hot-cell studies now in progress, and early indications are that sowe 1
and ®7Kr release is to be expected. To maintsin the criticality control
necessary for handling 23217 ang 255U, borated~-glass Raschig rings must bhe
installed in expanded column sections.

This demonstration must be on a scale sufficient to show that feed material
coming from the Head-End Pilot Plant at the design capacity can be successfully
purified. The present capacity of the Thorex Pilot FPlant 1s about & kg /day of
2%,  The feed to the Acid Thorex Pilot Plant will have a thorimu-to-uranium
ratio of about 30 according to present flowsheets. Recycle fuel particles for
gbout five 1000-MW(e) reference HTOR fuel elements can be fabricated from
& kg of 277U, Operating at present capacity the Thorex Pilot Plant will pro=-
vide recycle capability (%7°U only) for an HTGR economy of 10,000 MW(e). It
is anticipated that the Acid Thorex Pilot Plant will be capable of the same
capacity when placed into operation.

A small part of the material from head-end reprocessing of 1000 FSVR
elements will have attained full irradiation exposure in FSVR, This will be
enough to adequately demonstrate the purification process. It 1s apparent that
the Acid Thorex Pilot Plant will need fo be operated on a schedule that will
mabch the schedule of the Head-¥nd and the Refabrication Pilot Plants during

>

their operation,.

4.5.3 Timing

The reprocessing development schedule (Fig. 4.1, page 30 ) shows the inter-
relation of the various parts of the Acid Thorex Pilot Plant demonstration sub-~
task, and Fig. 2.1, page 5, relates this task to the overall recycle development

program.



4.5,4 Funding

The estimated annual operating expenses for the Acid Thorex Pilot Plant
are summarized in Table 2.1, page 6. The estimated capital expenditure

required for modifying the Thorex Pilot Plant is itemized in Table 2.3, page 8.
4,55 TFacilities

No new facilities will be required to accomplish this subtask. However,

some modifications will be required to Building 30C19.

4.5,6 Subtask 131 — Degign

4.5.6.1 Reqguirement

Although the technology of the Acid Thorex Process is established, several
equipment modifications and additions wmust be made to the existing Thorex
Pilot Plant for it to process HIGR recycle fuels. The equipment requiring
significant design effort includes equipment for handling carriers, the feed
charging device, and the off-gas handling systems. 1n addition to the prepa-
ration of detailed component designs and facility modification, criticality
caleulations must be made and the results integrated into a safety analysis
of the Acid Thorex Pilot Plant.

One of the primary concerns in handling HTGR fuels in the purification
system is that of nuclear safety. The concentration of uranium in the solvent
extraction feed is such (35 g/liter) that the criticality concentration limit
of the presently installed equipment is exceeded. For this reason, reliance on
soluble and fixed poisons, system geometry, and mass limit control will be
required to keep the system subcritical., TIn addition to the equipment and
procedure changes necessary to control criticality, boron and thorium in

the Acid Thorex Pilot Plant feed act as soluble neutron poisons.
4.,5,6,2 Status of Technology

Throughout the years, the Building 3019 Facility has undergone several
design and eyuipment changes required by the pilot planting of the Purex,
Thorex, Redox, and Interim-23 solvent extraction purification processes.

Thus, design of solvent extraction plants is a subtask for which the technology

is very highly developed.



4,5.6,3 Work Plan

Available information, especially from the hot-cell studies, applicable
to the feed preparation and to off-gas treatment, will be collected and
evaluated. Flowsheeté will be prepared and key areas demonstrated. Specific
components (feed preparation system, off-gas handling system) will be designed,
procured, and tested., A detalled criticality evaluation will be mads, and a
preliminary safety analysis of the pilot plant will be prepared and reviewed
by the necegsary quality assurance and safety committees. Final design of
the required Thorex Pilot Plant modifications and additions will be prepared.
Drawings, specifications, and procedures will be prepared sufficient to modify
the exigting plant and to install new equipment. Codes and standards appli-
cable to the work will be utilized. ' The design will be prepared in three

phases, conceptual, preliminary (Title I), and final (Title II).

4.,5.7 Subtask 132 - Procurement and Testing of Equipment

4,5,7.1 Requirement

Seversl new components of process equipment will be reguired to transform
the Thorex Pilot Plant into the Acid Thorex Pilot Plant with capability to

perform this demonstration task.

4.5.7.2 Btatus of Technology

Nothing in this subtask requires development of new technology sexcept the
off-gas system. In the case of this system, the basic technology will be

developed wnder Subtask 117, and will be adopted with the changeé necessary.

4,5.7.3 Work Plan

Equipment will be procured as dictated by the program's critical path
schedule. Appropriate procurement documents and methods will be applied to
secure equipment with adequate quality to perform the required operations.
As an integral part of procurement activities, appropriate tests will be run

on each 1ltem of eguipment to demonstrate and verify its performance capability.
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4,5.8 Subtask 133 — Installation of Equipment

4.5.8.1 Requirement

New components and equipment must be installed and facilities modified
concurrently with routine processing of 233y, As stated previously, the
Building 3019 Facility also serves the AEC as the National 233y Dispensing
Facility.

4.5.8,2 Status of Technology

The extensive experience of changing flowsheets, equipment, and programs

in Building 3012 is directly applicable to this program subtask.

4,5,8.3 Work Plan

After the equipment has been procured and proof tested, new components
will be installed in the pilot plant, Existing structures, equipment, and
systems of the facility will be modified by procedures and technigues that
are established for work of this type at ORNL and under ORNL guality assurance

and safety controls.

4,5.9 Subtask 134 - Cold Operational Testing of the Acid Thorex Pilot Plant

4,5,9,1 Requirement

To demonstrate the adequacy of the new components as part of the overall
plant, cold testing will be required. Specific requirements of cold testing
activities include:

1. evaluating the remote operability and the maintainability of the plant
and its components, It should be noted that the in-cell equipment in the
Acid Thorex Pilot Plant is maintained directly, while that used in the
Head-End Pilot Plant is maintained remotely.

. establishing the actual maximum and minimum plant capacities,

determining the effectiveness of the operator training program,

validating of the specific operational procedures and hazards evaluation,

wmo N

providing a period of operation to verify process control.,



4.5.9.2 Work Plan

Each piece of equipment will be tested to verify its operational capa~-
bility. Individual systems will be tested for leaktightness and functional
capability, and finally the complete Acid Thorex Pilot Plant will be tested
to verify its operational readiness. Material that simulates the product
from the Head-fnd Pilot Plant will be purified in the solvent extbraction
system. Product from the cold testing operations at the Head-End Pilot Plant
will be processed. Material handling methods will be studied and optimized
to prevent overexposure of personnel when irradisted material is handled.

In¢cluded in this subtask will be operating procedure development and

personnel training and indoctrination.

4.5,10 Subtask 135 — Hot Demonstration of the Acid Thorex Pilot Plant
4,5,10,1 Requirements

The Acid Thorex Pilot Planl must process hot material to establish
requirements of the solvent extraction step for reprocessing HIGR fuels on a
commercial scale. BSeveral specific pieces of information must be obtained
from the pilot plant's hot demonstretion. These include:

1. establishing the number of solvent extraction cycles needed for radio=-
chemical and chemical decontamination, :

2. establishing the process losses of fissionable material,

3. assessing the actual amount of process downtime,

4

r» Obtaining adequate personnel radiation exposure records,

4,5,10.2 Status of Technology

The Acid Thorex Process being consildered for HIGR fuel reprocessing was
developed at ORNL. During the demonstration of the Acid Thorex Process,
considerable experience was gained as a total of 40 metric tons of irradiated
thorium metal and oxide were processed. Some of the processing involved
short-decay fuel (28 days) with 4000 g *?’U/ton Th. Adequate decontemination
factors were demonstrated.

Recently, both the Hanford and Savannah River sites” ! nave employed the
Thorex technology to process ton guantities of lightly irradiated ThO, to
supply the Coumission with 233y, In:addition to this experience, & report has

been prepared32 wherein the same information has been applied in a proposal to
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reprocess HTGR fuel in the Nuclear Fuel Services plant. Thus, Acid Thorex
technology is developed to a point that scale-up to HIGR fuel reprocessing
is feasible.

Since the conclusion of the Thorex program, the eguipment and facilities
at ORNL have been used as the National 2°°U Dispensing Facility. Considerable
information on shielding requirements and operating experience has been gained
during this period, The facilities include shielded welis for storing up to
168 kg of 233U in solid form and tanks that can store 500 kg of 233y in
uranyl nitrate solutions at 2°°U concentrations up to 250 g/liter. Also, a
shielded interim storage vault (Building 3100) can hold up to 70 kg of 223U
or 23°pu in shipping containers. At present, nine wells for solid storage and
five tanks for solution storage are being added to increase the capacity by 80%

for solids and by 100% for solutions.

4,5,10,3 Work Plan

The work plan begins with a study of receipt of the product from the
Head-End Pilot Plant .

After receipt at the Acid Thorex Pilot Plant, the product will be
adjusted to flowsheet conditions by steam stripping. Extraneous solids, such
as silica and carbonaceous materials, may he in the feed solution and cause
emulsion problems in liquid~liquid extraction systems; therefore, a clarifi-
cation system may be required.

The adjusted feed solution will be pumped to sn extraction-scrub column
where the uranium and thorium are separated from the fission products. The
column raffinate, which contains the fission produects, will probably be
transferred to the ORNL high-level waste evaporator for volume reduction. The
method chosen for storage of the high-level waste is not yet established and
depends on a number of factors currently under study.

The uranium and thorium in the organic phase will be partitioned by
adjusting the acid in the second column. Thorium contained in the agueous
phase flowing from this column will be analyzed and routed to metal waste
storage. The uranium will be stripped from the organic stream with deminera-
lized water in a third column. After concentration of the uranium product
by evaporation, the solution may be recycled to the solvent extraction cycle
for additional purification. Ample critically safe storage capacity presently
exists for the uranium. This subtask ends with transfer of the °°°U as uranyl
nitrate solution to the Refabrication Pilot Plant.

The chemical flowsheet is presented in Fig. 4.4.
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4.5.11 Subtask 136 - Waste Treatment and Disposal

4,5,11.1 Requirement

The natures and quantities of wastes anticipated in the Acid Thorex Pilot
Plant are estimated in Appendix C.

Gaseous waste containing volatile fission products from the Process
Equipment must be made safe before release to the environment.

Liquid waste must be collected and disposed of according to its activity
level and type. Fissile uranium must be diluted with depleted or natural
uranium before discharge to the ORNL high-level waste system, Tritiated water
will require special handling for waste storage.

Solid waste containing radiocactivity must be contained and disposed of in
controlled areas specifically designated for such wastes. They must be

collected, packaged, and identified for storage.

4,5,11,2 Status of Technology

The technology for handling off-gas is discussed under Subtask 117, The
Building 3019 off-gas system is sultable for filtering particulate materials
from the cell and vessel exhaust gases. Some gas scrubbing equipment
is provided. The TURF does not include gas filtration equipwent.

Ligquid waste collection and storage systems exist at ORNL. They are
adequate for handling high-level wastes that have been made compatible with
the type 304L stainless steel lines and tanks that make up the system. Also
available will be provisions for permanent disposal of all levels of radio-
active wastes, Written procedures and regulations for liquid waste handling
are part of the ORNL standard practice procedures.

Solid wastes will be derived from process waste, salvaged equipment, and

contaminated clothing.

4.5,11.,3 Work Plan

Cell ventilation air will be disposed of by direct release to the 3020
stack, which has a minimum of 38,000 ft/min of air flowing to a 250-ft-tall
stack with an average atmospheric dispersion factor of 1.0 X 1077 sec per
cubic meter released. The krypton and xenon will be collected, vackaged, and
disposed of as a solid waste,

Liquid waste not suspected to contain radioactivity will be handled in

the existing ORNL intermediate~level waste system, which is monitored before
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collection in temporary storage tanks. Contaminated process waste is diverted
to the ORNL high-level waste disposal system. Tritiated water will be either
packaged for burial or diluted with water to reguired limits and released to
the radicactive hot drain,

Contaminated clothing, such as shoe covers and gloves, will be bagged
for burial.

Only the radioactive solid process waste (mainly Al,03) will require
special equipment for handling and disposzl. Doubly enclosed containers for
solids waste disposal will be provided. The filled containers will be collected
and loaded into a heavily shielded cask through the carrier charging mechanism
for transport to solid waste disposal areas. An existing cask will be
modified for solid waste handling.

A1l radioactive wastes that require permanent disposal will be delivered
to a central radioactive waste disposal facility at ORVNL. It is assumed that
this facility, provided by other AEC programs, will be available to support

this program.

4,5,12 Subtask 137 — Material Handling

%4,5,12,1 Requirement

Materials required to sustain operation of the Acid Thorex Pilot Plant
must be handled both entering and leaving the plant. These materials will
include feed and support materials ‘o the process and scrap and the products
coming from the procesgs. These materials must be received, handled, stored,
or shipped as appropriate,

Transfers of 2°°U nitrate solution from the Acid Thorex Pilot Plant
will contain up to 25 kg of 223U at 250 g/liter.

Process samples and support materials must also be received, store

handled, and shipped to support the demonstration.

4,5,12,2 Status of Technology

Lxperience exists in handling irradiated fuel material, the Tuel
cask and carrier:s for handling this material exist,and their operating
procedures have been established. However, 1t may be necessary to modify
existing procedures or, in som= cases, Lo esbablish new handling techniques
through mockup tests. Experience also exists for handling the flow of support

materials and product frowm this pilot plant.
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4,5,12.3 Work Plan

The existing carriers will be modified to meet the specific requirements
of the handling equipment at the Acid Thorex Pilot Plant. Dummy runs will be
made with existing casks to test the feed charging mechanism. Practice
runs will also be made with empty solution carriers to test the 2°°U with-

drawal equipment and to develop handling procedures.

4.5.13 Subtask 138 ~— Process Development Support

4,5,13,1 TRequirement

Previous pilot plant operational experience indicates that unforeseen
problems will arise and require rapid solution, In the case of processing
irradiated HIGR fuels, the refining of procedures concerned with feed clari-
fication, decontamination, and product purity and losses may require labora-

tory and hot-cell tests to assist the plant's operator in solving problems,

4,5,13,2 Work Plan

A process chemist and supporting hot-cell facilities will be made
available as needed to follow a particular process and to provide the required
support. This individual will be responsible for following the day-to-day

operation of the plant and working toward optimizing its operation.
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TASK 200 — REFARRICATTION DEVELOPMENT

\n

5.1 INTRODUCTION

This task includes the development and demonstration of processes and
equipment for fabricating HTGR recycle fuel elements from thorium and 2337y
nitrate solutions. The reference renycle element containg two particle types
as described in detail in Chapter 3. The ThC, particle is available commer-
clally; no development of processes or equipment for the refabrication of this
particle is planned.

