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1. HTGR REPROCESSING DEVELOPMENT (SUBTASK 110)

Overall HIGR fuel recycle involves shipment and storage, reprocessing,
refabricstion, and waste disposal. Reprocessing deals vith the chemical
ngroccasln* of spent fuel to recover useful fuel values — both residusl
23%0 and 2?°U converted from 2’2Th — and slso to isolate and convert
the fission products and other wastes imto forms suitable for disposal.
These chemical orocessiag steps are conveniently grouped into four
aress: head enu, solvent extraction, off-gas clesnup, and waste
processing and isclation. For HIGR recycle, the product is in the fora
of uranyl nitrate solution, vhich will be the feed for a refabrication
plant. Reprocessing developasnt is divided into these work umits:

General Development (Work Unit 1100)

Head End Development (Work Unit 1101)

Solvent Estraction Development (Work Umit 1102)
Off~Gas Cleanup Development (Work Umit 1103)
Product Preparation (Work Umit 1104)

Waste Processing and Isolation (Work Unit 110%)

In general, reprocessing development in the Thorium Utilization
Program proceeds through successive, although frequently overlapping,
stages of: cold laboratory development, hot lsboratory development,
cold engineering development, hot engineering development, and cold
prototype development. During the period reported herein, the program
objective was to supply the techmology required to design, build, and
operate a reprocessing pilot plant (Subtask 120). This progress report
describes those activities conducted at ORKL. Work was also carried
out at Idaho National Engineering Laboratory by Allied Chemical Company
and by the General Atomic Cowpany at San Diego.

General Development (Work Unit 1100)

Experimental plans were prepared, program coordination was carried
o, and review-and-comment services were provided to other participants
and to Subtask 120.

Head End Development (Work Unit 1101)

Work was done in three major areus: small-scale hot cell tests,
vapor transport studies, and an alternate burner concept. The hot cell
tests characterized the off-gases and fission product disctributions
resulting from the burning of three different irradiated fuel specimens:
8 Triso-Bisv carbide, a Biso-Biso oxide, and a Triso-Triso carbide.
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Storage tests were also conducted in-cell. Tracer-type work on the
vapor-phase transport of semi-volatile fission products was initiated.
Both experimentally and theoretically, wve studied a whole-block burmer
concept, which uses gas recycle for heat removal and rate comtrol.

Solvent Extraction Development (Work Umit 1102)

In addition to providing review and counsulting services to < .
pilot plant design subtask, we initiated hot cell studies and upgraded
a computer mrdel. The fuel ash residues generated under work umit 1101
vere dissolved and will be used for tests of feed adjustment and batch
shakeout equilibrations. The SEPHIS code was modified and improved

for the Purex system and then adapted to the Thorex system with existing
data.

Off-Gas Cleanup Development (Work Unit 1103)

Development of the KALC process continucd. Laboratory equilibrium
data on the Xe-CO; system were obtained, work was started on absorption
from liquid C0;, and the chemistry of the CO;-H20-1; system was stulied.
Engineering-scale development of the KALC process included two campaigns
in the experimental engineering facility, two campaigns in the K-25
pilot plant, development of an in-line "°Kkr (beta) detector, and signif-
icant improvements in the mathematical model for the KALC system. 1In
other areas, a paper study on 220pq holdup was done, and the feasibility
of using the Iodox process (for I, removal) in a CO; atwosphere was
demonstrated.

Product Prepsration (Work Unit 1104)

No development activity was scheduled under this work unit, but
calculations on radioactivity control by sparging and ion exchange
vere done in support of Subtask 120.

Waste Processing and Isolation (Work Unit 1105)

Two reviews were conducted: one on reprocessing wasites in general,
and one on the fixation of '*C as calcium carbonate. The general review
identified and characterizad reprocessing wastes in terms of source,
form, quantity, and radioactivity. The '*C study evaluated two processes
for the carbonatz conversion reaction, various methods of packaging
the product, and the preferred location of the fixation step in
relation to krypton removal.

R e



xiii

s oo .

2. HTGR REPROCESSING PILOT PLANT (SUBTASK 120)

The HTCR Reprocessing Pilot Plant, planned for comnstruction at
INEL, was conceptually designed to demonstrate the technolozy required
for the design of a commercial-scale facility. The pilot plant wvas
designed for 12 Fort St. Vrain fuel elements per day, expandable to
24 elements per day. The first phase of this design activity was the
preparation of System Design Descriptions (SDDs), which parallzl the
Work Units under Subtask 110. The Subtask 120 Work Units and the
specific SDDs were:

Work Unit
1200

Title
Overall Plant Design Description
Fuel Transfer and Handling Systea
Instrumentation and Control Systes '
Waste Handling System
Utilities Systea
Fire Protection System
Ventilation ané Vessel Off-Gas Systems
Decontamination System
Remote Handling and Maintenance System
Sampling System and Analytical Laboratory
Building and Associated Systemss
Headend Processing System
Solvent Extraction Processing System
1203 Of f-Gas Cleanup System
1204 Liquid Product Loadout and Shipping
1205 (see 1.5.3 above)

D .
O~ PI NEWOUN

.
o

1201
1202

Pt Pt ot ot et et et ot et et b oot b et

FUNHUU‘U‘:‘”UU‘UU‘MMO

The overall design responsibility was carried by ACC, with ORNL
performing the lead role on the Off-Gas SDD. In addition, ORNL :
revieved and commented on all SDDs and performed supporting studies ;
for SDD1.&.

A e T e e

Off-Gas SDD (Work Unit 1203)

W

e A BRI T BT st R S

This SDD was written to meet these functional and design requirements:
(1) to provide a decontamination factor (DF) of at least 100 for tritium,
krypton, snd radon and a DF of at lesst 1000 for iodine; (2) to accept
off-gases at rates varying from 0 to 0.26 std m?/sec (500 scfm), corre-
sponding to up to 36 Fort St. Vrain fuel elements per dsy; and (3) to
isolate the wvastes from these removal systess in a form suitable for
subsequent disposal. The direct processes to accomplish the required
decontaminations were: (1) iodine sorption on zeolites, (2) tritium
sorption on wolecular sieve, (3) radon holdup (and decay) on molecular
sieve, and (4) krypton concentration by the KALC process. Two other
direct processes vere also required: conversion of NO, to N; and H20
(via NH; and a catalyst bed) and oxidstion of CO (and any molecular
tritivm) to CO2 (and tritiated water)}. The wastes requiring final
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disposal includ:d iodine-lcaded zeolites, spent molecular sieves and
catalysts, concentrated tritfiated wvater (fixed in concrete or some
other suitablr stable form), and krypton isolated in pressurized
bottles.

Liquid Product Loadout and Shipping (Work Umit 1204)

A dui*n report vas issued on a cask suitable for shipping uranyl
nitrate (3°°U + sbout 500 ppm 22U). A series of studies was done on
the depression of alpha and/or gamma activities in this ursnyl rnitrate
solution by sparging (to remove 22°mn from the decay chain) or by iom
exchange (to remove thorium and other decay products from the chain).
Ion exchange is an effective way to minimize the gasma activity, but

the alpha dose, vhich derives from the 2’’U chain as vell as the 2'?U
chain, cannot be greatly decreased for uranium solutions of the isotopic
compositions of interest.

3. HICR REFABRICATION PROCESS DEVELOPMENT (SUBTASK 210)

Refabrication is the step in the HIGR fuel cycle that begins with
the receipt of nitrate solution containing reprocessed 2’’U and ends
vith it refabricated into fuel elepents for use in an HTGR. The basic
steps in refabrication are very similar to fresh fuel mamufacture except
that the recycle fuel sust be fabricated remotely in hot cell facilities;
therefore, the refabrication development program is directed toward the
development of processes and equipment for remote applicatior. Its
sltimate goal is to develop technology needed to design and operate the
refabrication portion >f an ERDA-supported HTIGR Recycle Demonstration
Facflity (HRD7). The development program will be accomplished in five
phases: (1) cold laboratory development, (2) hot laboratory develop-
ment, (3) cold engineering development, (4) hot engineering development,
and (5) cold prototype development. Work during this report period has
primarily been in cold engineering development. Expanded work in waste
and scrap handling wvas initisted during this report period. The work
is reported in sections parallel to the major system of the refabrication
portion of the HRDF.

General Development (Work Umit 2100)

This area is involved in the coordination and reviev of all furc-
tions of the subtask and technical interfacing with Subtasks 220, 310,
and 320. A summery work plan for this subtask was prepared and contri-
butions were made to the conceptual design of the HTGR-FRPP (Fuel
Refabrication Pilot Plant). An environmental statement was issued for
the FRPP along with reports assessing the radiological safety require-
ments and the assay and accountability requirements for an HTGR Fuel
Refabrication Plant.



Uranium Feed Preparation (Work Umit 2101)
(No activity was scheduled)

Resin Loading (Work Unit 2102)

The initial stage of an engineering-scale resin loading system was
completed and operated with natural uraniuc. About 235 kg of resin
loaded with natural uranium (110 kg U) and 20 kg loaded with enriched
uranium (10 kg U, 93% enriched) were prepared for refabrication develop-
ment studies. Alternate methods fcr resin loading were investigated,
and loading of resin in the acid form was selected as the reference pro-
cess. Resin was loaded successfully with highly active 233y containing
250 ppm 232y, Equilibrium constants for resin loading in the acid form
vere measured. Solvent extraction of nitric acid by a 0.3 ¥ secondary
amine in a hydrocarbon diluent was demonstrated for obtaining the required
acid deficiency in the uranium feed for loading uranium on acid-form
resin. In resin feed preparation, two acceptable commercial carboxylic
acid cation exchange resins were identified. The cost of feed resin is
about $0.05 to $0.09 per gram of uranium.

Resin Carbonization (Work Unic 2103)

Extensive progress was made in scaling the resin carbonization and
conversinn processes to engineering-size equipment. - made 134 carbon-
{zation and 82 conversion runs using 0.10- and 0.31-m-diam (4 and 5-in.)
furnaces. A 0.23-m-diam (9-in.) carbonization furnace was designed,
fabricated, and installed. Three resin batches loaded with 93%-enriched
2354 were prepared for subsequent coating and irradiation testing.
Carbonized resin kernels had high strength, as measured by a crushing
test. Converted kernels are weaker, having strengths that decrease from
about 8.9 N (2 1b) for particles having 157 of the oxide converted to
carbide to about 4.5 N (1 1b) for 752 conversion.

Microsphere Coating (Work Unic 2104)

The 0.13-m~diam (5-in.) coating furnace was improved by several
modifications made to the frit-type gas distributor and by the addition
of instrumentation and inert-atmosphere particle handling equipment to
allow carbonization, conversion, and Triso coating of uranium-loaded
resin kernels. The design of equipment to permit remote loading and
unioading of the coating furnace as well as remote sampling and weighing
of the coating batch was completed and fabrication begun. Considerable
experimentation has defined the process variables that control broken
and permeable LTI coatings. Several factors affecting the amount of
uranium dispersion in the buffer have been determined. Silicon carbide
coatings have been more completely characterized as regards both their
microstructure and crushing strength. Pneumatic transfer of particle
batches was extensively fnvestigated. Three batches of Triso-coated
93%-enriched-uranium-oaded resin were fabricated in the 0.13-m-diam
(5-in.) coater for irradiation testing.




Fuel Rod Fabrication (Work Unit 2105)

The principal activities were development of fuel rod molding and
inspection. Improved methods for fabrication and analysis of fuel rod
matrix slugs were developed. The sources of fuel particle failure
during fuel refabrication were investigated, and methods of improving
the failed particle fraction were identified. A remotely operadle and
maintainable commercial-scale machine for molding of fuel rods was con-
ceptually designed. This machipe will dispense and blend fuel particles,
mold the rods by the slug injection process, and inspect the fuel rod
lengths at a rate of 40,000 rods/day. The feasibility of a number of
nondestructive inspection methcds for fuel rod homogeneity was demon-
strated. A laboratory instrument ior nondestructive uranium assay of
HIGR fuel rods has been favricated and is currently being installed in
the TURF hot cells. The assa! instrument interrogates the fuel rods
with thermal neutrons from a *32Cf source. These neutrons induce
fissions in the uranium, and the resulting prospt fission neutrons are
detected as a measure of uranium content.

Fuel Element Assembly (Work Unit 2106)

The principal development activity in fuel element assembly has been
carbonization and annealing of HTIGR fuel elements. The feasibility of
the in-block carbonizization and annealing (cure-in-place) process was
demonstrated in 1/6-segments of fuel element blocks. Cure-in-place
process conditions were determined to attain acceptable fuel rod micro-
structures. Samples in which in-block carbonizarion will be studied
were fabricated for irradiation experiments HI-26, HT-27, and OF-2. A
remotely operable engineering-scale furnace for in-blcrk carbonizs.tion
and heat treatment has been designed. The continuously operated vertical
furnace has a capacity of 16 fuel elements per day. A detailed, computer-
assisted heat transfer study has confirmed the design of the furnace.

Sample Inspection (Work Unit 2107)

Development work on the particle size analyzer has been completed,
and the device is currently operating routinely in support of process
development. The PSA measures and counts coated fuel particles at rates
up to 1500/min with an accuracy of *1 ur. The feasibility of vacuum
transferring small samples of fuel particles and encapsulated fuel rod
samples was established. Design of a sample subdivider capable of
obtaining ten representati ‘e subsamples from a 1-to-10-g initial sample
is nearing completion. We routinely use a gaseous chlorine leach tech-
nique for the detemmination of particle failure fraction in both loose
particle samples and fuel rods.
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Plant Management (Work Unit 2108)

A prograsmable logic controller (PLC) has been installed on the
laboratory fuel rod machine to replace the relay control system. The
installation and operation of the PLC on the laboratory fuel rod machire
has demonstrated the versatility and value of this computer-based con-
troller fcr liw vperation and mainteuance of remote refabrication equip-
ment. A development minicomputer has heen installed to support develop-
ment work in nondestructive assay and the fuel rod storage magazine
loader-unloader equipment.

Waste and Scrap Handling (Work Unit 2109)

Development started in two areas of waste handling and scrap ve-
covery that are peculiar to the HTGR fuel cycle. These are reclamation
of the perchloroathylene furnace scrubber solutfons and recvcle of reject
fuel material. V¥e completed bench-scale demonstration of feasibility
of distilling dirty perchloroethylene and burning the still bottoms.
Several techniques for reclamation of high-urarnium-content reject scrap
material are under investigation. These include a grind-burn-leach

cycle and a molten salt incineration te~hnique developed by Atomics
International.

Material Handling (Work Unit 2110)

The TURF material handling system was studied in detail and was
fourd to be of adequate mechanical configuration (i.e . crane hoist and
manipulator designs) but extremely deficient in control functional
capability and level of automation. Current research and development
associated with remote handling and commercial suppliers of remote hand-
ling equipment were surveyed. We contacted 14 research organfzations
and 14 commercial suppliers associated with robots, manipulators, and
TV viewing systems. An automated materiz: nandling system concept
using electromechanical manipulatrrx, which is consistent with HTGR fuel
recycle requirements, was de:aioped.

4. REFABRICATIONK PILOT PLANT (SUBTASK 220)

The HTGR Fuel Refabrication Pilot Plant was conceptuslly designed
to demonstrate the technology required for a commercial fuel refabri-
cation plant that can produce recycle fuel elements for High-Temperature
Gas-Cooled Reactors using *3U, with radioactivity equivalent to material
containing 500 ppm 22U and aged for up to 90 days. Such a plant must
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mst be safe, reliable, licensable, and economic. The techmology must
be available on a timely basis and ensure that any risks are comparable
with those of a first-of-a-kind radiochemical plant.

This pilot plant, as conceptually designed, vill produce about
150 recycle fuel elements for the Fort St. Vraia Reactor using 23%U
and vill demounstrate the following:

1. effective process and equipment desigans for all fuel refabri-
cation operations, includiag scalability to commercial plant
capacities;

2. control of radiaticn hazards associated vith the 2°2U content
of recycled 2335 fuel so tiat operating, maintenance, sampling,
and analytical activities can be ccanducted safeiy;

3. feasibility of remote maintenance for all in-cell equipment
through loading of the fuel elements;

4. practical msethods for assay, quality comtrol, and quality
assurance for intersediates and the completed reactor grade
fuel elements.

The refabrication pilot plant will be scaled to handle a heavy metal
throughput of 25 kg of uranium and thorium per day, or 2.5 fuel elements
per day on an intermittent basis. The design is broken dowm into ten
separate functions:

Uranium Feed Preparation
Resin Fuel Kernel Preparation
Resin Carbonization
Microsphere Coating

Fuel Rod Fabrication

Fuel Element Assembly

Sample Inspection

Piant Management

Waste Handling

Materials Handliag

5. RECYCLE FUEL IRRADIATIONS (SUBTASK 230)

The reorganization of the HIGR Fuel Development Program, which
occurred at the end of the rcporting period, is described. Omly two
areas of activity remain under Subtask 230 of the Thorium Utilization
Program — those associated with Work Units 2302 (Peach Bottom Irradistions)
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and 2303 (Large Scale Recycle Element Irradiations). The postirradiatiom
examinatfon of the Peach Bottom Recycle Test Elements (RTE) is reported,
and the Fort St. Vrain Reaztor (FSVR) test element program is briefly
described. The test e¢l-aent program does not begin until the first

FSVR reload, currently scheduled for Spring 1977.

6. ENGINEERING AND ECONOMIC STUDIES

Subtask 310 utilizes the work done in other subtasks to provide
the liason between the development efforts and the design of a commercial
recycle plant. During the reporting period, the following activities
were under way in Subtask 310: (1) economic analysis of HTGR fuel recycle,
(2) analysis of receiving and storage of HIGR fuel, (3) characterization
of effluents from a commercial HTGR fuel refabrication plant, (4) survey
of safeguards problems associated with the HIGR fuel cycle, and (5)

analysis of the environmental impact of 1%¢C releases from an HTGR fuel
reprocessing plant.

7. CONCEPTUAL DESIGN OF A COMMERCIAL RECYCLE PLANT (SUBTASK 320)

A major part of the current plans for developing HTGR recycle
technology is the design and construction of an ERDA-supported HTGR
Recycle Demonstration Facility (HRDF).

The objective of this subtask is to assist in the conceptual design
of the HRDF. During this report period, a preconceptual layout study
of an HRUF capable of reprocessing 20,000 elements per year and refabri-
cating 10,000 elements per year was completed (i.e., 20/10). This
20/10 HRDF is estimated to require about 46,000 m’ (500,000 ft?) floor
space for process operation and utility service. The design study also
includes sections on design philosophy and terminology generally appli-
cable to the design of an HRDF.



1. HTGR REPROCESSING DEVELOPMENT (SUBTASK 110)

K. J. Notz

1.1 INTRODUCTION

Reprocessing development is divided into five work units, which
parallel the major systems for which design descriptions were prepared
for a planned pilot plant. Four of these systems — head-end, solvent
extraction, off-gas cleanup, and waste procassing and isolation — are
counterparts to systems that would exist in a commercial reprocessing
plant, and are the subjects of ongcing develcpment activity at ORNL as
vell as at General Atomic Co. (GAC) and Allied Chemical Co. (ACC). Tne
other system — product preparation — is for the solidification of re-
covered uranyl nitrate for shipment to a planned refabrication pilot
plant at another location, ard is not a ccunterpart to a commerciai
plant, where reprocessing and refabrication would be back-to-back on

the same site.

1.2 GENERAL DEVELOPMENT (WORK UNIT 1100) — K. J. Notz

Assistance was furnished to GAC and ACC in all areas of reprocessing,
by providing review-and-comment and consulting services. General overall
guidance was provided in all areas of reprocessing deveiopment, and de-
tailed experimental plans were prepared for all work units under this
subtask (except 1104, for which no development activity is scheduled).

All development activities were related directly to the reference
f lowsheet except some work on an alternate burner concept. The whole-
block burner work had been started earlier, and was terminated during

this period; these results are summarized in Sect. 1.3.

1.3 HEAD-END DEVELOPMENT (WORK UNIT 1101) — V.C.A. Vaughen
Our primary effort in this work unit is in small-scale hot cell
studies related to burning, using individual irradiated fuel sticks.

These results provide data and information needed for the design ot the
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head-end subsystems. This work is described in Sect. 1.3.1. The hot
cell facilities were also iused to prepare some ?33y-1oaded resin.

Vapor traasport of selected fission products and actinides is being
studied out-of-cell by a tracer technique. This work is just beginning,
and will provide data relevant to the condensation of slightly volatile
components. This work is described in Sect. 1.3.2.

An alternate burmmer concept, z whole-block burner, was considered.
A limited amount ot e<xperimental work was done, and two study reports
were issued, one of vhich intrcduced the concept of "adiabatic burning,”
which may also be applicable to fluid bed burning. This work is reported
in Sect. 1.3.3.

1.3.1 Hot Cell Studies

1.3.1.1 Burner Off-Gas Studies with RTE-2-3 — C. L. Fitzgerald and
V.C.A. Vaughen

Design information on the burner off-gas was needed by ACC. Specfi-
cally, the information desired was the amounts and kinds of fission
products that reported to the burner off-gas from an 875°C fluidized bed
at a gas velocity of 0.3 m/sec (1 fps); that plated out on the sintered
metal primary filters held at 500, 150, and 75°C; that passed through
these filters; that deposited downstresm on lines; and that were trapped
on absclute filters downstream. Determination of these values required
three complete head-end experiments, one at each sintered metal filter
temperature.

Fuel for these exreriments was taken from individual channels (2,
5, and 6) of RTE-2-3, a Triso UC;-Biso ThC: (type f) fuel irradiated as
a blended bed of coated particles at 1320 to 1160°C (estimated maximum
end~of-life temperature). Each channel contained approximately 3.6 g U
and 16.3 g Th.

The postirradiation examination data for RTE-2 are reported clse-
where.? [nitial gamma s-ans of the irradiated fuels indicated a small

f '37Cs and ?37r at

concentration (®52) of the maximum activity level o
the fuel hole ends. A failure rate of 2.5 to 5.47 (952 confidence inter-

val) was found for the SiC-coated LUC (fissile) particles; the performaiice



limits of the SiC layers of this batch of Triso-coated UC; particles
in this RTE element vere exceeded.

1.3.1.1.1 Equipwent. The equipment layout diagram for the experi-
ments is shown in Fig. 1.1. A standard conicai-body miniburner [19 mm
ID at the base, 38 mm ID at the top, and 256 mm high (3/4 x 1.5 x 10 in.)
was used for the three runs. The normal burmer top filter was perforated
vith 1.6-am (1/16-in.) holes to more closely simula‘e the dusty gas
loading on the test 5-im sintered metal filter that would be experienced
in the reprocessing plant. The burner was held in a cylindrical electric
heater at 875°C during burning.

The 5-um sintered nickel filter disks (grade HX) were made by the
Pall Trinity Company. These disks were mounted in a flange holder and
connected to the top of the burner by 6~am (1/4-in.) stainless steel
tubing and Swagelok (TM) fittings. The nutlet stainless steel tubing
vas bent tightly twice to bring it back down the outside of the filter
holder and to allow a second electric furnace to fit down over the
asseably from the top for temperature control. The temperature of this
furnace was regulated so that the filter was held at 500°C (in Run 1)
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Fig. 1.1. Equipwent Flowsheet for Burner Off-Gas Studies or Fuel
from RTE-2.



and 150°C (in Run 3). It v-~: removed for the 75°C test {ambient tempera-
ture, Run 2). The HEPA filter (COMFO Type "H" ultrafilter made by Mine
Saferv Appliances, Pittsburgh, Pa.) was moun.ed and specially wrapped
before being inserted into the hot cell so that the uait could be
unwrapped, removed, and disassembled in a clean hood. The filtered
burner >ff-gas was subsequently passed through the normal off-gas train —
that is, successively through CO> and CO detectors, a 'SKr counter, a

Cu0 oxidizer (500°C), zwo beds of Linde Molecular Sieves (Type 4A), and

a wet-test meter and was finally routed to the gas czllection bag.

1.3.1.1.2 Procedures. Each sample of the fuel was weighed, sieved
to remcve the graphite flour (about 6 g), reweighed, :ind charged to the
s2all fluidized-bed burner. A small purge of N; (100 cm?/min) was ini-
tiated while the burmer and filter were being heated to operating tem-
peratures. The gas flow (N; + 0;) was maintained at 1.4 std liters/min.
This corresponds to 0.3 m/sec (1 fps) at B75°C on the 1.9-mm-ID (0.75-in.)
bottom frit. Oxygen flow was started when the burner temperature reached
650°C. Ixmediate combustion was obvious from the CO: content of the off-
gas and also from th- increased heating rate inside the burmer. The
temperature within the burner was adjusted to 375°C with an "on-of ("
temperature controller on the furnace and by changirg the 0; flow rate.

A CO spike, noted at the beginning of combustion, disappeared within 3 to
5 min. The C0; concentration in the off-gas averazed about 15Z. These
particuiar conditions give a AT across the bHurner of about 25°C.

All burner gases were collected in inflatable bags. The higher
volume flow rates made it necessary to sample and chinge bags at about
30-min °‘ntervals during burring. This fast pace may not have allowed
time to homogenize the gas bag contents bcfore sampling. These samples
were analyzed for C”., 0y, Ar, (N2 + CO), '“C, and "Kr. After com-
pletion of burning (defined as zero CO; concentration), the burner was
held at temperature for ahout 1 hr with a 307-cm®/min purge to ensure
that all the ®°Kr and '“C had been collected snd allowed to cool over-

night.
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The ash was remaved from the burner, weighed, and sieved to separate
rhe fertile and fissile fractions. Each fraction was weighed to account
for sieve losses (~0.1%). Oa disassembly (manual) of the 5-um filter
holder in the hot cell, a relatively large amount (1.5 to 3 g) of
dust was observed on the inlet side of the fil:ier. This dust, which came
from the coated particles, was collected, weighed, and analyzed separately
from the fertiie and fissile fractions. The absolute filter (HEPA)
holder was disassembled in the clean hood to minimize cross—contamination.
The off-gas line was cut into approximately equal lengths in the cave.

All samples were submitted for gamma scans; heavy-metal analyses vere

requested for the powders.

1.3.1.1.3 Results. The weights of the materials recovered in the
various steps are presernted in Table 1.1. The input weights were between

98.9 and 99.87 of the reported value of 63.954 g. T.'.;king only the burner

Table 1.1. Material Balance Data for Burner Runs on
RTE-2 Samples

Filter Input Output Measured, g Mater’al
Run Temperature Measured® Balance?
(*C) (®) 480 Mesh —80 Mesh Filter Dust %)

Combined ThO; and SiC-Coated Particles

1 500 63.233 30.102  7.782 3.399 9.6
3 150 63.656 32.168  6.836 1.568 97.4
2 75 63.815 30.479  8.390 2.537 97.1
ThO; Distribution®
500 8.59 7.78 ~0.2¢ ~89
3 150 10.66 6.86 -0.8¢ ~98
75 8.97 2.39 -0.69 ~97

“The input is reported by R. P. Morisette et al., Recycle Test Element
Program Design, FPabrication, and Assembly, CA-10109 (September 1971), to be
63.954 g. corresponding to a calculated total output of 40.044 g.

l’(Im-nu' product output/calculated output) x 100. Filter dust is not
included.

“obtained by assuming that none of the SiC-coated (fissile) particles
are broken, so the entire 21.51 g is in the + 80 mesh fraction.

dhunud from gamma-scan contributions (as originating from fuel
ash). The remainder would be burnable carbon.



contents as ash product, the recoveries were between 94.6 and 97.42 of
the theoretical output for combined ThO; and SiC-coated particles.
Because the data are incomplate, we roughly estimated the ThO; material
balance by assuming that no SiC-coatad particles were broken and that

the filter dust contained less than 1 g of fine burmer ash (as determined
from the average of the gasma scans as compared with the gamma scan of
—80 mesh burmer ash). The resulting ThO:; material balance values range
from 89 to 981. These are reasonable recoveries.

Table 1.2 lists the total quantities of gamma emitters found in
each unit on completion of the runs. The values in the burner column
are based on the gamma scans of "grab"™ samp! of —80 mesh ash solids
and scaled to the theoretical amount of TnO; weight (18.535 g) plus the
amounts (usually les: than 1Z) of fission products found on the perfo-
rated plate inside the burmer. Contributions of *3Zr and '**Ce to these

totals appear high.

1.3.1.1.4 Conclusions. A detailed analysis of the above results
leads to a number of tentative conclusions, vhich follow.

1. Releases cf certain fission products thrrugh a >-um sintered
nickel frit were uscally €0.1% and always €1.0% of the inventory.

2. Experiments at three filter temp=raturcs (500, 150, and 75°C)
yielded less than one order of magnitude variaticon in release of
fission products through the sintered nickel frit.

3. The dust trapped by the sintered nickel frit contained most of
the fission products (and burner ash fines) that left the burner.
Recycle of this dust to the primary burner will return this material to
the circriz. To avoid an accumulation, some sort of a purge mechanism
must be provided.

4. The primary burner product from a Biso ThC;~Triso UC; fuel
(potential 1100-MWe reactor fuel) was not separable into fissile and
fertile fractions by sieving.

5. These runs do not provide information pertaining to loir-term
plateout effects on the various surfaces.

6. Som~ 150°C filter results are inconsistent.
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Table 1.2. Camma Activity Found After Burning Coated ?articles
from RTE-2, Rody 3
Comme Activity, dis/min
Emitter Burner” n-st' 5-im Filter Off-Gas Limes Absolute Filcer

32c

*m
ey,
1235g,
195,
197,
l..c.

B 1, 63.2)3 g Parcicles from Bole S5, 5-um Filter at 500°C

1.46 x 10'* 9.86 x 10° 2.95 x 19° 2.64 x 10° 1.40 x
7.11 x 10'?  1.84 x 10'* S.74 x 10° 7.78 x 10* 2.97 x
6.15 x 10''  3.47 x 10'* 3.30 x 10° 2.88 x 10° 2.06 x
1.27 x 10'' 5.91 x 10° 8.70 x 1n°® 9.27 x 10°% 5.18 x
9.03 x 10"' 5.17 = 30'"* 3.13 x 10* 3.38 x 10* 1.2 x
1.50 x 10'? 8.9 x 10'* .28 x 10° 6.27 x 10° 2.07 x
3.79 x 10'*  5.17 x 107  2.59 x 10'*  2.66 x 10’ 1.72 x
Rem 3, 63.656 g Particles from Bole 2, 5-m Filter st 150°C

6.08 x 10'* 2.34 x 10 8.62 x 107 5.99 x 10° 1.20 x
7.89 x 10"  6.27 x 10'* 1.85 x 10° 1.54 x 107 1.04 x
1.48 x 10’2  1.01 x 10'' 1.50 x 10° 5.64 x 10° 5.38 x
1.81 x 10'!  1.28 x 10'* 7.40 x 10’ 1.39 x 10’ 1.58 x
8.69 x 1¢'' .01 x 10'* 3.22 x 10° 6.97 x 10° 6.74 x
1.46 x 10'?  1.05 x 10'' 5.78 x 10° 1.15 x 10’ 6.65 x
1.28 x 10''  3.06 x 10 4.9 x 10° 6.25 x 10’ 4.55 x
Run 2, 63.815 g Particles from Bole 6, 5-pm Filter at 75°C

5.6 x 10'* 2.09 x 10° 7.48 x 10° 2.04 x 10° 7.05 x
8.29 x 10°}  8.73 x 10'* 1.06 x 12'*  4.17 x 10° 8.44 x
2.10 x 10'? .30 x 10'* 7.20 x 10° 2.22 x 10* S.7% x
1.98 x 10°' 1.53 x 10'* 1.78 x 10° 3.55 x 10 6.56 x
8.15 x 10’ 7.61 x 10'* 5.67 x 10° 1.55 x 10* 1.41 =
1.37 x 10 1.30 x 10'' 9.82 x 10° 3.26 x 10° 1.86 »
2.67 x 10''  4.08 x 10° 9.84 x 10'*  1.38 x 10’ 7.3 x

10*
10*
10*
10*
10*
mt
10*

10*
10*
i0*
10’
10?
10?
10°

10?
10°
10°
10®
10*
10*
108

3/ncludes ThO; ash and material from perforated plate lnside burner.

inside SiC-coated UC; particles is not included.
bDult trappad on inlet side of 5-im filcer.

Material
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1.3.1.2 Release of '*C During Primary Burning of RTE-2-3 —
C. L. Fitzgerald and V.C.A. Vaughen

The cif-gases for the three burning runs described in the previous
section were analyzed for !°C and CO.. Although the 30-min interval
beiween gas collection bag changes did nct allow adequate time to homoge-
nize the contents before sampling, the in~-line C0; and CO monitors did
indicate that approximately correct amounts of carbon were burned.
However, the matcerial balance on carbon yielded only about 502 of —he
calculated amount in the gas bags. Thus one can state with some assur-
ance that the '*C recovery is also incomplete. However, it is unlikely
that the '“C-to-CO; ratio is greatly affected by the probable nonrepre-
sentative sampling, and the ratio may shed some light on the release
pattern for !“C even though the total amount is uncertain. In additiom,
a comparison of rhe thre= runs should indicate any trends.

The fuel, Triso UC;-Biso ThC,, should burn to SiC-coated UC; and
Fare ThO; ash. Thus cthe burnable carben is the outer pyrolytic coatings
of both fissile and fertile particles plus the inner pyrolytic carbon
coatings and carbon from the ThC: kernels of the fertile particles.

Any brcken fissile particles would also release their '“C.

Six gas bags were sampled, each abou: 40 to 60 liters, on about
30-min intervals. The results are presented in Table 1.3. The most
interesting feature seen in this table is the apparent peaking of Isc
concentration (in two cases by a factor >10) near the midpoint of the
runs. The carbon content varied only within a factor of 2 during the
central four samples.

One concludes from these data that the '*C is not uniformly dis-
tributed within the coated particles; however, no clear evidence points
to the location or the region of highest ccntent, except that it is
probably not within the outer pyrolytic carbon coatings.

Each experiment had about 20 g heavy metals (U + Th). The measured

1*C releases range from 15 to 19 Ci/metric ton.

1.3.1.3 Analysis of Individual Fissile Particles from RTE-2-3 -
V.C.A. Vaughen, F. F. Dyer, and 7. B. Lindemer

The release of fission products from HIGR fuels is currently the
subject of study in the HTGR Base and Thorium Utilization Programs. In



Table 1.3. Release of '*C from RTE-2-3 During Primary Burnming

a Rm 1 (500°C) R 2 (75°C) haa 3 (150°C)
Sample
. g 'c.uci/gC C,g '‘c,uci/gC C, g I“c,wucilgcC
1 0.67 10.2 1.44 3.8 1.03 7.2
2 1.72 27.3 2.58 42.6 2.00 43.1
3 1.87 %.0 3.1 51.4° 2.25 73.0
4 1.66 4.8 2.69 14.6 2.18
5 3.32 21.6 2.53 7.4 2.29 1.5
6 2.36 11.4 0.45 11.0 2.04 5.8
d d e d.f
Totals  11.59 25.7 12.81 26.4 12.15 ~3]

asqles taken nominally about 30 mim apart at nominal volumes of about
50 liters of off-gas.