Development of processes and equipment for remotely fabricating recycle
fuel 1s necessary because of the high radiocactivity associated with this fuel
material. Affter repeated recycle, the uranium extracted for recycle from the
spent fuel elements will contain about 5C0 ppm.232U,‘which disintegrates in a
short time to isotopes of bismith and thallium that emit very penetrating gamma

radiation. 1=

Thus, shilelding is needed to protect the operators of an HTGR
refabrication plant from excessive radiation exposure. The resultant need for
remote operation demands that all equipment must be automatic and highly reli-
able. Provigion is required for maintaining the equipment in the high radia-
tion field. At present very little experience exists in remote fabrication of
large numbers of fuel elements.

The Refabrication Development task is organized into Refabrication Process
Development (subtask 210) and Refabricetion Pilot Plant Demonstration
(Subtask 220). The Refabrication Process Development (210) delineated on the
flow diagram (Fig. 5.1) includes Sol Preparation (211), Microsphere Preparation
(212), Microsphere Coating (213), Fuel Stick Fabrication (214), Fuel Element
Assernbly (215), and Recycle of Off-Specification Material (216).

The Refabrication Pilot Plant Demonstration (220) includes Design (221),
Procurement and Testing of Equipment (222), Tnstallation of Equipment (223),
Cold Operational Testing of the Refabrication Pilot Plant (224), Hot Demon-
stration of the Refabrication Pilot Plant (225), Waste Treatment and Disposal
(226), Materials Handling (227), and Process Development Support (222). In
addition, process specifications, quallty control procedures, and techniques
and procedures for fuel handling will be developed where applicable.

The refabrication scheme begins with receipt of the reclaimed 232U, as
uranyl nitrate solution, and ends with the shipment of a refabricated fuel ele-
ment in a shielded carrier to the reactor. Materials handling is an essential

part of the refabrication .cheme, including the input of nitrate solutions,
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fertile particles, and graphite blocks as well as adequate preparation of all
waste streams (gaseous, ligquid, and solid) for ultimate disposal.

The equipment will be installed, tested in cold operation, and demon-
strated in the refabrication processes in TURF. The in-cell equipment of the
Refabrication Pilot Plant is to be maintained by remote modular replacement or
repair, although other methods such as decontamination and direct maintenance
will be investigated to develop information that may be of value to the design
of a commercial fuel recycle plant. - Remote modular replacement is particularly
suited to TURF with i1ts large hot cells and separate decontamination and repair
areas. All equipment for the Refabrication Pilot Plant will be designed so
that the entire apparatus or, where practical, subsections of the apparatus
can be removed by manipulabors and a traveling crane to be replaced or repaired

and returned.

5.2 REFABRICATION DEVELOPMENT SCHEDULE

The schedule for performing the steps of this major task of the Development

Program is shown in Fig. 5.2.

5.3 SUBTASK 210 — REFABRICATION PROCESS DEVELOPMENT

5.3.1 Purpose

The purpose of this subtask is to develop the processes and equipment
needed to remotely refabricate HTGR recycle fuel and fuel elements, starting
with the aqueous nitrate solutions of uranium and thorium from the Acid Thorex

Pilot Plant and ending with elements ready to be shipped to the reactor.

5.3.2 Reguirement

Practical processes and reliable equipment must be developed to convert
solutions from the Acid Thorex Pilot Plant to sols, oxlde microspheres, coated
particles, fuel sticks, and fuel elements as discussed in the following
sectbions. Inspechbion techniques and process conbrols to ensure quality of
product must also bhe developed. The quality reguired will be proven by the

radiation tests outlined in Task 300.
¢ 2 13 yan-l .
5.3.3 Timing

The various development subtasks must be completed according to the

gchedule in Fig., 5.2 to provide the results needed to design, procure, test,
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and install the necessary equipment and construct modifications to facllities
in TURF before the start of cold operational testing of the Refabrication Pilot

Plant in January 1976.

5.3.4 Funding

The refabrication processing development will require operating funds as

shown in Table 2.1, page &.

5.3.5 Facilities

The facilities that will be used in the laboratory development are pri-
marily the existing chemical and engineering laboratories and hot cell
facilities at ORNL. The available laboratories and facilities provide the
services and, in some cases, the capability for providing sols, oxide micro-
spheres, coated particles, and fuel sticks needed for various development

aspects of the refabrication process and equipment development.

5.3.6 Subtask 211 = Sol Preparation

-

5.3.6.1 Requlrement

A stable sol of ThOy-U0; suitable for use in forming microspheres mist be
produced from aqueous nitrate solutions of uranium and thorium. FEgquipment that
can be remotely operated and maintained must be developed to carry out this

subtask at about 10 kg/day.

5.3.6.2 Status of Technology

An amine extraction process (Solex Process) for preparing ThOp,-U05 sols is
in an advanced stage of development. ¢ Eguipment has been designed’ and
operated on a scale at least egqual to the approximately 12 kg/day capacity6
requirement. Figure 5.3 is a chemical flowsheet that is representative of the
process that will be used for sol preparation. The work remsining to he done
is establishing long-term reliability of key equipment pieces and adaphbation

of the process to remote operation and maintenance.

5.3,6.3 Work Plan

Development equipment will be fabricated for remote operation and maln-
tenance, and sols will be prepared. The steps in performing this work include
the following: (1) units of equipment that perform individual process steps
will ‘ve adapted for remote operation and maintenancs, (2) equipment and process

changes will be made as necessary to develop reliable, integrated, remotely
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operable components and produce sols for use in subsequent operabions, (3) the
integrated sol-making complex will be operated and maintained remotely over a
sufficient period of time to prove reliability, (4) large quantities of sol
will be prepared as needed in microsphere-forming laboratory development
studies (see Subtask 212), and (5) methods and procedures for evaluating sols

will be developed.

5.3.7 Subtask 212 - Microsphere Preparation

5.3.7.1 Requirement

The reference recycle fuel requires remote preparation of a ThOx-U0;
microsphere having a thorium-to-fissile~uranium ratio of 4.25 and a
350- + 25-ym diameter. The microsphere must exceed 95% of the theoretical
density and must be strong enough to survive all subsequent fabrication steps.
Processes and equipment must be developed to reuse Z-ethyl-l-hexanol, to form
gel microspheres, to dry and fire the gel to dense microspheres, and to handle
microspheres and trangsfer them to subsequent fabrication steps. All of these
operations must be carried out remotely in equipment that can be remotely

maintained and replaced.

h)

5.3,7.2 Status of Technology

{

About 150 kg of ThO02-U0; as sol and 100 kg of ThO,-UO; as microspheres of
the composgitions of interest have been produced in pilot-plant-scale equipment
during essentially continuous operation.6 This experience provides the basis
for sdditional laboratory tests to develop methods and equipment for remote
operation and to provide the technology necessary to design and construct the
microsphere equipment. for the Refabrication Pilot Plant. Flgure 5.4 is a
chemical flowsheet for microsphere preparation. Remote microsphere transfer
from the microsphere~forming column to the dryer, and from the dryer into and
out of a closed caleining furnace has been demonstrated. Over 30 kg of
ThOz-ZBBUOz, for use in the High-Temperature Lattice Test Reactor,® has been
prepared semiremotely, as has Th02-235U02 of several thorium~to-uranium ratios
and 235U02 microspheres,g’9 for use in fabricating the eight RTE's for irradia-
tion in the Peach Bottom Reactor. The microsphere~forming column and asgsoci-
abed equipment to recycle the 2-ethyl-l-hexanol have not beesn operated
completely remotely.

A major redesign of the dryer that has been under development was shown
to be necessary during the preparation of the 100 kg of Th02-UO, microspheres.

Since then a new dryer has been designed, built, installed in the laboratory,
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and shown to be sabisfactory for use with 20-kg batches of microspheres on a
48-hr cycle. This is equivalent in size to the production rates planned for
the Refabrication Pilot Plant. A design for a firing furnace has not been
developed; however laboratory tests have ghown that no major problems exish

in the large-scale firing of Th0,-UQ; microspheres. Techniques for the remote
inspection of s0l droplets and gel microspheres have yet to be developed.
Methods of purifying the Z-ethyl-l-hexanol for recycle to the sphere-forming
column have been studied in the laboratory and on an engineering scale. Prom-
ising processes are being tested on a scale commengurate with direct applica-

tion to the Refabrication Pilot Plant Equipment.

5.3.7.3 Work Plan

The entire microsphere~forming column operation, from sol feeding to pro-
duct microsphere removal, will be demonstrated as a remobte operation. Poth
drying and firing operations will be carried out remotely. Additional firing
furnace design, fabrication, and testing will be performed.

A periscope for remotely viewing sol droplet formation and loaded column
bed behavior will be installed in the laboratory, and its utility will be
demonstrated on the existing microsphere forming column. Laboratory equipment
for microsphere sampling and singularizing will be installe? and tested, and
ite utility will be determined. 8ol handling and feeding equipment will be
developed and demonstrated for remote operation.

Microspheres of ThO,-U0z will be prepared as a support activity as needed

for other subtasks.

U

.3.2 Subtagk 213 — Microsphere Coating

5.3.8.1 BRequirement

Particles must be remotely transferred between processing stations in the
Refabrication Pilot Plant both before and after coatings are applied. The
transfer method muist not demage the particles and mist require only Limited
remote maintenance. The particles must be inspected, both before and after
coating, to verify compliance with specifications.

Microspheres of the reference recycle fuel must be coated with a low-
density buffer layer and a high-density isotropic sealer layer of pyrolytic
carborn. The coating thicknesses are specified in Table 3.1, page 16. The

coating integrity on recycle particles must be equivalent with that on fresh
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particles. The processes and equipment to produce the required coated par-
ticles must be developed along with inspection methods and procedures to ensure
the quality of the coatings. Because safety restrictions may require silicon
carbide coatings on fuel particles, technology for applying them to recycle

fuel must also be developed.
5.3.8.2 Status of Technology

Considerable progress has been made on the development of equipment and

processes for particle handling and inspection.14

After the microsphere prep-~
aration step, the dried and sintered miecrospheres must be fed into a hopper.
Development hoppers and feed-control valves have been designed and tested; how-
ever, some additional work is needed to improve these items. Microspheres and
particles are transported by gravity feeding and pressurized pneumatic feeding.
Tests made at ORNL indicate that pneumatic feeding can be used to transfer par-
ticles over distances of more than 50 ft with increases in elevation up to

15 ft. Negligible abrasion occurs even on the low~density acetylene-~derived
particle coatings.

To facilitate these various transfers, diverter valves have been developed
to be used in conjunction with storage hoppers. Material enters these diverter
valves at the top amd travels through a flexible tube, which is then connected
to one of two exit tubes by a pneumatic cylinder and cam device. This device
has been built and tested.

Before being coated, microspheres must be shape-separated to eliminate
any microspheres with a maximum-to-mininum dismeter ratio greater than 1.3.

The shape separator developed at ORNL is a flat plate that is tilted and
vibrated; upon it the nonspherical microspheres are separated from the spheri-
cal ones. The spherical microspheres then must be fed to a size classifier,
which, as presently conceived, consists of two screens to eliminate the over-
size and undersize microspheres in one operation. Next, the acceptable
material must be weighed and then dispensed into a sampler. Present plans

are to take about a 0.5% sample in-cell and transfer this sample to an analyti-
cal glove box facility for analysis of size distribution and if necessary for
particle sphericity and density.

The microspheres to be inspected for size distribution are transferred
to the particle size analyzer. In this instrument, a light shines across the
path of microspheres passing one at a time through a rectangular tube. As a

microsphere passes through the channel, a photodetector experiences a dip in



current proportional to the size of the microsphere; this dip is then recorded
vy a pulse-height analyzer. Presently, a 1L000-microsphere sample can be
recorded in about Z min. No real effort has been made to speed the operation;
hence, congiderably faster counting rates may be possible.

If density must be measured, a mercury pycnometer can be used. This
apparatus measures the volume of the microsgpheres by measuring the amount of
mercury displaced by them. Then the microspheres can be weighed to give an
accurate determination of density. The acceptable microspheres then must be
blended and weighed into batches of the proper size for coatbing.

A 5~in.-diam fluidized~bed coating furnace, similar to the coating furnace
planned for the Refabrication Pilot Plant, has been extensively used for pyro-
lytic carbon coating.lO;ll Coatings of the required types have been produced
on a semiproduction scale. A remote coabing furnace similar to that required
for the pilot plant has been constructed and is currently being tested in the
laboratory.

The buffer coating is applied with a mixture of acetylene and inert gas.
The isotropic coating ig presently applied with propylene but can be applied
with propane or methane. No significant differences have been found in
coatings produced by these different gases. Coabings can be deposited from
propane ‘or propylene in the range 1200 to 1500°C. Methane is more difficult
to use because of the higher temperature required (above 1800°C). However,
more data are needed on the irradiation performance of propylene~derived
coatings before the coating gas can be specified. The coating equipment is
being developed to use either gas.

The FSVR most likely will be the only suitable reactor with which to
demonstrate HTGR fuel recycle. Thig reactor requires a silicon carbide coating
on all particles to limit the release of fission products that diffuse rapidly
through pyrolytic carbon coatings, such as strontium and barium. Hence, to

23315 fuel can be demon-

ensure that performance of remotely Tabricated thorium-
strated, the processes and egquipment to apply SiC coatings are belng developed.
These coatings are currently applied from mixtures of methyltrichlcrosilane
and hydrogen, although cther silanes can be used. The difficulties involved
with 8iC coating include the injection of methyltrichlorosilene into the coater
(this silane is a liquid ab room.temperature) and the handling of the HCL pro-

duced by the decompositicn of methyltrichlorosilane. At ORNL, silicon carbide
12

]

oatings have been applied in furnaces up to 3 in. in diameter, and prototype
equipment for SiC coating has been added to the prototype 5-in.-diam remote

coating furnace.
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All coating operations involve the production of large volumes of off-gas.
This off-gas consists of hydrogen, or hydrogen and HCl, depending on which
coating is being applied. Tn addition, all off-gas must be filtered to remove
any radioactive material. Hydrogen chloride is removed by contact with caustic
solution. During coating with carbon, no HCl will be in the off-gas, but large
quantities of soot may be present. Hence, the off-gas first passes through a
bag type roughing filter where the soot is removed. For either coating process
the waste gas is passed through absolute filters before being ejected into the
atmosphere. Special precautions are used to prevent explosive mixtures of
hydrogen and oxygen from oceurring in the off-gas equipment.

Both GGA® and ORNL* have considerable experlence in applying both pyro-
lytic carbon and silicon carbide coatings. Work has begun al ORNL on adapting
the coating process to remote operation.

After each coating operation, the coating thickness has to be measured
with the particle size analyzer, and in conjunction with a weight measurement
the density is determined. Other inspections needed are: (1) anisotropy,

(2) gas content, (3) 22°U content, (4) carbon content, (5) thorium content,
(6) surface contamination, (7) crushing strength, and (8) uranium content of
the coating soot.

Particles from the coating furnace are transferred by gravity to receiving
hoppers for cooling. After cooling, the coated particles are weighed and
sampled. After analysis, if the particles are acceptable, they are either
returned to the coating furnaces for further coating or are sent on to the next
step if the coating operations are complete. Rejected material will be trans-
ferred to reject storage hoppers.

After the coating operations, the coated particles must be sent to another
shape separator and classifier. Again all products have to be weighed, and any
reject material 1s sampled to determine the cause of rejection. At this point
in the operation, many batches of particles are sccuwmlated and then blended to
produce large homogeneous batches of particles needed for the succeeding steps.

The batch blender has been conceptually designed.

5.3.8.3 Work Plan

Laboratory development of the particle handling equipment will be com-
pleted. This development includes refinement of the particle classifier to
minimize blinding and long~term testing of particle feeding devices. A 0.5%

remote sampler will be developed.

*Seg list of progress reports in Table 3.3, p. 24.



The inspection techniques are to be refined until the properties of the
particles can be determined without delaying the refabrication operation.
Further development work will be performed on the feed mechanism for the par-
ticle size analyzer and also on improving the calibration method for the par-
ticle size analyzer. The technigues for determining anisotropy will be refined,
and a procedure for crushing strength determination must be developed. Also,

a procedure for determining crystallite size will be developed for particles
containing 233y, In éddition, a means of determining particle gas conbtent
will be developed.

A remotely operable coating furnace has been constructed and is currently
being tested in the development laboratory. The effect of operating varilables
on the coating properties must be determined. These varilables include batch
size, coating gas composition, flow rate, furnace pressure, and temperature.
These variables affect coating rate, sphericity, density, esnisotropy, and, in
the case of silicon carbide coatings, stoichiometry. Particles are being
coated by prototype methods for the irradiation capsules (subtask 301), for the
RTE's (Subtask 302), for the PTE's (subtask 303), and to provide material for

other development subtasks.

5.3.2 Subtask 214 — Fuel 3tick Fabrication

5.3.2.1 Requirement

In the particle blending step of the refabrication process, the Th02—233U02
particles must be blended with the ThC: particles to produce sticks with less
than 10 wt % variance of uranium and thorium in any l-in. length of the fuel
stick and less than 5 wt ¢ U and 6 wt % Th variance from the desired leading in
the entire fuel element. The operation must have sufficient loading accuracy so
that the uranium and thorium loading of the entire core will vary no more than 1%.

The proper weights of particles must be blended and bonded in a fuel stick
of specified dimensions so as to adequately fill a fuel hole in the fuel ele-
ment. The fuel particles in the recycle fuel will be bonded to the same extent
that the particles are bonded in the fresh fuel. That 1s, the same msabtrix
formulation and carbonization cycle will be used except for such modificatlions
as nay be required for remote fabrication. The bonding process for the recycle
fuel must not increase the fraction of broken particles nor contaminate the

matrix beyond the level specified for the fresh fuel.
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5.3.9.2 Status of Technology

Conceptual design of a prototype particle loader-blender is complete.
This device will blend up to three types of particles by concurrently pouring
into a fuel stick mold measured amounts of the particles from separate hoppers
with adjustable orifices. Development work will be required on adjustment
methods to ensure homogeneity of the fuel.

Fuel sticks have been made at both GGA'® and ORNL.1® However, only
limited information is available on the effect of irradiation on the fuel stick
matrix material. Also the effects of carbonization and annealing conditions
have not been defined. To combat matrix shrinkage during irradiation, which
may lead to cracking of the matrix, a bonding agent with greater amounts of
carbon can be used. However, when more carbon is added the bonding agent
becomes more viscous, thereby increasing the difficulty of injection.

The fuel matrix formulation, particle blending, carbonization, and fuel
stick inspection techniques are being developed under the Public Service of
Colorado (PSC) project for the FSVR's Tirst core. This core is to be made
during 1970 and 1971. Tt is planned that the recycle program will use the
useful techniques and formulations to the maximum extent; however, adoption of
the process to remote operations will require considerable development. Present
plans are to do the carbonization and annealing of the fuel sticks before
placing them into the fuel block during element assembly.

Only a limited amount of work has been done on fuel stick inspection. A
combination of attenuation (gamma or xmray> and gamma emission will be used to
determine the relative amounts of 223U and thorium present as a function of
pogition along the fuel sticks. Ultrasonic examination of bond integrity will

also be considered.

5.3.2.3 Work Plan

A fuel stick mold filler-blender device is to be fabricated and tested in
the development laboratory. If possible the stick bonding method developed for
the FSVR's first core will be modified for use in a remotely operated production
facility. Development carbonization and annealing Turnaces will be constructed
and tested. Inspection methods will be developed to nondestructively test for
the required loading tolerances, matrix integrity, matrix contamination, and
dimensional accuracy of the fuel sticks. Fuel sticks for capsule irradiation
will be prepared by prototype processes. In early 1970 fuel sticks were pre-
pared with recycle-type particles for use in eight RTE's for irradiation in the
Peach Rottom Reactor. Tuel sticks will also be prepared for use in two PIE's

for irradiation in the FSVR.
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5.3.10 Subtask 215 — Fuel Element Assembly

5.3.10.1 Requirement

Fach graphite block contains some 200 fuel holes that must be loaded with
el sticks during fuel element fabrication. By the present fusl block design
at least two lengths of fuel holes must be filled. Craphite plugs must be
placed in each hole and cemented in place as closures. The fuel element must

be inspected for transferable contsmination to limit buildup of contamination

in the reactor.

5.3.10.2 8Statug of Technology

Some development of processes and equipment for fuel stick loading, ele~
ment transfer, and eleéement inspection has been done.

The stick loader will use a numerically controlled positioner to align the
block under it. It is planned that the loaded fuel element will be transferred
between cells in the Refabrication Pilot Plant. During this transfer, the
surfaces of the element are inspected for contamination. If any is present,
the cooling holes are ingpected further to assess the level of contamination,
and the element is either cleaned or reprocessed. After inspection, the ele-

ments will be canned and prepared for storage or shipment.

5.3.10.3 Work Plan

Various approaches used in industry for similar processes will be
investigated.

Basic technigues for handling the fuel sticks and loading them into the
graphite block will be developed in the laboratory. A prototype machine for
performing the element loading operabions will be designed, fabricated, and
tested. Inspection methods will be developed for detecting surface contamina-
tion on the loaded elements either during intercell transfer or following
transfer. Devices for canning a fuel element or elements will be designed
along with transfer mechanisms for loading the new elements into the product
shipping carrier. A mockup test will be devised to prove the feasibility and
reliability of these element canning and handling methods.

Of the eight RTE's for irradistion in the Peach Bottom Reactor, six have
been prepared by GGA. The two PTE's for irradiabion in the FSVR will be pre-
pared by GGA under this subtask to support other development subbtasks. Suf-
ficient cquantities of test elements will be fabricated as needed by other

subtasks.



5.3.10.4 Analysis of Alternate Approaches

Tt would be advantageous from the standpoint of remote operation to carbon-
ize the fuel sticks in the fuel blocks after loading. This may be possible if
a bonding agent can be developed which does not display excessive shrinkage and
gas release during carbonization and annealing. This change would eliminate

handling of the fragile carbonized sticks.

5.3.11 Subtask 216 — Recycle 6f Off-Specification Material

5.3.11.1 Requirement

Fuel materials that do not conform to specification as determined by
varions inspections or tests must be disposed of in the most economic manner.
These materials may include microspheres, coated particles, fuel sticks, and

fuel elements.

5.3.11.2 Status of Technology

Particles that have unacceptable pyrolytic carbon coatings are presently
put through a fluidized-bed burner for removal of the coating. ther aspects
of recycling off~specification material have received no significant study as

yet.

5.3.11.3 Work Plan

Only the coated particles that are off-specification could be reworked in
the Refabrication Pilot Plant. Since this step would include additional equip-
ment, and only a minor amount of such material is expected, 1t may be better to
send all such material back to the Head-End Pilot Plant for reprocessing. The
feasibility of material recycle and the controls and techniques to be used will

be studied when some yield information is available from other subtasks.

5.4 SUBTASK 220 ~ REFABRICATION PILOT PLANT DEMONSTRATION

5.4.1 Purpose

The pilot plant demonstration will prove the technical feasibility
of the processes and equipment, provide a test of the maintenance method, and

provide economic informstion concerning refabrication of HTGR fuels.



87

5.4.2 Reguirement

The Refabricetion Pilot Plant must be designed, constructed, and operated
to demonstrate the equipment and processes required to fabricate HTGR fuel
elements. The demonstration must last long enough to determine long-term
maintenance requirements for equipment and facilities. 7To obtain this infor-
mation, 130 reacltor-quality recycle elements must be fabricated and shipped
from the plant. The 77U that is processed will be contaminated with adequate
radicactivity (?32U) to anticipate the problems encountered with levels expected

in commercial refabrication plants.

5.4.3 Timing

Bouipment design has already begun and will continue until mid-1974. The
cold operational testing of the Refabrication Pilot Plant will begin in early
1976, and hot demonstration will begin in mid~1976. The demonstration will con-
timie until fuel refabrication technology has been developed sufficiently to
allow preliminary design of large-scale commerciasl refabrication plants. This
result is expected to be attained by 1920.

Two PTE's with “2%U as a replacement for °°°U will be fabricated by CGA
and installed into FSVR by 1972 (subtask 303). Recycle fuel elements containing
?3%17 will be fabricated beginning in 1976. The first of these elements will be
loaded into the FSVR in late 1976 for proof tests (Subtask 304). Another 130
recycle fuel elements will be fabricated during the pilot plant demonstration,
which will contimue through 1972. The Refabricatbion Pilot Plant will be kept
aveilable after 1979 for development support for the initisl commercial refab-

rication plant or will be disassenbled.

5.4.4  Funding

The estimated capital expenditures required to accomplish this subtask are
presented in Table 2.4, page 9. The operating cost for the Refabrication Pilot
Plant demonstration is swmarized in Table 2.1, page 6. These costs do not
include such fuel element input materisls as coated thorium carbide fuel par-

ticles or the machined fuel blocks.

5.4.5 TFacilities

>

The TURFL7518 i1l be utilized for the hot demonstration of the Refabrica-
tion Pilot Plant. Some modification and additions to the facility will be
required to permit all the activities of the Refabrication Pilot Plant

Demonstration to be performed. These modifications and additions will include
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additional fuel element handling, storage, and shipping facilities and process

gas handling facilities.

5.4.6 Subtask 22) - Design

5.4.6.1 Regquirement

The Refabrication Pilot Plant must be designed. This design must converdh
the technology obtained from the refabrication process and equipment develop-
ment subtask (210) into drawings and specifications defining equipment and
systems of the Refabrication Pilot Plant. A safety analysis of the pilot plant
must be prepared to serve as the basis for hazards evaluation to assure achieve-

ment of safe and reliable operation.

5.4.6.2 Status of Technology

Arrangement drawings of the Refabrication Pilot Plant equipment in the
TURF have been prepared. Some components of the particle handling equipment
have been conceptually designed. A feed storage tank has already been designed
and fabricated. Labhoratory development of other microsphere preparation and
coating equipment has reached a stage sufficient to allow conceptual design of
these pilot plant equipment items to start any time.

Some operations, such as stick making, will be on a smaller scale in the
Refabrication Pilot Plant than in future comamercial plant requirements, while
others will approach commercial plant scale. As nuch as possible, automatic
equipment will be used in the Refabrication Pilot Plant to permit realistic
scale-up. The Refabrication Pilot Plant scale of other eguipment, such as
the coating furnace, may be at a maxinmum critically safe size for recycle fuel
fabrication. Hence, commercial recycle plants would use a larger number of
pieces of the same size equipment.

Because of the extensive use of automatic equipment and the requirements
for constant material control for accountability and criticality, a computer-
based data handling system must be used. This system, tied to the operational
control of the plant, will ensure that fissionable material does not accumulate
to unsafe amounts in any area and willl provide a fissile inventory check at any

required time.

5.4.6.3 Work Plan

The collection of information already in existence and the preparation of
process and equipment flowsheets will be the first steps. Conceptual designs

will be prepared for each unit of Refabrication Pilot Plant equipment as each
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development subtask provides sufficient information. These conceptual designs
will be developed sufficiently to allow procurement and testing of prototype
equipment.. Based upon results from development subtasks, equipment and systems
of the Reprocessing Pilot Plant will be designed. Drawings, specifications and
procedures will be prepared sufficient to construct the Refabrication Pilot
Plant. Codes and standards applicable to the work will be utiliZed. Where
standards are unavailable or are insufficient to supply the needs for future
commercial refabrication plant design, they will be prepared as a part of the
Refabrication Pilot Plant design.

The overall Refabrication Pilot Plant design will be prepared in three
phases: conceptual, preliminary (Title I), and tinal (Title II). As shown on
the refabrication development subtask schedule (Fig. 5.2, page '79), these
phages will be coordinated with the development subtasks to provide them with

maximun support and to utilize maximim results from thogse activities.

5.4.7 Subtask 222 = Procurement and Testing of Equipment

5.4.7.1 Regquirement

Refabrication Pilot Plant equipment must be procured and proof tested
before itz installation. In some cases prototype eguipment procured for
development testing may be adaptable for actual installation in the Refabri-
cation Pilot Plant. When such is the case, the equipment must be modified as
necessary and proof tested to verify that after modification it complies with

functional reguirements.

5.4.7.2 Status of Technology

Several items of development equipment have been procured and are currently
being tested. Some of the inspection eguipment may be modified for Refabrica-
tion Pilot Plant use. By the time the major part of this subtask is to e
carried out considerable experience will have been established in the procure-

ment and testing of prototype equipment.

5.4,7.3 Work Plan

Detvailed critical path plans and schedules will be prepared for procure-
ment of Refabrication Pilot Plant equipment. Equipment will be procured
according to these schedules, with emphasis given to speclalized equipment
or long-delivery items. Appropriate procurement documents and methods will be

applied, not only to secure equipment of adequates quality but also to desvelop
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industrial capability sufficient to support the design and construction of com-
mercial refabrication plants. As an integral part of these procurement activ-
ities appropriate tests will be run on each piece of equipment to demonstrate

and verify its performance capability.

5.4.8 Subtask 223 ~ Installation of Equipment

5.4.8.1 Requirement

Modifications and additions to TURF must be constructed and the equipment
must be installed in the facilities designated to house the Refabrication Pilot
Plant. The equipment must be installed with the remote handling equipment for
in-cell work to demonstrate the application and techniques of remote mainte-
nance. The equipment handling methods and procedures developed during instal-
lation must be recorded to facilitate eventual remote removal or replacement

of equipment.

5.4.8.2 Status of Technology

The TURF provides space and basic facilities for handling, installing, and
operating the various Refabrication Pilot Plant equipment items. The methods
of hot-cell operation and maintenance of similar complex equipment have been
developed to a high level of proficiency at ORNL in connection with the High
Radiation Level Examination Laboratory, the High Radiation Level Analytical
Laboratory, and previous operations in TURF and other remotely maintained
facilities. This experience and knowledge will be utilized to establish the
Refabrication Pilot Plant maintenance program and therefore will guide the

equipment installation procedures.

5.4.8.3 Work Plan

Advanced planning will begin during the preparation of conceptual designs.
Equipment layouts will be developed for ease of installation and removal.
Methods will be established for anchoring and joining equipment, and in some
cases mockup tests will be conducted to establish space limits, configuration
restraints, and handling procedures. The required mockup studies will be
defined and executed as the design progresses and eqguipment dimensions and
features are better known. Specifications and procedures to guide the instal-
lation will be prepared as necessary. These will stress the preservation of
the quality designed and fabricated into the equipment and systems.