Pcarbon calculated from gas lavs and CO; snalyses.

CO; concentration taken as the average of samples 2 and 4.
Total '“C fouwnd/total C found.

A seventh sasple had 0.36 g C but was not amalyzed for '“C.
Samples & and 7 were omitted.

& M

™ N

both these programs fractional and relative releases of fission produc:s
are the desired data, and starting inventories are required to normalize
the data. While the total amounts of materials formed in the reactor
core and present in typical discharged fuel at various decay times can
be calculated from burnup estimates, reactor operating parameters, and

decay times, e.g., by the ORIGEN cocle,2

these results seldom agree well
for the small samples used in these studies since the small samples
typically do not see "average” conditions in the reactor.

To alleviate this shortcoming, we examined individual coated p#Pri-
cles and fuel sticks nondestructively by gasma-scan analysis. This pro-
vides a measurement of the gamma-emitting isotopes for each coated parti-
cle. With dimensional data and with suitable calculations, inventories
of fission products and estimates of burnup can be made for each coated
particle or fuel stick. Estimates determined in this wav also gerve as an

independent measurement for postirradiation examination of irradiation
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test elements. The postirradiation examination of F. F. Dver and
T. B. Lindemer is reported elsewkhere.'

Seven of the SiC—coated particles wre separated from the burmer
ash and submitted for gama-scan amalvsis and fissiom gas release. A
summary of the data is presented here. The fissile particles had average
I*% a5 follows: kermei, 99 um diam, demsity 10.4% g'ca’;
buffer, 51 um thick, 1.30 g/ca’; inmer PyC. 21 um thick, 1.81 g/ce’;

\Beasuresents

$iC, 20 um thick, 3.21 glc-’. We calculate an average ke:mel uranium
content of about 4.81 x 10™° g before irradiation.

Table 1.4 lists the activity in disintegraticas per second =casur.d
for the SiC-coated particles on the day of measurement. Courtiag times
were 1000 sec; decay time, 4.277 x 10’ sec. Table 1.5 lists the activity
present at reactor shutdown, back-calculated from the data iz Table 1.4,
Table 1.6 gives estimated burnups calculated from the fission vieid
data. Although the average diameter was listed as 99 um, actual kernel
diameters were measured directly by radiogiaphy. The apparent low
burnup values calculated frox *5Zr measurements are not significant,
since its activity approaches saturation during irradiation and thus
does not measure burnup. The low apparent burnup values estimated from

the !**Ce values are at present unexplained.

1.3.1.4 Long-Tera Storage Experiment with RTE-2-5 Biso (4Th,U)J:-Biso
ThC2 — C. L. Fitzgerald and V.C.A. Vaughen

The release of radioactive materials during storage of HIGR fuel
elements is of interest to the designer of the reprocessing plant storagze
facility. The impact of releases on the requirements for cleanup of the
cooling gas and the cost of specification storage comtainers prompted
a request by GAC for some hot cell studies. The requested study was to
aeasure the releases of ""If.t, ’ll, and other isotopes from a stored fuel
element and determine the release patterns at several temperatures.

Fuel body RTE-2-5 was available for these tests. It consists of a
cylindrical graphite body about 76 mm diam by 0.38 ® long (3 by 15 in.)
containing a central hole and eight smaller holes arranged like a tele-
phone dial. Seven of the holes still have the original loading of loose



Table 1.4. Analysia of Seven Individual SiC-Coated Fismile Particles from RTE-2-), Nuclide

contents at time of analysis (January 22, 197%) (4.277 x 10’ sec decay)

Activity, dis/eec, per Particle in each Sample
Fission Product
1 22 3 4 [ é Average

it 33 4.377 % 10%  4.833 x 10% 3,788 x 10  2.85% x 10% 1.993 x 10  4.837 x 10 3.243 x 10°
AAd ™ 1.706 x 10° 1.989 x 10* 1.333 x 10° 1.192 x 10° 8.688 ~ 10° 2.101 x 10 1.342 x 10’
123gy ) 1.394 x 10 1Y b 1Y b
1%, C.666 % 10Y  4.982 % 10% 3,772 x 10° 2,92y x 10 2.178 x 10* 5.202 x 10° 3,390 x 1Y
137¢q 4.907 x 10%  5.318 x 10% 3.973 x 10° 3.066 x 10* 2.271 x 10®  9.412 x 10° 3,364 x )O°
18%¢Ce 1.6% x 10° 1,793 x 10% 1.312 x 10* 9.940 x 10° 7.299 x 10* 1.684 x 10* 1.167 x 10°

Srvo particles in this semple.
Yot determined.

(41
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Table 1.5. XNuclide Comtents of Individual SiC-Coated Fissile
Particles from RTE-2-3 at Reactor Shutdowm
(September 14, 1973)2

Activity, :Ci per Coated Particle, im each Sample
Fission Product

1 2 3 4 5 6
52r 222 246 192 146 101 247
dhd ™ 11.7 13.6 10.5 8.18 5.96  14.4

125gy < 0.5 = c c c
1ivcs 19.9 21.2 16.1  12.5 9.29 22.2
*ics 13.7 14.8  11.1 8.54 6.32 15.1
1%%ce 149 161 118 89.3 65.6 151

3variations in fission product content from particle to parti-
cle are attributed to variations in kernel diameters among the
particles.

l"‘l’m) particles.
“Not determined.

Table 1.6. Burnup Calculated from Fission Product Contents
Found in Analysis of Individual Fissile Particles
from RTE-2-3

Kernel Burnup, 2 FIMA, Calculated from Activity of
Sample Diameter

(UI) 952r l.“" l!7c‘ lltce
1 124 33.3 42.8 42.7 30.1
2 100,118° 26.5 31.7 33.3  23.6
3 125 28.0 32.2 33.6 23.9
s 115 27.1 31.0 33.64 22.2
5 100 29.0 38.3 37.7 26.0
6 135 28.6 35.3 36.5 26.4

Atwo particles in this sample.
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Biso~coated (4Th,U)0: and Siso ThC: (type a) fuel. The fuel in the other
hole has been removed for postirradiation examinationm. Experimental
work described here began on January 27, 1975, and is continuing.

Postirradiation examination of coated particles from the maximum
temperature region of fuel bodv 5 revealed mo uausual microstructural
features, no evidence of migration in either type of xermel, and no
indication of failure or potemntial failure of the coatings. A more
comprehensive description of results for RTE-2 is reported elsevhere.’

The amount of ®’Kr in RTE-2-5 has been estimated by amalogy to
RTE-2-3 with the ORIGEX code. About 0.38 Ci *°Kr per fuel chamnel was
predicted for RTE-2-3. We measured 0.30 Ci **Kr {about 80Z of the cal-
culated amoumt) in the experiment with fuel channel RTE-2-3-2. The flux
at RTE-2-3 was 752 of the flux at RTE-2-3. Also, RTE-2-5 has seven fuel
channels filled with fuel, and it contained more uranius and thoriua than
KTF-2-3. By adjusting the ORIGEN vield of *°Kr for RTE-2-3 by simple
factors, we have cstimated an inveamtory of 2.6 Ci °Kr in RTE-2-5.

The fueled bodyv was placed into a closed svstem as shown in Fig. 1.2.
The element was purged with moist air, continuously at first. After the
daily release rates fell to levels approaching the analvtical limits, the
system was seiled and purged week]v. The filtering umits were added

after the axbient temperature run was finished.

o WG T5- 8380

FUEL RTE-2-5
W
MANORIER MR SAPTLY "'__"'{::‘—_:)‘_)
0z
ARALYZER

ABSOLUTE FILTER wT METER
GAS COLLECTION 046G

Fig. 1.2. Equipment Flowsheet for the Long-Term Fuel Element
Storage Experiment.
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The releases of "SKr in this experiment are showm ia Table 1.7.
Almost amy change resulted in an increased release rate temporarily.
The integrated amounts released, the initial release rates, and the
final release rates are givem in the table. The total release (in the
stabilized release rate region for 150°C) was 184 mCi, or abowt 72 of
the total calculated ianventory. The release rate of 200 to %00 .Ci/dayv
corresponds to less thaa about 0.02X per day.

Table 1.7. Release of *’Kr from RTE-2-5 in Storage

Temperature Exposure Total Release Rate, uCi/day
(°c) (days) at Temperature

(=Ci) Initial Final

25 2 5° n 13.7 9190 9%

100 78 131.1 £530 55

150 110 » 171 302

Tritium release rates are listed in Table 1.8. By analogy to RTE-2-)
and use of the same overall factor (752) as for *°Kr, the total ’H inven-
tory in RTE-2-5 was estimated to be 56 mCi. Approximately 0.27 of the
calculated total ‘H has been released.

Table 1.8. Release of 'H from RTE-2-5 in Storage

T rature Total Release Rate, uCi/day
(°C) at Tewperature
(uct) Initial Final
Asbient 6.6 2.98 o.021*
100 9.0 0.24 0.014°
150 ~90 ~0.2° ~°

aAverage value.

bleing reevaluated.



1.3.1.5 Bead-End Studies with H Capsules - C. L. Fitzgerald

Head-end reprocessing studies constitute a mecessary step in the
evaluation of the various fuel combinations being coasidered for use in
comnercial HTGRs. The "H™ capsules were designed to provide perfcrmance
data on Biso CO:, Bise (2Th,U)0:, and Biso (4Th,U)0; fissile particles
and Biso ThO; fertile particles at several! iemperatures and burnups.

In addition, several fuel sticks about 13 am diax by 50 sm loag
(0.5 by 2 in.) were included for hot cell head-end studies.

These head-end studies were designed to follow the behavior of the
many species of interest throughvut the various stiages of processing.
Parricular emphasis was givea te cmsiderations of fission product gas
release patterns and detersination of the extent ané =anmer of frssion
product transport in the oif-gases Juring the burning operations. The

materials also provided some information on selective leaching.

1.3.1.5.1 Irradiation Histcerv and Description of Fuel. Two irra-

diation test capsules, H-1 and H-2, were designed to previde periormance
data on candidate MTIGR revycle fuels and provide fuel for head-end zo-
processing studies. Complete details of the fabrication and performance
data are reported elsevhere.® The test capsules were irradiated in the
ETR for four r=actor cycles frcom Mav 1971 to May 1972. Capsule R-2 was
removed for part of one cvcle and both were removed for most of ome

cycle such that capsule H-1 was irradiated for 136.4 EFPD and H-2 for
125.9 EFPD total, with 29.3 EFPD in an inverted position., The capsule
had been accidentally inverted for the fourth cvcle. The inverted posi-
tion resnlted in about half the samples operating at significantly higher
temperatures in the firal cvcle. Some severe degradation was experienced.
The samples selected for our studies were the second, third, and fourth
fuel rods in H-2. The fuel rods were made at ORNL by an intrusfion-
bonding technique with 35 wt 7 Poco AXZ graphite filler in 15 V pitch
binder. All three were fabricated to be about 13 sm in diameter by

53 mm long (0.5 by 2.1 in.). Coated particle measurements are given in
Table 1.9.
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Table 1.9. Coated Particle Characteristics

Dissasions,
Peel - beasity, g/em’

hod
Material Keruel uffer Outer PyC
P hic Thich Kerael Beffer Outer PyC
-2-2 oo, 114 53 70 1.991.9%
B-2-3 (21, 0)0; 395 124 iM% 10.18 1-1 1.9
B-2-4 (4TH,0)0: 355 14/ s 10.10 1.1 1.9
All TWO; &40 .5 73.3 10.10 1-10 1.9

Estimated burmups in the fissile particles for rods 8B2-2, -3, -4
vere 31, 11, and 7.51 FIMA, respectively; calculated saximwm center-line
temperatures were 1200, 1350, and 1430°C, respectively. The shipping
containers vere not identified, and some question remains as to which
sample wvas wiich fuel rod. The ideatification of the specimens wvas
inferred by their behavior during the various stages of processing.

The general flousheet was Burn-Leach since all test specimens were
Biso-coated fuel combinations. Emphasis during burning wvas concentrated
on (1) recovery and characterization of volatile and entrained materials
in the off-gases and (2) reduction-oxidation cyclicg intemded to force
tritium release. Fission gas release data (*°Kr) were collected at each
stage of the processing. A simple size sepzaration (e.g., by sieving)
cannot be depended on "0 separate the fertile and fissile fractions since
the oxide fissile kernels may not be reduced to 2 fine powder during the
burning process. Therefore, each sieve fraction wvas tested for selective
dissolurion of the uranium-bearing fissile fraction by use of boillug
concentrated nitric acid before complete dissolution in Thorex reagent
(13 ¥ HKRO;—0.1 A1-0.05 F ). Specific procedures for each operation are
described below.

1.3.1.5.2 Primery Burning. The off-gas system is shown schemati-
cally in Fig. 1.3. 1t consists of a graded filter system, cascade
impactor, water-cooled condenser, moleculsr sieve traps for 4 retention,
instrusentatfon, and an inflatable bag to collect all burner gases for
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Fig. 1.3. Flow Diagram for H-Capsule Hc. (Cell Experiment.

subzequent analysis. To accomplish the oridztion-reduction cycling,

the burning operation was broken dowm into s.x stages:

1. hold at 850°C for 1 hr in Ar-4Z H, befor: burning (100 ca’/min),

2. burn with wall temperature at 750°C in saturated air for the
time required (300 cm’/min),

3. hold at 850°C for 2 hr in saturated air (100 cm’/min),

4. hold at 850°C for 8 hr in saturated air (100 cm’/min),

5. reduction cycle in Ar—42 H; for 6 hr at 850°C (100 cm’/min),

6. oxidation cycle in saturated 0; for 2 hr at 850°C (100 cm’/min).
The presence of hydrogen or water vapor at each stage was to pro-

vide isotopic dilution for ’H. A manifold with molecular sieve traps

for ’H recovery was provided so that these could be changed at each
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stage. Additionally, the inflatable gsas collection bag was changed at
the end cf each stage and sampled for 8 Kr analysis.

After completion of the burring and oxidation-reduction cycling,
the equipment was allowed to cool overnignt and then <.sassemblad. The
cascade impactor, condenser, and all filter holdeis were decontaminated
before disassembly to minimize cruss—contamination. These samples were
bagged out of the faciiity and submitted for amalysis. The 20-:m
sintered metal filter was taken to the analytical laboratory in a
shielded carrier to minimize exposure to operating personnel. The burner
ash was removed from the burner, weighed, and sieved to obtain +40
(420 um) and +50 (297 um) mesh fractions as well as a fines (—50 mesh)
fraction. Each fraction was weighed by the procedures described under

dissolution. The two sieve products are shown in Fig. 1.4.

1-63853

Fig. 1.4. Fractions from H-2-4 Burner Product. (a) +50 mesh
fissile particles, (4Th,U)02. (b) +40 mesh fertile particles, ThO;.
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1.3.1.5.3 Dissolution. The dissolution procedure was designed to
determine if the uranium-containing fissile fraction could be selectively
dissolved from the thoria fertile fraction. The equipment consisted of
a 100-=ml glass dissolver fitted with a side-arm (for purge gas) and
reflux condenser. The dissolver was purged with air at 100 c@’/min; all
gases were collected for *Skr analyses. The leaching time was 2 hr in
each case. This was not long enough for complete recovery of heavy metals
from the burner ash.

Each of the three fractions was first tested for selective disso-
lution of the uranium with boiling 15.7 M H¥0; before two Thorex leaches.
The fertile and fines fractions were lea:hed once and the fissile fraction
twice with nitric acid. The residue and filter paper from each leach
served as feed for the next leach. The final filter paper was analyzed
as residue when the leaching sequence was completed. All liquid and
solid samples were analyzed for heavy wmetals and principal fission
products.

The detailed analysis of the burner wmaterial balances and leaching
results are omitted here, for brevity. Suffice it to say that the two
selective leaches (each 2 hr) with 15.7 M HNO; dissolved about 30% of
the 2?5y in the (4Th,U)0; sample and about 7% of the 2??U. More of the
*35y and 2?3y was dissolved in the other tests with the (2Th,U‘V, and
U0; samples. One concludes that leaching for 4 hr in 15.7 M HNO, is
not selective enough to separate the 225U and 2%y isotopes. A more

dilute acid may be more effective.

1.3.1.5.4 Burner Off-Gas Contaminants and Fission Gas Release. Two

primary purposes of these experiments were to determine °°Kr and ‘H

release patterns, and to characterize the burner off-gas contaminants.
The burning operations (described earlier) were done without interruption
thorugh the 8-hr postburn holding period; the reduction-oxidation opera-
tions were done the following day. A molecular sieve manifold was close-
coupled to the filter assembly to collect the 34 from each operation;

the off-gases for each operation were collected in inflatablc isgs and

es
14

sampled for " % analyses. The cascade impactor s - ¢.'rer holders were

......
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disassembled in a shielded cave located above the hot-cell, and special
precautions were taken to minimize cross-contamination. The filter
holders and impactor were decontaminated between experiments. All
connecting lines were replaced with new tubing before each experiment.

The fission gas releases are shown in Table 1.10. The results show
that recovered tritium values agree within a factor of 3, and *Skr within
a factor of 6. The condition of the samples indicates that the initial
contents may have been nonrzpresentative.

Results from experimcnts H-2-2 (UO;) and H-2-4 [(4Th,U)0:) show that
all the high-temperature operations were required to effect about 992
’H removal, while the additional 2-hr postburn holding period was all
that vas required to accomplish the same effect in H-2-3 [(2Th,U)0:].
This is one area that continues to raise doubts as to the identity of
the samples. The UO; particle was expected to release the 4 easily.
The (2Th,U)0; and (4Th,U)0, samnles were expected to have nonporous
kernels and thus have slow diffusion processes. Perhaps the high sur-
face area with the urania fissile particle may have led to chemisorption
of the tritium.

The bulk of the ®5Kr associated with H-2-2 (=80%) was released
during the burring operation, while only about 50% of the *Skr was
released trom the mixed Th-U kermels. Although the first 2-hr soak
released up to 107 more, the bulk of the residual ®5Kr vas released
during dissolution. This type of behavior is to be expected with oxide
fuels, and similar behavior has been observed in Gerlany.s

All filters and the condenser were scanned directly without pre-
treatment. The amount of each nuclide found on each component was
summed and divided by the total gas volume to give an average concen-
tration in the off-gas stream for the burning operations. These results
are presented in Tables 1.11 and 1.12. The concentrations found in the
off-gases agree between runs within 352 for '°“Ru, and within about 202
for other nuclides. This is excellent agreement. Generally, more than
957 of the contaminants were found upstream from the cascade impactor,
so the bulk of the deposition occurred between about 850 and 500°C.

The two exceptions were 952r and '*“Ce in experiment H-2-4, and we feel



Table 1.10. Fission Gas Releases for Experiments H-2-2, -3, snd -4

$3kr Released, X "H Released, %
H-2-2 H=-2-3 H-2-4 H=2-2 R-2-3 H=2=4
Peorcent of total released
in euch opevation
Pre-burn soak 0.04 0.03 0.83 3.16 7.04 nm
(AT—4X W)
Burn (air) 77.71 49.22 39.82 67.92 64.49 47.28
2-hr soak (air) 1.92 8.%? 1.52 $.34 25.94 3.10
8-hr soak (air) 0. 0.79 0.86 11,66 1.68 7.9
Reduction cycle 0.1% 0.19 0.1 8.18 0.40 8.86
(Ar-4X W3)
Onidation cycle (0;) 0.16 0.09 0.07 1.5 0.09 0.%)
Fines
L=1 (WNOy) 0.20 Not done 0.03 1.36 Not done 0.1%
L-2 (Thorex) 0.17 0.79 1.30 0.82 0,002 1.10
L-3 (Thorex) 0.07 0.06 0,26
Fertile
L-1 (WNOy) .29 0.2} 0.04 0.0} 0.12 0.086
L=2 (Thorex) 6.33 18,32 16.39 0.0} 0.08 0.03
L-3 (Thorex) 0.82 0.22 0.07 0.03 <0,01
Plastle
L=1 (HNO,) 0.1% 11.16 0.10 0,01 0.03 <0,0}
L-2 (RNOy) o.1l 0.17 0.09 0.01 0.08 0.01
L=] (Thorex) 7.08 9.61 18.42 <0,01 0.04 0.06
L-4 (Thorex) 1.48 0.33 0.08 0,01 <0,01}

Total Activity in Speciwens, dis/min

1.36 = 10'' 8,03 « 100" 1,62 x 10''  1.87 x 10° 2.57 x 10° 9.09 x 10°

12
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Table 1.11. Fission Product Concentrations in Burmer Off-Gas in
H-2 Experiwments

Total Concentration, pCi/liter, for each Isotope
Experiment Volume
H-2-2 136 0.73 150.8 121.4 567 9.2
H~2-3 133 0.93 122 98 441 10.7
H-2-4 148 0.7} 190 97.2 454 14.0

Table 1.12. Fissicn Product Distribution in Burner
Off-Gas in H-2 Experiments

Activity Retained, X, for each Isotope

Te 4
Mt -(:Z; e uzt Il‘- llbc. l)?c‘ lbbc.
Expeviment B-2-2
Stainless steel frit <750 99.91 99.41 75.723 74.504 99.133
Bot off-gas line 500 23.732  24.621
lspactor 500 0.059 0.23 0.24 0.375
Bot Ag filter 500 0.044 0.061 0.005 0.005 0.028
Condenser 20 0.011 0.001 0.002 0.0002 0.020
Cold Ag filter Roos 0.036 0.014 0.004 0.004 0.020
Gelman filter Roow 0.012 0.001 0.0001 0.0001 0.05
Cold off-gas line Roow 0. 660 9.301 0.651
Experiment B-2-3
Stainless stee] frit <750 89.21 80.% 54.% 35.22 79.5%
Hot off-gas line 500 10.04 18.89 14.85 14.5% 16.67
Ispactor 500 0.02 0.02 0.14 0.13 0.05
Mot Ag filter 500 0.004 0.001 <0.C01 <0.001 0.008
Condenser 20 0.004 0.001 0.001 0.001 0.007
Cold Ag filter Roos 0.004 0.001 <0.001 <0.001 0.008
Gelman filter Roos 0.006 0.002 <0.001 <0.001 0.010
Cold off-gas lime Roos 0.68 0.12 0.08 0.06 0.69
Experisent N-2-4
Stainless steel frit <750 83.97 3¢.58 97.15 97.13 6489
Hot off-gas line 500 .n 1.06 2.29 2.32 7.58
Ispactor 500 0.2% 0.18 0.49 0.47 0.09
Rot Ag filter 500 0.006 <0.001 0.001 0.001 0.01
Condenser 20 0.005 <0.001 <0.001 <0.00} 0.01
Cold Ag filter Rood 0.007 <0.001 <0.00] <0.001 0.01
Gelmam ffiter Roos 0.01 <0.001 <0.001 <0.001 0.02
Cold off-gas line Rood 8.05(?) 0.19 0.17 0.08 27.44(7)
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that these results are due to cross-contamination of the cold off-gas
line. Relatively larger amounts of contaminants were found in thce aabient
temperature off-gas lines. Ome concludes that either the Gelman absolute
tilter disk was ineffective or the lines were cross-contaminated. The
possibility of external surface . .ntamination of these lines cannot be
eliminated since the cell is contaminated.

The cascade impactor (Fig. 1.5) was a five-stage unit, Model B,
purchased from EnviroChem Systems Inc. It was modified to provide improved
sealing surfaces between stages at our operating temperature (500°C).
Gold foil gaskets were used, and the inner surfaces and collection plates
were gold plated before use in the hot cell. Deposited particulate
matter should have the characteristics shown in Fig. 1.6. As an example,
the trapped diameters range from 7.75 to 1.04 im at an average density
of 5.0 g/cm’ and a flow of 300 cm’/min at 500°C. Typical deposited
particles are shown in Fig. 1.7. The larger spherical particles on
Plate 4 are unidentified; they must be low-density particles. We were
unable to determine whether thev represent trapped aeroscl particles or
were trapped and then grew to this size.

The compositions of principal contaminants ror the three impactor
experiments are shown in Fig. 1.8. For experiments H-2-2 and H-2-3,
the percentages found on the collection plates decreased with decreasing
particle size. 1In experiment H-2-4, the concentrations reached a minimum
on Plate 2 (4.57 um with the conditions stated previously), and then
increased with decreasing particle size. The reason for the difference
is not understood, but the same trend is obvious with all principal
contaminants in this particular experiment. This behavior needs further
investigation since concentration increases on the smaller particle
sizes could affect the type and/or efficiency of off-gas filtration

systems.

1.3.1.6 Studies with RTE-7 — C. L. Fitzgerald, V.C.A. Vaughen,
K. J. Notz, and R. S. Lowrie

Two cowplete experiments were performed with RTE-7 specimens,’

which contained Triso UC; and Triso ThC: in a rod matrix; only two rods



Fig. 1.5.

Cascade Impactor.

Photo OBHH=174

The acile shown {s numbered in inches; total length {n 0.10 m.
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i Fig. 1.7. Scanning Electron
Micrographs of Cascade Impactor

Seaples from Experiment H-2-4.

1000 . Reduced 27Z. (a) Plate 1.

(b) Plate 2. (c) Plate 3. (d) Plate
&. (e) Plate 5.
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vere available. Figure 1.9 shows the burner and aetallic filter assemblv,
and Figs. 1.10 and (.11 are the equipment flowshects used for the tw fucl
sticks.

Kesults of the ;second experiment are presented here. In general,
the first and second experiments agreed, but wvhere thev did not the
second is considered to be the more relfable since It incorporated im-
provements in both equipment and technique designed to miaimize uncon-
trolled hydrolysis, gas losses, etc. This fuel had a thorium-to-uranium
ratio of about 4, vas exposed to a fa<: neutron fluence of about 1.6 -
10*! n/cm’ and a thermal neutron fluence of about 1.2 - 10°! a/cm' . The
burnup (FIMA) was calculated to be 201 for the fissile particles and
0.231 for che fertile particles.

Table 1.13 shows the distribution of varicus nuclidesx between the
off-gas train, the leaches, and the insoluble reaidues for all chree
burnings (primary, secondary-fissile, and secondary-fertile). Obviously,
most of the activity vas associated with the fissile particles. Of these
nuclides, significant quanticties of Ru (252), Cs (6°), Sb (22), and Nb-7r
(0.5C.9%) were found in the off-gas train. Generally, the bulk of thisx
activity in the off-gas train was retained on the sintered metal (ilters
for the fissile fraction, vith significant quantities being deposited
downstream in the cold portion of the line (Table 1.14). For the primary
and secondary-fercile burmiangs, almost all the off-gas activity plated
out on the cold line (Table 1.15). Returning to Table 1.13, for the
primary burn there is more activity found in the residues than {r the
leacher, vhile the reverse is true for both secondiry burnings. ~ shle
1.16 also shows ’’Se exclusively in the primary burniag, trapped oc the
metal fric. This nuclide is an activation product, and the quantit-
found is equivalent to about 3 ppm nastural Se in the fuel vod matri..

Table 1.15 shows ’H:0 and *’Kr releases. The krypton release i«
largely as expected: a small] release during prisary burning, indicamtg
a small fraction of broken particles; a such larger release from the
fissile than from the fertile fraction; and significant release vhen t.
particles were crushed. The tritium relesse deviates from this patters
in several respects: 262 release during primery burning, indicating
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Table 1.13. Fiasion Product

Recoveries and Main Stream Distribution for Second RTE-7 Experiment

“ll‘ ‘t“ l't.u I!ts.’ lilc. ll?c. liic.
Grand total, dpm 1.332 = 10°° 2.129 = 10'* 1.266 = 10%! 4.635 x 10'° 1.983 = 1ot $.9% x» 10"} 3.800 x 10'?
Dl: ribut ion (as
Off-gas traima
Primary burner (.0) <0.01 0.01 <0.01 <0.02 0.02 0.01
Yertile burner 0.02 0.03 0.4} 0.02 0.02 0.02 0.0}
Pissile burmner 0.8 0.42 2%.2) 2.08 6,01 6.06 0.02
TOTAL 0.94 0.47 25.63 2.10 .04 6.09 .04
Leachen
Primary burner 0.0 0.0? 0.02 0.04 0.04 0.04 0.0)
finesdsd
Fertile particle 4.38 6.7) 4.9 &N 1.81 3.5 2.28
ash®
":3. particle 73.92 10.91 26.64 .21 73,29 n.a 87.03
Total .36 n.n 3.62 7.02 75.14 75,44 0.%
Residves
Primary burner 0.3 .27 0.41 0.4 0.4) 0.44 0.22
tinead
Fertile particle 0.16 0.%4 0.3) 0.% 0.13 0.2% 0.04
ash®
n:::e. particle 17.9¢ 20.00 41.78 22.87 18.23 17.79 10.36
TOTAL 18.%1 21.81 a.mn 23.08 18.81 18,48 10.62

*sroken particles.
®includes Al;0) bed.

W
"~



Table 1.14. Plateout and Trapping ot Fission Products in Downstream Off-Cas Equipment for
Second RTE~7 Experiment?®

\\Nh
Total found in of [-gas train, dpm 1.004 =
Percont of grand total 0.47
Distribution within fractions
intyial byre,* uCt/1tver 0.02
33 frikt Wo. 1, 3 -
Wot Ag filter, 2 -
Line leach, 2 100

Cold Ag filter, X
Golusn sbeolute filter, 2

Pertile burn.© uCi/lter 0.16
38 frit Mo, 1, 2 -
58 frie Wo. 2, 2 -
ot Ag filter, 2 0.08
Line leach, 2 .92

Cold Ag filter, 2
Colman absolute filter, 3

”‘ﬂh

2.10

“lr \!Ilu
10° 1,446 ¢ 10°  2,2% - 10'Y 9,708 - 10"
0.9 25,68
0.10 0.4)
100 1.9

No detectably gamma activity
No detectable gamma activity

0.04 1.0

“3.74 5. 10
<0.7% 1.20
0.00 <0.01
<93.4) 93.61

No detectable gamma avtivity
No detectable gasma activity

Pisetle burn! and scak, uCi/ltter .88 1 04
S8 frit No. ), 2 67.65 0.1 54,46
SS frit No. 2, 2 26,00 12.24 15.60
Hot Ap filter, 2 0.0? <0,22 0.%)
Line leach, % 5.4) .19 .9
Cold Ag filter, X Trace of 0.24 MoV gamma activity
Gelman shsolute filter, % Trace of 0.24 MoV gamma activity

.Sou-;nl - not found (vhere dashien are shown).
*Volume = 21.92% Liters

“Volume = 47.04 Liters (with soak).

‘Vo\ulo = 10,0 liters (with noak).

9.2
9.9
4.00
0.0}
1.%

] ‘bc.

1,197 « '

6.04

0.33
1.2

. 7¢

0.47
0.90
0.06
0.0l
9.0)

114
90.91
0.9
<0.0}
0.1

T
1,827 < 10'*  1.em9 ¢ 1"
..00 0,042
1.2 10.5(1)
0.48 -

.94 100

1.4 2.4

1.40 Y
0.0¢ L1
0.01 0.02
90.43 20.91
(1Y} N

(TR "
1,08 1.9)
«0.01 <0.3)
01?2 4.0

D

‘e

9.7)m + 10°
100

0.02

.1
0.9

€t
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Table 1.15. Fission Gas Release to the Burner Off-Gas During
Processing of Second RTE-7 Experiment

H eigp
(dpm) ) (dpw) )
Total 1.746 - 10° 100 1.525 « 10'' 100
Initial burn 26.0 0.129
Fines leach 0.06 £0.010
Fertile fraction (+45)
Grind 0.0~ 0.221
Burn 13.23 3.220"
Svak (z hr) 0.21
Leach 0.0: <0.020b
Total 13.52 3.461
Fissile fraction (480)
Grind 0.01 19.016
Burn 56,37 77.571
Soaks (2 hr) I.24 b
Soak (8 hr) 1.66 b
Leach 0.04 0.125
Total 60.42 96.518

a - - . . . .
Value is known to be low because of a leak in the Cu0® unit, which
occurred.

bSought. not found.

formation by activation (e.g., of Li) since 'H from ternary Vission
should be retained within the Triso coatings; a rcelatively large fraction
from the fertile particles (note, however, that the “*Kr result for the
fertile particles may be low): and the delaved release ol some of the
tritium during prolonged thermai "soak” at temperature. Overall, in-
cluding the thermal soak, 0.12/ of the ‘H appeared in the leaches tor

an overall decontamination factor from burning of 830,
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1.3.2 Vapor Tramspost of Fission Products — E. E. McCombs and
J. H. Shaffer

An experimental program was initiated to examine the vapor transport
of fission products and actinides from the burner of f-gas during the
head-end reprocessing of spent HIGR fuel elemeunts. In this head-end
process, fuel blocks, graphite matrix, and particle coating materials
will be burned vith oxygen, and the residual ash processed by solvent
extraction for the recovery of fissile and fertile materials. 1le gas
effluent from the graphite burner will likely contain prohibitive
quantities of radionuclides and .aust, therefore, be processed to achieve
suitable decontamination for its discharge iato the atmosphere. Expected
contamination consists of known gaseous fission products — xenon, krypton,
tricium, and iodine — and certain other semi-volatile and particulate
fission products and actinides, which may be entrained as aerosols in
the burmer effluent stream. Effective separations processes for these
materials are currently under development. In addition to the anticipated
types of contaminatior, some fission products and actinides may have
sufficient volatility under burner conditions to require means oy prevent
their direct discharge with this process effluent into the atsosphere.
This proposed experimental program will examine the vapnr tran.iport of
elements and compounds selected irom this group at temperatures in the
range from 750 to 1300°C under conditions that will be applicable to
burner technology.

Relevant literature has been examined, and various experimental
techniques have been assessed for measuring very low vapor pressures
[10™" Pa (10”° torr) and below] in the temperature range of interest in
this program. A transpiration method by which burner envirommental con-
ditions can be simultated has been designed and is depicted in Fig. 1.12.

The heating unit is a horizontally meunted resistor tube furnace
internally wound with Pt—407 Rh wire and is designed to operate at tem-
peratures up to 1540°C. Centered in the furnace is a mullite combustion
tube vith an alusine boat containing the material under investigation.
Two Pt vs Pt—107. Rh thermocouples are located within the mullite tube:
one, centered in the tube above the sample, measures the temperature

of the saturated vapor, and the other, above one end of the sample boat,
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determines the longitudinal uniformitv of temperature. Located above

the sample boat and exiting from one end of the mullite tube iz a

Pt—302 Rh condenser tube. Leading into and out of the mullite tube are
valves and tubing that permit the introduction of various atmospheres

as well as reverse flow and bypass operation. Mass flow meters are used
to measure the volumetric flow rate in both upstream and downstream lines.
The concentrations of C0,, CO, and 0; are determined by in-line gas
analvzers.

A compound (usually the oxide) of the element under investigation
will be loaded into the sample boat exposing as much surface area as
possible. During the heatup cycle, the system will be purged by reverse
flow of the desired carrier gas. When the run temperature has been
reached and stabilized, the gas flow will be directed over the specimen
and out the condenser tube for the duration of the experiment, followed
by reverse flow for the cooling cycle.

After each transpiration experiment, the condenser tube will be
removed and the contents analyzed. Since nanogram and submanogram
amounts of condensed vapor species are anticipated, an isotope dilution
technique followed by thermal emission mass assay analvsis was selected
as being the most sensitive. In this method, the element recovered from
the condenser tube, being of normal assay, will be spiked by a knowm
amount of an enhanced isotope of the same element. The quantity of
vaporized element is then a fuaction of the assay of the mixture, and

is calculated thus:

T "s(h: - Ax/s)
7 feip Ax/n ’
where
Hh = weight of element in the condensed vapor,
Hé = weight of element in the spike,
A:,” = assay of isotope X in the mixture,
A:/g = assay of isotope X in the spike,
A = assay of isotope X in the condensed vapor.

x/v
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Initialiy, the volatility of Eu;0; will be measured, with normal europium
(assay: 47.82% '*'Eu, 52.182 '3’Eu) used »s the vapor species and en-
hanced *’Eu (assay: 1.265 '3'Eu, 98.72% '3’Eu) as the spike. Assuming
a spike of 100 ng, the following tadle presents the calculated weights

of europium in the condensed vipor corresponding to various assavs.

Eu in Condensed Vapor, ng ©C.00 0.13 0.3%4 0.5 0.73
131fy in Europium, 2 1.26 1.30 1.40 1.50 1.60

Note: dass assay analyses are accurate to :1Z of the mizor constituent.
The above values attest to the excellent sensitivity amd accuracy
<f the isotope dilution technique. The method has the additional advan-
tage that, after the spike has been added and equilibrated, losses of
euorpium during transfer, drying, etc. have no effect on the final deter-
mination. Except in the investigation of the actinides, radioactive
material will not be encountered when isotope dilution is used.
Unfortunately, this superior analytical technique cannot be used
in the investigation of some of the fission product and actinide elements,
namely: (1) the mononuclides and (2) those whose mass assay cannot be
determined by the very sensitive thermal emission method. Alternative
methods of analysis include neutron activation, radioactive spiking,

atomic absorption, and spark scurce mass spectrometry.

1.3.3 Wkhole-Block Burner Studies — P. A. Haar, 3. W. Snider,
H. Barnert-Wiemer,* and D. C. Watkin

An experimental program demonstrated the physical feasibility of
the whole~block approach tuv burning. These results have been reported
as an appendix to an evaluation study.' The burner employed for the
experimental study used one-sixth of a Fort St. Vrain fuel block, and
is shown sciematically in Fig. 1.13. Two partially hurned segments are
shown with an unburned piece in Fig. 1.14. The abstract of the evaluation
study” is rcpeated below. A suggested layout for a whole-block burner

is shown in Fig. i.15.

*Guest scientist from KFA Julich.
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"an econcmic and techmical comparative studv was made of the
reference method, fluidized-bed burning, and an alternative method,
vhole-block burning, for periorming the primarv burning step in HIGR
fuel reprecessing. For each method, comsiderations were made of the
ancillary equipment for heat removal and the fuel and ash haadling:
crushing wvas also included in the case of fluidized-bed burning. The
scale of primary burning was that of a reprocessing plant handling
the speat fuel from ~50,000-MW(e) HIGR gencrating capacity. Prejimi-
nary designs were prepared for the major equipment components and ‘or
sodules in canyons equipped vith the necessarv remote maintenance
features. Cost estimates were prepared for the equipment items using
a fractional cost factor for multiple modules. The cost of the
building associated with the primary burning step was estimated using
the volume of concrete in the heavily shielded canvons and the area
of the operating corridors adjacent to or above the canvons. The
cost of primsry burning is guesstimated to be about $100 million,
with no significant difference between fluidized-bed and whole-block
burning. The lavout of the various canvons suggests that a modular
head-end plant with add-on capability is more casily obtainable with
the whole-block burner tham with the fluidized-bed burner. The
development of a fluidized-bed burner with a low length/diameter
ratio should be a developmental gcal.

"A report of studies made by Dr. H. Barnert-Wiemer with a one-
sixth whole~block burner fs included as an appendix."”

A theoretical study was made of the so-called "adiabatic” burner,

wherein heat is removed from the system downstream of the burner via a
separate heat exchanger.9 Burmer conditions are controlled by appro-
priate recycle of burner off-gas, utilizing the endothermic reaction,

CO, + C »~ 2C0, and high gas velocities. Figure 1.16 plots the calculated
conditions for a gas exit temperature of 1000°C and presents a schematic
cquipment layout to accomplish adiabatic burning. The abstract of this
study follows:

"Burning of whole fuel blocks (hexagonal prisms about 14 im.
across the flats and 31 in. long) is being investigated as one
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head-end treatmeat for reprocessing ine GCeweral Atomic Companvy
tvpe of HICR fuel. Experimental results with a one-sixth bleck
burner have shown practical Mrning rates and good utilization of
C-. This report describes and presents analyses for a3 whole-block
burner vith recvcle of cooled gas to provide temperature controt
and heat removal. A simplified wodel wvas selected and computer
programs were written to calculate gas compositions and temperatures
throughout the burner. Complete utilizatiom cf 0; or low concen-
trations of 0y in the exit gas depend ou graphiie temperatures that
are sufficiently high to produce €0, which reacts with 0, in the
bulk gas. It does not appear practical to operate under conditions
that promcte both nigh utilization of 0; and low (0 concentracion
in the exit gas. Instead, the bumer conditions should be chosen
to clearly favor moderate concentrations of either 0; cr CO in the
exit gas. Moderate concentrations ot 0; in the exit gas would allow
lover graphite temperatures and would probably give the desired
burning rates for thrce axially aligned blocks. Moderate coacen-
trations of CO in the exit gas would ensure high burmer capacities
hut would result in higher temperatures and more complex burner
control behavior. An experimental burner is recommended to verify
the calrulated results.”
Currencly, experiaental work on the adiabatic comcept is being carried
out uader funding by the Division of Physical Research. This work
focuses on control modes and recycle of off-gas, and is being reported
elsewhere.!®

1.4 SOLVENT EXTRACTION (WORK UNIT 1102) — R. H. Rainey

Three major ac*ivites were conducted under this work unit: con-
sulting with GAC and ACC on their development work, upgrading and
expanding the SEPHIS code, and preparing for ir-cell tests of feed ad-

justment and soivent extraction.

1.4.1 Solvent Extraction Processing — R. H. Rainey

The System Design Description for the HIGR Fuel Reprocessing

Fac:lity for the Solvent Extzaction Proressing System at Idaho was
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critiqued, and the feed adjustment and fulse-column experiments at

General Atomics were revicwed. The SEPHIS-Thorex computer calculations
were used to help evaluate the solvent extraction flowsheets at both of
chese sites. A temtative solvent extraction flousheet for reprocessing

engineering hot cell tests uvas prepared.

1.4.2 Computer Code for Simulating the Acid Thorex Solvent Extraction
System — R. H. Raioey and S. B. Hatson®

The Solvent Extraction Processes Having Interacting Solutes (SEPHIS)

compui2r program, vhich was originally wricten to simulate the Purex
solvent extraction system, is >cing modified to simulate the Acid Thorex
system. The SEPUIS program calculates the concentration of the principal
soluble components (i.e., thorium, uraazium, and aitric acid) in both
phases of each stage of a countercurrent system throughout the transient
from stari-up to steady-state operation. The use of this program can
therefore greatly simplify the desiga of the flowsheet, the design of

the contactor equipment, the determination of operating conditioms,

the safety evaluatioms, etc.

As 2 result of this program, the bzsic SEPHIS-Purex code struciure
and the mathematical wodel were modified so that the computer core
storage vas reduced by about 100K and the calcularional time was reduced.
The prograa was further modified so that vhen convergence times became
long the program accepts a lower quality value for printout so as to
guide future flowsheet trials.''

The SEPHIS program was then modified to calculate the Acid Thorex
flowsheet. Empirical equations were fit to calcuiate the distribution
ccefficients of thorium-uranium-nitric acid system in 302 TBP in a
mamney similar to that used for the SEPHIS-Purex system. In order to
obtain satisfactory fits of this data it was necessary to use 3
Th(NO3)++3T3P complex for the tiwriun extraction instead of the ZTBP
complex usualis reported in the literature. Also in contrast with the

Purex system, vhich uses molal concenti-ations, a better fit was obtained

*Computer Sciences NDivision.
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in the Thorex system when molar comcentrations were used. The computer
code using these empirical equations resulted in a2 goond fit to laboratory
countercurrent “atch extraction data (Table 1.16). Copies of the pre-
limirary SEPH1S-Thorex computer prograa were sent to engineers at GAC at
La Jolla and ACC at Idaho Falls. The program was used at those sites to
evsluate the proposed solvent extraction flowsheets and to calculate the
height equivalent to a theoretical stage of the experimental pulse columns.

The calculations using equations from the fit of the distribution
coefficients failed to converge when the concentralion of salts in the
organic phase approached saturation. A new approach is beiag rried in
which the concentrations of thorium, uranium, and nitric acid in the
organic phase are calculated instead of the distribution coefficient.
This procedure enables including an estizate of the error of the data
in the least squares fitting. So far only the thorium extraction
equations have been d:rived by this systes. An improved statistical
fit of the data to the derived equation was obtained.

Other parameters in the calculation of the Acid Theorex extraction
system that have not bsen completed include TBP concentration and

temperature.

1.4.3 Feed Adjustment and Solvent Fxtraction Development — R. H. Rainey

Hot cell experimints are being piammed in which highly irradiated
fertile fuel particles will be dissolved, adjusted to acid deficient
solvent extractfon feed conditions, and then batch solvent extracted.
The purpose of the experiments will be to determine the path of the
fission products and gather other data to be used to develop chemical
flowsheets. A principal problem in these experiments is the small amount
of fuel available. At the point of maximum concentration in the feed
adjustment, the solution occupies atout 5 ml. Feed adjustment equipment
has been developed and demonstrated in cold tests ard is being installed
in the hot cell.

The adjusted feed solution wiil be used for batch shakeouts. This
equipment and procedure must also be developed, since only smal' amounts

of feed will ne available.

v reanisoy .



Table 1.16. Comparison of Experimental and Calculated Results of Acid Thorex

Solvent Extractjion System

Flowsheet Conditions

Feed: 278 g/liter Th, 17.6 g/liter U, 0.21 M AD, 1 volume.
Scrub 1: H3;0, 0.8 volume at stage 6S.

Scrud 2: S N HNOy, 0.2 volume at 3tiage JS.

Salting acid: 13 & BNO,, 0.5 volume at stage 4E.

Saolvent: 30X TBP-NDD, ? volumes at stage SE.

Heavy Metal Concentrations, g/liver Acid, N
Stage
Aqueous Th Organic Th Aqueous U Organic U Aqueous Organic

"Exptl Calcd Exptl Calcd  Exptl Calcd Exptl Calcd Exptl Calcd Exptl Caled
6s 35.9 86.0 40.2  39.5 0.31 0.32 2.64 2.51 0.42 0.46  0.07 0.08
s 95.7 49.3 0.30 2.57 0.88 0.13
4S 103 90.9 50.4 50.5 0.28 0.28 2.69 2.5% 1.26 1.31 0.19 0.18
s 8s.4 49.8 0.26 2.53 1.81 0.23
2s 9.6 96.9 52.6 51.6 0.28 0.27 2.74 .45 1.60 1.60 0.23 0.19
1S 109 $3.2 0.28 2.5% 1,38 0.16
1E 126 117 $3.8 3.1 0.0 0.29 2.5 2,55 1.03 1.10  0.13 0,13
2E 40.9 33.2 0.01¢ 0.08 1.8% 0.28
3E 11.6 8.2 11.¢ 11.6 0.0001  0.0016  0.002 0.004 2.36 2,65 0.50 0.49
AE 0.50 2.3 2 x 1078 0.0005 4.40 0.72
SE 0.27  0.09 0.:7 0.15 <0.0001 3 x 10°* 0.0005 7 x 10" 1.8% 2.1 0.47 0.60
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1.5 OFF~GAS CLEANUP (WORK UNIT 1103) — A. D. Ryon

Laboratory development under this work unit was directed mainly at
support for the KALC process: solubilities in the C0,-Kr and CO;-Xe
systems, removal of H;0 and I; from liquid CO,, and interactions in the
CO2-H,0-1, system. Other vork included a test of the Iodox process and
paper studies of 22°Rn removal.

Engineering development was involved only with the KALC process, and
included mathematical modeling and analysis and experimental work in two
facilities: the Experimental Engineering Facility, and the ORGDP Pilot
Plant.

1.5.1 Laboratory Development

1.5.1.1 The Systems Xr-CO; and Xe~COz; -- R. D. Ackley and J. H. Shaffer

The Krypton Absorption in Liquid CO; (KALC) process is being
developed for removing ?5Kr from the burner off-gas generated in the
head-end reprocessing of HTGR fuel. To provide data for process design
calculations, the distribution of krypton and of xenon between gaseous
and liquid CO; has been investigated in the laboratory as reported

previously.?»!?

The results were expressed in terms of 3 distri-
bution ratio, Yxllzkr or YX¢IX » which is the ratio of the mole
fraction of krypton or xenon in the gaseous phase to that in the liquid
phase.

Experimentally, these distribution ratios wvere obtained by in situ
gamma counting of *’Kr or !*’Xe in the satvrated vapor and in the liquid
phase, in a vertical cylinder that contained CO; and either ®SKkr-labeled
krypton or '’?Xe-labeled xenom at low concentrations. For each deter-
mination, the cylinder was maintained at constant temperatyre, snd the
Jiquid level was maintained near the midpoint of the cylinder.

During the latter stages of this experimental work, some concern
developed over the possibility that these separation factors as
determined might be biased high because of one or both of the following
postulated situations: (1) a significantly thick condensed film of CO;
on the wall of the cylinder above the liquid level and (2) an appreciasble
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amount of mist in the vapor. In view of this concern, an additional
group of Xe-CO; distribution ratio aeasurements vas performed in vhich

a portion of the vapor phase maintained at a temperature some 10°C higher
than that of the liquid phase vas gamma counted. Any film or mist that
might have been present previously should have been virtually eliminated
by this modification in technique. Xenon, being more soluble than
krypton, provides the more sensitive test.

The results obtained are presented in Table 1.17, which also includes
separation factor values taken from a smoothed curve through the earlier
Xe-CO; results. As may be noted, the two sets of results are in
good agreement, thus indicating rather definitely that the previously
reported Xe-CO; and Kr-CO, separation factor data were not significantly
affected by film and/or mist effects.

Table 1.17. Distribution Ratios for the Xe-CO, System

Temperature, °C  Approach to Separation Factor (Yy /Xy,)
Target
l.iquida Vaporb Temperature Later Resulis Earlier Results

-20.6 -12.5 From below 3.30 3.35
—20.7 -12.9 3.35 3.36
-20.5 -12.6 3.27 3.34
-21.0 -8.9 3.19 3.38
-30.5 -21.1 4.02 4.08
-39.7 -28.1 5.08 5.05
—20.6 -12.9 From above 3.39 3.35
-20.5 -11.3 3.33 3.34

3rhe temperature of principal interest with respect to the
corresponding separation factor value.

b?or the zone used in gamma counting. The vapor adjoining
the liquid was at the 1iquid temperature.
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1.5.1.2 Sorption of Tritiated Water and Elemental lodine from Flowing
Liquid CO; — R. D. Ackley, J. H. Shaffer, and D. C. Watkin

The burner off-gas generated in the head-end reprocessing of HTGR

fuel will contain C0; as the major component and Kr, Xe, Rn, ’H (as H,0),

and I; as low-concentration contaminants. As presently planned, the Rn,
M, and I, are to be removed from the off-gas (while in the gaseous
state) by sclid sorbents. Then, further downstream and following com-
pression and liquefaction of the CO;, the Kr (and possibly the Ye) are
to be removed by using the KALC process. However, should it prove
feasible to *rap H,0 and/or I, from liquid 002, the additional removai
of one or both of these contaminants from the liquid would provide pro-
tectior of the KALC equipment against freeze-up or corrosion and would
also provide supplemental capability for off-gas decontamination.
Accordingly, an investigation to determine "he feasibility of removing
H;0 and 1I; from flowing liquid CO; has begun.

A laboratory system for this investigation has been designed, and
the various components and special equipment that will be needed for
assembly of the system have been ordered. Liquid CO, containing either
’i-labeled H,0 or !’!I-labeled I, will be passed through beds of the
sorbent (s) under test in series. Further downstream, the CO; will be
vaporized, depressurized, and then passed through backup sorbent beds
capable of quantitative removal of any 3 or 11 penetrating the test
beds. Subsequently, the exposed sorbent beds will be analyzed by well
established techniques.

The planned experimental work may be divided into four phases in
chronological order: (1) survey testing of possibl:: sorbents for H,0
removal, (2) the same for I,;, (3) detailed investigation of H,0 removal
by sorbents found most effective (if degree of effectiveness warrants
doing so), and (4) the same for I;. Thus, the feasibility of this
approach to trapping H20 and/or I, from burner off-gas will first be
ascertained. Then, if indications are favorable, the data needed for
optimization of sorbent bed design and operation will subsequently be
acquired.

e o b - S e e e
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1.5.1.3 Removal of 22°Rn from HIGR Fuel Reprocessing and Refabrication
Off-Gas Stresms by Adsorption — R. D. Ackley and W. L. Carter

Off-gas streams from 2%y reprocessing and refabrication operations
will be contaminated with ??*Rn, and, as a consequence, som» effective
means for its removal vill be required. In view of its short half-life
and relatively favorable volatility, a method base’ on adsorptive hoidup
and decay should be feasible for coping wvith this decontamination problem.

As a seans of obtaining further information regarding radon adsorption
behavior, a literature search wvas made, and subsequently a report pre-
senting available theory und data considered relevamt to the removal of
22%2n from of f-gas stresms by adsorption vas issued.’® An experimental
program outline was also prepared.“ but never carried out at ORNL because
AC assumed this responsibility. The proposed experimental arrangement
is shown in Fig. 1.17.

The trcatment of dynamic adsorption theory that was included for
possible use in dat> analysis and adsorber design is based on the as-
sumption of a linear adsorpiion isotherm. This treatment yields an
equation relating decontamination factor wich a holdup coefficient, the
mass of sorbent, the volumetric flow rate of the carrier gas, the number
of theoretical plates, and the decay constant. The holdup coefficient
is, in turn, related to the adsorption coefficient and the sorbent
temperature.

The data that were considered include equilibrium adsorption coef-
ficients for radon on activated carbon (charcoal} and silica ge) in the
presence of air and other gases, and for radon on molecular sieve Type 5A
in the presence of air. Also included were a few dynamic adsorption data
(adsorption coefficients and values for the number of theoretical plates
per foot) for radon on charcoal, with air as the carrier gas. These
various data, which were obtained mainly at or near 25°C, are actually
for 222Rn; however, they should also be applicable to 2?°Rn, provided
the conditions are the same. Based on the available information, the
radon adsorption coefficients decrease in the expected order: charcoal,
moelcular sieve Type 54, and silica gel. Thus, charcoal should be the

most effective of these sorbents for 2?°Rn removal; however, its use for
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this application cannot be recommended until the associated fire and
explosion hazards, particularly those with regard to interaction with
ozone, are resolved.

Sorbent poisoning and particle penetration due to alpha recoil were
briefly treated. Adsorber design was discussed. Existing informatiom
appears adequate for sizing, albeit crudely, the sorbent bed for a 2?°Rn-
charcoal-air [l-ata (0.1 MPa), <10 relative humidity] system, and a

suggested approach for doing this was o-iclined.

1.5.1.4 lodine Removal via lodox Process — B. A. Hannaford

The Iodox process“ for iodine decontamination from air by nitric
acid scrubbing is being developed for LMFBR application. For HTGR
reprocessing, the iodine will be in a predomimantly CO; atmosphere, and
a series of tests was conducted to test the Iodox process in such an
atmosphere.

Tests were rum with a C0;~CH4I mixture and with a CO;-C0-I, mixture
to simulate HTGR off-gas. In both tests, some air was also added to
simulate to 02 and N; contents of HIGR off-gas. A control test was also

run, using air-CH3I. The results, summarized in Table 1.18, show that

Table 1.18. Iodine Removal from Simulated HTGR Off-Gas?

Decontaminstion Factor

Scage of
Appsratus CHyI ‘n Alr ClyI in COz-Afr f2 im COz-ALr-C0
{cox .r0l) (72 air, 91 C03) (72 air, 1 CO, 92% CO3)

Plate 1 6.3 5.9 6.4

2 4.0 3.6 5.5

3 2.7 3.0 &.4

[ 3.0 2.8 5.9

5 2.9 3.3 4.0

6 2.4 2.5 1.6

7 3.1 3.3 6.5
Annn: 3.3 3.4 6.6
Whcle columm 4700 5000 33,000
Condangar 13 10 3
Oversll 6 x 10° s x 10° 1 x 10*

%Cas flow rate, 28 std liter/min; scrub solution, 20 M WNO;.
neflecting poor '’'1 counting ststistics for plate 7.
“Cecmetric seen for ell sevem plates.
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the lodex proccss will work in a predominantly (0: atmosphere comtaining
some CO and 0;, typical of HTICR off-gas.

1.5.1.5 Studies of the C0;~1,-H;0 System — J. T. Bell and L. M. Toth

? .
17518 yere carried out

Spectrophotometric studies of this system
under fundicg by the Division of Paysical Research and ave included here
because of the applicability to ongoing HIGR work. These studies have
indicated that corrosion attack by iodine on stainless steel is greatly

10

enhanced when moisture is present. Distribution coetficients for I,

were determined in the absence of moisture (Table 1.19).

Table 1.19. Distribution Coefficients of I;
Between CO; Liquid and Vapor

Temperature (°C) oz (162)°
29 2.2
25 5.2
19 10.0
is 14.5
10 27.5

5 54.0

0 80.0
-10 135
-20 260
-26 320

a Specific Absorbancet Ov
Defined as: ;= L
Pe

? 7\ specific Absorbance
. wole fraction in liquid
mole fraction in vapor

where

1, absorbance at 520 nm
path length

specific absorbance =

and

o = density CO, ,
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1.5.2 Engineering Develooment — H.W.R. Beaujean,* H. D. Cochram, Jr.,
V. L. Fowler, T. M. Gilliam, R. W. Glass, D. J. Imman, _
D. M. Levins,” J. C. Muliins,¥ A. D. Ryon, F. H. Kilson.> and
W. M. Soods

Reprocessing of HIGR fuel involves burning of the graphite-mztrix

clements to release the fuel for recovery. The resulting off-gas is
primarily C0;, with residual amounts of N,, 0,, and CO, together with
fission products. Trace quantities of *3Kr must be recovered in a con-
centrated form from the gis stream, but processes commonly employed for
rare gas removal and concentration are not suitable for use with off-gas
from graphite burning. The KALC process employs liquid CO; as a volatile
solvent for the krypton and is, therefore, uniquely suited to the task.
Engineering development of the KALC process’?
using facilities at both the Oak Ridge National Laboratory (ORNL) and the

Oak Ridge Gaseous Diffusion Plant (ORGDP). The ORNL system®? is designed

is currently under way

for close study of the individual separation operations invclved in the

KALC process, while the ORGDP system : -

--ides a complete pilot facility
for demonstrating combined operations on a somewhat larger scale. Packed
column performance and process control procedures have been of prime
importance in the initial studies.

Computer programs have been prepared to analyze arnd model operational
performance of the KALC studies, and special sampling and in-line moni~

toring systems have been developed for use in the experimental facilities.

1.5.2.1 Process Analysis

The monitoring, sampling, and analysis of various process streams??
is extremely important in the quantification of KALC experimental
operations. In the ORNL system ®SKr concentrations in the most important

gas streams are monitored continuously with beta-sensitive radiation

*Guest scientist from West Cermany.
TGuest scientist from Australia.
FResearch participant from Clemson University.

8Student from Georgia Institute of Technology.
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detectors using a CaF: (Eu) scintillation disc. These detectors (see

Fig. 1.18) were designed specificallly for use with corrosive fluids at
high pressures. In addition, representarive samples of gas and liquid
are wvithdrawm from 14 process streams via a semiautomatic sampling system:
these samples are then :‘mnalvzed for ®SKr with a beta detector and for
other constituents by mass spectrometry.

The in-line monitors have operated satisfactorily for several amonths
without requiring maintenance. They perform four main functions:

1. They furnish a permanent record of the radiocactivity in the
main process streams throughout an experiment.

2. They monitor the approach of the system to steady-state con-
ditions. Before samples are withdrawn for analysis, it is essential to
establish that ?3Kr concentrations are, within acceptable limits, not
varving with time. A porticularly good indicator of overall plant per-
formance is the *SKr of{-gas concentration, which is very sensitive to
changes in the liquid-to-vapor ratio in the absorber column or to peri-
odic fluctuations due to cycling of the refrigeration systems.

3. They provide a first estimate of the decontamination and con-
centration factors at any given time.

4. They enable transient effects resulting from changes in operating
conditions to be investigated.

Another important analysis aspect in the development of the KALC
process and one to which considerable attention has been given is the
computer modeling of operational and equilibrium processes of concern.

In 1973, whatley22 correlated Jd72%a available into a model of the KALC
system. This model described the multicomponent system adequately

tc provide a hasis to assess the feasibility of ti.e process. More
recently, an empirical equilibrium model for the CO>~92-Kr-Xe system21
has been developed to provide rapid but accurate information for data
aralysis and experimental planning. Figrre 1.19 presents some of the
more important results of this empirical model. At the present time an
advanced equilibrium stage model?* is in use for multicomponent, multi-
coiumn calculations. This program represents thermodynamic properties

of the C0;-02-N;~CO-Kr-Xe system accurately over the entire temperature,
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pressure, and concentration range of interest. Matrix algebra techniques

are used to sclve selec.ed equilibrium stage configuratioms.

1.5.2.2 Experimental Engineering Facility

The ORML experimental KALC system 1s described completely elsewherc,?®
Lut a simple equipment flowsheet is presented as Fig. 1.20. The system
consists of twe packed columms for gas-liquid contacting and associated
support items, including gas comoressors, solvent pumps, condensers,
heaters, and complete sampling and monitoring capabilities. Process
cooling is achieved by means of two conventional evapcrative refrigeration

uniis.
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Preliminary operation cf the system bei2n iu March 1974, and since
that time two experimental KALC campaigns have been compl~-ted. The first
campaign was preliminary and was compleced in October 1974. A primary
goal for that campaign in addition to shakedowm was to obtain column
packing fluid dynamics. The flooding curve resulting from these and
subsequent studies is presented as Fig. 1.21. The packing material used
iu these experiments is of the woven wire »»sh camnister type.*®
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*Goodloe packing; Packed Column Company; a division of Metex Corp.,
Edison, New Jersey.
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The second KALC campaign’® in the ORNL system primarily concerned
the mass transfer (absorption) of krypton into the liquid CO; phase.
Some 30 experiments were conducted at 1.72 to 2.83 MPa gage (250410 psig)
and —28° to —11°C. For column krypton decontamination factors of 100
to 10,000 a theoretical transfer unit height of about 0.12 m (0.4 ft)
was observed [see Fig. 1.22(a)]. Absorber colusn krypton decontamination
factor as a function of the combined ratio of absorber liquid-to-vapor
rates (1/V) and process krypton separation factor (X) is shown in Fig.
1.22(b).

1.5.2.3 Experiments in the ORGDP Pilot Plant

The KALC system was tested in the ORGDP Pilot Plant’® in May and
June 1974 and in a four-montlk campaign started in May 1975. The firsc
calpaign27 served mainly as a shzkedown of the ezuipment and the deter-
mination of flooding rate of a packed columa. The primary objective of
the second campaign was to demonstrate simultanecus decontamination of
a gas stream consisting of C0,-0, with respect to ®SKr and concentration
of the "*Kr in the waste stream.

The results of the first campafign showed that generally satisfactory
performance of the equipment wac attained at the end of the campaign
except for difficulty with the gas compressor and the refrigeration units.
The shakedown tests also shcwed that additrional instrumentation would be
required to improve flow control and flexibility of operation. ELquipment
for recycle of superheated refrigerant would provide better control of
heat exchangers amnd condensers. Flooding test data for the fractiorator
agreed very well with data obtained on the same diameter column in the
ORNL facility (see Sect. 1.5.2.2), but the capacity was only about 502
of that predicted by the packing manufacturer.

The results of the second campaign through June 1975 show that
operation is significantly improved with new instrumentation. However,
failure of refrigeration units has caused interrupted operation. The
system contrsl modes were adjusted to veduce flow oscillations, and runs
vere made with tracer °°kr. Preliminary results show that decontamination
factors greater than 200 were obtained in the absorber. pPata obtained
during the four-month campaign will be reported later.
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1.6 PRODUCT PREPARATION (WORK UNIT 1104)

This work unit deals with the conversion of recovered uranyl njitrate
to a form suitable for shipping. Although no development activity was
scheduled, calculations and paper studies related to radjoactivity con-
trol (by sparging to remove 2°Rn and by fon exchange to remove 233y

decay products) were carried out.

1.6.1 Radjoactivity Control — W. L. Carter

Handling U0;(NOC,). product during shipping and resin loading cpera-
tions can be troublesome because of radiation from 23U decay products.
A typical HTGR fuel after six years irradiation may contain about 350 ppm
232y (tozal U basis), and, even theugh solvent extraction gives rather
high decontamination factors for 2°?U' decay products, the acrivity soon
rebuilds to levels that require remote handling of the solutions. Studies
were made to assess the benefits of treating product solutions by
sparging to remove 220gn or ion exchange to remove decay products, in
particvular 2“®Th. Both these treatments reduce the activity of the <°%C
decay chain, as the curves of Figs. 1.23 and 1.24 show. (The ordinates
of these figures are normalized to a metric ton of heavy metai charged
to the reactor. The activity is for the 23U decay products that have
significant gamma emissions.) In the case of sparging (Fig. 1.23),
activity decrease, as shown by the bottom euvelope curve, is controlled
by the 10.58~hr half-life of *“Pb, but the buildup of activity to the
value that would have obtained without sparging (curve A) is quite rapid.
This occurs because the ‘°’Rn parents, 22%Ra and 22°Th. continue to
increase in the solution during sparging and very quickly replenish the
short-lived >?°Rn when the inert-gas flow is stopped. The dwell-time of
a sparged 2?300; (NO;), solution at its lowest activity is only a few
hours, making sparging a somewhat impractical way of decontamination.

Figure 1.24 shows that ion exchange, which removes 2’°Th. is a
considerably more effective treatment. A demonstrated treatment is
shown by curve A, which depicts a period of minimum activity at two to
three days after ion exchange. During this period the product could be
handled with minimal shielding. Curve B is included to show the ideal
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case where 1007 decontamination is achieved, and curve C shows the normal
activity-versus-time relationship of 2”003 (NOy) . solution that has not
been treated by ion exchange.

The study vas extended to determine the benefit of an ion exchange
treatment for lowering radiolysis due to 232U in 23%U0,(M0,;), solutionms
during shipment. Ounly a nominal benefit of about 72 is achieved (Fig.
1.25). Solvent extraction rather completely removed 232y decay products,
so that the dose received by the solutiom is initially about 942 from
232y, hence an ion exchange treatment to rimove the few remairing decay
products causes little reduction in the dose. These calculations did

2”0; activity from the much larger amount of 233y could make

not include
this isctope a more significant contributor to the overall dose.

These studies point out the importance of close-coupling am ion
exchange cleanup step with fuel refabrication. Uranyl nitrate solution
can be loaded on resim during the first four to iive days after iom
exchange to take advantage of the 13- to 20-fold lowering of gamma ac-
tivity and a corresponding reduction in 22%n release during carbonization

and conversion.
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1.7 WASTE PROCESSING AND ISOLATION (WORK UNIT 1105) — K. H. Lin

Haste strea=s of various forms are produced at different process
steps in fuel reprocessing. The major sources of these wastes may be
grouped into four areas — head-end processing, solvent extraction, off-
gas ciecanup, and wiscellaneous sources. The overall objectives of the
studies pertaining to waste processing and isolation are (1) to define
radicactive vaste streams from an HIGR fuel reprocessing plant, (2) to
identify requirements for isolation and disposal of individual waste
stre.ms, (3) to evaluate various potential techniques for processing and
isolation, and (4) to carry out development work on processing techniques
for selected waste streams to acquire design data for a waste processing

facilicy.

1.7.1 1dentification and Chzracterization of Waste Streams — K. H. Lin

Various key process steps in HIGR fuel reprocessing have been re-
viewed in detail to identify important waste streams that require further

processing before disposal or long-term storage.z'

Essentially all the
waste streams resulting from head-end processing are in solid fomms,
while those discharged from the solvent extraction syster are practically
all liquids. Solid, liquid, and gaseous wastes are produced in the off-
gas cleanup operation.

Most of the waste streams are unique to HTGR fuel reprocessing,
although those from the solvent extraction system and irom the plant
facilities are not very much different from wastes discharged from an
LWR fuel reprocessing plant. The liquid high-level waste, however. ‘s
somewhat different from the corresponding waste in LWR fuel reprocessing
in that it contains fluorides that were introduced to fac.litate disso-
lution of thoria. Thus, an additional processing step would be required
to convert fluorides intc a stable form before solidification of the
wastes at high temperatures.

Solia waste strexsms from the head-end system are unique to HTGR fuel
reprocessing. This is especially true of waste fissile particles (from

25W fuel elements), SiC hulls, and clinkers. Selection of specific
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processing methods (e.g., whether to separate actinides from fission
products or not) for these wastes will be governed largely by future
Federal regulations and other noneconomic features. Also unique is the
l"(:-com:ainiug waste stream, which may have to be converted iato a form
acceptable for isolation.

Table 1.20 summarizes pertinent characteristics of waste streams
from an HIGR fuel reprocessing plant in regard to their sources, forms,
and approximate quantities. Also shown are radionuclides that nay be
present in detectable quantities in individual waste streams and estimated
amounts of radionuclides. The result of the study presented in the table
is based on the followirng assumptions:

1. The fuel cycle has reached steady-state condition (*8-10 years
after the start).

2. Three different types of spent commercial fuel elements (25K,
23R, and 25W; see Table 1.21 for definition) are reprocessed.

3. The fuel contains Triso-coated fissile particles and Biso-coated
fertile particles (Table 1.21).
Assumptions regarding the rate of fuel reprocessing and heavy metal (U and
Th) contents of the initial and spent fuel elements are also summarized
in Tabie 1.21.