In-cell equipment will be moved into position, anchored, connected to

services, and joined to adjacent processing equipment with the use of the
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in-cell crane and manipulator systems. Out-of=-cell equipment, including con-

trol panels, will elther be constructed in place or prefabricated and installed.
New facilities and modifications to existing facilities required for

storage and shipment of new fuel elements will be constructed. BEquipment for

handling new fuel elements will be installed in these new facilities.

5.4.9 Subtask 224 — Cold Operational Teating of the Refabrication Pilot Plant

5.4.9.1 Regquirement

The entire Refabrication Pilot Flant must be performance tested with pro-
totype feed material before operation with irradisted material begins. These
tests are to demonstrate the remote operability and material handling capa-
bilities of the plant as well as the adequacy of operational procedures and
runsheets.

Pilot plant operators must be trained in equipment operation and safety
procedures. Their proficlency in carrying out operations and controls must be
demonstrated. From this information criteria must be established for operator
gqualification and training to be used in licensing procedures for commercial

refabrication plants.

5.4.9.2 Status of Technology

The methods and techniques of preoperational testing and startup of fuel
refabrication facilitles have been developed at ORNL over the past several
vears. This technology has been developed and proven in the Kilorod
Facility,19 the Transuranium Processing P]_ant,20 and previoug operation in

TURF with moltenw-galt fuel.?l

5.4.9.3 Work Plan

Each piece of equipment will be tested to verify its operational capa-
bility. Individual systems will be tested for leaktightness and functional
capability, and finally the complete Refabrication Pilot Plant will be tested
to verify its operational readiness.

Prototype feed materizl will be handled in the fuel receiving, handling,
storing, and shipping facilities of TURF. Prototype fuel will be fabricated
by the same procedures to be followed with recycle radloactive material. During
these operations test fuel elements will be produced in support of Task 300 for
irradiation studies. Potential problem areas in the Refabrication Pilot Plant
will be identified and corrected to minimize faillure or malfunction of equip-

ment and procedures.
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Inclnded in this subtask are operating procedure development and personnel
training and indoctrination. Specifically this will include the preparation of
programmed instruction manuals to aid plant operators, formal lectures by the
designers of equipment and by experienced hot-cell facility supervisors, radio-
logical and conventional safety instruction by appropriate suthorities, and the

preparation and trial use of operating procedures.

5.4.10 Subtask 225 ~ Hot Demonstration of the Refabrication Pilot Plant

5.4.10.1 Requirement

The Refabrication Pilot Plant rust be operated with hot material to
demonstrate the equipment and processes required to fabricate HTGR Tuel ele~
ments. The demonstration must be of sufficient duration to determine long-
term maintenance, materials handling, and waste disposal regquirements. The
demonstration is estimated to require hot operation of the Refabrication Pilot
Plant through 1979, with possible later use for development support for the

first commercial plant.

5.4.10.2 Status of Technology

The technology for the refabrication of irradiated HTGR recycle fuels is
not yet developed. Only technology for fabrication of HTGR fuels containing
233y currently exists, and 1t is being applied in unshielded facilities by GGA
to fabricate the FSVR core. The large gquantities of 2327 in recycle fuels will
require heavily shielded refabrication facilities with remote operation and
malintenance.

For physics parameter measurements in the High~Temperature Lattice Test
Reactor 32 kg of 233y containing less than 5 ppm 2227 has been formed into

microspheres and coated with pyrolytic carbon. ®

Considerable experience exists
in the handling of 233U nitrate solutions at the National Uranium-233 Dispensing
Facility located in ORNL Building 3019.

Approximately 30 kg of 233y containing about 200 ppm 232y (this is com-
parable to the first HTGR recycle fuels) was fabricated into molten-salt fuel
in the TURF.Z1 Approximately 600 kg of 2337 will have been fabricated into
(Th,U)Og fuel for a core loading of the Shippingport Reactor as a part of the
IWBR Program by 1975. Applicable technology from these programs will be

applied to this demonstration subtask.
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5.4.10.3 Work Plan

After successful completion of cold operational testing of the Refabrica-
tion Pilot Plant, feed material containing 227U will be introduced to start
the hot demonstration. This will continue until reasonable assurance is gained
that all significant problems have been encountered and solved. In mid-1976
the pilot plant will begin fabrication of fuel elements containing 233y, The
demonstration will include the refabrication of 150 reference recycle fuel
elements containing the reference fuel. These elements must be produced to
verify adequacy of operating procedures, accountability procedures, remcte
equipment maintenance methods and techniques, shielding, and radiation and
contamination control requirements.

After 1979, the Refabrication Pilot Plant msy be used for development
support for the first commercial refabrication plant, or it will be dig-
assembled so the hot cells in TURF cén be preparaed for a new development

program.,

5.4.11 Subtask 2206 — Waste Treatment and Disposal

5.4.11.1 Requirement

Wastes anticipated in the Refabrication Pllot Plant are estimated in
Appendix C.

Gageous waste containing hydrocarbons and radionuclides must bhe made safe
before release to the enviromment. Hydrogen from the coating furnace must be
made safe for handling and disposal.

Liguid waste must be collected and disposed of according to the type and
level of contamination. Fissile vranium mist be diluted with depleted or
natbural uwranium before discharge to the Melton Valley waste system., All 1iquid
waste migt be neutralized to be handled in the TURT stainless steel aystam and
subsequently in the Melton Valley hot-waste handling system. Halogen compounds,
such as chlorides and Tluorides, are to be avoided where possible. Halogens in
the liquid-waste system must be complexed with a metal to prevent corrosion;
for example aluminum ions in aluminum nitrate complex fluoride.

Solid waste conbaining radiocactivity must be contained and disposed of in
controlled areas specifically designated for such wastes. It must be collected,

packaged, and ildentified for storage.

5.4.11.2 Status of Technology

The TURF off~gas system is suitable for filtering particulate materials

from the cell and vessel vent gases. No gas scrubbing equipment is provided.
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Liquid waste collection and storage systems exist in the TURF. They are
adegquate for handling high-level wastes that have been made compativle with
the type 304L stainless steel lines and tanks that make up the system. Also
available will be provisions for permanent disposal of all levels of liquid
wastes. Written procedures and regulations for liguid waste handling are part
of the ORNL standard practice procedures.

Solid wastes will be derived from process waste, salvaged equipment, and

contaminated clothing.

5.4.11.3 Work Plan

Cell ventilation air, process vessel off-gas venting, and incidental waste
gases will be disposed of by direct release to the TURF off~gas system, which
has a minimum of 10,000 scfm of ajir flowing to a 250-ft-tall stack with an
average atmospheric dispersion factor of 0.92 x 1077 sec/m> released.

Gaseous products from dryers and furnaces will be treated in special
cleanup equipment before release to the TURF gasecus waste disposal system.
The off-gas from the coater will be treated in equipment designed for handling
and disposing of gases containing hydrogen and halogens.

Liquid waste not suspected to contain radiocactivity will be handled in
the existing TURF process waste system, which is monitored before collection
in temporary storage tanks. Contaminated process waste 1s diverted to ponds
that can be drained to the Melton Valley waste disposal system.

Special equipment for handling and disposal of both solid and liquid
wastes will be provided. Contaminated equipment and clothing, such as shoe
covers and gloves, will be bagged for burilal.

Enclosed containers for both solid and liquid wastes will be provided.
The filled containers will be collected in the shielded processing cells and
loaded into a heavily shielded cask for transport to solid-waste disposal areas.
An existing cask will be modified for this purpose.

All radicactive waste that requires permanent disposal will be delivered
to a central radiocactive waste disposal facility at ORNL. It is assumed that
this facility, provided by other AEC programs, will be available to support
this program.

It is estimated that about 20% of the present receiving, handling, storage,

from this pilot plant.



5.4.12  Subtask 227 — Material Handling

5.4.12.1 Reguirement

Materials required to sustain operation of the Refabrication Pilot Plant
must be handled both entering and leaving the plant. These materials will
include both feed and support materials to the process, scrap and off-
specification material generated by the process, and the products coming from
the process. These materials must be recelved, handled, stored, or shipped as
appropriate.

Coated fertile particles and fuel blocks must be secured for development,
cold~operational testing, and the hot demonstration of the Refabrication Pilot
Plant. Thorium must be secured for the fertile component of the recycle parti-
cles. The “77U product from the Acid Thorex Pilot Plant musb be received. AlLL
of these feed materials mist be recelved, stored, and handled in the TURF.

The product from the Refabrication Pilot Plant must be packaged, trans-
ferred from the refabrication cells, stored, and shipped from the plant. These
product shipments will be handled in the same carrier used to transfer the
spent fuel elements from the FEVR to the TURF. ’

Tegt fuel elements prepared for use in development and cold-operational
testing must be stored and handled. At the present time about 40 unirradiated
FSVR fuel elements will be required for development testing of the Head~Fnd
Pilot Plant equipment. Part of these should be shipped from the Refabrication
Pilot Plant in the recycle element shipping carrier to simulate hot fuel
handling. Half of these elements will have to be handled by January 1974, and
the remainder by July 1975. Process samples and support materials must also

ve received, stored, handled, and shipped to support the demonstration.

5.4.12.2 Status of Technology

Technology and equipment exist for handling thorium as coated particles
and ag thorium nitrate tetrahydrate and for handling 23%7 nitrate solutions.
However, modifications to both the equipment and the handling procedures may
e needed to accomplish this subtask. xperience also exists for handling the
flow of test fuel elements, support materials, and similar items that will be
associated with this pilot plant.

Experience does not presently exist for shipping recycle fuel elenments.
These elements will be too radiocactive to ship without shielding but will be
less radiocactive in spent elements. Technology does exist for shipping unirra-
diated initial FSVR fuel elements, and applicable parts of this technology will

be applied to the handling and shipping of recycle fuel eslements.



5.4.12.3 Work Plan

The handling of test materials will be planned and scheduled as required
to support other subtasks. Procedures and work instructions will be prepared
for handling these items. The feed materials for the Refabrication Pilot Plant
will be planned and scheduled, handling procedures will be prepared, and equip-
ment will be provided. The equipment and handling procedures will be tested to
prove their adequacy.

Operating procedures and handling techniques will be established for the

recycle fuel shipping carrier, and its performance capability will be proven.

4]

Process support materials such as process gas, packaging containers, spar
parts, and hardware will be handled through existing facilities at TURF. Pro-
cess samples will also be handled through these facilities.

The flow of samples and support materials should reguire about 30% of the
present receiving, handling, storage, and shipping capabilities of TURF. This

does not include handling the recycle fuel elements produced.

5.4.13 Bubtask 228 — Process Development Support

5.4.13.1 Requirement

As is the case with any pilot plant, unforeseen problems will arise and
require rapid solution. ILaboratory and hot-cell tests on actual materials are

necessary to guide the plant operators in solving the problems.

5.4.13.2 Work Plan

Development engineers and laboratory facilities will be available to
accomplish the requirement given above. Their function will be to perform
the tests regquired to provide help to solve the problems. 1In addition, equip-
ment changes may be necessary as the result of deficiencies found after pre-

liminary hot operations with the RTE's or during the other hot operations.
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6. TASK 300 — RECYCLE FUEL IRRADTIATTIONS

6.1  INTRODUCTION

This section of the program plan describes the type and schedule of irra-
diation tests required to develop and demonstrate a satisfachory recycle fuel.
These tests are essential in the National HTGR Recycle Development Program to
accomplish two major objectives: (1) to provide irradiated fuel for develop-
ment and demonstration of reprocessing and (2) to verlfy the performance capa-

bility of the recycle fuel developed and produced in other tasks of this program.

The accomplishment of these two objectives reguires a series of irradiation

tests ranging from very small quantities (grams) in capsule tests to reference
1000-MW (e) HTGR fuel elements irradiated under reference conditions of time,
temperature, and fluence. Fach irradistion test contributes to both objectives,
since a portion of the irradiated fuel is subjected to postirradiation evalua-
tion of ite performance, and the remainder of the irradiated fuel 1s provided
for reprocessing development or demonstration.

Because of the time required for irradiation tests (ranging from one to
six years), early scheduling and implementation of these tests are vital to
the cuccess of the recycle development program. The scheduling of fuel irra-
diations must also take cognizance of (1) the refinements of fuel element
design, (2) changes in the fuel element arising from developments on repro-
cessing and refabricatlon vrocesses, and (3) the schedule and availablility of
reactor test space. Accelerated testing of fuel can be accomplished by capsule
irradiations in BIR and ATR. Prototype fuel elements will be irradiated in the
Peach Bottom Reactor and full-size fuel elements in the FSVR.

The capsule irradiations are designed to accelerate the burnup rate of the
fuel and the fast Fluence exposure of the coating and stick bonding. These
accelerated conditlions expedite the determination of fuel performance capa-~
bility as well as provide small quantities of irradiated fuel for laboratory-
scale reprocessing development. The capsule irradiations are especlally useful
in evaluating small quantities of material produced in laboratory development
equipment.

The first series of these capsule tests will contain fuel used in Peach
Bottom irradiation tests and will provide fuel for early reprocessing studies.
The second series will give an accelerated test of the fuel produced for the

proof test elements.
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The results of these tests can be availlable in time %o guide the selection
of reprocessing and refabrication processes and eqguipment for installation in
the reprocessing pilot plants.

The Peach Bottom Reactor is being used to irradiate engineering-scale
quantities of recycle fuel for evaluation of performarice capabilities and for
development of processes and equipment to be demonstrated in the reprocessing
pilot plants. These tests are designated as the Recycle Test Elements (RTE's).
The installation of the second core of the Peach Bottom Reactor was completed
in June 1970, and the reactor was avallable for full power irradiation starting
in July 1970. Postirradiation results of the RIE fuel will be available in
1972 and will be used in support of development subtasks of this program.

The Proof Test Element (PTE) irradiations in the FSVR will determine the
performance capabllity of large quantities of reference recycle fuel. By use
of the information gained from capsule and engineering-scale tests of recycle
fuel particles and recycle fuel sticks, the PTE's will be designed and scheduled
for insertion with the first reloading of the FSVR; this reloading should occur
late in 1972. Starting in the fourth quarter of 1974 and annually thereafter,
some of these elements can be unloaded for postirradiation examination and sub-
sequent use as feed material to the reprocessing pilot plants.

During pilot plant demonstration a number of fuel elements containing 235y
and 22U fissile particles that meet FSVR fuel specifications will be produced.
Some or all of these elements will be loaded for irradiation testing in the
FSVR during the normal refueling operations. These full-scale recycle demon-~
stration fuel elements will be irradiated from 4 to 6 years in the ¥SVR and

will serve as proof tests of the refabrication technology.

6.2 RECYCLE FUEL IRRADIATTON SCHEDULE AND TTMING

The schedule for performing the steps of this task of the development
program is shown in Fig. 6.1. These irradiations will be carried on con-
currently with the reprocessing and refabrication development effort as shown

in Fig. 2.1, page 5.