1.7.2 Overall Process £valuation — K. H. Lin

This phase of the HIGR waste studies is concerned with critical
review and evaluation of available information related to processing and
isolation of waste streams from the HTGR fuel reprocessing plant. Waste
streams that require further processing before disposal or long-term
storage, as identified in the study described in Sect. 1.7.1, are
emphasized.

Evaluations are in progress of various alternatives for interim and
final processing of different waste streams as shown in Fig. 1.26.
Pertinent development work in progress and available technical data are
being evaluated in the light of the requirements imposed by the current’
Federal regulations. We are also considering the proposed rule-making

by ERDA and NRC, experiences of LWR fuel reprocessing plants, and other



Table 1.20.

Plant [Basis:

Sources and Estimated Flow Ratns of Waste Streams from HTGR Fuel Reprocessing
20,000 Fuel Elemente/Year; 58% 25R, 39% 23R, 3% 25W]

Eatimated Quantities Per Yeur

Stream Source {Subsystem) vaste Form
Masses and Volumes Probable Key Radionuclidus
Read-End Processing System
W-1 Primary and secondary Semi-volatile 110 kg, 10 MCi; Fission products (e.g., 2r, Nb, Ru,
burners nuclides, parti- particulates Sb, Cs, Ce, etc.), actinides
culates incl. in H-3
n-2 Primary and eecondary Clinkers 06 wr* Fisaion proaducts, actinides
burners
-3 Crushers, hoppers, Particulatas 12 M7 FPission products, actinides
classifier
-4 Tiasile particle Fisaile particles 4 NT Actinides (U = 1,3 MT; 170 Ci);
canning station (from 25W blocks) fission products (1 MT; 62 MCi)
H-s Particle dissolver, Si1C hulls, insol. 20 MT Actinides (5 kg, 4300 Ci); fission
contrifuge reaidues (incl. products (~1 MT; 70 MCi) (esp.
noble matals) nobla metals)
Solvent Extraction System
s-1 Feed preparation Stream stripper 4200 »? b 1, Ru
overhead (1,100,000 gal)
S-6 Uranium salvage Evaporator conden- (solid content 1, Ru
sate 80,51 wt)
8$=7 Fivat and second cycle Carbonate wash 2r, Nb, Ru, Rh, !
sxtraction solution
8$-2 Feed preparation Inmol. residue 1-3 MT 2r, Nb
§-3 Pirat and second cycle High-level liquid 760 w! b Fission products (15 MT, 1400 MCi);
sxtraction vaete (200,000 gal) actinides (2 MT, 95 MCi)
S=4 Firet and second cycle Thorium nitrate 190 o? ‘th (166 MT, 60 kCi) actinides; Zr,
extraction solution (30,000 ga1)® Nb, Ru, Rh (total P.P, ~2 MCi)
S-5 Firat and second cycle Kerosene scrubd 21 o? Fiasion products, actinides
extract ion (5500 gal)
s-8 Solvent cleanup Crud -1 MT Fiasion products (~2 kg. ~130 Ci),

actinides (~170 kg, ~93 kCi)
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Table 1.20.

(Continued)

Estimated Quantities Per Year

Atresa Source (Subaystem) Waste Form
Massea and Volumes Probable Key Radionuclides
Off-Gas Cleanup Systes
0-1 NOy decomposition, Spent catalysts 4w Fisaion products (esp., semi-
catalytic oxidation (140 £2?) volatile)
0-2 lodine removal Spent zeolite Pb ze0lite = 34 m' lodine isotopes (60 Ci, 33 kg)
(1200 f¢?)
Ag seolite =
4.2 m' (1% fe))
0-3 Radon removal Spent moleculsr 12 8 Rn decay products, traces of 1 and
aleve (440 £2%) Hto
0-4 Tritiue rewoval Spent molecular 4.2 0 HTO
steve (130 fe?)
0-3 Tritius removal Tritiated vater 14 »? HTO (*H = 277,000 C1)
(3700 gal)
0-6 Krypton removal Kt product stresm Kr: «60 kg ixe (11 MC1)
0-7 Krypton removal CO; gae 6680 NT 1% (~1 kg '“C03), tracee of *’kr
Hiscellaneous
w1 WIGR Reflector blocks 160 o? '%¢, neutron-activation products
(3600 fe?)
350 MT
-2 Facilities Decontauination 44 x 10 o? Varisble
r2atlon (1-2 x 10° gal)
M3 Facilities 7.gs, spent fil- 2100 ! Variable

tere, fatled
equipwant and
tools, etc.

(74,000 fc?)

®Aseume ¥5X of the fuel material formed clinkess.
b“uconcontrctod eolutions.

MT meane metric ton,
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Table 1.21. Estimated Procesaing Rate and Characteristics of Individual Types of
Fuel Elements?

. - ——— - & — ——— —a——— e e w e e 4 M W e e W W e e e W — e S it 3 S ..

Average Contents of Heavy Mctals (kg/Fuel E!ement)

Processing m— T e e o e
Fuel Rate Heavy Initial Fuel Spent Fuel
Types (Fuel Flements Metal€ TTmT s e e e
Per Year) Fiasile Fertile Fisslle Fertile
Particle Particle Particle Particle
IM=-25R 11,600 U 0.706 0 0.216 0.222
Th 0 8.550 0 7.926
23R 7,800 U 0.742 0 0.226 0,222
Th 0 8.830 0 7.926
25R-25W 600 u 3.250 0 2.24 0.19
Th 0 7.000 0 5.60

9Based on a HTGR fuel reprocessing plant of 20,700 fuel elements per year,

bAll fuel types contain Biso=-coated ({nner porous carbon and outer dense carbon)

fertile particles and Triso-coated (porous carbon, dense carbon, §iC, and dense carbon)
fissile particles., Fertile particles contain thorium, while fissile particles contain
uranium of varying isotopic compositions dependln§ upon the fuel type as follows:

IM: contains virgin uranium of ~93% U, inictially charged to HTGR

25R: contains recycle uranium of ~307 ‘**U (refabricated from burned IM)

23R: contains recycle 2%y

25W: contains uranium of ~4—5% 235U (burned 25R)

"Uranium is present as 1'C;, and thorium as ThO,.

dAdapted from General Atomic Co., Conoeplucl Deetgn Summary and Deeign Qualifi-
aetions Jor HIGR Taract Reoyole Plamt, GA=A-13365, Vols, 1 and 11 (March 1975),

0L
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factors that might influence the rszquirements in the future. The esti-
mated radiochemical compositions and flow rates of individual waste
streams are used as part of the criteria in determining which of the
available process alternatives should be employed.

Evaluation of waste processing alternatives has identified waste
streams that require hot cell development programs to supply design data.
The tentative scope of the recommended hot cell development work for
these waste streams is outlined in Table 1.22. In addition to these
waste streams, cold engineering development is required for “coz
fixation, as described in Sect. 1.7.3.

1.7.3 Fixation and Disposal of "CDzVHaste Streams — A. G. Croff

A scoping study has been conducted to determine the best method for
the fixation of '“C-contaminated CO; as CaC0;, and to evaluate the
various options available for disposing of the CaC0; thus produced. The
fixation and disposal options were evaluated on the basis of technical
merit, economics, and regulatory acceptability.

The two CO; fixation processes considered were:

1. a direct process, wherein the CO; reacts directly with a slaked
1ime {Ca(OH);] slurry to form a CaCO; slurry; and
2. a double alkali process, wherein th. CO; reacts with an NaOH solution
to form Na,C0;; the Na200; subsequentlv reacts with a slaked lime
slurry to nroduce the CaCOj; product and regenerate the LauH solution.
The direct CD; fixation process appears to bc superior to the doubie
alkali process because of reduced complexity, reduced corrosiveness of
the chemical reagents involved, and reduced cost. The two processes
were judged to be equivalent with respect to the amount of solids
handling required. The double alkali process has an advantage with
respect to design data availability, cince the NaOH-CO,-H:0 system has
been well characterized.
The CaC0; disposal options considered were as follows:
1. shallow land burial of
(a) unpackaged, unconcreted CaCO;,

(b) packaged, unconcreted CaCO;,



Table 1.22.

HTGR Fuel Reproceseing Waste Streams that Require
Hot-Cell Development Work

Waste Streams

Scope of Development Work

Characteristica

Process Altornatlvol'

Semi-volatile and entrained
radionucl ides

$1C Mlls

Retired finaile particles

Clinkera
Kigh=level liquid waates

Krypton product

Reflector blocks

Decontamination solution from
head-ond aystem

Criteria for replacemsnt of cold

traps and filters.
Types, chemical and physical forwma,

and relative amounts uf radionuclides.
Loading on filters and cold traps at

the time of replacement.

Types, chemical forms and conceatra-
tions of radionuclides, sepeciaslly
U concentration,

Leachabilicy of radionuclides.

Radiocinemical composition of fuel
ketnela.
Chavacteriatics :-f $4C hulls as above.

Chemnical and radiochewmical composition.

Chemical and radiochemical compositlon,
especially of (luorides.

Chemical and radiochemicr]l composition,
especially *¥r, €Oy, and other
impurities,

Typss, forwma, and concenteations of
vadionucliides

Ch atcal and radiochemical cumposition.

Muchanical volume rtductton.b

Separation of radivnuclides from vemoval
agents by chwmical meann,

Finetion and disponal as RLW.

Chemical separation of radionuclides, and
recovary of uranium, {f justified.

Fixation and disposal as l¥W.

Recovery af U and other uswful actinides,
and disposal of the residue as HLVW,

Same as above,

Convernion of fluorides tv nunvolatile
compounds befurs high-temperature
solidification proceasn.

Storage in cempressed gas cylinders;
effect of vadiolyats of CO;, otc., hy
gy,

Fixation in sclids.

Fination and dispoaal am NLW,

Remnval and fixation of redionuclides
after burning.

Concentrate and cimbine with liquid
high=level wastsa,©

Recovery nf U and other uselul actintdes,
and Jispnaal of the reaidur as WLV, *

A = high-level wast~.

.Procosoln| of removal agents (w.g., cold surfaces and filters) contamtinated with radionuclides.
“Requires a minimum modificacion of the eninting techniques,

t!
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(c) unpackaged, concreted CaC0;,
(d) packaged, concreted CaCO,;
2. hydraulic fracturing (wmixing a TaC0:; slurry vith cement and injecting
it into deep geological scrata);
3. deep sea disposal (concretion and dumping in the deep sea):
4. partial block burning;
5. emplacement in a geologic repository for material contaminated with
alpha emitters.
Shallov land burial of the CaC0O; appears to be the best disposal option
avaiiable. The burial of vmpackaged, unconcreted CaCO; [Option 1(a);j
will probably not be acceptable. The future acceptability of burying
packaged, unconcreted CaCO; [Option 1(b)] or unpackaged, concretec¢ CaC0;
{Option 1(c)] is not clear at the present time. The burial of packaged,
concreted CaC0Oy [Option 1(d’] will probably be acceptable in the future.
Thus, the potentially acceptable shallow land burial options, in
decreasing order of economic preference, are:
Burial of packaged, unconcreted CaCO; ($18.47/kg heavy metal)
Burial of unpackaged, concreted CaC0; ($29.11/kg heavy metal)
Burial of packaged, concreted CaC0; (555.54/kg heavy metal)
($43.33/kg heavy metal when concreted at burial site; $55.54 kg/heavy
metal when concreted at reprocessing plant.)

The disposal of CaCO; by hydraulic fracturing does not appear to be
attractive based on a combination of economic ($36.768/kg heavy metal),
regulatory, and technical grounds. Dumping of the CaCO; in thke deep sea
does not appear to be attractive on both economic ($56.43/kg heavy metal)
and regulatory acceptance grounds. Partial block burning is unattractive
because the maximum volume reduction is only about 507 and the fission
products sorbed on the unreprocessed blocks elevate the waste from low
level to at least intermediate. The geologic repository burial of the
CaCO3 is economically unattractive ($281.39/kg heavy metal) and
technically unjustifiable in view of the reiatively low toxicity of Pec.

The feasibility of placing the CO; fixation system before the
krypton removal system to reduce or eliminate the gas volume that the

krypton removal system must handle was also investigated. The process
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complexity and increased cost resulting from this change indizate that

putting the CO; fixation process after ihe krypton removal process would

be more advantageous.
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2. REPROCESSIXG PROTOTYPE FACILITY (SUBTASK 120)
J. W. Saider

2.1 INTRODUCTION

A Reprocessing Prototype Facility to be fabricated by the Allied
Chemical Company (ACC) at Idaho Falls, Idaho, vas plarmed to demonstrate
hot HIGR head-end reprocessing. Because of cost considerations and uncer-
tainties in HTGR sales, this facility has been dropped from ERDA plan-
ning. However, during this report period ORML was assigned the task of
designing a liquid carrier for transport of the ?*3U0;(N03): product from
this facility to ORNL and for preparation of the system design descrip-
tion (SDD), for the off-gas cleanup systess.

2.2 GENERAL PLANT REQUIREMENTS (WORK UNIT 1200)

Space and service requirements for che off-gas cleanup system (see
Sect 2.5) for the HIGR Prototype Fuel Processing Facility wvas estimated
for ACC. The amount of shielded space (concrete thickness to be deter-
mined) and the amount of contained space required for a 0.24 std n’/sec
(500 scfm) off-gas system are susmarized on Table 2.1.

2.3 HEAD-END PROCESSING (WORK UNIT 1201)

The activity of this work unit consisted of participation in review
meecings with ACC, General Atomic Company (GAC), and R. M. Parsons
personnel. The major technical issue considered has been the interaction
between the burners and the KALC process. This study resulted in the
substitution of CO2 for air in two applications: the mixture with oxygen
and the purge of the crusher, hoppers, etc., which may release small
quantities of krypton.

2.4 SOLVENT EXTRACTION PROCESSING (WORK UNIT 1202)
This work is reported under Sect. 1.4 (Work Unit 1102).
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Table 2.1. Estimated Space Requirements for
the Off-Gas Cleanup System
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2.5 OFF-CAS CLEANUP (WORK UNIT 1203) — W. L. Carter, R. W. Glass,
K. H. Lin, and J. W. Sanider

The Off-Gas Cleanup System (0GCS) is being considered for the
removal of the radioactive and volatile constituents from head-end oper-
ations for gaseous release to the environment. Specifically, separate
processes are planned for the removal and separation of iodine, tritium,
radon, and krypton. Solid absorbers (molecular sieves and zeolites)
are being considered for the removal of iodine, tritium, and radon, and
the KALC process is being considered for removal of the krypton.

The role of ORNL under a cooperative program with ACC was to provide
technical assistance to ACC in the design of the OGCS for the HIGR Fuel
Reprocessing Facility (HTGR-FRF) to be located in Idaho Falls. During
the past year, the primary effort had been directed toward preparation
of the system design description (SDD 1.3) for the 0GCS, as depicted
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fa Fig. 2.1. The various gas streams that make up the wet head-end and
dry head-end streams are shown in Fig. 2.2.

The SDD has been vritten to assure that the 0GCS satisfies the
folloving function and design requirements:

1. to demonstrate the capability of removing rasdiocactive iodine, tritium,

krypton, and radon from the heai-end off-gas streams to predetermined
levels (minisum decontacination factors: 10’ for iodime and 10? for
tritiwe, krypton, and radom);

2. to process the off-gas streams at rates ramging from O to 0.24 std
w’/sec (500 scfa), corresponding to a maximum of 36 fuel elements
per day through the head-end system;

3. to isolate radicactive wastes from various removal systems, either
as conceantrated contaminants or as integral parts of spent removal
agents for loading into individual approved containers for final
disposal.

As shown in Fig. 2.1, the OGCS shajl be designed to accomplish the
following major functiomns:

1. Catalytically decompose noz in the off-gas from the particle
dissolver into anitrogen and water vapor.

2. Provide a constant-subatmospheric-pressure vessel tc accumulate
and mix off-gas streams from varicus sources in the head-end system and
a2 prime mover to tTansport the off-gas to other OCCS process steps.

3. Catalytically oxidize CO to COz and tritium to tritiated water
vapor, and if required convert excess 0: to COz.

4. Remove iodine by adsorption on exchangeable-metal zeolites.

5. Remove radon by delay techniques using molecular seives.

6. Remove tritium by adsorption on molecular sieves.

7. Remove krypton by use of liquid CO2 as solvent (KALC process)
in three steps — namely, adsorption, fractionation, and stripping —
followed by concentration.

8. Separate and isolate radioactive wastes from individual remcval
subsystems, and prepare them for storage and/or disposal., The wastes
will be either concentrated radfoactive contaminants (e.g., tritiated
water in concrete, and krypton) or spent adsorbents containing contami-
nants (e.g., zeolites with iodine, and molecular sieves either with radon

P e
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and its decay products or with tritiated wvater).

9. Provide the required refrigeratiom for the KALC process.

Five modes of KALC operation were comsidered. They were as follows:

1. Normal Operatimg Mode. In this wode 0.19 std m’/sec (500 scfm)
of off-gas is being fe? into the KALC process. This stream combines vith
0.033 std m’/sec (70 scfa) of fractiomatios recycle for a combined feed
of 0.22 std m’/sec (470 scfm) to the absorber. The absorber vemts
0.080 std n'/sec (170 scfa) into the ventilator exhaust system, and
0.11 std a’/sec (230 scfm) of stripper C0: is either recycled to the
head—end systems or discharged into the vemtilation exhaust system. The
stripper releases less tham 0.5 std m’/sec (1 scfm) of product for krypton
concentration amd bottling.

2. Reduced Feed Operatior. Mode. This mode of operatiom is
encountered during periods im which some head-end processes are nmot oper-
ating. The absorber feed is held at 0.22 std m'/sec (470 scfm) by recy-
cling sufficient stripper CO; or absorber off-gas.

3. HMaximum Feed Rate Mode. A 251 increase over normal flow from
head-end for a 30-min period was considered. By increasing the feed gas
rate to the KALC process by 102 while accumulating the remainder in a
surge vesse! this condition can be zdequately handled.

&. Total Recvcle Operating Mode. When mo feed is being introduced
to the KALC process the subsystem vill operate on total recycle at a rate
equivalent to the normal rare.

5. Righ and Low Light Cas Concentration Operating Modes. During
periods in which nign concentrations of light gases are entering from
head-end the surge vessel will increase in pressure, and stripper CO; is
recycled to limit the light gas concentration entering the absorber.
During periods in which low concenrrations of light gases are entering
from head-end the surge vessel will decrease in pressure, and absorber
of f-gas is recycled to maintain light gas concentration entering the
absorber.

We conceptuslly designed an automatic control mode that uses pressure
and light gas composition in the surge vessel for biasing the control
valves for automatfc control. Thus the KALC process can automatically
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switch to the various operating modes and accommodate flows froe zero to
the maximm design vhile accommodating various light gas compositions.
1hus, the KALC process will rot be required to handle the maximum instan-
taneocs flow and composition perturbations from head-end, as these will
be dimpened by the use of a surge vessel.

The pertioent colummn data are shown on Table 2.2, and a preliminmary
layout for space allocation is showm in Figs. 2.3 and 2.4.

Table 2.2. Operating and Design Requirements for
Krypton Removal (KALC) Coiumms

AMsorber Fractiomator Stripper
Columm Column Column
Normal at Co.ditions‘
Pressure, MPa (atm) 2.0 (20) 1.8 (18) 1.5 (15)
Temperature, "C, Reboiler =35 =22 -20
(surge pot)
Upper column section -3 -35 -30
Liquid Rate/Vapor Rate (wole/mole) i2 10 4
Design Data
Disameter, m (in.) 0.33 (14) 0.46 (18) 0.61 (24)
Packing length, m (ft) 6.7 (22) 4.9 (16) 4.3 (14)
Reboilzr load, kW +73 +220
Btu/hr 4250,000 4750,000
Condenser load, W -3 -19C
Btu/hr -250,000 -—650,00C

*Ihe msximum pressure drop in each columm is 0.82 Pa/m packing
(1 in. H20/ft packing).

2.6 PRODUCT PREPARATIOR (WORK UNIT 1204)

This work was performed to study the problems associated with ship-
ing the 2''002(W03)2 product from the proposed ETGR Head-End Processing
Prototype Facility to be located at ACC in Idsho Fells, Idaho, to ORNL.
Current plans do not call for this facility to be built, and this ship-
ment will not be required. However, the handling of 2?%U02(N03);
solutions will be required in any HIGR Reprocessing and Refabrication
operstions.
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2.6.1 Product Shipping — L. B. Shappert and W. C. Ulrich

A teport‘ describing the design features of a package for shipping
liquid plutonium and uranyl nitrates was published. The abstract follows:

"Packages intended to be used for the shipment of aqueous

nitrate solutions containing 23%y and 233U must satisfy

the same requirements as packages for shipping other forms

of radioactive material, such as those related to heat

transfer, shielding, and criticality; in additiomn, other

factors which must be considered are potentially high

generation rates of radiclytic gases with attendant

pressure buildup and hydrogen-oxygen reaction possibil-

ities, material compatibility, and operational require-

ments. This report discusses these problems in terms of

their effects on the design of packages for shippirg plu-

tonium and uranyl nitrate solutions and describes a con-

cept for an improved package capable for solving them."

2,6.2 Gamma Activity Depression in 2”U01(N01); Solutions — W. L. Carter

A study was made to determine the extent to which the gasma activity
of a 2”002(803)3 solution could be depressed before shipment by sparging
it to remove 22°Rn and by ion exchange to remove 232y decav products.

The ORIGEN? program was used to compute the fsotopic composition
of HTGR fuel that had been irradiated six years and cooled 180 days
before solvent extraction. It was assumed that solvent extraction parti-
tioned thorium and uranium to give a 233U0,(NO3)2 product having a Th/U
ratio of 1.00 x 10° and that the solution was decontaminated from all
other 232y decay products (Ra, Rn, Po, Pb, Bi, Tl) by a factor of 10%.

The 223U0,(N0;3), solution will probably be stored for a short period
before loading into shipping casks, and during this time the quantities
of 3%y decay products will increase. A storage time after solvent
extraction of 14 days was assumed. After that time, the calculated
quantities, normalized to one metric ton of heavy metal charged to the
reactor, are shown in Table 2.3. The gamma activity of the 232y decay

products originates from three isotopes (3'2pp, 2'2p4, and 2°'T11).
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Table 2.3. Quantities of 222U Decay Products in Uranyl
Nitrate Solution After 14 Days Storage

Quantity Corresponding to 1 Metric Ton
Th + U Charged to Reactor

Nuclide

() (Ci)
232 17.83*
2201y 6.44 x 107?
12%a 2.16 x 10~%
220, 3.76 x 197°
216pg 1.07 x 10~!?
Z12py, 2.31 x 100 3.23
21295 2.19 x 10-°  3.21
2087y 3.95 x 10  1.15
212p, 1.16 x 10~'7
200p, 2.88 x 10~%

3Corresponds to 346 ppm 2°2U in the uranium.

2.6.2.1 Effect of Sparging

A computer program was written o study the effect of gas sparging
of 233y02(NO1)2 solution to reduce the gamma activicy of the 232y decay
chain. The chain would be broken at ’Z'Rn, vwhich was assumed to be
instantaneously removed in the sparge gas; hence, there would be no
further accumulation of radon decay products during the sparging cycle.
However, when sparging ceases, accumulation of daughter products resumes.
Obviously, 2287 and 22“Ra are increasing during the entire cycle. This
wmodel was chosen for the computation to determine (1) the sparging
time required to odbtain significant reductions in acitivity and (2) the
postsparging interim period of reduced activity during which the
233y0, (N03 )2 solution might be handled with minimal or no shielding,
for example, during transfer to shipping containers. The results of
these calculations are shown in Fig. 2.5, and the gamma activity at the
end of selected sparging cycles is given in Table 2.4.

fiw B
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Table 2.4. Effect of Sparging on the Combined Activity of 2!?pb,
“231, and 2°°11 in 14-Day-Stored Uranyl Nitrate Solution
Corresponding to 1 Metric Ton Heavy Metal in Reactor

Sparging Time Acrivity | Sparging Time Activity

(hr) (ci) (hr) (ci)

0 7.59 40 0.59

0.5 7.47 60 0.16

1 7.32 80 0.043

2 6.97 100 0.011

4 6.19 150 4.36 x 10°*
8 4.79 200 1.65 x 10~%
20 2.18 250 6.22 x 10”7
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The bottom envelope curve of Fig. 2.5 graphs the decay of Z'Ipp,
212g5  snd 2°°T1 while sparging is in progress; the slope of the curve
is determined by the decay of 2!2Pb, whose 10.58-br half-life comtrols
thc decay rate. This curve shows that 2%°002(W03)2 solution must be
sparged for rather long periods to obtain substsntial reductions in the
gama activity. At selected times, sparging vas stopped and gesma
activity buildup in the solution was cslculated; these results are showm
as the buildup curves om Fig. 2.5. It is interesting to mote that the
rate of recovery of gamma activity becomes increasingly faster as sparg-
ing time increases. This happens because the population of parent atoms
(*?°Th and 22“Ra) increases during the sparge period, and, since 22°Rn
is in equilibrium with 22*Th and 2?“Ra, the radom daughters increase
rapid'y vhen radon removal stops. Hence any operatioms that are to be
carried out with the 22300, (NOj3)2 at reduced activity must be started
immediately after sparging and completed quickly. The buildup curves
converge within about 60 hr into an upper envelope curve that represents
the normal activity growth for the system without sparging.

An undesirable consequence of sparging is the necessity of treating
large quantities of sparge gas for removal of radon and its decay products
before the gas is released. Adsorption of radon for decay and
hyperfiltration for removal of particulates would be required.

2.6.2.2 Effect of Ion Exchange

A more effective method of reducing the gamma activity of the 3%y
decay chain (excluding isotopic separation of 27U and 272y) is to break
the decay chain at thorium, leaving only the parent (2°20) having the
longest half-life. A cation exchange process’® was developed at ORNL for
decontaminating uranyl nitrate solutions by separating thorium and
uranium and has been demonstrated on a scale that produced kilogram
quantities of uranium product. Rainey's work indicated that more than
992 of the thorium, about 982 of the radium, and about 50% of the lead
could be easily retained on the resin. Data for other 232U decay products
were not obtained. The first uranium product to break through the resin
is practically free of thorium and radium; hence, at lower throughputs
extremely high decontamination factors can be obtained.

m— .
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Two calculatisans were made to determine the activity-versus-time
characteristics of 2’00:(W0;): solutions that had been decontaminated
by ion exchange. Curve A of Fig. 2.6 wvas computed for an ion exchange
clesaup that removed 22°Th, 22%Ra, and 2'2Pb to the extent indicated
by Rainey's data; decontamination factors for decay produc:s for which
there were no ion exchange data vere assumed to be the same as for lead.
Ion exchange initially halves the gamma activity, and this is frllowed
by a further decrease in activity as “’Pb, 2125 and 2°°T1 decay
faster than they are being produced. Approximately 55 hr after iom
exchange the activity passes through a minimum, after which the daughter
production from the parents exceeds decay and the curve rises.

Curve B of Fig. 2.6 shovs the limiting case for 1002 removal of
all 232y decay products. This curve rises rather steeply, and in five
days the solution gamma activity approaches that of the cation-exchange-
treated solution. The gamma activity of the treated solution gradually
approaches that of the untreated solution (Curve C). At the end of one
month the gasma activity of the treated soiution is only two thirds
that of untreated solutions.

2,6.3 Alpha and Beta Activity Depression in ’”uo;guo,h Solutions —
W. L. Carter

During the transport of uranyl nitrate solutions of recycle HIGR
fuel, absorbed energy from decaying nu:lides decomposes a portion of the
aqueous medium into hydrogen and oxygen. This radiolysis causes a
pressure increase in the shipping container and is a factor in shipping
casx design and sllowable transit time. The major source of radioactivity
in recycle fuel is the 232y decay chain, accounting for about 57X of the
total activity immediately after solvent extraction. However, as the
uranyl nitrate solution ages, the fraction of activity due to this decay
chain increases toward 912, which is attained at equilibrium. The
remainder of the activity {s primarily from other uranium isotopes; these
isotopes have such long half-lives that their decay product activities
are minor in comparison with 222U decay product activities.

To reduce the alpha and beta activity, the same ion exchange method
used in Section 2.6.2 was assumed to be used to treat the same feed
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tions to Reduce the Gamma Activity of the 2?3y Decay Chain.

containing 346 ppm 222y in total uranium. Fission product decontamina-
tion factors of 10° were also assumed: this large DF essentially
Temoved fission products from consideration in dose calculations since
their activity is only about 1.3Z of total activity immedistely after
solvent extraction. Nuclear data used in the activity calculations gre
given in Table 2.5.

Total sctivity and cumsiative dose for the entire 2’2U decsy chain
in the uranyl nitrate solution sre plotted in Figs. 2.7 and 2.8, respec-
tively, as functions of time after ion exchange. Curve A on each figure
shows the increase in activity (Fig. 2.7) or cumulative dose (Fig. 2.8)
for 2300, (M03); solution untreated by ion exchange. Curve B on each
figure shows activity and dose for the ??’U0,(N0;)2 solution after ion
exchange treatment. Ion exchange initially lowers the activity about
4%; however, the activity continues to decrease for about 50 hr as 222y
decay products decasy faster than they are produced. When Curve B begins
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Table 2.5. Deta for the 232U Decay Chein
(data from ORIGEN lidrary)

Buclide ’;:c‘.‘,’f Belf-Life TOtAl fecey Enersy ¥ Eeerey
232y a 72 years 5.414 0
2204y, a 1.91 years 5.525 (]
22%ps a 3.64 days 5.1 0
220pn a 55.88 sec 6.396 0
216p, a 0.15 sec 6.903 0
212py 8 10.58 hr 0.242 0.51
2124 362 a, 64T 8 60.5 min 2.929 0.10
208y, B 3.1 min 3.929 0.85
212p, a 0.3 usec 8.940 0
200, stable
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to rise (Fig. 2.7), the fon exchange solution is about 7.5 lower in
activity than the solvent extraction product, and this difference holds
over most of the time span of the graph. The cumulative dose (Fig. 2.8)
is monotonically increasing for both untreated and ion exchange products;
the ion-exchange-treated solution receives about 7% less dose.

The cumulative dose was calculated by assuming that all energy in
the 232y decay chain was deposited in the 2?U0;(N03): solution. About
922 of tctal 22U chain energy is alpha and beta energy (Table 2.5), so
ignoring the small portion of the gamma energy that escapes introduces
little error.

The reason that ion ~xchange cleanup decreases the radiation dose
by only 72 is made clearer by examining the data in Table 2.6. These
data shov that solvent extraction partitions uranium and thorium rather
completely and removes orher 22U decay products such that the 2?2y
activity is 90 to 942 of the activity of the entire decay chain during
the first few days after solvent extraction. Hence the predominant

dose to the solution is from 222y, and ion exchange treaiment to remove
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Table 2.6. Comparison of 22U Activity with Total Activity
of 232U Plus Decay Products in HTGR Fuel

Ratte: 1730 activity/Total *'3C Chatm Activity for cach Time (days)

o* ? » v 00 1000 000
e trestmaat 0.1%0 0.190 0.187 0.184 0.168 0.142 0.125
(equtlbrium)
Selvent extracties 0.9 0.99) 0.792 0.687

0.978 0.977 0.8% 0.7%

Iea exchangs 1.0 0.980 0.8% 0.7%
100X all 2’y gecey products
rowsved

.W,(Ih)l solution vas sseumed to be stored 14 days after solvent extraction; zer: time is measured
ot this peint vhea U07(W03); is treated by fom exchamge.

SRacio: Th(torai)/T(tocal).
“Trestment applied to product fram solvent extraciies.

the remaining thorium and other decay products has only a small effect

on the overall dose. The benefit from an ion exchange treatment would be

more promounced if carried out on 233U0,(NOy)2 that had been stored much
longer than the 14 days assumed for this study because, as equilbrium is
approached, the fraction of 232y activity drops to 12.52. However, such
long storage times would be impractical and uneconomic to any HIGR fuel
recycle progras.

For practical 233y, (N0 )2 storage times after solvenmt ex:-ractiom,
the radioactivity of the 233y decay chain is neglible. However, since
233y 1s present in such large amounts compared with 222U, the amount of
energy released in the decay of the parent 2?3U nuclide makes a signifi-
cant contribution to the dose that the solution receives. Calculated
values of this dose are plotted in Fig. 2.9 for several concentrations
of 233y in the total fuel. The uppermost curve is typical of a fuel
that is withdrawn from the HTGR after one year's irradiation; the other
curves are for fuel that has been irradiated for succeedingly lomnger
periods of time. Dose values from Fig. 2.9 may be added to those of
Fig. 2.8 to obtain an estimate of the dose to uranyl nitrate solution

2120.

for various concentrations of 223U containing 346 ppm Doses from
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the 23%y, 233y, and 3%y decay chains were calculated for HTGR recycle

fuels and found to be negligible in comparison with doses from %2V and
233
“l

2.7 SUPPORT FACILITIES (WORK UNIT 1205)
The activity of this work unit consisted of participation in review
meev ings with ACC, GAC, and R. M. Parsons personnel.
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3. HYGR REFABRICATION PROCESS DEVELOPMENT (SUBTASK 210)

J. D. Sease and K. J. T2

3.1 INTRODUCTION

Refabrication is the step in the HTGR fuel cycle thst begins with
the receipt of nitrate solutiom containing recovered 223U and refabri-
cates this material into fuel elements for use in an HTGR. The basic
steps in refabrication are similar to those in fresh fuzl mamufacture
and consist of preparation of fuel kerunels, application of sultiple
layers of pyrolytic carbon and SiC, preparatiom of fuel rods, and
assembly of fuel rods into fuel elements. The major difference between
the manufacture of fresh fuel and recycle fuel is that the recycle fuel
must be fabricated remotely in hot-cell facilities. The HIGR fuel
refabrication development program is therefore directed toward the
development of processes and equipment for remote applicatiom.

At the start of this period, the overall HIGR fuel recycle program
included a proposed Fuel Refabrication Pilot Plant (FRPP) at ORNL as
well as a Fuel Reprocessing Pilot Plant to be located in Idaho. These
pilot plants were in support of a commercial RTGR recycle plact proposed
by General Atomic Company. Escalating costs and other programmatic
considerations led to the preparation of an altermate plan. The alternate
plan, prepared near the end of this reporting period, included the design
and construction of an ERDA-supported HIGR Recycle Demonstration Facility
(HRDF) as its ultimate goal. This change in programmatic direction
tended to increase the scope of the refabrication development effort to
include an expanded cold prototype development phase. Essentially all
development work done in support of the FRPP is applicable to the
alternate plan.