6.3 FUNDING

The required funding for this task is given in Table 2.1, page 6.
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6.4 SURTASK 301 -~ CAPSULE TRRADTATICN TESTS

6.4.1 Requirement

The purpose of this subtask is to conduct the initial irradiation testing
of coated particles and fuel sticks prepared by processes intended for use in
the recycle pilot plants. Gram quantities of irradiated recycle fuel are
required for head-end process development and hot-cell tests. The capsule
irradiations are intended to tést refabrication processes, qualify fuel for
the proof test elements to be inserted in the FSVR, and provide material for
laboratory-scale development on head-end processes and equipment.

Two sets of capsules shall be irradiated to determine the behavior of the
reference recycle coated particles and bonded beds or fuel sticks prepared by
recycle processes and eguipment. Process and equipment changes will occur as
work progresses on the recycle develovment program, and capsule irradiation
tests provide the quickest and most direct means of determining the effects of
these changes on the behavior of the resultant coated particle fuels and fusl
sticks. To satisfy the requirements of large HTGR's these irradiation tests
must be conducted to exposures that include 20% FIMA burnup, 4 to
8 x 10%* neutrons/cm® fast neutron fiuence, and temperatures ranging from
750 to 1300°C.

6.4.2 Status of Technology

Extensive capsule irradiation testing of wvarious types of coated particle

-5 angd

fuel has been conducted during the past several years by both CRNL
Gulf Ceneral Atomic.’ 10 The objectives of these irradiation tests in recent
years have been to develop and proof test coated particle fuels intended for

the FSVR and larger HTGR's. These highly sophisticated tests of coated particle
fuel have been conducted to high temperature, high burnup, and high flux expo-~
sures under closely controlled and monitored conditions. Excellent capabilities
for the postirradiation examination of the fuel materials in these capsules also
exlst at both sites.

The results of these irradiation teshts to date have demonstrated that
properly designed and prepared coated particles of both the BISO (two-layer
pyrolytic carbon coating) and TRISO (multilayered pyrolytic carbon and SiC
coating) varieties have excellent irradiation stability under the operating
conditions of HT(R's. DBoth carbide and oxide kernels have been found suitable
as the substrates for these coated particles. The performance of BISO coated

particles has been demonstrated to the full maximum design operating conditions
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of the FSVR — namely, greater than 20% FIMA burnup, & X 107! neutrons/cm® fast
(> 0.18 MeV) neutron fluence, and temperatures to 13C0°C. The performance of
BISO coated particles has also been demonstrated to greater than 50% FIMA at
high temperature but at lower fast neutron fluences. TRISO coated particles
have been successfully demonstrated to burnups of greater than 20% FIMA and
to fast neutron fluences of greater than 4 X 101 neutrons/cmz.

Mathematical models have been developed? 1%

for calculating the stresses
induced in the coating of BISO and TRISO coated particles during irradiation.

Good correlations have been obtained between irradiation test results and the

stress levels predicted by the models. These models are now routinely applied
to the design of coated~-particle fuel for HIGR's and used in conjunction with

all capsule irradiation tests.

Limited irradiation tests of fuel sticks containing coated particles have
been conducted during the past year or two. The results of these tests have
ghown that the fuel sticks retain their integrity to nigh burnup (approximately
20% FIMA) at fast neutron fluences of about 4 x 1071 neutrons/ch. ffuel sticks
containing simulated (unfueled) coated particles have also been successfully
tested to fluences of 4 to & x 10°! neutrons/cm® in the HFIR.1%» 1% Many =ddi-

17 of various types of fuel sticks to both high fast

tional irradiation tests
neutron fluence and high burnup are in progress as part of the FSVR and large
HTGR research and development programs. These tests will provide an excellent
foundation in both materials behavior and capsule irradiation capabilities
before the start of this program’s capsule irradiations.

No irradiated reference recycle fuel samples for head-end process develop-
ment has been made available; however, many irradiations of a gimilar nature
have been and are being performed in the USAEC's and GGA's programg for HTGR
fuel development. This technology and small amounts of irradiated material are
available to the recycle development program, bubt no samples of irradiated
recycle-type fuel are available. Some head-end tests of crushing, burning,
sieving, grinding, and leaching have been performed at ORNL on irradiated
Dragon compacts. The results have been generslly fevorsble in showing the
feasibility of the reference head-end process, but again they do not include

the reference recycle fuel.

&.4.3 Work Plan

=

Bach capsule irradiation experiment requires about 1 to 1.5 years to com-
plete, inecluding capsule design, preparation, preirradiation evaluation, capsule

construction, irradiation, and postirradiation examination. In each series two
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essentially identical capsules will be prepared containing both fuel particles
and fuel sticks, and the first seriles of these capsules will test four particle

0?1 neutrons/cm®.

combinations at four temperatures to fast fluences of & X 1
These capsules will be irradiated in the ETR. The second series of tests will
be similar to the first.

Fuel sticks containing recycle coated particles will be prepared by the
candidate processes and evaluated in these capsule irradiation tests. The
fuel sticks for these irradiation experiments will be short (about 2-in.—long)
segments of full-scale (nominally O.5-in.-diam) fuel sticks. The fuel sticks
will be contained in graphite holders during irradiation so that the sample
environment is representative of that of an HTGR fuel element. The tempera-
ture and temperature gradients in the fuel stick samples will be representa-
tive of those expected in the commercial reactor.

The normal pre-and postirradiation examinations will be conducted on the
fuel to assess the effects of irradiation on its behavior and to evaluate its
capability for satisfactory performance in an HTGR. These tests will include
microradiography, metallography, and such other tests as may be warranted.

The fuel particles and sticks resulting from the capsule irradiation tests
will be available as test material for head~end process devélopment following

the postirradiation examination.

6.4.4 Facilities

The capsules will be prepared at ORNL and irradiated in the ETR or ATR,
depending on availability. 'The capsule preparation snd postirradiation examina-

tion will be conducted in existing facilities at ORNL.

6.5 SUBTASK 302 — PEACH BOTTOM IRRADIATTION TESTS

6.5.1 Requirement

The RTE irradiations will provide kilogram gquantities of irradiated fuel,
similar to the reference recycle fuel, for performance evaluation and head-end
process and equipment development. Various fuel elements mist be operated for
one, two, and three years to provide fuel particles with the reguired burnups
and fast flux exposuresg. These irradiations are being conducted in the Peach
Bottom Reactor to provide fuels tested in an HTGR environment at the earliest
possible point in the program. The range of burnups and fluences to be obtained
will permit the examination of the effects of these parameters on both the per-
formance of recycle fuel particles produced in laboratory equipment and on the

recycle processes under development.
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6.5.2 BStatus of Technology

No large-scale irradiations of HTGR fuels have been carried out to provide
material in quantities adequate for engineering-scale development testing. In
addition, no recycle-type fuels prepared in prototypic equipment have been
tested in a true HIGR enviromment. Only limited irradiation tests of fuel
sticks have been conducted to date [see discussion under Subtask 301). How-
ever, numerous tests of fuel sticks are in progress at both ORNL and GGA, so
that the procedures and techniques for fabrication and postirradiation evalua-
tion will be developed before similar work is required by the HIGR Recycle
Developmernt Program. Techniques for disassembly of graphite elements have
been developed and used in the Peach Bottom postconstruction research and

development program.

t.5.3 Work Plan

Eight fuel recycle test elements similar to the FSVR elements will be irra-
diated in the Peach Rottom Reactor to the reguired burnup and fast fluence by
mid-1974. These elements are designed to simulate recycle and makeup fuel fab-
ricated with *°°U. At least eight particle types will be tested in nine dif-
ferent two-particle combinations to evaluate all of those fuels of primafy
interest for large HIGR's. Under the HTGR Bage Program design analysis on the
fuel element, fuel stick compositions have been specified, core locations have
been selected, and information has been provided for the safety znalysis.

The normal pre- and postirradiation examination of the particles and bonded
fuel sticks will be performed to provide information on fuel performance and
characterization of the fuel subsequently furnished for laboratory- and

engineering~scale reprocessing development.

6.5.4 Facilities

The fuel particles and bonded fuel sticks have been prepared at GGA
(carbide particles) and at ORNL (oxide recycle-type particles). The fuel
elements were assembled at [GA and shipped from there to the Peach Bottom
Reactor for irradiastion. The elements will be returned to CORNL for postirra-
diation examination (PIE) and utilization in head-end development. No new
facilities are required to perform this subtask. However, some new disassembly

and handling equipment will be reguired at ORNL for the PIE.
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©.6 SUBTASK 303 - LARGE~SCALE PROOF TESTS

6.6.1 Requirement

The irradiation of these FSVR Proof Test Elements (PTE's) will demonstrate
the performance characteristics of kilogram gquantitiles of recycle-type HTGR
fuels prepared in recycle processes and equipment and irradiated under typical
HTGR conditions.

Two PTE's shall be produced and irradiated in the FSVR. These elements
shall be produced by processes and equipment similar to those that are intended
for demonstration in the Refabrication Pilot Plant. The elements shall be
postirradiation examined to evaluate the performance of the fuel and verify

the adequacy of the process and equipment planned for reprocessing operations.

6.6.2 Status of Technology

No large-scale irradiations of recycle fuel have been conducted. Smaller

quantities will have been irradiated under Subbasks 301 and 302.

6.6.3 Work Plan

The PTE's will be identical in design to the FSVR fuel elements except
that recycle-type fuel (fabricated with °°°U instead of 2°°U) will be used.
The principal effort of this subtask will be to perform an analysis on the fuel
element, specify the fuel compositions, select the core locations, and provide
information for the safety analysis.

After irradiaticn the fuel elements will be examined to determine the
dimensions and integrity of the graphite element and the fuel sticks therein.
Removal of some fuel sticks from the fuel elements will probably be attempted
by drilling out the top plugs and sliding the sticks out of the element. If
this fails the graphite below the fuel stick will be drilled out and attempts
will be made to push the fuel stick from the element. Detailed examination of
the fuel sticks will supply the required information on integrity to guide the

refabrication and head-end reprocessing subtasks.

6.6.4 TFacillities

The existing fuel facilities at ORNL and GGA will be utilized in the fab-
rication of these fuel elements. The fuel handling and storage facilities

required by other subtasks of the program will also be utilized by this subtask.
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6.7 BSUBTASK 304 - REFABRICATED FUEIL, IRRADIATION TESTS

6.7.1 gpguirement

These irradiations will proof test the fuel elements produced in the
Refabrication Pilot Plant during both cold and hot operations, and will deter-
mine the adequacy of the processes and eguipment for production of acceptable
recycle fuel elements.

A proof test of the **’U-base fuel produced in the cold startup operation
of the Refabrication Pilot Plant is required as a part of the reprocessing
demonstration. Irradiation testing of the 233-base fuel produced in the hot
demonstration is required to establish the performance reliability of the ulti-
mate product of the recycle facility. Postirradiation examinations shall be

performed to verify performance of these materials.

6.7.2 Shatus of Technology

These will be the first full-size fuel elements produced in the pilot plant
equipment, although similar fuel particles and fuel shticks will have been pro-
duced in developmental equipment and tested in earlier tests. Only limited
postirradiation evaluation of full-size FSVR fuel elements will have been con-
ducted. Peach Bottom first core elements will have been examined at GGA, and
numerous evaluations of fuel elements will have Dbeen performed as part of this
task at both ORNL and GGA. The procédures and techniques for the postirradia-
tion examination of fuel elements will be well developed before similar work

is required by this subtask.

6.7.3 Work Plan

A munber of fuel elements will be produced during the cold operational
testing and hot demongtration of the Refabrication Pilot Plant. Those ele-
ments that meet the FSVR specification will be loaded into the reactor for
irradiation testing for one to five years. Fach of the fuel elements will
receive postirradiation examination to evaluate its performance.

Test fuel elements containing “°°U will be fabricated during hot demon-
stration operations. Their irradiation will establish the performance capa-
bility of recycle fuel developed in this program. These elemenbs will be
irradiated for three and four years in the FSVR, postirradiation examined,

and reprocessed.
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6.7.4 TFacilities

The pilot plants will be utilized for the production of these test ele-

ments; therefore, no additional facilities are needed for this subtask.

6.8 REFERENCES

[0

77.

P. R. Kasten et al., GCR Program Semiann. Progr. Rept. March 31, 1970,
ORNL~4589.

D. B. Trauger et al., GCR Program Semiann. Progr. Rept. Sept. 30, 1969,
ORNT,-45083 ...March 31, 1969, ORNL~4424; ...Sept. 30, 1968, ORNL-4353.

J. H. Coobs and O. Sisman, Coated Particle Fuels Development at Oak Ridge
National Laboratory for Period January 15, 1967 to October 15, 1967,
CRNT,-TM~2061 (December 1967); ...May 15, 1966 to January 15, 1967,
ORNLL=TM-1772 (March 1967); ...November 15, 1965 to May 15, 1966, ORNL-TM-1528
(May)l966); ...May 15, 1965 to November 15, 1965, ORNL-TM-13321 (Decenber
1965).

A. R. Olsen, J. H. Coobs, and J. W. Ullmann, "Current Status of Irradiation
Testing of Thorium Fuels at Oak Ridge National Laboratory,” pp. 47594 in
Thorium Fuel Cycle (Proceedings of Second Tnternational Thorium Fuel Cycle
Symposium May 3-6, 1966) R. G. Wymer, Coordinator, U.S. Atomic Energy
Commission/Division of Technical Information, Oak Ridge, Tennessee,
February 1968, CONF-c60524 .

J. W. Prados, R. L. Beatty, H. Beutler, J. H. Coobs, A. R. Olsen, and

J. L. Scott, '"Development of Coated-Particle Fuels for Advanced Gas-Cooled
Reactors, ' pp. 273-292 in Thorium Fuel Cycle (Proceedings of Second
International Thorium Fuel Cycle Symposium May 3-6, 1966) R. G. Wymer,
Coordinator, U.S. Atomic Energy Commission/Division of Technical Taformation,
Oak Ridge, Tennessee, February 1968, CONF~660524.

J. H. Coobs, J. L. Scott, A. R. Olsen, D. M. Hewette IT, and B. L. Long, Jr.,
"Irradiation Performance of (U,Th)0, Coated Fuels for HTGR's," pp. 567584
in Symposium on Sol-Gel Processes and Reactor Fuel Cycles, Gatlinburg,
Tennessee, May 47, 1970, CONPF-700502.

Gulf General Atomic, Public Service Company of Colorado 330-Mi (e) High=-
Temperature Gas-Cooled Reactor Research and Development Program, series of
Quarterly Progress Reports. The report for the period ending June 30, 1970

is GA~10202. Previous reports include GA-10010, GA-9875, GA-2720, GA-9440,
GA-0261, GA-9130, GA-8879, GA-8725, and GA-8600.

Gulf General Atomic, HTGR Base Program, series of Quarterly Progress Reports.
The report for the period ending August 31, 1970 is GA-10288. Previous
reports include GA~10088, GA-9944, GA-9815, GA-9669, GA-9372, CA-9227, and
GA~9090.

Gulf General Atomic, Summary Report on the Use of TRISC-Coated Particles in
the P3C Reactor Plant, GA-8467 (Jan. 31, 1968).