The current program is subdivided into five phases leading to the
design, construction, and operation of the HRDF. These development
phases are: (1) cold laboratory development, (2) hot laboratory devel-
opment, (3) cold engineering development, (4) hot engineering development,
and (5) cold prototype development. The objective of cold and hot

99
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laboratory developm ut is to prove process feasibility. For cold and
hot engineering development, the abiectives are to establish the space
envelope required for in-cell process equipment aml to verify process
feasibility. The objectives for cold prototype development are to
establish in-cell equipment configuration and to develop process
procedures. The term cold development refers to work not requiring
the presence of radioactivity, while hot devilopment requires the
presence of radioactivity. The phases will not necessarily be accom-
plished seq.entially. Work during this report period has primarily
been in cold engineering development. Work in waste and scrap handling
(Work Unit 2109) has been expanded over that required for the FRPP,
and all the work in this area is in the cold iaboratory development
phase.

The work in refabrication development is subdivided into 11 work
units parallzl to the major systems of the refabrication portion of the
HRDF. These are:

1. Work Unit 2100 — General Development,

2. Work Unit 2101 — Urani'm Feed Preparation,
3. Work Unit 2102 — Resin Loading,

4., Work Unit 2103 — Resin Carbomization,

5. Work Unit 2104 — Microsphere Coating,

6. Work Unit 2105 - Fuel Rod Fabrication,

7. Work Unit 2106 — Fuei Element Assembly,

8. Work Unit 2107 — Sample Inspection

9. Work Unit 2108 — Plant Management,

10. Work Unit 2109 — Waste and Scrap Handling, and
al. Work Unit 2110 — Material Handling.

3.2 GENERAL DEVELOPMENT (WORK UNIT 2100) — A. R. Olsen and J. D. Sease
This area is involved in the coordination and review of all
functions of this subtask, interfacing with Subtask 220, providing
crireria and technical guidance for .iie refabrication process portions
of Subtask 320, the preparation of recycle fuel specifications, Jevel-

opment of the material accountability, nuclear materials safeguards
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and criticality control prograas, the assessment of safety comsiderations
for development activities and the pruposed operating plant, and coordi-
nation of work done in this subtask in support of recycle fuel irradiation
testing.

3.2.1 General Coordinatjon Activities — R. A. Bradley, A. R. Olsen,
and J. D. Sease

In accordance with the objectives of this work unit, a Summary Work
Plan and Schedule was prepared for Subtask 210. This document is the

principal plarning instrument on vhich detailed experimenial programs
for all the work units in Subtask 210 are based.

Significant effort was expended in assisting in the writing,
reviewing, and edicing of the overall plant design description and
individual system design descriptions incorporated in the conceptual
design report for the proposed HTGR Ruel Refabricatiun Pilot Plant.!
With the evolution of a possible alternate program with the end objective
of designing, constructing, and operating an HTGR Recycle Demonstration
Facility (HRDF), a new phased generic development program outline
directed at supporting the design and operation of the HRDF was drafted.
This outline is expected to provide the basis for specific experimental
program definition when the new overall HTGR recycle program has been
established by ERDA.

Reviewing the proposed pilot plant concept and che HRDF study
showed that increased emphasis was required on scrap processing and
vaste treatment for the refabrication portion of the recycle plant.
Work in this area was increased (see Sect. 3.11).

The fabrication effort in producing materials for irradiation
testing in experiments OF-2 and the planned Early Validation Test 1 was
coordinated and monitored as were all schedules and funding of the work
units within Subtask 210.

3.2.2 Environmental and Safety Consideratjons — R. A. Bradley and
J. E. Till

A final Environmental Stat-ment? for the proposed HIGR FRPP was

issued by the USAEC. The conclusion of this study from the final summary
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sheet vas: "The environmental impacts and adverse effects from this
project are expected to be minor. The gaseous and liquid effluents
resulting from operation of the pilot plant will be discharged into
existing vaste handling and treatment systems. The subsequent concen-
trations of the radicactive and chemical discharges to the enviromment
will be several orders of magnitude below the established limits and
background radiation levels. The solid vastes resulting from pilot
plant operation and decommissioning will be disposed of in existing
solid vaste storage facilities.” Assessment of the source terms for
a commercial scale plant is discussed in Sect. 6.3 of that report.

The radiological safety requirements =zsociated with the refabri-
cation of HTGR fuels depend in part on the radiological hazard associated
with the 233U, Therefore, the Envirommental Sciences Division was asked
to compare the relative radiological hazards of LMFBR plutonium fuel
and recycle 23U HTCR fuel. The results of this investigation have
been reported,?:" including a brief review of the physical character-
istics of uranium and plutonium isotopes in the fuels. Natural uranium
and light-water-reactor uranius fuel sre chemical toxicants; therefore,
the chemical vs radiological toxicity of 223U BTGR fuel and plutonium
IMFBR fuel is discussed.

The recycle uranium is primarily 223, but it also contains up to
1200 ppm 232U. The highly radiotoxic 232y contributes from 50 to 90Z of
the internal dose to man from this recycle uranium. Four computer codes
developed by the ORNL Environmental Hazards Study Group are used to
predict potential hazards to man and biota from hypothetical exposure
to recycle 2?3y fuel and LMFBR plutonium fuel. Equal amounts (by weight)
of each fuel are assumed to be released to the enviromment or ingested
by man directly. AJl calculated doses are hypothetical and are not
representat ive of actual irsult to man from 3 nuclear facility handling
233y or plutonium fuel. Instead, it is the relative magnitude of the
doses from each type of fuel that is significant.

From a radiological impact standpoint, LMFBR plutonium fuel is
approximately 500 times more radiotoxic than 233y fuel when inhalation
is the exposure pathway. In temas of doses to man via ingestion and
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doses to biota the two fuels are comparable. It is concluded that if
atmospheric release is the only source of effluent, LMFER plutonim fuel
is more hazardous tham recycle 22U fuel by a factor of approximately
500; however, if these fuels are predominsutly presemt in the terrestrial
enviromment, their radiological impact on wam is similar.

As 2 result of this study, the coaceptual design criteria for
effluent treatment in the FRPP and HRDF have been based on existing

criteria for plutonium, although we recognize that this may be ultra-
congservative in some instances.

3.2.3 Recycle Fuel Specification — R. A. Bradley and J. M. Chandler

Although a number of feed material and intermediate product speci-
fications within the total fuel recycle process sust eventually be
addressed, the primary specifications are those dealing with the uranium
solution, which is the reprocessing product, and the recycle fuel
product.

Interim I specifications for the 2?*D0;(M0;); solution recovered
from spent HIGR fuel by solvent extractiom were prepared and forwarded
to Allied Chemical Corporation for comments.

Interim I HTGR Recycle Puel Product Specifications, bssed on General
Atomic’'s fresh fuel draft specification, were prepared and issued for
review by GAC and USAEC-RRD. Rasolution of the comments is scheduled
for early next year, and an Interim II version of the specifications
will be issued Lthen for use in developing refabrication processes and
quality control techniques.

3.2.4 Material Accountability and Safeguards — S. R. McNeany
As conceived, the purpose of these studies was twofold. First,

estimates of uranium and thorium average flow rates through a refabri-
cation faciliry were required for equipment design. Secondly, these
studies are to lead to an efficient design of a material accountabilicy
system.

A computer program called NOMUF was written to calculate time-
averaged uranium and thorium flow rates through a semigeneralized model
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of a refabrication facility. The program documentation is written wp
in an ORNL intermsl report, and a sample problem demonstrating its
application to the proposed FRPP is published. ®

The code ouvtput can be used during system development to study the
sensitivity of calculated 1limits of error on ma*erials umaccounted for
(LEMUF)® on the precisicn and location of warious measurement devices
in the process lime. This applicatiorn is useful to optimize an assay
system with respect to assay locations and required precisiom of the
proposed assay devices.

Future plans call for the development of a real-time dynamic model
of material flows through a refabrication facility. Such a wodel will
have several uses. During plant operation, the program will estimate
flov rates at various points in the process. If actual measurements
differ significantly from these estimates, management will be motified
since this might indicate a diversion of material from the process line.
The wodel will also provide estimated quantities of materials located
in nonmeasurement process areas and wvaste streams.

Thus, the real-time simulation model will be useful as a development
tool in the optimization of an assay system, as a monitor for material
diversion or errors in material transfer, and as an estimator of
unmeasured material flows in an operating plant. Currently, a dynamic
model has been developed to the point wvhere uranium mass movement is
simulated through 40X of the proposed FRPP.

3.2.5 Nondestructive Assay Techniques — J. E. Rushton, S. R. McNeany,
and J. D. Jenkins

A conceptral design of the special nuclear material nondestructive

assay and accountability systeam has been prepared.’ The report uses the
NOMUF model described in Sect. 3.2.4 to calculate typical fissile and
fertile material flows and to identify necessary measurement points
vithin the refabrication process. Measurement points that require or
would benefit by the application of nondestructive assay measurements
cre described. The main body of the report addresses the selection of
appropriate nondestructive assay methods.” The primary factors affecting



105

the selection of nondestructive assay techmiques are the physical and
nuclear characteristics of the fuel forms. A partial listing cf the
properties described in the report includes the gamma radiatiom levels,
the uranium isotopic compositioms, the spontaneocus (a,7n) neutron pro-
duction rates, and the chemical and physical compositions of the fuel
at each stage in the proc-.s. Based upon these material properties,
specific assay tecbaiques wvere identified for each of the measurement
requirements. The following general conclusions are also derived from
this amalysis:

1. The high gama activity of the recycled fuel precludes the
application of many nondestructive assay techmiques presently developed
for light-water-reactor fuel or 235y-Th HIGR fuel.

2. The recycled HTGR fuel does not spontaneously emit time-
independent radiation that could be directly measured and correlated
with fissile or total uranius content. The time-varying property of
the gamma radiation limits the use of direct gamma-ray measurements for
nondestructive assay.

3. Accurate nondestructive methods for recycled 22U HTGR fuel
can be based on active interrogation of the fuel by neutron or gamma
radiation and subsequent detection of an induced signature radiationm.
Because of the high gasma level, the most suitable signature is induced
fission neutroms.

The 3tuly concludes with an analysis of data flow and da: 2 handling
requirements for a real-time accounting of special nuclear material
within the proposed pilot plant. Although the report focuses on the

pilot plant, the assay methods identified are applicable to demonstration

or commercial-scale facilities.

The prisary nondestructive assay requirement identified is for the
in-line assay of molded uncarbonized fuel rods. The program to develop
such a capability is described in Sect. 3.7 of this report.

3.2.6 Criticality Analysis — J. D. Jenkins and S. R. McReany
Previously, all 2% cricicality calculations performed st ORNL in
support of the HTGR fuel vrefabrication program utilized the 16-group
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Reasen—Roach cross section set.’ Receatly, some calculatioms performed
at Battelle Pscific Northwest Lsboratory (RPML)® poimted to discrep-
ancies betveen ENUF/B-I1I-besed resvits amd Bamsen-Roach results for
highly eariched 133y systems in siaple geometries. These discrepamcies
prompted a further isvestigatioa of the cross section sets wsed at OBEL.

This investigation'® comperes criticality calculstioas performed
with EIDF/B-1IV cross sections and the 16-growp Namsea-Bosch library at
ONNL. The sres investigsted is homogemows systems of highly emriched
133y i» simple geometries. Calculatioss are compered with experimeatal
data for a wvide ramge of W/2%% ratios. Results show that calculstions
uade vith the Hensen-Roach cross sectioms agree vithis 1.5 om kg¢¢ for
the experiments comsidered. Results derived from ENDF/B-IV gave good
agreemeat for wvell thermalized systems, but discrepeacies wp to 7% in
kett were cbserved ia fast and epithermal systems. Figure 3.1 graphically
preseats the calculated results.

The comclusions of this investigation are threefold. First, the
16-energy grouwp Rsasen-Roach cross section set presently used at ORNL
is sdequate for criticalicy safety calculations on homogemous pure 2’%y
systems (i.e., systess comtaining 2’%U as the prime heavy metal comsti-
tuent) with 1/2°%U ratios from about 40 to 2000 smd mets. rystems.
Secondly, to the asthors’ kaowledge, 20 experimental criticslity dats
are availsble oa highly enriched 2’°C systems having B/2°%U ratios of
10 to 30. Hence, oo cross section set wvas directly confirmed for these
systems, vhich ate characteristic of some fuel forms that may be presemt
in an HTGR fuel refsbricatiom facility. Interpolatiom of results between
higher B/2°% ratios sad zero is not valid because the neutrom emergy
spectruln changes drastically between these bounds. Fimally, calculation
discrepancies between INDF/3 and Hansen-Roach cross sectioms for highly
enriched 2%V systems were confirmed. However, a compsrison of ENDF/B
calculational results with experiments]l data for highly emriched 2%y
systems indicates significant problems vith ENDF/B results on systems
having H/2%% ratios less them 400.

In light of the fact that experimental criticality dets are not avsil-
ab.e for some 2% qod 2*%U-2%21h gsystems that will be encowmtered dering
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Fig. 3.1. Comparison Between ERDF-B~IV and Hansen-Roach Cross
Sections for 23%U Criticality Calculations.

recycle of HTGR fuel, a recommendstion has been made to ERDA thst an
experimental progrsa be umdertsken. The proposed program would be
conducted at BPUL as a subcontract effort under the ORNL Thorium Utili-
zation Program. Data collected from these experimeats would be quite
useful in the design of process equipment to ensure criticality safety,
to allow optimization of process equipment size, and to facilitate plant
licensing.

3.2.7 Gaama-Rsy Dose Rstes Associsted vith Small Samples of Recycled
Puel — J. E. Rushton

The gamma tadistion sssociated with 2?%U is due primsrily to the
decay products of 2'2U. The radiation requires remote handling of bulk
quantities of the fuel. It wvas desired to determine whether smsll
seaples of 2%V fuel could be handled in unshielded or lightly shielded
glove boxes. The production of reactor fuel i1equires numerous quality



control and quality assurance measurements, and comsequently there is
a strong economic incemtive to perform sample analysis owtside of
totally remote facilities. Gamma-ray dose rates were calculated at
several distances from a 1-g quantity of 2?0 wvith 500 ppm 22U decayed
30, 60, 90, and 180 days since separation. The results of these
calculations are listed in Table 3.1 for ao shielding amd for 5 cm of
lead shielding. The dose rates were calculated wnder the followving
assuspt ions:

1. point source,

2. oo self-absorption in 2’3y,

3. only gama rays above 100 keV included, and

4. shield adjacent to source.

These calculations demoustrated that umshielded 1-g samples of 23y
vith 500 pps 272U camnot be roucinely handled in glove boxes for the
decay periods investigated. Thus, a time-window for operation of the
proposed FRPP was developed and included in the conceptual design criteria.
The time-window limits the FRPP to handling 2’U with no more than 500 ppm
232; and within a period of less than 90 days since the uranium has
been separated from the 232y decay products. Clove boxes employing
localized source shielding for some analyses in the sample inspection
system proposed for the FRPP were considered adequate, provided a
significant degree of automation was developed for the analytical pro-
cesses. A high degree of automation and some fully shielded processes
wi'l be required for a commercial-scale plant, where the 22U content
ma: go as high as 1200 ppm and the time since decay product removal may

be longer for practical considerations.

3.3 URANIUM FEED PREPARATION (WORK UNIT 2101)
Bo activity was scheduled during the report period.
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Table 3.1. Dose Rates for a l-g Source of **%
With 500 ppm 2'%p

Distance from Dose Rate, mrem/hr, for
Source Point Variows Decay Periods
to Dose Poimt
(cm) 30 days 60 days 90 days 180 days

Vithoet Shieldimg

2203 '7 ) 7407 14,605
551 1112 1854 3,655
88.3 178 297 585
10 22.1 44.5 74.2 146
20 5.52 11.1 18.6 36.6
3 1.80 3.64 6.06 12.0
50 0.88 1.78 2.97 5.86
100 0.22 0.45 0.74 1.47
Through 5 cm Pb
5.2 7.41 14.9 24.9 49.1
10.0 2.00 4.04 6.73 13.3
20.0 0.50 1.01 1.68 3.32
35.0 0.164 0.33 0.55 1.08
50.0 0.080 0.162 0.27 0.53

3.4 RESIN LOADING (WORK UNIT 2102) — P. A. Raas and K. J. Notz

The reference kernels for recycle of 22U to HICRs are prepared
by carbonization of carboxylic acid cation exchange resins loaded with
vranium. The carbonized prodvct kernels must meet specifications for
composition, size, density, sphericity, microstructure, and uranium
content per kernel. The resin loading process must produce uranium-
loaded resin that can be carbonized to meet these specifications. A
principal advantage of the resin-based preparation of kernels is that
many of the criiical product properties can be established and controlled
for the feed resin before any radiocactivity is present. Another advantage
of the resin process is that the amount of material that must be processed
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through resim loading, resin carbonizatiom, and microsphere coating
systems is ome-fifth thet of a (4Th,U)0O2 kernel.

Operatiocas involved are: (1) preparatiom of resin feed to supply
resin with properties adequate to meet product specifications, (2) con-
version of the uranyl mnitrate solution from s reprocessing plant into
the acid-deficient feed required for the resin loading, (3) loading and
dzying resia to the form suitable for the carbonization furnace, and
(4) preparation of materials as a service to subsequent development work
waits, inclwding carbomization, coating, fabrication, and irradiation

testing.

3.4.1 Resin Feed Prepsration — J. P. Drago, P. A. Baas, K. J. Notz, and
J. U. Shaffer

This includes both the procurement and evaluation of commercial ion
exchaage resins and processing Lhem to meet specifications for size,
shape, composition, and quslity assurance. Amberlite IRC-72% is the
reference weak-acid resin and is kmowm to produce scceptable product
kernels. A second source of resin supply is considered necessary to
goard against process interruptions. The kermel size specification
results in 8 limit on the size range of resin feed, and about 202 of the
commercial Amberlite IRC-72 is ussble for s size range of :102 of the
mean dismeter. Wet screening of —20 +50 mesh Amberlite IRC-72 will be
used as 8 short-term procedure, but some improwved procedure is needed
to meet loag-term size specificaticms.

3.4.1.1 Puxchase of Commercial Resin

Early studies’! identified Amberlite IRC-72 as a commercial
carboxylic ecid cation exchaage resin thst could be processed to meet
all requirements. Duolite C-4641 has about equally suitable properties,
but shows significant differences from the Amberlite IRC-72. The manu-
facturer of Duolite C-466 has delivered specislly processed resin with

#Trademark of the Robn and Nasas Compamy.
1Trademark of Dismond Shaarcck Chemicsl Compeny.
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very large improvements in the size distribution and the fraction of
off-shape resin as compared with the standard commercial resin. The cost
of this specially prepared Duolite C-464, based on previous yields and
the last price quotation, is $0.06/g U. The cost of standard commercial
Amberlite IRC-72 with a 151 yield is $0.09/g U. The manufacturer has
accepted an order to make a special batch to optimize the size yield
with no increase in umit costs. The increased yield is expected to lower
the Amberlite IRC-72 costs to $0.03 to 0.06/g U.

Scanning electron micrographs of uraniw—loaded Amberlite IRC-72,
Duol ite C-464, and fines from Duolite have been made. Standard U0y batch
load ings were used for both resins. Significant surface differences
between the loaded Amberlite and Duolite are apparent at 10,000x. The
Duolite has a coarse, agglomerated surface composed of subunits ranging
from 0.5 to 1 um in size. Circular areas approximating 25 im in dismeter
vhere flaking had occurred were seen. Cracks approximately 0.5 m wide
by 50 um long were also ncted. The Amberlite has a very smooth surface
at 10,000%. Gullies approximately 2 um wide by 10 to 15 um long were
noted. The gullies were seen to be an infrequent defect, while the flaked
areas on the Duolite were mure characteristic of the sample viewed.

3.4.1.2 Size Classification by Wet Screening

Sfze classification of commercial —20 +50 mesh resins has been by
wvet screening vwith a large recycle of water through a 0.46-s~diam
(18-in.) screen separator. The resin as received is like wet sand or
sawdust and does not scrzen efficiently. Dried resin tends to blind
screens dadly. By using about 15 liters/min of water recycle and a
coarser scalping screen to reduce the load on the first primsry screen,
the 0.46~-m-diam separator can be operated with up to 14 liters (0.5 fr?)
of resin per hour.

We have seen detectsble differences betwveen the size distributions
of different lots of Amberlite IRC~72. Typical yields are tsbulated
for standard resins (Tsble 3.2). Iqroye.enu would be expected {f
batches wvere optimized for our use. We have most commonly used a
710 : 80 um size range of sodium-fors Amberlite IRC-72, which is a
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Table 3.2. Size Fraction Yields for Commercial —20 +50 Mesh Resin

Deta from Uet Screemiag
Gesin and Setch Volume

' Cocturer’s Nean Yield, Vol 1, for Variows Sizes
Lot Dian (liters) (fe")
(um) =24 +32 -26 +32 630 .8 = 2
750 um + 162 710 1m : 1IT® 625 + 50 12
Anberlite INC-72
2-5612 820 2% 1 10 bead »
140 5
2-5990¢ o4n 30 20 18
2-59904 80 % 16 11 225 s
2-663) 3 ] 20 13 ’ 140 s
Duolite C-464
05-03-4K 30 20 13 ’ 1%, ] .

2710-us Ne*-fore resia losds 60 * 10°° g U/kernel.
b625-um Ba®-form resta losds 40 ¥ 107 g G/kernel.

Cscreened October 1974.

S creened July 1975. Not combimed with October 1974 screening becawse of $iffevent

size classificatioms.

2112 range. The size distributions indicate about 20X yields in this
range. Table 3.2 values are from straight lines drawn through the data
points on a logarithmic probability chart. Tne quantities are approximate
since th;! lots had ooly four size classifications (i.e., three data
points). Duolite C-464 resin has been delfivered as 700, 720, and 800 .m
in diameter; these lots have been more than 902 within :50 um in diameter.

3.4.1.3 Drying and Shape Separation

Following the size classification by wet screering, the resin {s
dried, screened, and then shape separated to remove nonspherical beadr.
Shape separation requires that the resin be dried. Methods of drying
that have been tested include: rotary drum, sicrowvave, fixed bed,
fluidized bed, and spouting bed.

Two batches, each 70 liters (2.5 ft’), were dried at an industrial
test laboratory in a jacketed, rotating come-blender vacuum dryer. !zat
transfer was very poor because a 6-mm-thick (1/4-in.) cake of porous
dried resin formed on the heated s'wfaces. This cake was not due :.
heat transfer alone, as a similar undried layer slso coated the unheated
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flange. The overall result was unacceptabie, both from che lomg drying:
time and excessive crusting or clustering of the dried prcduct.

Drying tests using 2-liter batches of sodium-form resin in a 2-kW
2450-Mz microvave oven vere conducted. Microwave drying was unaccept-
able because the resin coatinued to absord the emergy after it had
become dry. Drying wvas not uniform and some resin charred.

Static bed drying vith room—temperature and heated air was also
investigeted. The fixed-bed dryer pemits the resin to form a large,
lightly sintered mass accordinmg to the geometry of the vessel. agitation
of the clumped mass does not cowpletely break the clusters into indi-
vidual beads.

A small rvrental test mmit vas operated to evaluate fluidized-bed
drying. The final product when the inlet sir temperature was 80°C looked
good for dry shape and size separations. The fluidization showed large
variations as drying proceeded. The drained, wet resin showed a type
of slugging fluidization with irregular gas bubbles. After drying was
partially complete, this changed to a spouting bed¢ with a fountain from
a hollow core and dowmflow in an annclus around the spout. As drying
cont inved, the resin beads became immrbilized as one large porous cake.
Finally, this cake suddenly broke up into individual dry resin particles
that again showed a slugging fluidizat.on.

A 0.46-a-1ID (7-1in.) spouting bed ccntactor was fabricated from
Pyrex glass and tested. The resin beads be:ome immobilized as a large
cake with the spout as a hole in the middl'e. The fluidized bed umnit is
preferred over the spouting bed as the drying can be continued until
the cake disintegrates and fluidization resumes. The dried resin is
screeded to remove any fines released during the drying and also to break
up or remove any remaining clusters.

The shape separator usecC to remove the nonspherical beads is a flat-
plate vibratory feeder. The polished plate is tilted slightly dovmward
and psrallel to the vibratory action and tilted also 90° to this direc-
tion. This type of shape separator has been used with coated particles.’?

A five-nozzle fevder plate {0.18 x 0.76 m (7 x 30 ir.)]) has been
fabricated and is being tested (Fig. 3.2). The spherical particles are
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Fig. 3.2. A Prototype Five-Unit Shape Separator.

seen traveling diagonally across the plate. The vibratory action is
parallel to the long axis of the plate. The vibration and slope move
the nonspherical particles along the axis of vibration. The spherical
particles roll according to the tilt; that is, downhill, with little
effect from the vibration. A parametr{c study of tilt angles, magnitude
of vibration, flow rate, and plate surface finish is under way.
Small-scale runs of shape—-separated dried sodium-form resin before
loading showed that the reject rate after loading and drying was on the
oxder of 0.3 wt Z. When no shape separation of the sodium-form resin was
made, typical reject values of the loaded resin were 10 wt Z, with values

as low as 8 wt 7 and as high as 17 wt % for some batches.!?



115

a4 U _siala

3.4.1.4 Resin Feed Preparation Facility

Procurement, fabrication, and installation are in progress for a
res:n feed preparation facility im Building 3503. The operations will
be carried out as foliows:

1. wet screening with a 0.76-m~diam (30-in.) screen separator to reject
oversize and undersize resin particles,

2. drying of the sodium—-form resin at about 80°C in air in a package
fluidized bed dryer [82 liter (2.9 ft’) maximua charge volume],

3. dry screening to reject large clusters and fines released during
drying,

4. shape separation in multiple units (see Sect. 3.4.1.3),

5. complete conversion of rewetted resin to the hydrogen form with !
nitric acid, and

6. storing and wetering of prepared resin to supply batches for
uranimm loading.

The minimum initial capacity required is to process 0.146 a® (5 ft?)
of resin per week and the final capacity for TURF operation may be an
input of 0.7 m® (25 £t?) of resin per week. The shape separation equip-
ment will initially have the smaller capacity, with later addition of
multiple units. The other components are sized for intermittent operation
of oversized units, as this is more economical than msore continuocus
operation of smaller umnits.

3.4.2 Resin loading Flowsheet Development — J. H. Shaffer, P. A. Haas,
J. P. Drago, R. H. Rainey, and D. A. Costanzo

The resin loading reaction is an exchange reaction, which can be
written as follows, where R represents the carboxylic acid cation resin
and the resin is in the hydrogen (HR) form:

2HR + U022% = yosR, + 20* . (1)

Metal forms of the resin such as NaR or MgR: are not acceptable, as
unexchanged metals remain as unacceptable impurities in the carbonized
product. The ammonium form is a possible alternate, as any NH.,* in the
loaded resin should be volatilized during carbonization. The exchange

of U022* with the hydrogen form of the resin [Eq. (1)] reaches equilibrium
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at low HY concentrations, and high loadings of uranium are possible only
vhen the H' is removed by some other reaction. The initial development
of loading flcwsheets for the carboxylic acid resins was by addition of
UO; to react with the HY and give acid-deficient uranyl nitrate solu-

tions.!1,1*

The continued deselopment of resin loading flowsheets iocluded
determination of equilibrium and kinetic data for exchange reactions,
correlation of the properties of acid-deficient uranyl nitrate solutiom,

and evaluation of alternate loading flowsheets.

3.4.2.1 Equilibrium of Uranyl Nitrate Solutions with Carboxylic Ac:id
Cation Exchange Resins

The HIGR Fuel Refabrication Pilot Plant will use batch loading of
weak-acid resin particles from a fiowing stream of acid-deficient uranyl
nitrate solution. The effluent stream will be partially denitrated by
solvent extraction and concentrated by evaporation for recycle with the
feed solution. Measurements of equilibrium constants for the resin
loading reactions are needed for engineering design and for establishing
process parameters required for quality control of the product. Experi-
mental results were obtained at a reaction temperature of 30°C on Amberlite
IRC-72 and Duolite C-464 ion exchange resins as part of a systematic study
of this process.

The various tests required for this study were conducted as small
batch loading operations in which the uranyl ion concentration was varied
with respect to fixed nitrate ion concentration and resin volume. Similar
tests at different nitrate ion concentrations were conducted to examine
the effect of nitrate ion concentration on the resin loading process.
Experimental results were derived from chemical analysis on resin and
solution samples, from pH measurements on the solution at reaction temper-
ature, and from material balance data.

Resin loading with divalent uranyl ion was expressed as reaction (1).
The equilibrium quotient, Kq, was determined by linear regression analysis

of the experimental data according to the equation

1in [a*H+]2/[U022+] = 1n [HR]?/[UO2Rz] + 1n K .

B
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Concentration terms for the resin phase were arbitrarily expressed as
moles of uranium and hydrogen ion per liter of wet resin in hydrogen
form. Aquecus uranyl ion was expressed as mclar concentrations, and
approximate hydrogen ion activities were calculated from pH measurements
using a Corning semimicro combination electrode standardized at pH = 2
vith certifiad KC1-HCl buffer solution. Typical results obtained from
these analyses for Amberlite IRC-72 resin are showm in Fig. 3.3. Equili-
briue quotients obtained on this resin together with uncertainty limits
at 952 confidence are shown in Table 3.3. Corresponding values obtained
for Duolite C-464 resin are also shown in Table 3.3. The most probable
error in these determinations wvas recognized as the actual capacity of
the resin aliquot used in each test. Accordingly, this value was treated
as an adjustable parameter in the least squares evaluation. The data
presented in the table reflect resin loading capacities of 3.18 ¢+ 0.07
equivalents per liter for Amberlite IRC-72 and 2.74 * 0.1% equivalents
per liter for Duolite C-464.
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Fig. 3.3. Equilibrium Distribution of Reactants During Loading
of Amberlite IRC~72 with Uranium From Uranyl Nitrate Solution at 30°C.
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Table 3.3. ¥Values for Equilibrium Quotiemts Calculated for the Uranimm
Loading of Carboxylic Resin from Uramyl Nitrate Solutiom at 30°C

Rictrate Limits om lq

Toa lq

an Gpper Lower
Anberlite INC-72

0.2 1.8 x 107" 3.0 x 10°° 1.1 x 107*

0.6 2.6 = 107" 3.2x10"" 2.0 x 107

1.0 4.0 x 10°° 5.0 x 10°" 3.2 x 10°°

1.6 1.4 x 107°? 1.8 x 10°? 1.0 x 10?

2.0 2.9 x 107? 4.6 » 107? 1.8 x 107

2.5 8.7 x 10°° 1.8 x 102 4.2 x 107°

Dwolite C—466

0.2 3.0 x 10°° 4.8 x 10°* 1.9 x 10°°

0.6 5.6 x 10”°* 1.3 x 10°? 2.5 ~ 107"

1.0 9.7 x 107° 2.0 x 107? 4.7 x 10-°

1.6 2.7 x107? 7.3 x10°? 9.8 x 107°

2.0 3.7 x 107° 6.2 x10° 2.2 x 107?

2.5 1.2 x 10”2 1.9 x 1072 7.2 x 10°?

The similar chemical behavior of Amberlite IRC-72 and Duolite C-464
resins in the exchange reaction is 1llustrated in Fig. 3.4. The effects
of nitrate ion concentration on values for the equilibrium quotients,
as noted in Table 3.3, are also shown as a continuous function over
the range 0.2 to 2.5 N N0, . Although this behavior may be assigned to
current concepts of hydrolysis in uranyl nitrate solutions, a quantita-
tive evaluation could not be achieved. Further exsmination of these
effects will be made as descriptions of the equilibris at higher temspers-
tures are obtained. These experiments at 40 and 50°C are in progress.

3.4.2.2 Resin Loading Kinetics

Development of the resin loading process for the HTCR Fuel Refabri-
cation Pilot Plant is based on batch contacting of commercially available
weak-acid cation exchange resin (hydrogen form) with uranyl nitrate feed
solution. Process control parameters will be based on measuremants of
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Fig. 3.4. Effect of Nitrate lonm Concentration on the Equilibrium
Quotient for Loading Weak-Acid Resin from Uranyl Nitrate Solution at 30°C.

uranium content and solution acidity (pH) of the aqueous feed and
effluent streams and related to the status of resin loading by comparison
wvith data obtained from prior measurements of reaction equilibris. The
contact period is planned to ensure uniform diffusion of uranius into
the spherical resin beads. Since process parameters that affect the
kinetics of the resin loading exchange reaction could have a direct
effect on the time allotted for the loading cycle, an experisental
program wss started to evaluate relative reaction rates under simulated
process conditions.

The reaction vessel, for experiments conducted thus far, was a
small jacketed column constructed from a 250-ml glass buret that wvas
fitted with a porous glass plate for retention of the resin. The column
vas loaded with selected volumes of sized Amberlite IRC-72 resin in its
hydrogen form. Uranyl nitrate stock solutions were prepared at three
concentrations (0.58, 1.15, 1.8 ¥ W0, ) by saturation with solid U0, at
roos temperature. The feed solution for each test was filtered from the
corresponding stock solution just before use and wvas sampled for chemical
analysis of ursniwm and nitrate ion contents. For experimental expedience,
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the feed solution vas fed dowmflow throuwgh the resia bed at a comtrolled
flow by means of a finger pump. The colum efflweat was continwuwsly
monicored for aciditv by measurements of pii and vas saapled at ceriodic
intervals for chemical snalysis of its wramiws aad nitrate fon comtemts.
The reaction temperature was maintained comstamt at J°C dy recirculating
water from a thermostatic bath through the cuter ammulus of the colum
and through a heat e¢xchasger on the feed stresm.

Althcugh ssthematical correlation of the data is imcomplete, prelim-
inary examination of the data show chat the resctiom rate depends stromgly
on the mass flov rate of uramiom in the system. The existemce of a com-
centration gradient of uranium through the bed during loading was
recognized; however, this condition will also prevsil iz the engineering-
scale process. Flow conditions were chosen to yield rapid breakthrough of
uranium into the column effluent. The data were calculated as average bed
concentrations, and the effect of bed depth was treated as a separate
process parameter.

Expressions of the experimental data according to conventional rate
eqnations indicate that the loading process follows a complex order. The
reaction rate is initially controlled by the feed rate, followed by
second-order concentration dependence and then by an apparent diffusion
process. Since this latter process will regulate the uniform dispersion
of uranium in the resin particle and, consequently, divectly affect quality
control of the product, a more refined experimental technique is under
development to better characterize this phase of the resin loading process.
This experimental technique will examine the loading characteristics as
functions of uranyl nitrate concentration snd particle diameter. The
data should also provide a direct measure of uranium losding per resin
particle rather than average batch concentrations.

3.4.2.3 Drying of Uranium~Loaded Resin

The uranium-loaded resin is dried to simplify handling and transfer
and to seet the requirements for the carbonization feed. The uranium-
loaded Asbetlite IRC-72 contains 25 to 30 wt X water when drained briefly
on a filter or screen., Our drying results are expressed in loss on drying
(LOD) in weight percent when resin is dried to approximate equilibrium
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in ambient air at 11G°C; that is, material already dried to 110°C in
air has O wt 2 LOD. Some of the wvater is chemically bonded or absorbed,
s0 that zero LOD does not meanm 2ero water coatent.