10.

11.

13.

1.

15.

109

W. V. Goeddel, E. O. Winkler, and ¢. 8. Iuby, "HTGR Fuel Irradiation Per-
formance and Implications on Fuel Design,” pp. 439—445 in Gas-Cooled
Reactor Information Meeting (Proceedings of a conference held April 27-30,

1970 in Oak Ridge, Tennessee), CONF-700401.

J. W. Pradog and T. G. Godfrey, STRETCH, A Computer Program for Predicting
Coated-Particle Trradiation Behavior; Modification IV, December 1967,
ORNL~TM~2127 {April 196&).

T. G. Godfrey, J. L. Scott, R. L. Beatty, J. H. Coobs, J. W. Prados,
L. . Overholser, and L. M. Ferris, Coated-Particle Fuels, ORNL-4324
(November 1968).

1

J. L. Kzae, "A Mathematical Model for Calculating Stresses in a Pyrocarbon-
and Silicon Carbide-Coated Fuel Particle,” J. Nucl. Mater. 29, 249 (1959).

J. T.. Kase, "A Mathematical Model for Calculating Stresses in a Four-Layer
Carbon-Silicon-Carbide-Coated Fuel Particle,” J. Nacl. Mater. 32, 322 (1969).

J. L. Secott, J. A. Conlin, J. H. Coobs, D. M. Hewette II, J M Robbins, and
R. L. Senn, 'Development of Bonded Beds of Coated Particles for HTGR Fuel
Elements,” (Summary) Trans. Am. Nucl. Soc. 13(1), 134~135 (June 1970).

J. L. Scott, J M Robbins, J. A. Conlin, J. H. Coobs, D. M. Hewette II, and
R. L. Senn, "Development of Bonded Coated-Particle Beds for HIGE Fuel
Elements,” pp. 456~473 in (as Cooled Reactor Information Meeting
(Proceedings of a conference held April 27-20, 1970 in Cak Ridge,
Tennessee), CONF-700401 .




110

7. TASK 400 — COMMERCIAL RECYCLE PLANT STUDIES

7.1 INTRODUCTION

The goal of this task is to prepare a conceptual design for a commercial
recycle plant such that the plant may be designed, constructed, and placed
into operation by 1984. This task will be performed concurrently with other
program tasks and will both utilize the results of otner task efforts and
guide the performance of the other tasks in order that all efforts will be
directed toward the achievement of program objectives. The work performed
under this task will consist primarily of collecting and coordinating the data
from the other tasks and providing the body of defined technology required to
establish the base for commercial recycle operations. The task of actually
designing, constructing, and operating a commercial recycle plant is, of course,
a follow on to this development program and will be carried on by private
industry.

The studies performed under this task differ from the effort of tasks
100 and 200 primarily as to emphasis. Tasks 100 and 200 consist of operation
of laboratory and pilot plant equipment to obtain data on the process variables
and equipment performance. The pilot plants are not expected to be optimized
systems; rather, they are used to obtain information needed for design, con-
struction, and operation of a commercial plant.

This task is organized into Engineering and Economic Studies (Subtask 410)
and Conceptual Design of s Commercial Recycle Plant (Subtask 420). The Engi~-
neering and Economic Studies include Process Evaluations (411), Fuel Shipping
Methods and Costs (412), Irradiated Fuel Storage (413), and Waste Management
and By-Product Recovery‘(4l4). The conceptual design activities include plant
layouts, equipment and systems designs, and the preparation of a conceptual
design report. _

The studies of this task will be performed to coordinate all aspects of
the recycle research and development effort into the most economical plant for
the selected processes and equipment for the overall fuel recycle system. The
program will emphasize (1) the review of the preferred schemes to see if
alternatives are needed for the large plant, (2) 1liaison among the various
research and development establishments involved in the research program,

(3) correlation of operating and equipment data for the commercial plant design,

(4) comparison of the effect of equipment scale-up versus duplication on
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economics and maintenance, (5) study of spent and refabricated fuel shipping
and storage, and (5) study of the waste disposal problems of the HITGR recycle

plant.

7.2 COMMERCTAL RECYCLE PLANT STUDIES SCHEDULE

The schedule for performing the steps of this major task of the develop-

ment progranm is shown in Fig. 7.1.

7.3 SUBTASK 410 - ENGINEERING AND ECONOMIC STUDIES

7.3.1 Purpose

The purpose of the commercial recycle plant engineering and economic
studies is to guide the development program from the viewpoint of overall
recycle needs and thus (1) obtain an economical HTGR fuel recycle method for
early recovery and use of bred 233U, (2) assure that the information required
for conceptual plant design (Subtask 420) is obtained, and (3) provide a firm

basis for private industry to make decisions on building a commercial plant.

7.3.2 Requirement

It is vital that processes and equipment be developed for the economic
reprocessing and refabrication of HTCR fuel with a minimum expenditure of
development resources. It is required, therefore, that the development effort
and its results be continuously evaluated with respect to the scale~up and
other needs of commercial plant design, construction, and operation. Con-
tinuous interaction of the development and evaluation efforts is expected,
with particular emphasis on review of the preferred reprocessing or refabri-
cation schemes to determine if process alternativeg should be substituted for

those giving trouble or found to be uneconomical.

7.3.3 Timing

The engineering and economic studies will be carried on concurrently with
the reprocessing and refabrication development effort as shown in Fig. 2.1,

page 5, and with commercial plant conceptusl design as shown in Fig. 7.1.

13

7.3.4 Funding

The required funding for this subtask is included in Table 2.1, page 6.
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7.3.5 Facilities

No additionel facilities will be required to perform this subtagk.

7.3.6 Bubtask 411 —~ Process Evaluation

7.3.6.1 Requirement

To guide the development effort and to aid in selecting economical pro-
cesses for the commercial recycle plant, reprocessing and refabrication methods
and combinations of methods developed in the laboratory and pilot plant studies
mist be evaluated. Liaison must be established with various development groups
and sites performing related studies to gain maximim benefit from the efforts
being expended. Data needed for commercial plant design must be collected and
correlated to define areas where further research and development are needed.
Computer codes must be prepared for rapid evaluation of commercisl plant design

changes evolving from variations of process and business conditions.

7.3.6.2 Btatus of Technology

Based on work of the National Laboratories and GGA, a number of gtudies of
the costs of reprocessing and refabricating recycle fuel have been or are being
performed. Head~end reprocessing at the reactor gite has been investigated.l
Costs of central plants for HTGR fuel repxc‘ocess'11r1g2'"6 and refabrication” ™ have
been estimated. ALl of these cost studies have been performed under the HTGR

Base Program.

7.3.6.32 Work Plan

Data from the developuent tasks will be evaluated and correlated to deter~
mine its adequacy in support of commercial plant applications. Changes that
are determined as needed in the development task will be formulated and fed
back to the development efforts. The design and demonstration efforts will be
monitored to determine that factors such as scale-up are given appropriate con-

sideration during development efforts.

7.3.7 Subtask 412 — Fuel Shipping Methods and Costs

7.3.7.1 Requirement

The methods and equipment used in shipping both spent fuel to the repro-
cesging plant and refabricated fuel from the refabrication plant must be inte-
grated into the design of both the commercial recycle plant and the reactor.

In general, spent Tuel shipping has received more previous attention; however,
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the commercial recycle plant must also consider the problems of both shielding
recycle fuel and assuring intact transit of refabricated fuel elements. Shipping
containers, loading and unloading facilities, and cask all reguire more study to
determine an economical shipping technique that meets AEC and DOT licensing

reguirements.

7.3.7.2 Status of Technology

Under the HTGR Base Program, GGA has determined preliminary spent fuel
shipping costs for several combinations of cask size, shipping distance, and
shivping media.1® Shipping refabricated HTGR fuel has received little atten-

tion thus far.

7.3.7.3 Work Plan

Methods for shipping both irradiated and recycle fuel willl be studied.
Parameters studied will include selectlion of shielding materials, economic
shipment size, packaging requirements, alternative modes of transportation,
separate shipment of reflectors and spent fuel, and common cask usage for both
irradiated and recycle fuel. Available computer codes will be utilized or
improved as necessary for rapid evaluations of the parameters. Periodic cost
evaluations of spent fuel and refabricated fuel shipping requirements will be

made, and plant cost estimates will be updated as necessary.

7.3.8 Subtask 413 ~ Irradiated Fuel Storage

7.3.8.1 Requirement

The optimm timing and size of both storage facilities and recycle plants
must be determined from a projection of the HTGR economy. Use of storage as a
fuel management method as opposed to early construction of recycle plants must
be evaluated and reevaluated as reprocessing development information becomes
available and plant data are being developed. Methods and costs for storage

must be developed.

7.3.8.2 Status of Technology

On-site fuel storage has been studied briefly by GGA under the HTGR Base

Program. 'l Storage at the reprocessing plant site has been included in the

reprocessing plant cost studies.? ° Interim storage of spent fuel has peen

2

studied briefly.? Alternatives have yet to be studied to any extent.
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7.3.8.3 Work Plan

Alternative methods of fuel storage will be examined, including storage
at the reactor site, storage independent of the recycle plant, asnd storage
designed for later use as part of the reprocessing plant. The methods and
practices of each type of storage will be studied from viewpoints of both

gafety and economicsg.

7.3.9 Bubtask 414 —~ Waste Management and By~-Product Recovery

7.3.9.1. Requirement

Disposal methods . for gaseous, solid, and liquid radicactive wastes from
the commercial recycle plant must be reviewed to determine the applicabillity
of standard methods and to determine if problems unique to the HTGR fuel will
arise.

By~products such as neptunium, plutonium, and tritium may becoms more in
demend. The techniques and costs of recovery and concentration of by-products
should be considered in the preparation of the commercial plant design. Inves-
tigation of the llmitations on disposal of krypton and ¢ to the atmosphere is
required to determine their effects on processing techniques, plant size, and

plant location.

7.3.9.2 Status of Technology

The problems of disposal of wastes from reprocessing plants for water
reactors have been studied and reported extensively.l™17 Ry-product recovery
from these plants hasg also been studied. The technology of water reactor waste
disposal and by-product recovery can without doubt be applied to the wastes
from reprocessing HTGR fuel. However, before application to design of recycle

plants for HICR fuel, mich review and evaluation are required.

7.3.9.3 Work Plan

The waste disposal problems unique to HTGR fuel reprocessing and refabri-
cation will be emphasized. The first efforts will be directed toward the
treatment of off-gas derived from burning the graphite and the carbon coatings
on particles. Secondary efforts will be directed toward the disposal of the
s0lid residues from the head-end operations. Liquid waste disposal problems
will be related to those from water reactor fuel reprocessing. Disposal methods

will be analyzed for economics on the basis of results of the development program
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and related techniques for water reactor fuels. Results of the analyses will
be used to guide the development program and the conceptual design of the com~

mercial recycle plant.

7.4 SUBTASK 420 — CONCEPTUAL DESYIGN OF A COMMERCIAL RECYCLE PLANT

7.4.1 Purpose

The purpose of preparing a conceptual design 1s primarily to guide the
development tasks, evaluate their regults for commercial plant application,
and determine economic processes and equipment for the commercial recycle
plant. The conceptual design provides the basis for developing estimates of
the capital and operating costs of commercial recycle plants. During the con-
ceptual. design, data will be collected and correlated, needed missing data
identified, and the results and conclusions derived from the design and cost
estimates fed back to guide the development tasks toward the most efficlent

use of the available development time and money.

7.4.2 Requirements

A conceptual plant design must be prepared based upon the reprocessing
and refabricating processes and equipment that are develcoped under other tasks
of this program. The completed conceptual design mist include the effects of
fuel management, materials handling, and waste treatment and disposal methods
on the commercial recycle costs. The conceptual plant design is required to
guide decisions on investment in a commercial recycle plant and is required to
provide the basis for the preliminary design.

7.4.3 Timing

The conceptual design will be prepared concurrently with reprocessing
and refabrication pilot plant design, construction, and operation as shown in
Fig. 2.1, page 5, and with the engineering and economic studies as shown in

Fig. 7.1.

7.4.4  Funding

The required funding for this subtask is included in Table 2.1, page 6.

7.4.5 TFacilities

No additional facilities will be required to perform this subtask.
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7.4.6 Work Plan

The first step in the preparation of a conceptual design will be develop-
ment of process flowsheets and equipment layouats. These will be based upon
the HTGR economy projections and use of the reference fuel described in
Chapter 3. The priorities and emphasis in preparing the conceptual design
will depend on the time of first discharge of spent fuel from the first large
HTGR. However, the capacity of the first commercilal plant is determined by
the number of HTGR's on line, in congtruction, and expected to be built. A
decision on the capacity will be deferred as late asg practical and until needed
in the preliminary plant design. Based on sales predictions and reactor loca~
tions (two smeller commercial plants might be more economical than one large
plant), size and siting will be studied as part of the concepitual design.

Plant safety, reliability and maintenance considerations will be a part
of each step in the conceptual plant design effort. Information on equipment
guality, operation, performance, and maintenance requirements, as obtained from
the cold and hot pilot plants, will te incorporated into the conceptual plant
design.

The preparation of the conceptual design will include defining the design
in descriptions, on drawings, and in specifications and procedures. The design
will include the identification of nationally accepted codes and gtandards that
are appropriate for application to the design, construction, and operation of
commercial plants. The design will zlso include the identification of areas
where AFRC-RDT or other government codes and standards should be applied or where
additional standards should be developed to define the technical and quality
assurance reguirements that must be satisfied to attain practical, reliable,

and economical HTGR fuel recycle on a commercial basis.
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APPENDIX A
CHOICE OF FUEL CYCLE

Basis for Fuel Cycle Comparisons

The neutronics and economicg of the HTGR with alternative fuel cycles have
been studied’™ by several groups , and some of the resulis are compared below.

Economic factors important in evaluating fuel cycle costs are the unit
coats for Tuel element Tabrication, recovery or storage of spent fuel, uranium
ore and enrichment, and the value of fissile mabterial removed from the system.

In the HTGR, the fuel fabrication cost can he divided into a particle
production component, which is proportional to the fissile and fertile metal
loading, and a second component associabted with such items as graphite cost,
graphite machining cost, and fuel rod production cost, which are independent of
loading. Fach step has its associated inspection and quality assurance aspechs.
The fuel cyecle cost for the second component is insensitive to the particular
fuel c¢ycle and depends mainly on the fuel residence time for a glven power
dengity and fuel rating. It is important to treat the fabrication in this
fashion, as the alternative fuel cycles result in large variations in fissile
and fertile losdings.

Recovery costs include the cost of shipping the spent fuel to a reprocessing
facility and the cost of recovering the fuel values. If shipping and reproces-
sing the fuel is too expensive relative to the value of the recovered fuel, the
spent fuel can simply be stored either for fubure recovery or for permanent
disposal. The shipping cost to a recycle plant assumes a 1000-mile distance
and amounts to about $230% per fuel element. Storage costs include the cost of
shipping the spent fuel to a storage facility as well as the appropriate storage
cost. As the storage facility can be quite near the reactor, the combined costs
of storage and shipping are taken as equal to the shipping cost for s reproces-
sing cycle. FEqual reprocessing costs* of $65/kg (Th+U+Pu) have been taken for
all the fuel cycles. The cost factors used in this study are summarized in

Tavle A-1.