The optimmm uater content for uramium-losded Amberlite IRC-72
sppears to be 10 to 15 vt T LOD. Above 202 LOD, resim particles stick
togethey from the effects of woisture. Low LODs were initially preferred
to minimize the introduction of wvater imto the carbonization off-gas
system. But sramiwm~losded resin dried to less than 107 LOD shows
detectable static charge effects, vhich were very troublesome for 0 to
2% LOD. The addition of graphite powder to coat the resin can alleviate
the charge effects, but less complete drying to leave 10 to 15X LOD is
preferred.

Uranium-loaded Amberlite IRC-72 in oquilibrius with ambient air will
generally show 11 to 132 LOD. Water present in the samples with LOD of
greater than 13X is easily removed and probably fills large pores in the
resin. The loaded resin dried to about zero LOD at 115 o 129°C will
produce steam when added to water; this indicates water of hydration or
chemical reactiom.

3.4.2.4 Steam Stiipping of MNitric Acid from Molten Uranyl Nitrate

Partisl thermal denitration of uranyl nitrate, or a steam stripping
of nitric acid from molten uranyl nitrate, was considered as an alternate
process for producing the acid-deficient uranyl nitrate solution. Thermal
denitration to UO; can be completed at 300°C. Excess nitric acid (for
N0; /U ratios greater than 2) can be distilled from boiling uranyl nitrate
solutions. The proposed process at temperatures intermediate tc the
preceding operations would result in the following overall reaction:

2002 (N03) 2 (ag) + H20 » 2U02(0H)o, s(NO3) 1. s(ag) + HNO3t . 2

The steam denitration would have the following advantages over the other
processes for providing acid-deficient solutfons:

1. The flowsheet rcquires fewer or simpler equipment components
than either solvent extraction of nitrate or the complete thermal deni-
tration to UO;.
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2. It does mot reguire im-cell wse of 2 flaamable solvemt.

3. The wramiwm-free nitric acid is am optimm form of nitrate
waste.

The stean deaitratiom process was investigated in two types of
test systams. Batch or semibatch laboratory studies were carried out
in zlass equipment. Then the process wvas tested in a stainless steel,
aatural comvectiom evaporator loop operated vith 20 to 100 ml/min
uranyl nitrate solution feed and a continwous discharge of the product
(Fig. 3.9).

ol Ows 70-W0 ™

AN-FRESSURE AERLATOR

:

SEPARATOR (3in. s Oin.}

, S/0<-in. TUDING, I-is.-PS JACKET

i

BATEMALS: 304 OR 3:6 STANLESS STEEL W CONTACT WTh
SOLUTION; LOOP SA-in. TUDING OR AS SIOWN

Fig. 3.5. Thermal Denitrator (Stesm Stripping of HP);) for Uranyl
Nitrate Solutions. Multiply dimensions by 25.4 to convert to millimeters.
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The preparatiom of acid-deficient wramyl aitrate by a stesm
stripping or pertial thermsl denitratioa process is mot as simple as
hed beem hoped imitially. Righ sramjwm conceatratioms and boilimg
points above 140°C are required to give wseful acid deficiemcies. As
the M0y /U ratio is redmced, U0; precipitates, amd the process produces
a slurry of D03 in uramyl mitrate. The conditioms that result in
precipitstion are uncertain; however, mo precipitation wvas observed for
-o,’lu ratios of 2.0, but precipitate wvas preseat in solutions with
N0, /U rstios of 1.9 or slightly lower. Although the U0y dissolves
easily when agitated in diluted uranyl nitrate solutions at 50 to 80°C,
it can settle and bde difficult to resuspend.

The nitric acid comcentrations in the condensate decreased rapidly
vith decreases in the feed solution W0y /U ratios; the condensste was
0.05 to 0.20 N HNO; for the most likely process conditions. Therefore,
operation to produce lower m,—lu ratios is more difficult as a result
of slover removal of nitrate snd more precipitation of uranium. When
the feed solution had a M0, /U ratio of 1.75, the exit solution had a
higher ratio as a result of more removal (by precipitation) of uraniwm
than removal of nitrate via the condensate.

The molten uranyl nitrate did not create any significant operating
difficulty from freezing or during dilution after discharge. The steaa
trace line along the discharge line was to a feed preheater and was not
used during most of the test operation. Insulation was removed from the
vertical length of tubing below the overflow tee. The molten salt from
this discharge dropped into the center of the uranyl nicrate solution
tank and vas cooled and diluted without any visible accumulations.
Samples taken in glass bottles solidified slowly (30 mia to 2 hr),
spparently because of supercooling and slow crystallization. Circulation
after shutoff of steam vas effective for dilution, ard there were no
signs of plugging at the nex:@ startup vhen this shutdown procedure wvas
followed.

A fine, opagque, orange-red slurry of iron precipitate sppeared
suddenly as the convection loop was operated st higher (1/8°C steam)
tesperatures and a lower (slightly below 2.0) WOy /U ratio than for



previous operation that did 20t result im a precipitate. Filtratiom of
the solution resuited in collection of more tham 5 times as much irom
as vas in the initial feed solutioca. Apparently,K corrosion occurred
during opecation vith W0, /U ratios of 3.3 to 2.1, snd the irom precipi-
tated during the next period of operation as a result of the higher
temperature and/or the lower W0, /U ratio. If this corrosiom occurred
over the vhole loop, it wuld correspond to an average rate of about
0.2 in. (5 mm) per vear. If corrosion occurred only in the heater, it
would correspond to an average vrate of about 1 in. (25 mm) per year.
The conditions that might give excessive corrosicmn would necessitate
additional inwvestigation or s more corrosion-resistant comstruction
material would be required if this process were used.

Measurements of the density and pH of the solution samples provided
excellent process coatrol for the solvent extraction process that vas
used for preparation of acid-deficient uranyl nitrate. These measure-
ments were such less useful on diluted thermal denitration sasples. Tle
effects of uranium precipization during the tests, followed by dissoluticn
during circulation at the end of test operation, were no:iccable as
density increases and pH decreases. The pH of a freshly quenched and
diluted sample vas anomslous and indicated higher M:‘-IU ratios than
chemical analyses or measurements of aged samples. This probably resulted
from slov hydrolysis reactions, which vere incomplete in the short time
required for cooling and diluting the molten uranyl nitrate.

The initial resin-loading flowsheets for the carboxylic acid :ation
exchanle resins were batch flowsheets that used U0) to provide aca!

deficient uranyl nitrate.’}.?*

This type of batch operation could t:e
used vith partial thermal denitrations to prepare batches of U0, slut~y
from uranyl nitrate.

In summary, steam stripping of nitric acid or partial thermal
denitration of uranyl nitrste produces a dilute (<0.2 .7) aitric acid
condensate and a slurry of U0y in molten, slightly acid-deficient
uranyl aitrace. This U0; will redissolve in diluted uranyl nitrate at
teaperatures below 100°C to produce highly acid-deficient uranyl nitrate.

Mo difficulties resulted either from freezing of the molten uranyl
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nitrate or during dilution after discharge. Excessive corrosicn of
stainless steel occurred, but this might sot be a problem if high 0, /U
ratios were svoided.

3.4.2.5 Loading from L0;**-¥8.*-m0, Solutions

Our comsideration of resin-loading flowsheets for 33 recycle had
been limited to loading solutions with uranyl and hydrogen as the only
significant cations. The ammonium forms of the carboxylic acid resins
appear to be the only attractive alterrative to the hydrogen forms. The
advantage to using the salt forms of the resins is the more favorable
chemical equilibriums for exchange with uranyl salts. The reaction of
the hydrogen form of the resin with a uranyl salt reaches equilibrium
at low H* concentrations, and high loadings of uranium are possible only
vhen the HY is removed by some other reaction. The equilibrium for
ammonjum or monovalent metals (Li, Na, K, etc.) allows much higher
completion of the exchange reaction than does H'; many divalent metals
(e.g., .‘gz") probably have more favorable equilibriums for loading than
H¥. None of the metals are acceptable as impurities in the carbonized
product nor do they wvolatilize out during carbonrization. The flowsheets
that would ensure low metal contents (other than uranium) in the loaded
resin are inefficient, either from the viewpoint of complexity, incomplete
utilizaticn of uranium with a metal-uranium waste recycle solution, or
an excessive sacrifice of uranium content in the loaded resin. Any .t
in the loaded resin should be volatilized during carbonization., One
limit placed on MH.* content is the amount that results in a significant
reduction in urani'm loading; should the formation of uranium aitrides
occur, it would be objectirnable.

The studies reported here were for a limited evaluation of flowsheets
involving MH.* for use with ?’’00,(NO3)2 in the recycle piiot plant.
They were prompted by General Atomic reports of good results thar wore
obtained by using the ammonium form of Duolite C-464 resin.'® We had
previously investigated the usc of ammonium-form resins for loading from

urany] nitrate solutions.’®
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Acceptsble loaded compositiouns using two carboxylic acid resins
are possible vith 00;?%, W', 2ad M. * present as catioms. The flowsheet
condit fons muwst be carefully selected and comtrolled to deal with tw
limitations. The loading of U0:?%, as cowpared with M. *, is only
moderately favorable; therefore, the lcading process must be staged to
give favorsble (nigh) 0022*/ma* ratios in equilibrium with the product
resin. Significant decresses in uramium loadings occur for solution
M.*/0022* mole ratios greater than 0.5. The other limitation is that
unacceptable precipitation of uranium occurs for conditions close to
those pecessary for good uranius recoveries and loadings. These two
limitatiors control Lhe conditions tested and the results observed.

The resins in the asmonium form (1002 MH,R, vhere R indicates the
carboxylic acid cation resin) hydrolyze to give pH >10 in demineralized
vater; therefore, precipitation is very likely, and perhaps certain,
vhen the feed resin is all in the ammonius form (100Z NH.R). For
Amberlite IRC-72 resin, the hydrolysis of NH,R proceeds faster than the
loading of the U022%; this results in precipitation of ursnium even
though the finsl overall equilibriumm would mot give precipitated uranium.
The two-stage flowsheet using Amberlite IRC-72 in the ammonium form,
and U0;(NO;3) 2-MH\NO3-MH,0H solution as the feed, appears impractical.
Precipitation of uranium in solution can be avoided for the same flowsheet
using Duolite C-464. Radiographs of one product resin show density
variations consistent with the presence of precipitated U0; inside ‘he
regsin. This would be expected, since the pH must vary in some coniimwuc
manner from the solution pH below 3.0 to above 7.0 inside the resin sphere
for resin of >907 NH.R.

Analyses of dried resin products for M.} confirm that ti loading
of U022* in composition with MH,* is not highly fsvorable. :'.: wole
ratios U/BH,* for the four resin products vere 4 to 8, asd ‘% ratio of
(ulm..*)r”u/(wm..)”hu” is only sbout 10. The WH.” :nalyses for
tke three-stage loadings vith Mi,OH are in reasonable :;::ement vith
the difference between the expected capscity and thr u: .aium loadings;
that is U022 + Mi,*, 1in millequivalents per sill?}:..r, spproximsteiy
equals the expected total capacities. For the 7. with Mi,~form resin
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feed, these totals ave larger and are in agreemeat with the preseace of
mecipitated uranium inside the resin particles. Samples of carbomized
resin show abouwt 200 ppm X, compared vith sbout 30 ppm N for resin loaded
vithout MY in the uramyl nitrate solutiom.

Acceptable recoveries of U0>?* from Mi,N0; sclutions occurred onmly
for final solution pH valuwes of 4.5 to 6, or for resins that werz 20 to
402 in the amoniwm form. For tests vith Asderlite IRC-72, 19X and 102
NHsR were present with uranium ia the solution, vhiie 341 and 212 NH.R
resulted in acceptable recoveries of uranium. For tests with Duolite C—464,
the first-stage msterial balance indicates about 502 MH.R in the product
resin, but this may be more than the fraction required for good uranium
recovery. At the preferred final pH values, the solubiiity of uranium
is low, thus allowing good recovery of uranium.

The addition of MH,OH to agitated resin-solution appears preferable
to use of resin feed in the ammonius form. [f the solution-resin reactions
are teversible (approach equilibrium), either procedure can give the
desired results, and the control of NH.,OH addition provides a more positive
control of the end condition. The process is less coritrollable if
irreversible reactions occur, and irreversible precipitation must be
avoided. The use of the ammonium—form resin involves ti:zce adjustments
of composition (vashing resin to a reproducitle ammonium coatent and
two solution pH adjustments). The optimw solution pHs depend on the
00,** and M.,* concentrations and may be more difficult to determine than
the optismm pHs for NH.OH addition with the resin present. As compared
with use of NH,R, addition of MH,OH to the solution-resin mixture allows
better nrocess control to avoid either precipitation of uranium or loss
of soluble uranium.

The dried uranium-lcaded product resins for the flowsheets involving

w,*
vithout MH.*. The twvo-stage loadings using YH.R resin feed gave (.95 to

showed several differences from the products for reference flowsheets

0.98 of the reference uranjum contents. The three-stage loadings using
W, 08 additions gave 0.93 or 0.95 of the reference uranium contents. The
products from NHsR-form resin feed showed some cracking, which did not
occur in the reference products or in HR-form resin with NH.OH additions.
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Radiographs of products showed a high-density outer shell (outer 202
of radius) for Amberlite IRC-72 in the NHJR form as resin feed. Other
products did not show any demsity shell effects, but the technique used

would not reveal gradual density variations.

3.4.2.6 Loading of Weak-Acid Iou Exchange Resin with 23%

Fuel refabrication plants for HTGRs will use 223U as the recycle fuel.
Head-end reprocessing of the spent fuel elements will provide for the
separation of 233y from thorium and fission products and for its puri-
fication as a uranyl nitrate feed solution of a fuel refabricatjiom plant.
This 233y will be radloactive, both from its own decay chain (mainly
alpha) and frem the decay chain of 22U (alphas plus gamma). As part of
the chemical development of the resin loading process, laboratory demon-
strations with 2330 were desired to verify the application of techniques
used for routine resin loadings with both normal uranium and with highly
eariched 2%5U. 1Initial loadings were cenducted in a glove box with 233y
containing less than 10 ppm 222U (£o awid high gamma-ray activities

encountered with higher 232

U coantents). With respect to radiation-induced
degradation of the resin material and oxidation state of the uranium, these
glove box tests provided an evaluation of the short-term effects of
increased alpha activity on the resin loading process. A subsequent hot
cell test was conducted tc exanine short-term effects of radiation using
aged 233y having a 232y conteat of 250 ppm at ~quilibrium with decay
products.

The experimertal procedure used in all tests followed the method of
U0, addicion to a mixture of the resin (in hydrogen form) and dilute
nitric acid.!' The U0, addition was calculated to yield an acid-deficient
uranyl nitrate solution in equilibrium with the fully ioaded resin.
since >3 (<10 ppm 2?2U) was available as a nitrate solution plus free
nitric acid, an initial preparation of solid U0; was necessary. The
2335 (250 ppm 2%?U) was available as an impure oxide and also required
precipitation from nitric acid solution for purification and preparation
of U0;. The resin vas loade’ at about 70°C to increase the dissolution

rate of the solid U0,. Ambient temperatures were used for prolonged
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equilibracion periods. Following the loading reaction, the supernatant
was removad by filtration. The loaded resin product was washed free of
excess uranyl nitrate with water and dried with forced air at 110°C to
a free-flowing state.

In an earlier experiment with 23y (<10 ppm 232yy | uraniwm [presumably
as hydrous U(IV) oxide] precipitated during the resin loading reaction.!'®
Since this effect was absent in preparations with both normal uranium
and highly enriched 23%y, radiation-induced reduction of the hexavalent
uranium ion was a possiblity. Conseguently, these additional tests were
conducted to determine resin loading conditions to preclude uranium
reduction. The glove »ox experiments were designed to evaluate the
effectiveness of an oxygen sparge in preventing the reduction of hexa-
valent uranium during the resin loading process. Saturatior with oxygen
was begun on an aqueous suspeunsion of the Amberlite IRC-72 resin in its
hydrogen form and continued during additions of nitric acid and solid
UO03 and until the exchange reaction was complete. No evidence of extra-
neous precipitation of uranium was observed. A repetition of this
experiment with an air sparge in place of oxygen also failed to yield
any evidence of uranium reduction. Additionally, the loaded resin
remained quiescent in the aqueous exchange media without air sparge
for three days without visible alteration or discoloration of the resin
or the uranyl nitrate solution. A third experiment was conducted without
gas sparge as a duplication of the original resin-loading operation.
Again, there was no evidence of reduction of uranyl ion or .ny detectable
evidence of extraneous precipitation. 1In each experiment, chemical
analyses of the dried resin product showed typical values for full loacing
with uranium.

From these results, alpha activity associated with “33y doz2s not
detectably introduce short-term degradation of either the ion exchange
resin or the uranyl nitrate solution during the resin loading process.
Observations of extraneous precipitation noted in the original experiment
could not be reproduced following the established resin-loading procedure.
Because of the difficulty in preparation of 1103 by peroxide formation

and thermal decompositicn in the glove-box facility, the observed
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irregularities of the original experiment were assigned to that oper-
ation — possibly to the production of U304 at localized high temperatures
during the peroxide decomposition step.

To further substantiate this conclusion and to examine resin loading
at higher radiation levels, an experimental loading was made with aged
2”0, vhich contained approximately 250 ppm 232y 4 equilibrium
wvith decay products. A hot-cell enclosure was required for the
experiment with about 30 g of 233y to attenuate gamma rays associated
with the decay product 2087). Operations were performed with master-
slave manipulators. Inspection of the resin loading process used
photographs taken through the cell periscope. Arc in the previous experi-
ments, there was no detectable evidence of uranium precipitation nor of
resin degradation, and the resin was loaded to its mormal capacity.

Although 233U having higher 2" contents (about 500 ppm) is
anticipated for the HIGR Fuel Refabrication Plant, gamma-ray intensities
will be reduced by separation of decay products just before the resin
loading operation. Thus, the results observed from this hot cell experi-
ment probably do not require further verification. An experimental
program will continue to investigate possible adverse radiaticn effects
on the organic amine used for nitrate extraction in the reference process
and to provide resin product for evaluation during carbonizatiom and

coating of the fuel kernels at elevated temperatures.

3.4.3 Resin Loading Equipment Development — J. P. Drago and P. A. Haas

The reference flowsheet for resin loading with amine extraction of

nitrate can be integrated into an efficient system for conversion of
purified 2”l.l'()z(!lO;)z solution into loaded resin (Fig. 3.6). The nitrate
extraction, amine regeneration, and resin loading steps of Fig. 3.6

vere demonstrated with a system assembled from components of earlier
process development prograns." A complete system for preparation of
acid-deficient uranyl nitrate, loading of resin, and drying of resin
must be operated before final design of hot pilot plant equipment can

be accepted. This must provide information with respect to remote

operation, control of criticality, material accountability, and interaction
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Fig. 3.6. Schematic Reference Flowsheet for Resin Losding.

of individual operations; such informstion is not available from the
initial individual items used for flowsheet development. The equipment
development studies include both the testing of individurl components
and the operation of part or all ¢f the integrated system.

3.4.3.1 Demonstration of Amine Extraction

Acid-deficient uranyl nitrate solution can be produced by solvent
extraction of the nitrate using liquid organic amines. Similar processes
have been used for the preparstion of oxide sols from thorius and
uranius nitrate solutions.’®:'? The amine nitrate is contacted with
basfic solutions (Ma200;, NaOH, or WH,OH) to regenerate free smine for
reuse, and the nitrate is discharged in the form of waste solutions
containing RaW0; or NH.B0;. By adding an evaporator to remove water
(Fig. 3.6) a highly efficient conversion of the purified 2’’00,;(M0,):
solution to losded resin is possible.

The nitrate extraction, smine regeneration, snd resin loading steps

vere demonstrated (Fig. 3.7) without provision for the removal of water
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Fig. 3.7. Test System for Nitrate Extraction and Resin Loading.

by evaporation; thus the volume of uranyl nitrate solution increased as
feed soluzion was added. The experimental studies!’ were made to obtain
results for aa integrated system witn a minimum of equipment or chemical
flowsheet development. Each of the equipment components had been oper-
ated for similar purposes in other flowsheets. The extraction of nitrate
from uranyl nitrate had been studied previously in laboratory equipment.?’
The regeneration of Amberlite LA-2* secondary amine had been included as

part of sol-gel demonstration runs.!®,!?

The loading of resin with
uranium from acid-deficient uranyl nitrate solutions that were G.2 to
0.6 > in NO; had been investigated in earlier studies.!!

The conditions previously found to be satisfactory for the other
flowsheets were applied to the resin loading demonstration without any
svstematic optimization of variables. The conclusions from this report"

are as follows:

*Trademark of the Rohs and Haas Company.
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A step in which nitrate is extracted by a liquid
organic amine can be integrated into an attractive flowsheet
for preparing resin based HIGR fissile kernels coantaining
233,  This steo provides acid-deficient uranyl nitrate for
an optimum loading of uranium on a carboxylic acid cation-
exchange resin. Water is removed as condensate from an
evaporator, and the amine nitrate is regeneratec¢ to free
amine by reaction with NaOH-Na:C0O3; (or NH.OH) solution to
give wastes with low uranium losses.

The nitrate extraction, resin loading, and amine
regeneration steps of the integrated flowsheet were demon-
strated in 14 runs (Table 3.4) using compnnents assembled
from other developmental studies. All of the resin loading
tests were completed as planned; no significant operating
diff iculties were encountered. Uranium that is extracted
or entrained into the organic is easily recovered by a
water scrub, vhich is returned to the uranyl nitrate solution
tank. The process equipment components also demonstrated
critically safe dimensions for the FRPP capacity of &4 kg of
233y per batch.

The process is controlled via in-line pH measurements
of inlet and exit solutions._ The nitrate extraction is
regulated so as to avoid NO3 /U mole ratios below 1.6 and
thus prevent any precipitation of U03;. The loading of resin
is completed by maintaining favorable exit solution pH values
for at least 1 hr. The dependability of in-line pH instru-
mentation needs to be demonstrated in a planned engineering-
scale resin loading system.

Information was developed on pH values for uranyl nitrate
solution vs NO- /U mole ratios, resin loading kinetics, resin
drying requirements, and cther resin loading process information.
It appears that 10 to 15 wt X water in the dried, uranium-
loaded resin may be a preferred value since completely dried
resin exhibits stactic charges which make handling and iransfer
more difficult. None of the other process information indicates
any unexpected requirements or unusual difficulties.

3.4.3.2 Drying Uranium-Loaded Resin

Improved handling properties of uranium-loaded resin have been
observrd when the resin has a residual moisture content within the range
10 to 13 wx 4. Methods of drying the loaded resin to a uniform and
reproducible moisture content have been investigated. These methods are
static bed, fluidized bed, and microwave dryers.

Uranium-loaded resin (approximately 8.5-liter batches) has been

dried for rcutine product preparation in a dryer fabricated from a



Table 3.4.
Flowsheut:

Loading of Natural Uranium on Amberlite TRC-72 Resin
Reference via Amine Extraction of Nitrate

Resin Feed

Loaded Resin

Final Solution

Run Size Weight U Content N0, /U
(uwm) (s) (v X) Mole Ratio

ROl Unsized 4.8 3,871 46.77 0.3l 2 1.78 3.3
RO2 Unsized 7.0% 5,392 46,26 0,32 2 1.81 2.5
RO3 Unsized 5.9 4,811 46.06 0.2% 2 1.70 5.8
RO& Unsized 6.7 5,430 46.01 0.17 ] 1.67 4,7
ROS 590 : 100 7.45 5,826 46.40 0.24 2 1.71 4.9
RO $90 * 100 7.3 5,9% 46 .87 v.23 2 1.70 5.8
RO’ 390 * 100 7.2 5,668 46.08 0.22 2 1.7% 5.3
ROS 590 ¢ 100 8.1 6,335 47.8) 0.21 2 1.70 4.5
RO9 $90 * 100 7.4 3,410 46.0 0.1% 2 1.73 1.8
R10 590 ¢ 100 5.0 3,944 46.6} 0.10 3 1.66 2.0
R11 $60 ¢ 60 8.1 6,173 49,66, 49.96 0.22 2 1.24 3.7
R12 560 ¢+ 60 8.5 6,394 49.57, 49.5%0 0.16 2 1.74 4,1
R13 560 = 60 8.4 6,273 47.74 0.09 3 1.73 4.6
R1l4 560 ¢ 60 7.8 3,465 46.14 0.03 k) 1.82 5.6

1191
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0.23-a-diam (9-in.) porous stairless steel filter frit. Both upflow
and downflow of steam—heated air and downflow of room-temperature air
have been tested.

For the initial requests for dry (LOD <5Z) loaded resim, steam-
heated air was the method of drying. Drying was approximately complete
when the resin bed temperatures near the exit gas port approached the
inlet gas temperature. The required gas flow per liter cf uraniwm-loaded
resin was about 10,000 liters. Times from 1 to 16 hr were observed,
depending on the gas flow rate and the resin volume. The largest satis-
factory upflowv of air for the 0.23-m-diam dryer was 240 std liters/min.
For higher flow rates, the air came through the bed as large gas bubbles,
giving slugging fluidization. These bubbles carried resin particles out
of the dryer, and the gas bubbles were probably not in equilibrium with
the resin.

With respect to the residual moisture and uniformity requirements,
this method of drying is unacceptable for the following reasons. The
0.23-m~diam dryer vessel is not critically safe for fissile fuel. Th2
drying cycle time is too lomg. But mcst important, the drying of a large
batch is not uniform, with almost ccwplete drying near the gas inlet
before the remainder of resin is dry enough to flow t.caly.

Fixed bed drying of loaded resin in this 0.23-m—diam vessel using
downflow of room air at room temperature was also investigated. Ssaples
of the dried, loaded resin at the top, middle, and bottom of an 8.6-liter
batch showed LODs of 10.88, 11.04, and 10.98 vt . Drying time was 48 to
72 hr. Although the uniformity is acceptable, the vessei geometry and
drying cycle time are not. Fluidized bed drying was also rejected
because of critically safe geometry restrictions, long drying cycle
time, and poor fluidization.

Small-scale microwave drying of 2-liter batches of loaded resin
using a commercial 2-kW, 2450-Miz oven has shown that the vet resin
couples well with the energy. An initial drying rate of about 50 g water
per min was obgerved, with decreasing water removal as the resin became
dryer. Completely dry resin (LOD <1 wt Z) does not overheat or char as
the sodium-form resin does. Apparently mixing of the resin is essential
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to uniformity at the desired water content (~15 wt Z LOD), as samples
showed from 12 to 17 wt Z LOD depending on position in the batch. The
initial preferential drying of the resin near the walls is later compen-
sated for by preferential heating of the resin that contains more water.
From the results of these tests a microwave dryer system has been
ordered from a commercial manufacturer. Since the engineering-scale
resin loading equipment must dewonstrate feasibility for hot-cell use,
the microwave dryer system will also be demonstrated. Figure 3.8 shows
the basic equipment componeants for drying 22’U-loaded resin. Wet
uranium-loaded resin from the loading contactor will be introduced
through the top flange of the 1.2-m-long (4-ft) 0.13-w-ID (5-in.) glass
column located in the stainless steel microwave cavity. Transfer
liquor will be drained by the screenmed bottom flange. If a 2.5-kW
microvave power source is used, the estimated drying cvcle for tae
reference 4 kg U on a 10.5-1liter batch of resin is 1 hr. A program
controller will adjust the forward power and also will receive the
reflected power signal from the cavity. Since the resin absorbs less
power as it becomes drier, we anticipate that the refle-ted power signal
can be used to terminate the drying cycle at the desired resin moisture
content. A carrier gas will be used to mix the resin bed and also to
aid in steam removal. At the end of the drying cycle the resin will
flow freely thnrough the ball valve at the bottom of the column ready
to be carbonized.

3.46.3.3 Engineering-Scale Resin Loading System

The initial stage of an engineering-scale resin loading system was
complezed (Fig. 3.9) and operated with natural uranium. Design, pro-
curement, and fabrication of second-stage components are in progress.
Four resin loading runs werz completed: preliminary results indicate
the following:

Mechanical operation was good, with greatly improved phase separa-
tion and interface control for the nitrate extraction contactor. A

standard run appearcd to duplicate the typical demonstration run results

previously reported.!’
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Fig. 3.8. Microwave Drving of “33r-Loaded Resin. Cavity is 0.61 by
0.61 by 1.22 m (2 by 2 by 4 fr). Glass colwmn is 0.13 m ID.

Fig. 3.9. Partial View of the Engineering-Scale Resin Loaling
Equipment Rack.
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High uranium concentratioms of 1 to 2 U give precipitation of CO,
in the organic and float the fresh hydrogen-forc resin in the loading
contactor. Ome loading run was started with 1.5 " uranium and produced
a normal loaded resin in spite of these difficulties. WwWhile the U0 is
scrubbed from the organic in the first vater scrub contactor for uranjum
recovery, the operation with less than 1 . uransum concentration is
preferred.

Duolite C-464 was loaded by the same procedures as for Amberlite
IRC-72. The loading of uranium was accomplished as expected with small
differences from the lower capacity, lower density, and slightly different
equilibrium for the Duolite resin.

Partial regeneration of amine using a NaOH/amine molar flrw ratio
of about 0.7 wvas demonstrated by ome loading run. This should greatly
reduce the waste volume since the ¥a/NO; mole ratio for this mode of
operation is 1.0 instead of the 1.7 ratio, which results when an excess
of NaOR-Na,(00, is used. This partial regeneration should also reduce the
solubility of uranium in the waste and allow uranium recovery by filtration.
Analyses tc confim this advantage are in progress.

The next improvement in the engineering-scale resin loading system
will be installatior of a 0.13-m~ID by l.5-m-long (5-in. by 5-ft) resin
loading contactor to replace the 0.10-a-ID (4-in.) columm. This con-
tactor 'as been fsbricated and leak tested. The thermosyphon evaporator
vas designed, and detailed drawings are being prepared. Dravings were
prepared for a slab-geometry phase separator for the nitrate extraction,
but the unit will not be fabricated until the 0.15-n-diam (6-in.) pipe
phase separator novw in use is tested further.

3.56.4 ¥aterial Preparatiom — P. A. Haas and J. H. Shaffer
irradiation test specimens generally require # few small batches
(<1 kg U) of resin loaded with 235U or 2%, while carbonization,
conversion, coating, and fabrication developmeat studies require sany
larger (1 to 10 kg U) batches of resin loaded with natural or depleted
uranium. The frradiation test specimens and some inftial batches with
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depleted uranium were prepared by the initially developed loading process
with addition of U0y to msintain acid-deficient uraayl nitrate.!!+1*
Most recent requirements for depleted uranium have beea supplied with
resin Joaded by the reference process with amine extraction of nitrate.
The intended compositions of the soiuticn and resin are identical for
either nitrate extraction or U0y addition; but different impurities are

possible.

3.4.4.1 Resin Feed

The resin used for materials preparation has been from 3.6 w’
(120 ft’) of commercial —20 +50 mesh Amberlite IRC-72 purchased from the
Rolm and Haas Company or 0.57 m' (20 ft?) of special sized Duolite C-464
from the Diamond Shamrock Company. Most of the Amberlite vas sized by
wet screening of sodium-form resin to separate —26 +32, —26 +32, and
~32 +3 size fractions for use. The loaded Mmberlite IRC-72 resin was
from about 0.17 m* (6 fr?) of unsized resin and about 0.4 »’ (15 ft’) of
sized fractions within 24 and 34 mesh. The loaded Duolite C—464 resin
vas mostly from 700 * 50 u=m material as received in the sodim form.

3.4.4.2 Resin Loading with Fully Enriched 2’5t for I=-Reactor Tests

Chemical development of the resin loading process has included
preparatioss with 223U (932 enrichment) for in-reactor tests vithin the
HTGR Program. During this report period approximately 20 kg of this
product (9.63 kg of 23%C) was prepsred in 28 batch operations. The
dried resin vas used for preparation of fueled carbide microspheres
for the in-reacteor test assemblies.

Sioc> relatively small quantities of prepared resin were required
for each test, small batch operations that yielded about 200 g 2’°v per
batch were initially used. This batch size was increased to approxi-
mately 650 g 223U as the HTGR progras needs increased. All operations
required prior approval by cuclear safety review of the process equip-
ment and production mthod.

The bastch productior method combined “’m, and nitric acid with
sized weak-acid resin (hydrogen form) ia s stirred reaction vessel.
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The quantities of reagents used in ecach batch operation were calcaiazil
to vield acid-deficient uranv] nittaie solutior having the approximate
<toichiometry U0, (GH): <(X0;3);_ s in equilibrium with the fully ioaded
resin. Tnis soluticon was drained from the lcaded resin and rewvcled to
the successive batch loading for conservation of urani=. After a
water wash to remove residual uranyv] nitrate solution, the loaded resin
wvas dried in flowing air at 110°C and packaged for shipment. The
guality of each production datch was certified by chemical and spectro-
chemical analvses for urazium content, mass assav. and extraneous
impurity elements. Ouz production batck containing about 600 g of - ’°C
wvas prepared with Duolite C-464 resin; all others were prepared withn
Amberlite IRC-72 resin.

3.5.%.3 Resin Loading with Natural or Depleted Uranium

Over a one-vear period, 233 kg of dried, loaded resin contaiaing
110 kg of ‘3% was delivered to the Metals and Ceramics Division. About
77 kg of this resin or 36 zg | was from the demonstration of the refereace
loading flowsheet via amize extraction of nitrate (Table 3.3). Delivery
of resin loaded via this flowsheet in an engineering-scale system (sce
Sect. 3.5.3) was started at the end of the report period. The remainder
of the loaded resin (160 kg total, 75 kg V) was prepared via the initiallsy

developed procedure'’. t-

using U0:. Results and conditions for the
service preparations are given in Table 3.5.