*These costs and other costs in this appendix are consistent with each other
but may change with further study.
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Table A-1. Summary of Cost Bases for HTGR Fuel Cycle Assessments

Item Value
U;0g cost, $/1b g
Separative work cost, $/kg U 26
233y/23%U value ratio 14 /12
Fissile Pu/??°U value ratio 10/12
Finished graphite cost, $/block™ 1000
Particle fabrication cost, $/kgb €0
Fuel shipping cost, $/block 230
Reprocessing cost, $/kg 65
Storage cost, $/block 230

&pbout 3.6 blocks per megawatt (electrical). Finished cost
includes machining, assembly, and inspection.

bValue is a weighted average for thorium and 2357 particles
for the thorium cycle or 235U/238Uparticles for the uranium cycle;
handling costs of recycle fuel increase this about $lO/kg.

A meaningful couparison of alternative fuel cycles requires that the same
physical limitations (i.e., waximum tempersture, reactor characteristics, and
cost information) apply to all designs. The temperature criteria include fuel
particle temperatures, structural graphite temperatures, and outlet coolant
temperatures. One way to ensure a reliable comparison, in this regard, in the
HTGR is to require that all calculations he limited to the same age-peaking
factor (the power-peaking effect arising from differences in power densities
in adjacent fuel elements exposed to the same neutron flux where the fissile
material concentration of older fuel is low relative to that in new fuel).
further, one should use the same pressure drop and thermal efficiency since all
fuel cycles gain in a similar way from improved cooling. These criteria have

been applied in the cost comparisons presented below.

Alternative Fuel Cycles

The particular HTGR fuel cycles that have received significant attention

are discussed below. 1In all cases equilibrium fueling conditions are assumed.
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1. Reference thorium cycle with selective recycle (227U + ?2313/2327p /2220«

fere the *7°1 produced by capture in thorium is processed separately

235U, #3067 and used as recycle feed material. The reference cycle
2357, which is diluted with 22°U and **"U in about

from the
retires the "burned"
the ratio 1:2:0.5 (i.e., an enrichment of about 30%). The recovery of the
uranium from the speont fissile particle uses processes similar to those used
for the recovery of 233y from the recycle and fertile particles. Thus, the
recovery of this material should not add significantly to the cost of the
recycle program. The retired material should be worth recovering since it
contains considerable quantities of 227"Np and 23%Pu; further, the uranium can
e blended with about 12 times as much natural uranium to make 3%enriched
uranium for light water reactor fuel. If the blended fuel were assigned full
value, the discharge 2357 would be worth $9.60/g as compared to the scheduled
value of $10.70/g ?°°U for 309-enriched material. Considering this relatively
small difference in potential values, the small quantity of material to be sold
(i.e., about 10% of the initial makeup 235U), and the potential value of the
contained 22%Pu and “37Ip, taking full credit for this retired uranium seems
reasonable. Further, the actual value has only a relatively small impact on

the total fuel recycle cost.

2. Thorium cycle with nonselective recycle (°2°7 +233y /2320 /233())

Here the discharged 2337 and 235Utogether with the parasitic absorber

236y gre reprocessed togebher and fed back into the reactor.

3.  Thorium cycle without recycle (2270/222mh /2221))

Here the spent fuel is discarded at end of life with zero value. A realis-
tic evaluation cannot take full credit over the long term for the discharged
233y it it is not recycled back to the reactor. Further, the total fuel cycle

cost is quite sensitive to the actual value of the material to be sold.

4. Plutonium makeup cycle (Pu + <237/2321y /2231)

The plutonium makeup cycle, in which the 2357 feed material is replaced by
239Pu,,is currently being investigated in depth at GGA under an EEI/GGA COOP~

erative program. Results to date indicate an indifference value of $9 to $10/g

*(X/y/z) denotes fissile feed material/fertile material/bred fissile
material.
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of fissile plutonium for this use of plutonium. However, the plutonium makeup
cycle requires the use of 233y recycle and makes many of the same demands

{except for particle separation in the head end) as the reference cycle.

5. Uranium cycle (°3°U/?28y/23%py)

This 1s a low-enrichment cycle. It can be used with or without reproces~
sing depending on the value of the recovered plutonium and the cost of its
recovery. It does not require parfticle separation in the head-end step of the

reprocessing or in refabrication.

Comparison of Fuel Cycles

The fuel cycle costs for the reference thorium cycle (eycle 1) in a
10C0-Md (e) HTGR, and for the thorium cycle without recycle (eycle 3),are shown
in Figs. A-l and A-2, respectively, as functions of carbon-to-thorium ratio and
fuel residence time. The fuel cycle costs for the low~enrichment cycle (cycle 5)
in a 1000-Md{e) HTGR, with and without spent fuel recovery, are shown in Fig. A-3
as a function of carbon-to-°2°U ratio and fuel residence time. All of these
costs are appropriate to a six-month refueling interval, as such data were
readily available for this summary. The various fuel cycles gain from shorter
refueling intervals, but studies® to date indicate they all improve by similar
amounts. The fuel cycle costs for the thorium cycle without selective recycle
(eycle 2) are not shown in detail, but early in the HIGR Base Program, studies®
indicated that the long-term recycle of all the discharged uranium was disad-
vantageous because of the continued buildup of “?°U and *?"Np. However, it was
determined that the fuel could be selectively recycled by placing the various
constituents (thorium, recycle 222U, and makeup “°°U) in fuel particles that
could be separated from each other in the head-end portion of the reprocessing
plant. These studies have been updated,7 and some of the results are summarized
below.

The age-peaking factors for the various fuel cycles are shown in Fig. A-Z,
The large HTGR, unlike the Fort St. Vrain, does not use variable orifices to
distribute the coolant and thus must make more stringent limits on the peak to
average power density (%/?). Currently, §/§>has been set at 1.6 (FSVR design
limit is 1.83), which limits the age peaking to about 1.4; the remaining margin
in the peaking factor must cover the cross radial power distribution and any

flux tilting from asymmetrics and inserted control rods. 1In effect, this limit
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makes many of the lowest cost fuel cycles unavailable. Within this rvestriction
on age-peaking factor, the minimum practical equilibrium fuel cycle costs for

the alternative cycles are:

Reference thorium cycle with selective recycle 1.05 mills/KWh
Thorium cycle without recycle 1,34 mills/KWh
Uranium cycle with reprocessing 1. 20 mills/ﬁﬁh
Uranium cycle without reprocessing 1.34 mills/kWh

The minimum fuel cycle cost differences for eguilibrium conditions as a
function of conversion ratio for various forms of recycle are shown in Fig. A-5,
We see that 1f the retired fuel carries zero value, full recycle is advantageous
over no recycle but is itself 0.19 mill/kWh more expensive than selective recycle.

The egquilibrium fuel cycle cost advantage of the reference thorium cycle
with selective recycle over the thorium cycle without recycle iz ab least
0.26 mill/kWh. Further, by comparison with the light water reactor, only the
reference cycle exhibits significant potential savings in both Tuel cost and
uranium ore requirements. A recent evaluation® indicated that in the mid-1980's
light water reactors will obtain fuel cyecle costs of 1.3 to 1.4 mills/kKWh. Some
of the fuel cycle characteristics of the alternative fuel cycles, based on
designs which heve age peaking factors within 10% of the design value, are
shown in Table A-2.

All of the above comparisons are based on fuel cycle costs calculated at
equilibrium conditions. Although previous studies® have shown that equilibrium
fuel costs are indicative of the relative value of various fuel cycles, one
ghould also consider the relative cost advantage of the reference cycle relative
to the nonselective recycle case during approach to eguilibrium. = Such a com-
parison is necessary because equilibrium is not achieved in the nonsslective
recycle fuel cycle in‘a single 30-year reactor lifetime, and technical forecasts
veyond this time period are open to guestion.

Recent calculations by GGA indicate that the cost advantage of the reference
thorium cycle over the thorium cycle with nonselective recycle averaged over the
first 30 years of reactor operabion is about C.06 mill/kWh. In the final year
of operation the nonselective cycle will have generated aboul two-thirds of the
equilivriom quantity of parasitic 23615, and the cost advantage of the selective
recycle gystem for that year will be about C.15 mill/KWh.

An additional complication in the comparison of the two recycle schemes is
that, in a multiple-reactor economy based on nonselective recycle, a new reachor
might well receive reprocessed fuel from an older and hence more heavily poi-
soned system. The effects of such éross contamination have not veen calculated

in detail, but it should mske the nonselective recycle process less attractive.
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Table A-2. TFuel Cycle Characteristics for Alternative Fuel Cycles

Reference

Thorium

Fuel Cycle Thorium Cycle Without Ug;ﬁizm
Cycle Recycle

Carbon-to~thorium ratio (carbon-to- 225 200 (325)

2387 patio)
T, years 4 5 3
Conversion ratio C. 74 0.69 0.53
Average specific power, Mi/kg fissile 1.9 1.6 2.7
Fissions per initial fissile atom 1.5 1.5 1.2
Age-peaking factor 1.41 1.47 1.42
Thorium charged, kg/year 9130 8200
Uranium mskeup, kg/year 273 557 8920
Makeup enrichment, % 93.5 93.5 6.95
Uranium recycle, kg/vear 388
Recycle enrichment, % A
Thorium retired, kg/year 8550 7600
Uranium retired, kg/year 71 374 8030
Retired uranium enrichment, % 29 62 0.90
Plutonium retired, kg/year 60
Retired plutonium enrichment, % 55.4
Fuel cycle cost, mills/kKwh

With reprocessing 1.05 1.30

Without reprocessing 1.32 1.34
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If the reference cycle is adopted, then in the head-end process one can
expect some mixing of the uranium scheduled for recycle with that scheduled for
retirement as a result of imperfections in either the process or the particles.
The contents of broken particles can be collected by leaching the products of
the fuel block burner. If the resultant solution is mixed with the uranium
scheduled for recycle, no 2337 will ve lost from the system to within the
capabilities of the screening process. Figure A~6 shows the increase in fuel
cycle costs, again at equilibrium conditions, that result from mixing either
stream into the other. If the screening process is at least 23% effective, the
losa of recycle uranium from the system will add less than 0,005 mill/KWh to
the equilivrium fuel cost. Mixing retired uranium with the recycle uranium
results in even smaller cost increase, and breakage of even 10% of the uranium

particles adds only 0.016 mill/kWh to the equilibrium fuel cycle costa.

ORNL-DWG 70-14885R
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Fig. A-6. Cost Penalty for Mixing Recycled 2357 and 33U in HTGR.
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Conclusions

These results indicate that while selective recycle 1s advantageous to HTGR
nuclear performance, a 10% crossover of "burned' fissile into "bred" fissile does
not add a significant cost penalty even under equilibrium fueling conditions.
Taking time dependence into account would increase the permissible crossover

significantly.
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APPENDIX B
FUEL ELEMENT DESIGN FOR FSVR AND TARGE HTGR'S

The following is a revision’'of the paper by R. F. Turner, W. V. Goeddel,

and E. 0. Winkler, "HTGR Fuel Design," pp. 31-48 in Symposium on Sol-Cel

Processes and Reactor Fuel Cycles, Gatlinburg, Tennessee, May 47, 1970,
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HTGR FUEL DESIGN

R. F. Turner
W. V. Goeddel
E. 0. Winkler

ABSTRACT

The hexagonal block fuel element has been established
as the design concept for large HTGR power plants in the
United States. Summary descriptions of this fuel element
and typical reactor core assemblies are presented. The
element contains spherical fuel particles which are very
amenable to fabrication by the sol-gel process. Extensive
irradiation test data to high burnups and to high fast
fluences confirm the good integrity of reference fuel
materials for the HTGR. The Th-U233 fuel cycle appears
most favorable economically for the HTGR. Fuel particles
are fabricated in such a way that recycled U233 can be kept
segregated from make-up U235 in order to avoid the buildup
of parasitic U236,

INTRODUCTION

The fuel element for large HTGR reactors is a hexagonal graphite
block containing rods of coated fuel particles. Helium coolant flows
through vertical cylindrical holes within the block. This fuel element
design was evolved from the long cylindrical graphite element used in
Peach Bottom. The hex block element is the design used for the Fort St.
Vrain Nuclear Power Stationl and is the reference design for larger HTGR

power plants.

The fuel particles are in the form of uranium-thorium carbide or
oxide kernels coated with pyrolytic carbon and with silicon carbide layers
included on some particle types. Because these kernels are small and

spherical in shape, they are very amenable teo fabrication by the sol-gel

processes.
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DESCRIPTION OF CORE DESIGNS

Summary descriptions of important core parameters are shown in
Table 1 for two large HTGR plants, the 330 MWe Fort St. Vrain and an
1100 MWe design. In each case the active core is approximately a right
circular cylinder made up of arrays of the hex block fuel elements. A
plan view of the FSV core assembly is shown in Fig. 1, while a vertical
view of a section of the core assembly is shown in Fig. 2. The active
core is surrounded by graphite reflectors which have effective thickness
of 3.3 ft at the top and 3.8 ft at the bottom and along the sides. The
core is contained in a steel core barrel which provides lateral restraint
and support for the fuel and reflector columns. The fuel and reflector
element columns are laterally positioned at the top and bottom planes of
the core by radial keys. The top keys and keyways are designed to allow
axial movement of individual columns to provide for relative dimensional
changes arising from thermal expansion or irradiation induced contraction

of the graphite fuel elements.

Each of the hexagonal fuel elements is 14.2 in. across flats and
about 31 in. long. The standard fuel element assembly is shown in Fig. 3.
The fuel columns are grouped into fuel regions, each containing seven
columns, except for some regions at the core periphery which contain five
columns. The minimum nominal gap between individual columns is 0.040 in.

when the reactor is shut down for refueling.

Each fuel region is located directly below a refueling penetration
in the prestressed concrete pressure vessel. During reactor operation
each of these penetrations houses a control rod drive and orificing
assembly. The central column of fuel elements in each region has three
parallel channels through the top reflector and the active fuel zones,
as shown in Fig. 2. Two of the channels are occupied by control rods
that move as a unit. The third channel is available for the insertion
of boron carbide reserve shutdown material, The central fuel columm in
each region is displaced axially downward about 7.5 in. relative to the
fuel elements in the surrounding six columns, thereby preventing the

possibility of shear motion across fuel element interfaces in the core.,
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Table 1.

Summary Descriptions:

Fort St. Vrain and 1100 MWe HTCR's

Average outlet gas temperature, °F
Average inlet gas temperature, °F-

Core pressure drop, psi

Maximum fuel temperature, °F

Volume median fuel temperature, °F
Volume median moderator temperature, °F
Maximum fast fluence (E < .18 mev), nvt
Average fast fluence (E < .18 mev), nvt
Maximum burnup, MWd/tonne

“Average burnup, MWd/tonne

1440 (770°C)
760 (400°C)
8.4

2300 (1260°C)
1500 (830°C)
1350 (750°C)
8 x 107!