The mecnanical simplicity of the resin loading operation using
103 is illustrated by a svstem installed to process up to 0.23-n’ (8-ft’)
batches of resin (Fig. 3.10). A cone-bottom 0.21-m} (55—gal) stainless
steel drum is used as a spouting bed contactor. Tne fiuidizing flow is
always contrelled or shut of f by the valve at the bottom of the cone to
keep ail resin in the tank. A separate mixing tank is used for dilution
of concentrated HNO: (or the conversion from sodium to acid form and for
pixing of the U0y with hot uranv] ritrats during loading. A 0.2)-a-diam
(9-in.) porous stainless steel filter on a movable dip leg is used for
more complete removal of sclutions during conversion with nitric acid

and washing with ;0. The loaded resin is transferred to a dryer by



Table 3.5, loading of Natural or Depleted Uraniuw on
Carboxylic Acid Cation Renins Using U0,

Rendn Fvedu Loaded Ronin Final Solution

- load ing

Rur, . . . , , - - Time

LT ETY Valume Weight U (.nn!.\‘un g U U ('.'un(‘. i NOy /U (hr)

(nm) (liters) (%) (wr 2) ml Resin (A Mole Ratlo

Ao Loading of Amberlite 1RC=72 (n a large® concfal=bottom, spout Ing=bed contactor

LDV Uns lzed 6h2¢ 47,166 45,9 2.93 0,22 3.1 1.55% 10
802 560 *+ 60 3) 25,570 48,2 .14 0,82 3.0 1.6% ?
BOL 60 *+ YO 22 16,955 48,9 3. 16 0,22 3.15 1.59 8
805 560 ' 60 b1} 28,780 48,0 1,07 0,22 1 1.6 7

B. Loading of Duollte C=464 (n a large? conlcal=bottom, apout fng=hed contactor
803 700 ¢ sod 584 25,425 46,4 t.nd 0.22 3.1 1.6 5

C. Loadlag of Ambertite IRC=722 in baltled, agltated beakers
58 Unsized 7.48 6,087 45,49 3. 14 0.4 2.8 1,69 5
59 Unsized 7.31 6,100 46,2 .24 0.4 2.8 1.6% 2.5
62 nsized 8.17 6,530 47.0 1,16 0.4 1.0 1.5 2.5
63 Unaized 8,34 6,72) 46,135 .14 0.4 3.) 1.5 3
D. Loading of Duolite C=4n04 In bafiled, agltated beakers
72 800 + sod 2,54 1,083 bt i.6ad 0.3 1.0 1.6 8
73 700 ¢ so¢ 2.4 1,190 44,7 1,654 0,25 3.1 1.5 5
- -—

bO.Zl-n’ (55=gal) drum.

“Inaccurate resin volume measurement resulted in low caleulated loading.

d

Duolite C-464 [n sodium form for volume moanurementw,

Resin sizes and volumes are given for the hydrogen form in water,

%1
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Fig. 3.10. Large-Batch Resin Loading or Conversion System.

gravity flow through the ball valves at the bottom of the drum. This
system operated as intended without difficulty. The slow mixing of
the large resin bed and the slow heatup to 60°C results in 8- to 16-hr
loading times, as compared with one-fourth these tires in small, well-
agitated and heated vessels.

3.5 RESIN CARBONIZATION (WORK UNIT 2103) — W. J. Lackey

The objective of this work unit is to develop equipment and processes
for carbonizing weak-acid resin microspheres. The carbcnization process
consists of controlled heating of the resin previously loaded with
uranium. Such heating is performed in the absence of oxygen and causes
evolution of volatile constituents. After heating to about 600°C, the
carbonized microspheres consist of UO2 finely dispersed in a carbon
mutrix. This material can then be heated to 1600 to 1800°C to convert
the desired fraction of U0z to UC;. This later operation .s referre. to
as conversion. Both operations are conducted in fluidized beds using

argon as the levitating gas.
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3.5.1 Equipment Development — J. A. Carpenter, Jr., M. K. Preston,
J. L. Heck, W. R. Hamel, J. E. Mack and D. R. Johnson

The effort toward development of equipment for resin carbonization
has centered on three fluidized-bed furnaces. A 0.13-m~-diam (5-in.)
graphite muffle coating furnace vas adapted for carbonization and con-
version. A small, carbcnization-only system employing a 0.10-s—diam
(4-in.) Inconel muffle was constructed and used. A larger, engineering-
scale system with a 0.23-a-diam (9-in.) Inconel muffle vas designed and
fabricated and is now ready for imitfal testing.

Initial carbonization runs were made by equipping the coating
furnace system with thermocouples, a temperature programmer, and an
inert-atmosphere unloading pot. A single-inlet graphite cone having an
included angle of 30° was used for all carbonization runs made with the
coating system. Conversion runs were made with either the same cone or
with a porous-plate gas distributor described in Sect. 3.6. The per-
chloroethylene scrubber, used for removing soot from the off-gases of
coating operations, was found adequate for removing the tars produced
in resin carbonization. Ferchloroethylene scr:bbers were, thercfore,
provided in both the 0.10- and 0.23-m-diam (4- and 9-in.) systems
discussed below.

To test concepts planned for the larger 0.23-m unit, a 0.10-m lab
furnace was built. In the 0.10-m unit, the reaction chamber is an
Inconel tube with a 60° single-inlet cone at one erd. The capacity of
the unit is 1.5 kg of dried loaded rerin, representing about 0.75 kg of
uranium. Temperature is measured by thermocouples, one in a well
protruding directly into the fluidized bed of particles, the other located
at the muffle wall between the muffle and the furnace heating element.

A 200-um stainless steel screen above the bed is provided to mechanicaliy
disentrain kernels from the fluidizing gas stream. Particles are fed
from a hopper into the chamber by gravity flow through a line that
penetrates the chamber wall just below the kernel retention screen. A
bottom-loading scheme was tried but was not fail-safe and was, therefore,
abandoned in favor of the gravity system. Sight ports were provided in
the top of a flat muffle end and used to observe the action of the bed
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during the carly portions of carbonization runs. Buildup of tars on
this type end forced its abandomment in favor of a smoother tapered end.
It was also found necessary to insulate the crossover pipe from the
auffle to the scrubber to avoid excessive tar buildup. A novel feature
of this system is the incorporation of gas flov programmed via a digital
function generator to decrease as the temperature increases. Also,
pressure transducers have recently been installed in this systeam to
determine if they are useful for monitoring the pressure drop across
the bed.

The 0.10-m-diam furnace perforwmed very well, and thus many of the
features of it were incorporated in the design of the 0.23-m-diam system.
This latter system is full commercial size and should allow carbonization
of about 4 kg of uranism per batch. It will be loaded and unloaded
pneumat ically via a system of lines and hoppers, all under argon. The
product will be fed to a large argon-atmosphere glove box for sampling
and, if necessary, upgrading before conversion. The furnace had been
fired and the system was nearing initial operation at the end of this
report period.

3.5.2 Process Development — J. A. Carpenter, Jr., D. P. Stirton, and
D. R. Johnson

Typically the carbonizaticn processes consist of heatingz uranium-
loaded weak-acid resin from room temperature to 600°C at a rate of
2°C/min followed by a hold at 600°C for 30 min. For conversion, the
carbonized material is heated rapidly to about 1700°C and held for
10 to 30 min, depending upon the amouat of UC; that one wishes to form
via reaction with the carbon matrix of the kirnel. With the 0.13-m-diam
(5~in.) system the charge is typically SO0 kg U, and the argon flow
is usually 0.5 std liter/sec (1 scfm). Charges as large as 1.2 kg U
have been successfully carbonized and converted in this system.
Considering both the 0.1- and 0.13-m-diam (4- and 5-in.) systems, a
total of 134 carbonization runs have been made. Of these, the resin
source was Amberlite IRC-72 for 125 »f the runs and Duolite C-464 for

the remainder. We wmade 82 conversion runs, 76 with Amberlite resin
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and 6 with Duolite. No significant problems were emcountered during
these runs, and both the carbonization and conversion processes appear
commercially feasible.

The only problems encountered during carborization and conversion
were: (1) cracking of the kernels of one batch of resin during carbon-
ization, and (2) sticking of kernels to one another and to the graphite
muffle during conversion. The resin batch that cracked during carbon-
ization differed in uranium content from mumerous batches that did not
crack. The inferior batch contained less than the desired uranium
content. The central regions of the microspheres were much lower in
uranium content than the outer regions. Thus, given properly loaded
microspheres, which is the general case, cracking during carbonjzation
will not be a problem. The second problem, kernel sticking during
conversion, occurred vhenever the heating rate during carbonization was
greater than about 2°C/min. Higher heating rates cause more carbon to
be evolved during carbonization, resulting in less carbon in the carbon-
ized kernels. Kernels containing too little carbon have a high tendency
to sinter and stick during conversion. The sticking can be minimized
by using higher fluidizing gas flow rates uuring the conversion, stirring
the fluidized bed wore rapidly and efficiently. Similarly, the use of
a cone having a 30° included angle appears preferable to one of 60°.
With proper control of the heating rate during carbonizazion and given
the preferred conversion process, sticking does not occur.

Besides the inter-particle variation in uranium loading, the intra-
particle variation is also important. A technique based on neutron
activation of individual resin particles was developed and used to show
that the variation in the uranium loading between individual microspheres
is typically much less than 12. This work is described further in
Sect. 3.7.3.

The properties of the carbonized and converted kernels — such as
carbon content, density, diameter, percent conversion to carbide, and
crushing strength — depend on process variables such as heating rate
during carbonization, fluidizing gas flow rate, and conversion time and
temperature. A statistically designed experiment employing these variables

was conducted and reported.?! These results can be summarized as follows:
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1. Heating rate in the range 2 to 25°C/min during carbonization
very strongly influences a number of other properties. Lower heating
rates yield a product of kernels containing sore carbon, having lower
density, snd tending less to sianter and stick to ome another and to the
furnace suffle during couversion.

2. Higher gas flow rates surprisingly lowered the comrersion;
this wvas perhaps a side effect caused by higher flows cauring the
particle bed tc run cooler than the control point outside the furance
muffle.

3. Kernel sohericity did not degrade during carbonization and
conversion.

4. Uranium loss ¢id not depend on time, temperature, or gas flow
rate. This indicated that the observed loss of material, which averaged
12, was due to physical carryover rather than evaporation or some other
chemical means. That is, particle li.ss was the result of particles being
blown out of the furance into the exhaust system. Of course, the particle
retention screen on the prototypic carbonization furmace will eliminate
such loss during carbonization, and a longer furnace should minimize
loss during conversion.

The crushing strength of carbonized and converted resin-derived
kernels was measured. Results for carbonized material are summarized
graphically in Fig. 3.11. The data showed at the 992 level of confidence
that crushing strength depended on both the uranium content and the
precarbonization moisture content, as determined by drying at 110°C.

Data for converted kernels are given in Fig. 3.12. Note that the crushing
strength decreas2s for increasing conversion. to the carbide.

A time-of-flight mass spectrometer was used on-line to study the
off-gases from carbonization. The off-gases seen after the furnace but
before the perchloroethylene scrubber are water vapor and CO; with lesser
amounts of CO and Ha. Behind the scrubber, perchloroethylene and various
derivatives of it are also present. Studies of the kinetics of the
carbonization process are in progress. The results will hopefully allow

minimization of the time required for the carbonization process.
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Carbonized and converted kernels containing 93%-earicted 2% were
prepared for subseaquent coating and irradiation testing. Three batches
were prepared, two having nominally 751 coaversionm and one with 13X con-
version. These particles are described further in Sect. 3.6.1.2.

3.5.3 Laboratory-Scale Resin Kernel Studies — G. W. Weber

The carbonization process can be optimized by defining critical
reaction regions and appropriate control parameters. The differential
thermal analysis (DTA) and thermogravimetric (TGA) behavior showm in
Figs. 3.13 and 3.14, respectively, for two candidate resins, Duolite C-464
and Asverlite IRC-72, indicate the importance of the region from 200 to
500°C. Investigation of the weight loss, voiume loss, and deasity at
selected temperatures during this carbonization process produced property
variations closely reflecting the TGA and OTA behavior, as shown in
Fig. 3.15. A similar variation was found in particle size as shown in
Fig. 3.16 and in mercury demsity.
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Fig. 3.13. Differential Thermal Analysis Behavior of Uranium-
Loaded Duolite C-464 and Amberlite IRC-72 Weak-Acid Resins.
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Fig. 3.14. Thermogravimetric Behavior of Uranium-Loaded Duolite

C-464 and Amberlite IRC-72 Weak-Acid Resins from 90 to 540°C as a
Function of Heating Rate.
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Fig. 3.16. Variation in Particle Size of Uranium-loaded Duolite
C-464 and Amberlite IRC-72 Weak-Acid Resins fros 25 to 1625°C.

The heating rate through this critical carbonization region had a
very strong effect on weight loss, volume loss, and carbon-to-uranium
ratio. The final wefght loss and volume loss for both resins are
approximately linear with log heating rate for heating rates from 1 to
80°C/min through the critical process range, which was subsequently
identified as 360 to 440°C for the Duolite resin. The variation of
carbon-to-uraniuwm ratio with carbonization rate behaved similarly for
the two resins as shown in Fig. 3.17.

The carbon-to-uranium ratio is significant in defining the fluidi-
zation behavior of the material during the subsequent conversion step.

An excess of carbon is required to successfully complete this step with-
out agglomeration. Experiments have demonstrated that a carbon-to-
uranium ratio greater than about 5.8 is necessary to prevent agglomeration
during typical conversion operations. The Duolite C-464 material
exhibited less tendency to agglomerate during conversion because of its
slightly higher carbon-to-uranium ratio.

Partial conversion of the U0z to UC2 at 1600 to 1700°C ’n accordance
with the applicable reactions is controlled by the partial pressure of
CO over the material. The high available surface area (BET > 150 mzlg)
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and extengive interconnected porosii-. (0.01. um diam for IRC 72 and
0.05 um diam for C-464) of the carbonized kernels permit prediction of
the rate of the D02 conversion to UC: under given conditions of specific
gas flow rate and temperature. Debye-Scherrer examination of kernmels
processed to various conversion levels has shown thaz the partially
converted material is a mixture of U002, UCz, and IICI'.)l -® The smount
and proportion of the various phases can be controlled by temperature
variation and by addition of hydrogen or carbon monoxide to the
fluidizing gas stream.

The presence of these phases suggests the potential for uranium
vulatilization during conversion. However, measurements with a water-
cooled collector have indicated that only about 0.0357 U loss occurs
during conve:sion under worst case circumstances. Although uranium
loss during carbonization involves an aerosol that is difficult to
collect, analysis has yielded a uranium loss of 0.02% during a very fast
carhonization cycle under a worst case situation.

A further concern relating to processed fuel kernels is retained
nitrogen, because of the transmutation to “’C, wvhich must be accommodated

in fuel reprocessing. Thus the effect of the uraniuww loading method on
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retained nitrogen is a factor in selecting the process flowsheet. Com
parative data on kerunels loaded by various schemes and carbonized in a
similar maoner have been analyzed by the Kjeldakl wmethod. Amberlite
(4* form) with acid neutralizatiom by HMi.0H has shown 8300 ppm retained
nitrogen, wvhile Duolite (MY form) exhibited 1200 ppam X. Thbese values
are considered significant because of their high levels, although the
Kjeldahl method is not sensitive to low nitrogens levels.

3.5.4 Resin Handling — J. A. Carpenter, Jr.
During this period it became clearer that size and shape classi-

ification of resin before loading with uranium was most advantageous.
However, it wvas not clear whether further upgrading after loading might
also be needed. Hence, some work along these lines continued.

Severe problems of handling the uranium-loaded resin microspheres,
associated with electrostatic charge buildup, vere encountered. The
problem vas found to b2 associated with lack of wmoisture in the resin.
Blending small amounts of flake graphite minimized the problem when the
resin vas dried to about 34 wt I moisture as determined by loss-on-drying
(LOD) at 110°C in air. Below 34X LOD, the static cuharging was so severe
as to make the resin virtually unmanageable even with the graphite. Drying
to 12-137 LOD eliminated the charging altogether. A commercial ionized-
air static eliminator was adequate but slow. The solution adopted was
to limit the resin moisture removal to 12132 LOD.

Shape classification of loaded resin before carbonization was
performed many times, and no probiems were encountered, provided either
graphite or moisture was present on the resin to eliminate static
charging. Resin will likely be screened before loading with uranium,
but further screening may be required. Attempts to screen loaded resin
in anything other than laboratory-scale equipment have resulted in
extensive screen blinding. Altermate apprvaches for full-scale screening
are being investigated.

As an outgrowth of the above work aimed at solving the static charge
problem by addition of water, we studied the swelling and density changes

of the uranium-loaded resin associated with increasing moisture content.

e e
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For both types of weak-acid resins studied, Amberfiite IRC-72 and
Duwolite C-464, the microspbere radius increased on increasing the moistire
content up 0 about 510% LOD, above which it remained comstant or even
decreased soaevhat. The density actually decreased somcvhat uwp to vater
contents of between 10 and 205 LOD and then rose sharply to perhaps as
much as 202 above its original value. At 0 to 351 LOD, the resin
reached saturation and vas nc longer able to absorb any further water.

3.6 MICROSPHERE COATING {WORK “XIT 2104) — W. J. Lackey

The microsphere coaticg work unit has as its objective the developaent
of equipment and processes necessary for the resote coating of HIGR fuel
particles. We will obtain the performance data necessary to design and
operate a commercial-scale coating system. Microsphere coating is
separated into the following areas:

1. particle coating, which consists of the conversion of the desired
fraction of the UO: in the kernel to UC; followed by the deposition
of porous and dense carbon coatings as well as deposition of very
high~density silicon carbiie ccatings;

2. effluent treatment, which renders the effluent from carbon ani
silicon carbide coating operations into forms suitable for disposal;

3. particle handling, whick includes weighing, batching, transferring,
classifying, sampling, and storing of kernels and coated particle
batches.

3.6.1 Particle Coating

The equipment being developed to remotely coat recycled HTGR fuel
includes a fluidized bed to deposit the carbon and silicon carbide coatings.
The reference fissile particle coatings consist of buffer and dense (Lii)
carbon layers, a layer of silicon carbide, and an outer LTI coating. The
fisgile kernel is obtained by loading uranium onto a resin bead (Sect. 3.4),
carbonizing at about 600°C to remove volatiles (Sect. 3.5), and converting
the desired fraction of UCQ; in the carbon matrix of the kernel to UC;.

e R e
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Conversion. requires high temperatures (1600-1800°C), and therefore _t

is pe:‘.~wed in the same furnace as that used for coating. Bowever,
since the .arboci-tion and comversion operatioms are interrelatsd, the
results of Jur conversion “"wdies are presented im Sect. 3.5. Owr
0.13-@<diam (5-in.) coating furmi-> wsed for comversion and coatinmg

has been described previously.!?»?? Mg;-- efforts durirg the vear
included modifying several components cf the witing equipment, designicg
nev equipment for resotely loading and unloading the ‘urnace, developing
a better understanding of the deposition of the carbon anc silicon
carbide layers, and preparing Triso-ccated resin-derived mics:: spheres
for irradiation testircg.

3.6.1.1 Equipaent Development — M. K. Preston, J. L. Heck, D. P. Stinrem,
R. R. Suchomei, snd W. R. Hamel

Two types of gas distributors can be used on the remote prototype
coating furnace. The conical gas distributor &ias been used for many
years and has operated satisfactorily. The porous platez’ ({rit) gas
distributor is relatively new and has undergone sewveral modifications.
The problems that led to modification of the frit were the failure of
the frit to seal properly to the ga: distributor and the adherence of
particles to horizontal or nearly horizontal portions of the frit.
Sticking occurred duriang buffer coating runs in the regions between the
blind holes and particularly in the central portiom of the distributor
vhere there was no hole. A new frit shown in Fig. 3.18 was designed to
eliminate the sticking problem. A central blind hole was added, and the
number of peripheral holes was increased from six to eight. Also the
slope of the surfaces between the holes was increased to promote more
rolling action of the particles. This frit has been evaluated for over
six months; its performance is very satisfactory and considerably better
than the previous design.

The problem of coating gas leaking around the frit was caused by
the attempt to seal directly to the porous graphite. Gas leakage has
been eliminated by cementing a solid graphite ring to the outside of
the frit.
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Fig. 3.18. Porous Plate or Frit Ga.s Distributor.

Several mod:fications were made to the furnace to allow its use
for cardonirzation and conversion of resin particles. A "Trend Trak"
temperature programmer was installed to permit heating the furnace at
controlled rates. A glove box used for loading particles into the
furnace vas upgraded so that its atwmosphere would be sufficiently
inert to allow handling of carbonized and converted resin particles,
which are pyrophoric.

A rigidized carbon felt heat shield has i.een evaluated and shown
to be superior to the previously used molybdenum. The new heat shield
provides better insuiation and does not become brittle after heating.

The coating gas handling equipment was modified to allow aixing
of acetylene and propyleme to be used for deposition of mixed-gas LTI
coatings. Laminar flow elements were 3lso installed in the gas streams
to replace the integral orifice flow measuring devices.

A time-of-flight mass spectrometer was connected to the coating
furnace to monitor the gaseous effluent from carbon and silicon carbide
coating operations. In addition o0 obtaining desired environmental
data the mass spectrometer will be used to obtain information on coating

process varfables and their effect on product quality.
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One area of major development is the so-called 0.13-m—diam (5-in.)
coater loop. This equipment, which is required for actomatically
unloading particles from the coating furnace, corsists of = number of
components, as depicted in Fig. 3.19.

Because of the hot arnd oftem pyrophoric nature of coated particles
an inert atmosphere must be maintsined throughout the loop, and all
components must be capable of Landling particles as hot as 600°C. The
requirements for remote operation of this loop necessitated redesign of
the coating chawber and gas distributor as well as the furnace expansior
chamber and seal support plate. These components have been fabricated.

The redesigned gas distributcr will use perchloroethylene (C2Cls)
as the coolant in crder to evaluate a nonhydrogemous coolant system.

A hear troansfer analysis of the gas distributor was pezformed to
estimate the effects of substituting CCl, for water as the coolant.
Regnlts indicate that the new conlant system will require flows of about
0.5 liter/sec (8 gpm) to sccomplish equivalent cooling to that provided
with about 80 ml/s«c (1.3 gom) water. Thus the heat exchanger, circu-
lating pump, reservoir, piping, and valves have bteen sized and are being

procured on this basis.

Fig. 1.19. Remote Coating Furnace Loop.
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Redesign of the furnace stand w:s also required, as it must be
compatible with the inert emclosure and unloading mechanism. The com-
ponents within the enclosure have all been designed; the elevator and
menipulator are being fabricated. A small programmable log.c controller
is being procured to operate all coater loop components. It will
control the operations needed to pick the crucible off the lowered
elevator, dump the particles from the crucible to the scalping screen,
and scalp the particle batch to remov:s oversize agglomerates and soot
balls. An air lock to the enclosure that will permit replacement of
ccater crucibles has also been ucsigned and is awaiting fabrication.

Particles will be transferred from the enclosure to a series of
column-mounted components, which vill weigh, sample, and divert the
batch. A precision weigher capable of weighing a batch with an accuracy
of 0.1 wt  has been designed. Hopger designs have been completed.

Samplers of two different designs are to be tested as laboratory-
scale equipment to determine the most satisfactory design. A ten-stage
sampler built to yicld a sample-to-input ratio of 1/2° or 1/1024 is
currently being tested. The second, a three-stage device designed for
a ratio of 1/1000, 1is under fabrication. Initial testing of the ten-
stage sample produced a sample-to-input ratio of about 1/500 rather
than the anticipated 1/1024 and disclosed two major design faults.

The long line-of-sight path from the top stage to the bottom plate
resulted in an unacceptably large number of broken particles., and the
bottouxa plate was so designed that particles in the main stream channel
could bounce back into the lowest stages, accounting for the error in
the sample ratio. Two particle containment systems were developed as
modifications to the original sampler. Omne system uses a nine-layer
turbine-bla’e-like deflector design. A second modification employs a
ten-layer trough assembly to dive ¢ the main stream fraction from each
stage. Both modifications yield the proper size sample and more
inyortantly samples that are representative of the parent batch.

Other equipment development on the 0.13-m (5-in.) coating system is
associated with the furnace-to-scrubber connecting pipe. A method is
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being developed to eliminate the problem of soot buildup in this pipe.
Fabrication is nearly complete on an auger assembly that can be peri-
odically driven through the pipe to clean it.

3.6.1.2 Process Development — D. P. Stinton, W. J. Lackey, and
D. R. Johnson

The first coating applied to both fertile and fissile particles
is the buffer layer. Improvements in the buffer costing process have
been described in the previous two progress reports.??»2"

The second layer applied to both fissile and fertile particles is
the low temperature isotrcpic (LTI) coating. The fracrtion of defective
LTI coatings has been extensively studied in the past year.?’ Typical
aefects observed in =a-coated particles are cracked or permeable LTI
coatings. The particles used in this study vere Biso-coated ThO2. The
LTI coatings werz deposited from propylene in the 0.13-m-diam (5-in.)
coating furnace using either the conical or frit gas distributor.

Defective particle fractions are given in Fig. 3.20, where each line
is the result of a least squares fit invelving from 10 to 50 different
coating batches. The upper=.st curve of Fig. 3.2C shows a very strong
dependence of defective fraction on outer coating thickness. The
defective particles in this case consisted of both cracked and permeable
coatings. A decrease in the number of permecble ccatings with increasing
coating thickness is easily understood, but the reason for the correlation
becween number of cracked :oatings and coating thickness was not obvious.
We postulate that cracked outer coatings are the result of the combined
action of two sources of stress; namely, stress built into the ccating
during the deposition process and stress appearing during cooling of the
particles from the coating temperature. The cooldown stress results
because the thermal expansion coefficient of the outer carbon layer is
greater than that of tlhe porous inner carbon. Stress analyaes show that
the tensile stress in the LTI layer can be as large as 103 MPa (15,000 psi).
Further, the analyses show that the stress decreases with increasing LTI
thickness, thus explaining the observed correlation of the number of

cracked coatings with coating thickness. Thus, one should be able to
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Fig. 3.20. Effect of LTI Coating Thickness, Annealing, and
Dilution on Defective Particle Fraction for Biso-Coated ThO:.

reduce the number of cracked coatings by annealing the coated particles
before cooling from the coating temperature. Annealing removes the
deposition stresses, and the coatings have to withstand only the cool-
down stresses. The middle two lines of Fig. 3.20 show rhat annealing
reduces the defective fraction by from one to two orders of magnitude.
In fact, all the defective annealed particles had permeable rather
than cracked coatings. The lower curve in the figure shows that the
number of permeable coatings is significantly reduced if the propylene
coating gas is diluted with helium. This effect may be associated
with alteration of the coating pore structure.

These results show that the fraction of defective Biso-coated ThO:
particles can be reduced to a very acceptable level. Annealing and
mixing of an inert gas with the hydrocarbon coating gas reduced the
occurrence of cracked and permeable coatings. Permeable coatings are
more of a problem with the resin-derived fissile particles, and more

work is required.
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Considerable effort was devoted to measurement of the crushing
strength of Biso- and Triso-coated particles. A report" describing
this vork vas prepared. Briefly, the crushing strength of Biso-coated
ThO2 particles was increased by the following factors: (1) increasing
the outer coating thickness by 10 um increased strengths by 1.3 N (0.3 1b)
for annealed particles and 2.2 N (0.5 1b) for unannealed particles,
(2) an 1800°C postcoating anneal increased strengths by 4.4 N (1 1b)
for particles with thick outer coatings and 9 K (2 1b) for particles
baving thin coatings, and (3) increasing the buffer coating demsity by
0.1 g/cm’ increased strength by 2.6 N (0.6 1b). The crushing streagth
of Triso-coated fissile particles was proportional to the thickness of
SiC coatings, and strength decreased on annealing by about 0.9 N (0.2 1b)
when the frit was used to distribute the coating gas and by about 7 N
(1.5 1b) vhen a conical gas distributor was used.

A large amount of work was done on the characterization of silicon
carbide coatings. Several etching techniques were investigated, and
three were satisfactory. One method uses a thermal grooving approach.
Particles are mounted ard polished metallographically. The particles
are then removed from the asount and heated to 1550°C for 30 min. The
material in grain bos .o .ries ia preferentially evaporated. The micro-
structure can be observed with a scanning electron microscope or by
light microscopy.

The other two techniques are more conventicnal. Ore electrolytic
etchant and one chemical etchant have been found that satisfactorily
etch the 3ilicon carbide. The electrolytic method uses a mixture of
500 cm® of H3aPO, and 20 g KiCr207 as the electrolyte. The polished
sample is etched for 1.5 min at a current density of 4 to S5 Alcm?,
This method etches both large and small grained material very well.

It also brings out any banding present in the silicon car’ ‘de coating
layer. The chemical etch?? is a mixture of NaOH and K3Fe(CN)s. Satu-
rated water solutions of both chemicals are mixed in equal volume

ratios. The mixture is then heated to its boiling point, and polished
samples are dipped for 1 to 10 min., This method etches both large and
small gra.ned material. The microstructure of large grained material
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is more distinct. This method does not show banding as clearly as the
electrolytic method. Bands can be seen, but they are fewer and less
pronounced. Figure 3.21 shows very good agreement between the thermal
grooving method and the chemical etch.

The study of different etchants revealed two very differemt silicon
carbide structures. A large grained material was seen vhen a coating vas
deposited at 1600°C and 0.17 pm/min. A highly banded materisl with a
suall grain size was seen when a coating wvas deposited at 1500°C and a
deposition rate of 0.45 ym/min. These microstructures are seem in
Fig. 3.21. Silicon carbide structures were examined further by looking
at four coatings made with a conical gas distributor im the 0.13-m~diam
(5-in.) coater. The deposition conditions and microstructures can be
seen in Fig. 3.22. The coatings deposited at 0.1 im/min were denser and
coarser grained than coatings deposited at 0.2 um/min. Changing the
deposition temperature from 1600 to 1700°C did not result in a detectable
change in structure.

The influence of annealing on the structure and strength of SiC-
coated particles was investigated. The crushing strengths of these
particles were examined because silicon-carbide-coated particles exhibit
Jover crushing strengths than any other step in the Triso coating cycle.
Twelve particle batches processed through the silicon carbide layer were
annealed at various conditions. The temperatures used varied between
1630 and 2000°C and the times varied from 12 to 420 min. The crushing
strength of each particle batch clearly decreased on annealing. 7The SiC
grain size increased only slightly during annealing.

Considerable time was spent preparing fuel for irradiation testing.
Three batches of Triso-coated resin and ten batches of Biso-coated ThO:
were prepared. This was the first time that resin-derived fuel had ber:n
prepared with the 0.13-w-diam (5~in.) coater. This fuel is showm in
Fig. 3.23. It is apparent in the figure that the coated particles are
more nearly spherical when the frit-type gas distributor was used rather
than the conical distributor. This is a general observation and it is
discussed further in a recent report" dealing with the irfluence of
equipment and process variables on particle shape.
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Y-130713

Fig. 3.21. Coarse and Fine Grained Silicon Carbide as Revealed
by Chemical (top) end Thermal (bottom) Etching. On the left is material
deposited at 0.7 im/ain at 1600°C having a crushing strength of 12.5 N
(2.8 1b). On the right is material depnsited at 0.45 um/min at 1500°C
having a crushing strength of 19.5 N (4.4 1b).
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Y-131743

Fig. 3.22. Effect of Deposition Rate and Temperature on the
Structure of Silicon Carbide. (a) 0.1 um/min at 1700°C. (b) 0.2 um/min
at 1700°C. (c) 0.1 ym/min at 1600°-. (d) 9.2 um/min at 1600°C.
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Fig. 3.23. Triso-Coated Resin Fuel Prepared in the 0.13-m-diam
(5-in.) Furnace. (a) Cone distribucor, 76.6 ¢ 2.6% converted. (b) Frit
distributor, 12.6 ¢+ 2.5% converted. (c) Frit distributor, 69.4 * 2.12%
converted.
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Four of the batches of fertile particles prepared for testing in
the OF-2 capsule are shown in Fig. 3.24. The variables being investigated
bare are C3H¢ flow rate [0.94 vs 1.7 liters/sec (2 vs 3.6 scfu)] and
diluent gas concentration (0 vs 50%). Each particle batch in Fig. 3.24
wvas coated by use of the 0.13-m-diam (5-in.) frit.

During fabrication of resin derived particles, uranium was found
escaping from the kernels and being dispersed in the buffer layer. This
occurred during annealing of immer LTI coated particles at 1800°C and
also during SiC coating. X radiographs showing the extent of uraniwm
dispersion for the particles prepared for irradiation testing appear in
Fig. 3.25. About half the particles from the two batches having nominally
752 convereion show some dispersion. However, only an occasional particle
1.4 the batch having 12.6% conversion showed dispersion, and in these
cases only a fev small specks of uranium-bearing material were present
in the buffer layer. Several factors that can cause uranium dispersion
were identified. These factors were diffusion of HCl or Cl; present
during the SiC coating through permeable LTI coatings and subsequent
reaction with the kermel, reaction during the carbon coating operation of
the kernel with C;Cls that had backstreamed from the scrubber into the
coating furnace, and exposure of conver. d kernels to the atmosphere
before coating. A report describing the fuel dispersion work in more
detail is available.?®

3.6.1.3 Laboratory-Scale SiC Coating — J. I. Federer

Most of the laboratory-scale SiC process development activities
congisted of evaluating the effects of coating conditions on coating
characteristics when methyltrichlorcsilane (MIS) is used as the source
for SiC. The principal variables of MTS flux, H2/MIS ratio, and temper-
ature vere varied over wide ranges in search of trends: MIS flux was
varied from 0.03 to 1.3 ce’/min; H2/MTS ratio was varied from 5 to 44;
temperature vas varied from 1225 to 1775°C. The results of this work
may be summarized as follows:

1. Joating rate is affected by each of the principal variables;
however, H2/MIS ratio and temperature also affect density, whereas
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Fig. 3.24. Annealed Fertile Particles Prepared in the 0.1l3-m-diam (5-in.) Furnace.

Y-131743

Top: CsHg¢
flow rate 0.94 liter/sec. Bottom: 1.7 liters/sec. Left: No helium diluent. Right: Helium flow
equal to CiHg flow.

991
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Fig. 3.25. X Radiographs of SiC-Coated Resin Showing Uranium in the Buffer Coating Layer of the
Twe Nominally 75%-Converted Batches. (a) Frit distributor, 69.4 t 2.12 converted. (b) Frit distributor,
12.6 * 2.5 converted. (c) Cone distributor, 76.6 * 2,6X converted.
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coating rate does not. A highly dense SiC coating can be obtained at
optimmm values of H2/MIS ratio and temperature; the coating rate can
then be conveniently varied by varying the MTIS flux.

2. At optimm values of H2/MTS ratio and temperature the coating
rate is a linear function of MTS flux. Coating rates as high as 4 um/min
have been obtained.

3. Coating density is strongly aifected by H2/MIS ratio. Except
for a few data points, the density appears to increase rapidly with
increasing H>/MTS ratio in the range 5 to 20, and is relatively insen-
sitive to a further increase in H2/MIS ratios. Coatings for irradiation
testing were deposited at an H2/MTS ratio of 30.

4. Since ac H2/MIS ratio of at least 20, and preferably higher, is
needed for high density, the maximum coating rate is determined by the
batch surface area and the coating tube size. The maximum coatiag rate
occurs at the greatest MIS flux (and corresponding H,/MTS ratio) that
does not eject microspheres out of the coating tube. A coating rate of
1 ym/min appears to be practical in the small coating tubes used in this
work. Significantly higher rates would likely require trade-offs among
flow rates, batch surface area (batch size), cnd coating tube size.