5 x 1021
200,000

100, 000

Fort St, Vrain 1100 MWe

Thermal power, MW(t) 842 2804
Effective core diameter, ft 19.5 27.15
Active core height, ft 15.6 20.8
Number of fuel elements 1482 3800
Number of fuel columns 247 475
Reflector thickness (avg.), ft 3.8 4.2
Number of refueling regions 37 73
Number of control rods, pairs 37 73
Fuel lifetime, years 6 4
Fraction of core replaced each vyear 1/6 1/4
Fuel cycle Uranium/Thorium Uranium/Thorium
Initial loadings:

Thorium, kg 19,500 40,700

U-235, ke 870 2,000
‘Average power density, watts/cc 6.3 8.2

1398 (760°C)
630 (330°C)
7.4

2380 (1300°C)
1440 (780°C)
1300 (700°C)
8 x 1021

5 x 102!
180,000
92,000




NOTES :

I, TUEL ZONE BOUNDARIES

2. FUEL REGION BOUNDARIES

3. CONTROL ROD COLUMN

SHADED REFLECTOR ELEMENTS
ARE NORMALLY REPLACED WITH
ADJACENT FUEL REGICN

FUEL REGION
IDENTIFICATION
NUMBER

SIDE REFLECTOR
SPACER
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RADIAL FUEL ZONE !

RADIAL FUEL ZONE 1]

s
0

RADIAL FUEL ZONE 111

RADJIAL FUEL ZONE 1V

RADIAL FUEL ZONE V

SIDE REFLECTOR

SIDE REFLECTOR
ELEMENTS

ACTIVE CORE
BOUNDARY

STEEL CORE
BARREL

Fig. 1. Core plan view - Fort St. Vrain HTGR.
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PLENUM SIDE REFLECTOR
ELEMENT, BLOCK KEY
TYPICAL KEY
OPENING FCR AND KEYWAY

ORIFICE VALVE

SIDE REFLECTOR
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ORIFICE VALVE
POSITIONING HOLE

TYPICAL QUTER

REGION KEYWAY .. ~— CONTROL ROD

b N " CHANNEL
[ 74
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3 o
CHANNEL > BLock
\\ | .
) A ——xkevED CONTROL
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(15.6 FEET)
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SIDE REFLECTOR
BLOCK DOWEL
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. j / SIDE REFLECTOR
/ SPACER ASSEMBLY
TYPICAL ELEMENT !
HANDLING HOLE
TYPICAL ELEMENT |
ALIGNMENT DOWEL CORE BARREL
\\\‘KEYED OUTER
" CORE SUPPORT
KEYED CORE BLOCK

SUPPORT BLOCK

TYPICAL COLUMN
LOCATING DOWEL

Fig. 2. Core arrangement ~ Fort St. Vrain HTGR.
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Three dowels at the end of each fuel element engage with adjacent

elements, thereby maintaining alignment of the coolant holes.

The fuel is contained in the graphite blocks as bonded rvods of
coated fuel particles in a carbonaceous matrix. There are 210 fuel holes
and 108 coolant holes in each standard element. A criterion of the design
is that relative changes in dimensions of the fuel rod and the graphite
block due to irradiation effects will not result in any unusual stresses
on the coated fuel particles. This simple fuel element design lends

itself to ease of fabricatioo and assembly.

Conventional nuclear grade extruded needle coke graphite is being
used for the fuel and reflector blocks. The graphite has anisotropic
characteristics in directions parallel and perpendicular to the extrusion
axis. Mechanical properties of the production material, shown in Table 2,
exceed design requirements. Fast neutron fluence causes contraction in
both the parallel and the perpendicular directions over the full range
of core temperature and exposure conditions. The maximum shrinkage in
any fuel element is expected to be approximately 37 in the parallel (axial)
direction and 1% in the perpendicular (radial) direction. Expansion of
the graphite in the perpendicular direction is not expected under HTGR

operating conditions.

Temperature and flux gradients across the blocks, particularly at
the core edge, can cause some small amount of bowing of the blocks.
Local temperature gradients around the fuel and coolant holes can induce
local stresses in the graphite blocks because of the temperature dependence
of the irradiation contraction. These ligament stresses are generally
tensile adjacent to the fuel holes and compressive adjacent to the coolant
holes. The stress is higher at shutdown than during operation because a
thermal stress component becomes additive to the contraction stress at
that time. However, the peak calculated stresses are at most one-half

the measured tensile strength of the graphite material.
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Table 2. Properties of Production Graphite
Utilized for the Fort St. Vrain Fuel Blocks

Average
Design Measured
Criteria Value
Density, g/cm 1.70 min. 1.77
Tensile strength, psi
Longitudinal mean 1500 1920
Longitudinal minimum 1000 1690
Transverse mean 1000 1160
Transverse winimum 600 1010
Compressive strength, psi
Longitudinal 3000 4400
Transverse 3000 4700

8gased on 100% testing of 752 logs; the o value is 360 psi.
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COATED PARTICLES

The coated particle fuel, called the TRISO and BISO types, is a
dominant feature of the fuel element. Two types of TRISO particles are
used in the Fort St. Vrain reactor, as shown schematically in Fig. 4.
Fissile particles contain a mixture of thorium and uranium carbide in the
kernel, while larger fertile particles contain only thorium carbide.

The TRISO particle has a four layer coating. The inner layer is a porous
pyrolytic carbon which is used to absorb fission recoils and to provide
space for the holdup of gaseous fission products. This layer is referred
to as a "buffer layer.'" The next layer is a high density isotropic pyro-
carbon which is surrounded by a thin layer of silicon carbide. The sili-
con carbide is highly impervious to metallic fission products. The outer-
most layer is a strong isotropic pyrocarbon layer that supplies strength
to the composite coating. The BISO particle is similar to the TRISO,
except the SiC layer is not present (see Fig. 5). Typical dimensions

for the Fort St. Vrain TRISO coated particles are shown on Tig. 4.

Manufacturing experience has shown that less than 0.1% of the
particle coatings have defects following fabrication. Furthermore,
irradiation test data indicate that less than 1% of the particles should
lose their coating integrity during operation. The primary coolant cleanup
system is designed to accommodate the fission product acti?ity associated
with a failure of 5% of the particles in the complete core, with a maximum

of 10% failed in the oldest fuel regions.

REQUIREMENT FOR PARTICLE SEPARATION

The fuel cycle for HTGR's is based upon the uranium~235 thorium
fuel cycle with recycle of bred uranium—-233. Graded refueling is used;
the fuel lifetime is from 4 to 6 vears and one~fourth or one-sixth of the
core is replaced each vear, respectively. This fuel cycle will involve
at least two modes of operation over the lifetime of the plant, as illus-

trated in Fig. 6.



140

TRISO COATED PARTICLES PSC REFERENCE DESIGN

FISSILE FERTILE
(Th,u)C, FORM The,
4.25 Th:U RATIO (ALL Th)
6 YEARS LIFETIME 6 YEARS
1260°C TEMPERATURE (MAX) 1260°C
20% FIMA BURNUP (MAX) 7% FiMA
8.0 x 102! N/cM2 FAST FLUX EXPOSURE (MAX) 8.0 X 102! NscM2
200 * 75, PARTICLE SIZE 400 % 100x
S50u BUFFER COATING 50u
204 ISOTROPIC PyC COATING 20u
20u SiC COATING 20u
304 ISOTROPIC PyC COATING 40u
120p TOTAL COATING 130u

Fig. 4. Fissile and fertile TRISO coated particles for
the Fort St. Vrain HTGR.
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1. Non-recycle operation, in which fuel removed from the core is
placed in storage awaiting reprocessing and recyecle. Core
operation is sustained by the introduction of additional fresh

fully enriched fuel.

2. Recycle operation in which the fuel removed from the core is
reprocessed and the U233 is fed back into the core along with
sufficient makeup UZ33,

It is desirable that the U235 fuel particles be segregated from the

233 237

236
U bearing particles primarily becuase the buildup of U and Np
would impose a neutron penalty since these nuclides are undesirable
neutron poisons. This segregation will be accomplished in the large HTGR

power plants by using three types of coated particles:

1. TFissile particles containing only U23s,

2, Fertile particles containing only ThZ32,
3., Mixed particles containing g233 plus Th?32,

The fissile particles will be physically separated from the fertile and

mixed particles prior to processing to recover the U%33,

The fuel particle type most desirable for sol-gel fabrication is
the mixed U%33-Th232 particle. Because of the presence of some U232 in
the recycled U233, this fuel must be fabricated remotely. The relatively
simple sol-gel process appears favorable for fabrication in remotely

operated facilities.

IRRADIATTON TEST RESULTS

A great many irradiation tests conducted over the past several
vears have confirmed the feasibility and stability of the HTGR fuel
materials and components under the most severe design operating conditions
envisioned for HUGR plants. Over 175 samples of BISO coated particles
have been irradiated in Gulf General Atomic capsule experiments. (Fach
sample contains approximately 2000 to 3000 coated particles, all of which
are examined before and after irradiation.) In these tests, BISO coated

particles have survived burnups up to 59% FIMA, fast fluences up to



144

8.4 x 102! n/cm?, and temperatures up to 1450°C, Similar tests of over
110 samples of TRISO coated particles have demonstrated the stability of
this design to burnups up to .27% FIMA, fast fluences up to 8.7 x 102!
n/cmz, and temperatures up to 1300°C. These test results on BISO and
TRISO coated particles include many samples prepared in full-scale pro-~
duction equipment. Photomicrographs of TRISO and BISO coated particles
tested under conditions more severe than the peak design operating condi-
tions envisioned for HTGR plants are showﬁ in Fig. 7. The extent of the
successful demonstration of Gulf General Atomiec coated particle perform-

ance is given in Table 3.

The fuel rods consist of close-packed beds of coated particles
bonded together with a carbonaceous matrix. This matrix has been designed
for stability under irradiation in order to avoid the deleterious effects
that have been observed with less stable fuel body matrices. Design
features of the fuel rods include use of graphitizing binder in conjunction
with high heat treatment temperatures and irradiation-stable graphitic
filler material. Tests to 6 x 1021 n/em? at 1250°C have shown that these
fuel rods have excellent stability under irradiation. No evidence of
coating breakage or of deleterious interaction between the matrix and
the particle coatings has been observed. Photos and photomicrographs of

irradiated fuel rods are shown in Figs. 8 and 9.

SUMMARY

The hexagonal block fuel element with coated fuel particles is the
concept planned for future large HTGR plants. This is essentially the
same fuel element as used in the Fort St. Vrain HTGR. The fuel eslement
is simple and promises to be economic to fabricate and reprocess. The
sol-gel process may be an important step in the remotely operated fabri-

cation lines for recycle fuel.
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27% FIMA

TRISO 1300°C (MAX)
8.7 x 10‘7‘1 NVT
M251-94 (P20) 175X
22% FIMA
BISO

1300°C (MAX)

8.4 x 1021 NVT

M275-48 (P18) 200X

Fig. 7. Irradiated coated particles tested to greater
than HTGR maximum exposures.
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Before

After

Fig. 8. Fuel rod before and after irradiation to 5.7
x 102! n/cm? and 18% burnup at 1250°C. This fuel rod is
0.5-in. diameter by 0.75-in. long. The end of a severed

thermocouple tube projects from the end of the irradiated
rod.

Fig. 9. No deleterious effects were noted in the coated
particles in this fuel rod after irradiation to 5.7 X 1021
n/cm? and 18% FIMA burnup at 1250°C.
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Fast Fluence (x 102! n/cm?)

Number of Coated Particle Samples
Successfully Tested to Indicated Exposure

1 2 3 4 5 6 7 8
BISO samples* 31 18 31 16 13 9 2 9
TRISO samples¥* 21 21 19 22 3 5 5
+
FSV max
Burnup (% FIMA)
<2 4 6 8 10 12 14 16 18 20 >20
BISO 9 11 22 9 2 8 9 5 12 5 37
TRISO 11 2 8 7 8 19 9 6 8 1 17
1\
FSV max
Temperature (°C)
500 600 700 800 900 1000 1100 1200 >1300
BISO 1 3 3 9 11 1 14 90
TRISO 6 3 3 19 14 6 9 36
ﬁ‘
FSV max

*In all cases, each sample consisted of 2000-3000 coated particles.
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APPENDIX C
ESTIMATED WASTES FROM THE FUEL RECYCIE PILOT PTANTS

Table C-1. Estimated Wastes from the Head-Fnd Pilot Plant

Quantity Generabed

Title Composition
(per day)
High-Tevel Wastes
Kr - Xe Krypton 1.3 £t3
Xenon
Fissile particles Graphite 87 kg
Silicon carbide 15 liters
Uranium 1900 W-day
Thorium
Fission products
Low- and Intermediate-Level Wastes
Barren graphite Carbon 624 kg
Dust collector off-gas Oxygen 500 ft2
Nitrogen
CO, removal off-gas Carbon dioxide 21 £t
Tritiated water Water 17 Ci
Dust collector off-gas Oxygen 10 £t72
Nitrogen
Todine to storage lodine 1.2 Ci

18 g (total)
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Table C-2. Estimated Wastes from the Acid Thorex Pilot Plant

Quantity Generated

Title Couposition (per day)

High-Level Wastes

Raffinate I-AW Uranium (trace) 653 liters
Thorium (trace)
Fission products (2.5 kg/day)
HNO5 (1.5 M)
Aluminum (0.18 M)
Fluoride (0.02 M)

Thorium-solution I-BT Uranium (trace) 1720 liters
Thorium (99.6 kg/day)
Fission products (trace)
Nitrate (1.29 M)
Acid (0.3 M)

Filter cake Uranium (trace) 117 kg
Thorium (trace)
Fission products (trace)
Silicon carbide hulls
(25 kg/day)
Alumina (92 kg/day)

Low- and Intermediate-Ilevel Wastes

Fmpty cans Aluminum 14 kg

Condensate Nitrie acid (3.5 M) 1030 liters

Condensate Nitric acid (0.086 M) 1070 liters

Na-CO, to waste Sodium.carbonate/nitrate 286 liters
(1 M Na)

HNO3; to waste NWitric acid (0.1 M) 2860 liters
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Table C-3. Estimated Wastes from the Refabrication Pilot Planta

Quantity Generated

Title Composition (per day)
Sol Formation
Spent carbonate Sodium carbonate/nitrate 106 liters
(2.6 M Na)
Microsphere Preparation
Alcohol waste from IX column 2~ethyl-l-hexanol 1.7 liters
Ethyl alcohol
Surfactants
NH,OH waste from IX column Ammonium hydroxide (1.0 M) 4 liters
Wash water from IX column Water 36 liters
Vaporizer waste stream 2~ethyl-1-hexanol 72 liters
Surfactants
Waste water from still Water (trace alcohol) 28 liters
Condensate Water 25 liters
Aleohol (trace surfactants)
Microsphere Coating
Coating furnace off-gas Hydrogen, HC1 127 m?
Used reaction cones from Grapnite 10 kg
coating furnace
Fuel Stick Fabrication

Solvent with pitch and 2.5 liters

graphite flour

%o high~level wastes are produced in the Refabrication Pilot Plant.
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