5. The microstructure is also strongly affected by H2/MIS ratio
and temperature, but not by coating race. Figure 3.26 shuows that as
the H2/MTS ratio is varied from 5 to 25 the microstructure changes from a
disorganized mass to a striated structure and finally to a grain structure.
Although not evident in the microstructures, the amount of porosity
decreases with increasing H2/MIS ratio. Similarly, Fig. 3.27 shows that
as temperature is increased from 1375 to 1775°C the microstructure
changes from a striated structure (containing excess silicon) to a dense
grain structure, and finally to a coarsely crystalline structure con-
taining gross porosity.

6. Coating dersity 1s strongly affected by temperature. Figure 3.28
shows the results of the present study along with those of three other

30—32

investigators. Except for one case’’ the densities exhibited maxi-

munm values in the tempr ature range 1500 to 1650”C. Coatéings deposited
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Fig. 3.26. Microstructures of Silicom Carbide Coatings Deposited
at 1575°C at Various Ratios of Hydrogen to Methyltrichlorosilane. (a) 5.
(b) 10. (c) 14. (&) 20. (e) 25.
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Fig. 3.27. V}'crostructures of Silicon Carbide Coatings Deposited
at Various Temperatures and Hydrogen-to-Methyltrichlorosilane Ratio of
30. (a) 1375°C., (b) 1475°C. (c) 1575°C. (d) 1675°C. (e) 1775°C.
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Fig. 3.28. Densicty of SiC Coatings as a Function of Coating
Temperature. References cited are: E. Gyarmati and H. Nickel, JUL-900-RW
(ORNL-tr-2733); T. D. Gulden, GA-b275; avnd F. H. Voice and D. N. Lamb,
DP-677.

below abouz 1400°C have low density due to the presencc of excess silicon,
wvhile coatings deposited above 1700°C may have gross porosity, as showm
in Fig. 3.27. Coatings for irradiation testing were deposited at 1575°C.
7. Heat treatment at 1300°C for 30 min, the standard treatment for
consolidating coated microspheres into fuel sticks, does not significantly
affect the microstructure of SiC coatings, regardless of the coating
conditions or coating rate.
In summary, coatings have beer deposited at rates up to 4 um/min.
A rate of about 1 ym/min appears to be practical for reasonable batch
sizes. The 2ffects of H2/MTS ratio and temperature on density and micro-
structure have been determined. Highly dense polycrystalline coatings
can be prepared at Hz2/MTS ratios of 20 or more and at temperatures in the
range 1475 to 1675°C. A more detailed discussion of these results will
be published.??
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3.6.2 Coater Effluent Trertment and Analysis

3.6.2.1 Perchloroethylene Scrubber — D. P. Stinton

A final area of 2quipm:nt development is the perchloroethylene
scrubber’* used to remove soot and aydrocarbon vapors from the coater
off gas. This scrubber kas, in general, performed very satisfactorily
since installation more than a year ago, but two minor problems required
attention. These problems icvolved plugging of the demister filters and
a large loss of C.Cl, by evaporation. To eliminate these problems, a
chilled-water heat exchanger was added just dowmstream uf the scrubber
to condense C;Cl,, and the plugging of the demisters has been signifi-
cantly reduced but not completely eliminated by these modifications.
Reclamation of used C2Cly is described in Sect. 3.11.

3.6.2.2 Effluent Analysis — D. A. Lee, W. T. Rainey, D. A. Canada,
J. A. Carter, and D. A. Costanzo

A time-of-flight mass spectrometer* (TOFMS) has been purchased and
installed onto the 0.13-m-diam (5~in.) coating furnace. The TOPMS will
be used to monitor in-line the effluents from the various processes used
in preparing HTGR fuel microspheres. The processes to be monitored
are: carbonization and conversion of uranium-loaded resin, deposition
of carbon and silicon coatings, and particle annealing. A heated sampling
loop has been constructed to transfer effluents continuously to the
TOFMS from any one of three sampling ports in the facility. The TOPMS
may be operated in either the scanner or sequencer mode. Repeated
spectral <cans may be made for all masses, or five preselected masses
may be monitored continously in sequence. The analysis of the effluents
with respect to time and temperature will aid in determining reaction
mechanism and optimum process parameters as well as assure occupational

and environmental safety from hazardous pollutants.

*CVC Products, Inc. (formerly Bendix) type MA-3,
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3.6.3 Bulk Particle Transfer — J. E. Mack and D. R. Johanson

A pueumatic system vas chosen as the method to he used for trans-
ferring the fuel particles through the refabrication cycle. Tae system
must have the capability of transferring a variety of particle types
ranging from the bare loaded resim to the outer LTI coated particle with
virtually no cross batch contamination and sinimem particle wear and
breakage. Handling of the particles after zpplication of sereral coating
layers is necessitated by the present sampling technique, whi-h requices
removing the entire batch from the furnace, weighing it, and passing it
through a sampler before returning it tc the furnace. As a resalt, the
system will be handling aaterial that is thermally as well as radio-
actively hot. The particles must also be handled in an oxygen-free
atmosphere .'1loving carbonization and conversion, because of their
pyrophoric nature. Since ome line will carry different particle types
at different times, alil transfers will be made with argon and an argon
atmosphere maintained in the lines and hoppers at all times.

To determine the requiresents of such a system, two 30-: (100-ft)
13-sm-1ID (0.5-in.) transfer lines were constructed, one in polvethylene
to obtain extensive particle velocity data and one in stainless steel.

A collection hopper was located above the transfer hopper, and a batch
was recirculated by gravity f2ed through 2 diverter valve. An inter-
changeable 90° bend in both loops permitted data acquisition for bend
radii from 0.15 to 1.8 m (6 in. to 6 ft). The system parameters measured
were air velocity, particle velocity, and pressure drop. The system
components tested were collection and feed hoppers and two types of
gravity flow diverter valves.

Several particle types were transferred, providing data and operating
experience with particles of 500 to 800 im mean diameter over a density
range of 1.5 to 4.4 g/cm?. Flow through the transfer line for each of
these particle types can be described as dilute phase conveying, wherein
411 the particles remain entrained in the gas stream, and the density
of the gas-particle mixture is fairly low, about 8 to 16 kg/m® (1-2 1b/fe?).
Pigure 3.29 {llustrates particle slip — the difference between air velocity
and particle velocity — for four different particle types. The particle
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Fig. 3.29. Effect of Particle Demnsity on Particle Slip During
Pnewmatic Transfer of Bare, Biso-Coated, and SiC-Coated Loaded Resin
and Biso-Coated Thoria (in Order of Increasing Density) in 13-am-ID
(1/2-in.) Stainless Steel TubZay. To convert, 1 ft/sec = 0.30 m/sec;
1 scfa = 0.47 std liter/sec.

is moved along in the air stream by aerodynamic drag. The amount of

clip a particle experiences depends primarily on the size, shape,

snd weight of the particle. As a result, particle velocity will be

a function of the particle Jdensity and square of the cdiameter, as well

as of air velocity. Multiple regression analysis is currently being

used to determine the relative weights of each of these factors for

use in predicting transfer characteristics of the pyrophoric material.
Figure 3.30 illustrates variation in the air-particle bed demnsity

with air velocity and particle type. As air velocity decreases, particle

velocity decreases faster than the feed rate, and the air-particle density

increases until saltation occurs. At saltation, the air velocity is

insufficient to carry the particles along, and they become disentrained

from the air stream, filling the horizontal sections and blocking the

vertical sections. Tests show that this condition occurs when the

driving pressure falls below 14 kPa gage (2 psig), indicating the mini-

mum pressure drop for our system. Purge pressures below 69 kPa gage

(10 psig) proved sufficient to reestat 1ish the flow following a simulated

loss-of-power shutdown.
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Fig. 3.30. Density of the Air-Particle Mixture Versus Air Velocity
for Pneumatic Conveging in 13-mm-ID (1/2-in.) Stainless Steel Tubing.
To convert, 1 1b/ft? = 16 kg/m®; 1 ft/sec = 0.30 m/sec.

Pressure drops were measured over horizontal and vertical straight
sections, across bends of different radii, and across the particle feed
inlet for various transfer conditions and particle types. They ranged
from 0.45 to 1.35 kPa/m (0.02-0.0b psi/ft) for horizoatal conveying to
1.1 to 2.3 kPa/m (0.05-0.10 psi/ft) for vertical conveying. Pressure
drops across the bends ranged from 0.45 to 2.3 kPa/m (0.02-0.10 psi/rt).
Pressure drops across the inlet where the particles must be acceleratred
from rest ranged from 1.6 to 5.7 kPa/m (0.07-0.25 psi).

Particle wear and breakage were also evaluated. The particle types

tested showed no measurable wear except the buffer-coated particle, whose
mean diameter decreased 10 um after 25 runs through the 30-m (100-ft)
loop, averaging 0.4 \m per transfer, Particle breakage ranged from a
failure fraction of 0.7 x 10~" for the SiC-coated particle to 2 x 10"
per transfer for a reference fissile design Biso thoria batch. The Biso
*horia batch had an unusually low crushing strength of 6.2 N (1.4 1Ib)
compared with 11 to 13 K (2.5-3.0 1b) for a normal batch. The failure
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fraction for a buffer-coated thoria batch was 1.5 x 10~° per transfer.

No significant particle damage occurred in transferring bare loaded
resin, other than the separation of smaller "satellite” spheres from
their parent particles. We feel that most of the particle damage occurs
in the collecticn hopper xather than in the transfer line, and curremt
design effort is directed toward a collection hopper entry that minimizes
abrupt particle-wall and particle-particle interactions. A report

describing all the pneumatic particle transfer work is in preparation.

3.7 FUEL ROD FABRICATION (WORK UNIT 2105) — D. R. Johnson, P. Angelini,
J. E. Rushton, S. R. McNeany, R. W. Knoll, R. A. Bradley, and
R. M. Delozier

The purpose of this work is to develop processes and equipment
suitablie for the remote refabrication of HTGR fuel rods. The fuel rods
are 13 or 16 am (1/2 or 5/8 in.) in diameter and 50 to 65 mm (2-2.5 in.)
long and contain mixtures of fissile and fertile coated particles and
graphite shim particles bonded by a matrix of pitch binder and graphite
filler.

The principal activities in fuel rod fabrication are dispensing
particles, blending them, and loading them into molds, irjecting the
matrix into the beds of particles to forw fuel rods, and inspecting and

assaying the rods.

3.7.1 Equipment Development
The conceptual design for a commercial-scale, remotely operable

HTGR fuel rod molding machine has been prepared. It will form 40,000 rods
per day by the slug injection process. The major steps of fuel particle
dispensing and blending, mold loading, and fuel rod forming are performed
by the machine.

A laboratory fuel rod molding machine was designed and built in

35 This machine has met

1972 to demonstrate the slug injection process.
or exceeded all the design objectives and has produced over 30,000 HTGR
fuel rods. The design and operating experience with the laboratory fuel
rod machine provide the basis for the conceptual design of the commercial-

scale machine.

e ——— g D F
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The laboratory fuel rod machine comprises operating statiomns
positioned around a rotary index table to which molds are permanently
affixed. This type system is used extemsively in automatic assembly
operations in vhich the operating time for each station is about the
same. The fabrication rate for this type of system is obviously
controclle . by the cyclic time of the lomgest operation.

The operation requiring the most time in fuel rod molding is
injecticn of the matrix, vhich requires 20 to 30 sec. If a 20-sec
cyclic time is assumed for this operation, the maximm fabrication rate
obtainable with the laboratory fuel rod machine operated with single-
station indexing is about 4000 rods per day. By using multiple matrix
injection stations and a more complex indexing cycle, a maximm of
about 10,000 rods per day could be achieved with this type of machine.

To achieve a fabrication rate greater than that obtaingble with
a machine employing molds affixed permanently to a rotary index table,
the approach used in the conceptual design of the commercial fuel rod
molding machine is similar to that used in the bottling and canning
industry. 1In this concent, the molds are free members, vhich are trans-
ported from station to station via conveyor for processing as are
bottles on a bottling machine. This system permits simultaneous multiple-
rod injection while retaining the single-rod processing feature so
important to interfacing with other operating stations, thereby providing
a greater degree of flexibility than is obtainable with a fixed rotary
system. The fabrication rate of the production machine depends only
upon station multiplicity and the speed of the transfer system. A rate
of one rod every 2 sec or about 40,000 rods per day was chosen as the
design basis for the commercial-scale remote fuel rod molding sachine.

The rod molding machine comprises four rotary tables on which the
molds are carried through their sequence of operations and transferred
from one table to the next at tangent points. The four tables are the
mold-unload-load table, the moid heating table, the mold injection table,
and the cooling table. The arrangement of these tables along with periph-
eral auxiliary equipment is illustrated in Fig. 3.31. The machine is
to be constructed in modules designed for remot2 removal and installation.
All service connections are to be quick disconnect types appropriate for

manipulator operation.
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Fig. 3.31. Fuel Rod Molding Machine.

An HIGR fuel rod storage magazine and equipment for auxiliary
loading, unloading, fuel r~4 stack height inspection, and reject stack
handling have been designed. The basic element in the storage concept
is the storage magazine, vhich provides surge capacity between fuel
rod fabrication and {-wl element assembly. The magazine is a rectangular
array of 218 thin-wall stainless steel tubes, each of which holds 15
rods, thus giving the magazine a total capacity of 3270 rods. The
geometry of the magazine is critically safe. The front of the magazine
is made accessible for loading via a sliding door. The rods are retained
by a rear faceplate, which is provided with properly aligned holes for
an ejection plunger. The magazine is positioned for loading and unloading
by an indexing device operating in the x and 2 planes. The magazine is
designed for remote removal from the indexing device to an interim
storage area. The magazine loading station interfaces with fuel rod
inspection by means of an air levitation track. The magazine unloading
device similarly interfaces with fuel element loading. Figure 3.32
illustrates the fuel element magazine and the unloading station.
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Fig. 3.32. Fuel Rod Storage Magazine Unloader Mockup Schematic.

3.7.2 Process and Materials Development

The slug injection process has been chosen for wolding HTCR fuel
rods. A preformed cylinder (slug) of matrix materfial is loaded into
a mold containing the fuel particles, the mold is heated to soften the

matrix, and the matrix is intruded into the bed of particles by a
pneumatic ram. Many of the recent advantages in fuel rod fabrication
development have centered around improvements in the characterization
and fabrication of the matrix slugs.

The present reference matrix material is a mixture of petroleum
pitch, graphite flour, a mold lubricant, and a low-coke-yield additive.
The components are combined by melting the organics in a2 heated Helicone
blender,* then adding the graphite, followed by high-shear mixing. The
material is discharged from the blender and cooled as a solid mass. The
cooled solid is then ground into a granular mix, <5 sm, and dry-pressed
into the finished cylinders.

#Atlantic Research Corp., Alexandria, Virginia.



Procedures have been developed for chemical analvsis of the matrix
slugs. The relative proportioans of pitch, graphite, snld lubricant,
and low—coke-vield additive can be determined. Craphite content is
measured gravimetrically once the crganics have beem dissoived. Cel
permeal ion chromatography is used to ammalyze for the low-coke-yield
additive as well as to jualitatively check the cnemical compositioan of
the pitch, vhile fluorine muclear magnetic resomance is used to mseasure
the comcentration of mold lubricast.

The concentration of wold lubricamt in the ground marrix wmaterial
has been foumé to vary by as much as a factor of 3, isdicating poor
mixing of this compoment. Variatiom in the concentration of mold lubri-
cant strongly influences the time required for matrix intrusion during
fuel rod molding. As a result of these observations, the matrix
blending step is presently bdeing reevaluated.

The relatively coarse (<5 mm) gromnd matrix material normally used
for dry pressing of matrix slugs frequently contains iarge gas bubbles
vithin the granules. These poTes are retained within the molded fuel
rods and are thought to be 2 major source of gross macroporosity in
fired fuel rods. The presence of large pores in the dry-pressed matrix
slugs can be largely eliminated by grinding the hoct-mixed matrix into
finer granules, smaller than 300 um. However, fine particles below
10 um, may cause laminated matrix slugs; thus, the fine particles may
be screened cut and recycled. Figure 3.33 illustrates the effect of
dry-press feed granule size on the porosity nf dry-pr2ssed matrix slugs.
An experiment is in progress to demonstrate quantitatively that the
porosity in fired fuel rods is related to the porosity in the matrix
slugs.

Improved quantitative metallographic teckniques have been developed
for measurement of porosity in fuel rods. Two automatfic quantitative
metallographic instruments have been evaluated for the characterization
of porosity in fuel rods from polished metallographic sectims. One
instrument uses a lineal analvsis technique to measure the volume fraction
of porosity and the distribution by volume of pore sizes; the other, a

Quantimet P20 image analyzer uses areal analysis to determine the above
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Fig. 3.33. Cross-Sectional Views of 13-mm-diam (9.5-in.) Matrix

Pellets Showing the Effect of Initial Feed Particle Size or Microstructure.
Sr. (a) Particle size up to 5S mm. (b) Below 300 :im.

properties plus the distribution by number of pore sizes. The areal
analyses have been rhown to be more desirable for inspection of fuel
rods. For example, total sicroporosity measured by areal analysis is
more consistent with coke yield measurement.

The causes and possible improvements for particle breakage during
fuel rod fabrication have been investigated. Particle failure during the
matrix injection step oi fiel rod mclding has been observed. The number
of broken particles that result from rod molding depends strongly on
injection pressure and, presumablv, the strength of the coated fuel
particles. Fuel particle characterization results for a batch of Biso-
coated thoria particles indicate that the weakest particles may be
concentrated in a narrcw particle size range. Figure 3.34 illustrates

coated particle thicknesses, determined by contact microradiography,
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Fig. 3.34. Coating Thickness of Biso-Thoria Particles Versus
Overall Particle Size (Fertile Batch A-572).

as a function of overall particle size. These results indicate that
the buffer coating thickness varies with particle size, but the inner
isotropic carbon coating is invariant with particle diameter at all

but the very smali particle diameters. The particles smaller than

700 um have very thin inner isotropic carbon coatings. As a result of
the thin coatings, the smallest particles are significantly weaker than
the remainder of the batch. Table 3.6 lists coated particle crushing
strength data that illustrate this size effect.

In addition, particle diameter mcasurements of large samples of
10,000 particles have indicated that the tails of the particle size
distribution deviate significantly from a normal distribution. In par-
ticular, there are more of the very small particles than a rnormal
distribution would predict. Failed particle analyses of the as-received
coated particles indicated that 997 of the failed particles were smaller
than 700 um. Thus, these particle characterization results suggest that

fertile particle breakage during fuel rod molding may occur selectively
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Table 3.6. Crushing Strength of Sieved Fractions
for Fertile Particle 2atc' A-572

Particle Sieved Crushing Strength
Fraction Size
(1m) o) (1b)
>900 17.4 3.9
§50~-900 17.4 3.9
800850 16.5 3.7
750-800 14.7 3.3
7100~750 16.5 3.7
600—700 6.2 1.4
Batch 18.2 4.1

among the smallest particles, and that the failed fuel fraction can be
significanily improved by screening out the small particles before

fuel rod fabrication. As these results are based upon the character-
ization of a single batch of coated fertile particles, they may not be
typical. Additional work with more batches of particles is in progress
in order to verify the preliminary conclusions. Similar character-
izations of Triso-coated fissile kernels have indicated that the size
distribution for fissile particles is primarily due to variations in
kernel size. Thus, the fissile particles with defective coatings

cannot be separated from the batch by screening.

3.7.3 Fuel Rod Inspection and Assay

A nondestructive uranium assay instrument i: under development for

the fabricated HTGR fuel rods. The technique selected for this application

uses a 2%2Cf neutron source tc irradiate the uncarbonized fuel rods.
The irradiating neutruns induce fission in the fissile material in a
rod, and the resulting prompt fission neutrons are detected with “He-
filled proportional counters. The detected count rate is directly
related to the fissile uranium content and can be calibrated with rods

of known uranium loadings.

o e 1
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The active 25%Cf assay method was selected after completion of a
study of HIGR fuel characteristics and their effect on nondestructive

assay techniques. 5,7

The primary characteristic of the HTGR recycled
233y fuel is its high gamma radiation due to the inclusion of trace
amounts of 222U and its decay product nuclides.

In the analysis of nondestructive assay methods for 2"0, an
evaluation of the use of the 2% gasma rays as a peasure of fissile
material content was completed. A sample of 233y uicth 250 ppm of 232y
that wvas near equilibrium with its decay products was scanned with
three types of high-resolution Ge(Li) spectrometers. 1Iwo of the spectrom
eters are located at Lawrence Livermore Laboratory, and the measurements
were conducted there bty Raymond Gunnink. The resualts indicated that
for all detector configurations the gamma-ray background due to the 232y
decay products masks the 23U gamma-cay lines. A gamma-ray spectrum of
233; measured at ORNL with a Ge(Li) detector is shown in Fig. 3.35.

The detector is true coaxial with a total volume of 54 cm?, a relative
efficiency of 92, and a resolution of 2.3 keV at 1332 keV. The labels
of Fig. 3.35 near the peaks indicate the parent nuclide and the gamma-
ray energy. There is no indicaticn of any 233y gamma-ray lines in
this spectrum. Thus assay for 223U by direct detection of 2%V gamma
rays is not feasible if 222U contents are above 100 ppm of uranium.

Active assay methods were also reviewed, and the 23Cf interro-
gatior? ";y.m:- selected for development. The advantages of this
technique are (1) that the detected signal is uniquely determined bty
the fissile content of the rods and (2) that the fast neutron detectors
can be made insensitive to gamma radiation.

The assay develcpment program at ORNL is directed towards operation
of an engineering-scale assay instrument for 2?3U-loaded fuel rods. The
assay instrument must be remotely opcrable and maintainable so as o
function in-line in a commercial refabrication facility. The program
to develop this capabili:y began with the design and fabrication of a
laboratory-scale system, which will be used to optimize the nuclear
characteristics and operating parameters of a prototypic assay instru-
ment. A schematic drawing of this development device is showr in

Fig. 3.36. A l.4-mg 2°%Cf source is positioned at the center of a
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Fig. 3.35. Gamma Ray Spectrum 233y with High 2325 content.

cylindrical moderator assembly composed of graphite, polyethylene, and
heavy water (D20). The fuel rods are positioned along the periphery

of the moderator assembly. In this position they are exposed to
well-thermalized neutrons, which selectively fission only the 233y or
235y atoms within the rods. The fission neutron detector, which is a
“He proportional counter, records the number of prompt fission neutrons
emitted from the sample. The ralculated response function of this

device has been previously reported.®
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Fig. 3.36. HTGR Fuel Assay Development Device Prompt Fission
Neutron Configuration.

The development assay device is to be located in an uncontaminated
hot cell and operated semiremotely. The hot cell location offers
several advantages:

1. The hot cell eliminates the need for expensive biological
shields for the development device.

2. The hot cell operation will provide direct verification of
remote handling procedures that will be incorporated in the prototypic
assay instrument.

3. Handling of gamma-active 22U samples is facilitated, while
personnel exposure or contamination risks are minimized.

4. The hot cell remote manipulation equipment facilitates handling
of the 1.4 mg 2%2Cf source [radiation intensity of 100 R/hr at 0.3 m
(1 fe)].

The current status of this program is that the cell is prepared
for installation of the assay system and receipt of the 252¢f gource.
The development equipment, which includes the ?*2Cf irradiator, che
fast neutron detectors, and the data processing electronics, is 807

complete.
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A related development activity is the fabrication of uranium
standards for che rod assay instrument. Delarrd-neutron activation
analysis is being used for this purpose to measure the relative and
absolute 235U content of individual Triso-coated fuel particles. The
technique consists of irradiating a particle in a pneumatic tube
facility in the Oak Ridge Research Reactor, then counting delayed
neutrons, wvhich are emitted by 235y or 233y in the kernel. A relative
measure of a kernel's uranium density is found by dividing the
delayed neutron counts by che volume of the kermel, which has been
calculated from kernel diameter measurements taken from radiographs
of the particle. An absolute measurement is done by {rradiating a
known 35U or 2% standard and comparing its delayed neutron count
witi. that of a particle. In order to make particle-to-particle or
particle-to-standard comparisons, each measurement must be corrected
for thermal neutron self-shielding, for detector dead time, and for
reactor power level changes, which occur during the course of a large
nusber of measurements.

Three experjiments have been completed. These evaluated the
measurement technique itself and measured relative and absolute 235y
content of Triso-coated particles from two coating batches. The
principal results are as follows: (1) The precision of the relative
technique is about *0.377 on a 95X confidence level when the reactor
Fover level remains constant during the course of the measurements
(1.e., vhen the series of measurements takes less than about 1 hr).
(2) The kernel-to-kernel variation in the uranium density was *3,6%
on a 952 confidence level for 39 particles from one batch and *3.2%
for 38 particles from a second batch. (3) Limitations in the irradi-
ation facility, which allow measurement of only one particle at a
time, and reactor power variations, which reduce the precision of a
long series of measurements, make the technique impractical for assay
of large samples. In sum, the method is well suited for relative or
absolute uranium assay of samples of individual particles.

An experimental effort is under way to develop a nondestructive
fuel rod homogeneity inspection. A number of methods are being
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evaluated to determine their applicability. These include x-ray
attenuation, gasma-ray attenuation, passive counting of radiocactive
isotopes present in fuel rods, nuclear magnetic resomance, and x-ray
fluorescence.

Radiation produced by typical commercial x-ray tubes is very
intense; large, statistically significant numbers of couats are pro-
duced. The continuous x-ray spectrum producad by such tubes may be
collimated ana passed through a fuel rod. The x-rays are then detected
with a thallium—doped Nal scintillation detector. The intensity of
the beam is great enough that the signal from the detector is measured
with an electrometer rather than a counting system. The measurements
then give the total x-ray attenuation produced by all the mass com-
ponents present in fuel rods. By relating the initial intensity of
the x-ray beam to the intensity of the attenuated beam and using the
results of calibration experiments, one may obtain the total mass
distribution in fuel rods. This method has been shown to be feasible
for determining the axial heavy metal homogeneity in fuel rods. The
possibility of determining radial fuel homogemeity by interrogating
the rod at different radial positions is being investigated.

The use of radioisotope gamma-ray sources is being evaluated as
a means of determining total heavy metal, total mass, uranium, thorium,
and light-element content and relative distribution in fuel rods. The
radioisotope sources would replace the x-ray tube and power supplies
in an attentuation system. A radioisotope source would be advantageous
for use in a hot cell enviromment, as high-voltage power lines, x-ray
vacuum tubes, and cooling systems are not reguired. In addition, the
discrete gamma-ray energies simplify the analyses and can yield
additional information as to the elemental mass distribution in fuel
rods.

Three methods for measuring fuel rod homogeneity with radioisotope
sources are being consic’ered. The first configuration analyzes for the
tctal mags distribution in fuel rods by using one gamma-ray energy in
combination with an acttenuation experiment. The second configuration

uses a two-energy gamma-ray attenuation system such that the total heavy
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metal and total light element content and relative distributicn in fuel
rods may be determined. A third category utilizes the differences of
the thorium and uranium K absorption edges in determining the distri-
bution of uranium and thorium and total light element ccntent in fuel
rods. In this latter method the radioisotope '$9Yb is to be used
because it has gasma energies below, between, and above both the K
absorptions edges of thorium and uranium. This isotope also has other
advantageous characteristics: it has a fairly long half-life of over

32 days, it is fairly simple to fabricate into a source, it could
possibly be reactivated while still encapsulated, its activity is such
that an adequate number of counts can be detected, and its cost is less
than $500 for typical sources of less than 2 Ci. Gamma-ray fluorescence
as well as attentuation may be measured with the above configurations.
Various detectors are being tested with the above mentioned systems:
thalliun-doped Nal crystals with photomultipiiers, solid-state lithium-
doped germanium crystal detectors, and intrinsic germanium crystal
detectors. At this time, it seems as if the solid-statc germanfum
detectors will be necessary with the system. The results of three
gamma-ray attenuation experiments to determine total heavy metal content
in fuel rods are shown in Table 3.7.

Table 3.7. Determination of Total Heavy Metal Content
in Green Fuel Rods by Gamma-Ray Attenuation

Heavy Metal Loading, g/fuel rod

Fuel Rod

Actual By y-Ray Attenuation
HTR-3 5.0 4.9
HTR-4 3.9 4.1

HTR-6 2.5 2.7
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A green fuel rod loaded with coated thorium particles and particles
ot ¢ 3% with 10 ppm 232y has been obtained. The fuel rod is four vears
old and in this respect has a radiation background typical of fuel rods
to be produced in a recycle facility. The fuel rod will be studied as
to the cffect of its background -adiation on the previously mentioned
metitods. The fuel rod will also be studied as to whether its gamma
radiation can be used to determine the distribution of uranium within
the rod. These experiments are continuing.

Nuclear magnetic resonance (NMR) is being evaluated as a means of
determining 2%%U and 235y homogeneity in fuel rods. In this method
the sample is placed in a wagnetic field and an rf field supplied about
the sample. At a specific frequency defined by the magnetic field and
the characteristic nuclear magnetic moment of the nucleus the sample
absorbs some of the rf emergy. This method is specific 2s to isotopes
of elements. This phenouenon exists in nuclei that have an odd uumber
of nucleons. Thus the method should be sensitive to 2?20 or ??%y. This
method is attractive in that the detectiun is not affected by a gasma
or particle radiation background. The phenomenon is being evaluated
by testing nonradioactive model materiais such as TaC, Eu;0j3, and La,0:.
‘hese substances have been prepared in a size range similar to the
weak-acid resin kernels used in Triso-coated particles. The isotopes
oI the above elements that have nuclear magnetic moments are ”9!.3,
““Ypa, **’Eu, and 1817a, A sample of 1.a;0; has been sent to Varian
‘ssuciates in Palo Alto, Claiformia. No data have yet been received.

Y wide-line state-of-the-art instrument is to be used there. The Tal

nd Eu,03 have been sent to the NMR Laboratory at Y-12 in Oak Ridge,
tcnnessee. There a pulse-type instrument is to be used in studying the
naterials., If the results look encouraging, a 238y sample will be sent
to either laboratory for study. This method may be useful in other areas
¢ iR fuei recycle and refabrication. Other radioisotopic or normal
isutwpe analysis may be performed by this method.

U A
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3.8 FUEL ELEMENT ASSEMBLY (WORK UNIT 2106) — b. K. i hus.wi, A. J. Caputo,
and W. G. Cobb

The fuel elvment fabrication development work iIs divided iate four
areas: (1) fuel element ) -ading, in which green (unfired) fucl rods
are loaded into the fuel element block; (2) carbonization and annealing,
in which the loaded fuel element block is heated to about 1HH°C to
carbonize the pitch binder of the fuel rods and then auncaled at 1800°C
to remove residual volatiles and stabilize fuel rod dimensions;
(3) end plug, dowel, and poison rod loading, in whizh poison rods are
loaded into the element and graphite plugs and dowels are placed in the
fuel holes and dowel holes and cemented into place; and (4) fuel element
inspection, in which the assembled element is inspected and prepared
for shipping to the reactor (or stored). Effort during the year has

been cenfined to the carbonization and annealing area of this work.

3.8.1 Equipwent Development

An engineering-scale remotely operable in-block carbonizatiorn aund
annealing furnace has been designed. The heating profile for fuel
elements in the furnace is 10°C/min from ambient to 1800°C, followed
by cooling at approximately 10°C/min to 200°C. A protective atmosphere
is provided by flowing argon gas. The fuel blocks are unloaded at a
surface temperature of 200°C or less. The thrcughput of the furnace
is 16 blocks per day.

To maintain the desired throughput in a minimum of hot cell space,
the furnace vas designed to operate continuously. A fixed temperature
profile will be maintained within the furnace; the desired heating and
cooling rates will be maintained by conveying the fuel blocks through the
furnace at a constant average speed. A vertical furnace was judged to
be most efficient with respect to hot cell space and remote disassembly
for maintenance. The fuel elements are introduced into the top of the
furnace, a stack of elements is conveyed downward through the hot zone,
and finally the cooled blocks are removed from the buttom of the furiace,

The furnace is designed as a three-module, verticall, stacked unit,

shown in Fig. 3.37. The top module is a preheat and low-temperature

et st R . e S E AP P A AT
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Fig. 3.37 1In-Block Carbonization-Annealing Furnace.
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zone, the middle module is the high-temperature zone (1800°C), and

the bottom module includes the cooling zone snd unloading chamber. The
fuel element blocks are added to the top of the furnace by means of a
loading chamber and move dovmward through the furnace in small, step-
vise movements provided by an elevator mechanism in the unloading
chamber. Separate support c¢f the column is provided vhen it is
necessary to remove the bottom block. Large slide valves maintain

the argon atmosphere when blocks are added to or removed from the
furnace. The preheat zone uses metallic heaters, wvhereas the rest of
the furmace uses carbon resistance heating. The thermal design of the
furnace has been confirmed with a detailed, computer—assisted heat
transfer study. The furnace is designed for remote vertical disassembly
using an overhead bridge crane and an electromechanical manipulator.

To complement the furmace design thermal analysis, heating rate
studies using full-size graphite fuel elements were made with a large
four-zone induction-heated furnace at the Y-12 plant. The furmace was
loaded vith two full-size elements plus additional graphite parts to
simulate a load of approximately 2 1/4 elements. Under these conditions,
190 kW (=85 kW/element) was required to obtain the desired heating rate
of 10°C/min up to 800°C (the critical range for pitch coke yield) at
the outer surface of the block. The heating rate of the center of the
block was 9°C/min; thus, the fuel rods in the center of the block
would be expected .o have approximately the same microstructure as
those near the edge. A power setting of 210 kW (*95 kW/element) gave
the desired 10°C/min heating rate up to 1200°C. Between 1200 and 1800°C,
the maximum power available (230 kW or =105 kW/element) resulted in a
heating rate of 7.5°C/min at the center of the element. From these
data, we estimate that about 125 kW/element will be required to maintain
the 10°C/min heating rate up to 1800°C. The furnace can accommodate this
requirement. The radial and axial tapel;ature variations for these runs
are shown in Table 3.8. These temperatre variations would not appear to
present significant problems in fuel fabrication.
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Table 1.8. Temperature Variation in
Full-Size Fuel Element

Nominal Temperature Variations, °C
T ~peratare
(°¢) Radial? Axialb
kLD 15 10
400 20 15
500 35 10
600 40 10
700 S0 10
1200 65 10
1400 75 15
1600 50 25
1800 ov 20

Acradients at the top, middle, and
bottom of the element were not significantly
differenr,

b
Gradients at the center and outer
surface of the element were not significantly
different.

3.8.2 Process and Materials Development

The final major process step in the fabrication of HTGR fuel rods
is the carbonization and annealing of the rods. After the green rod
is molded by the slug injection process, it is heated up to 1000°C to
carbonize the pitch binder and thern annealed at 1800°C to completely
remove the resfdual pitch volatiles and produce a dimensionally stable
rod. However, since the pitch is thermoplastic, the rod must he
supported during carbonization to prevent dimensional distortion. In
fresh fuel marufacturing, this can be accomplished by packing the rods
in Al120; or graphite powder; however, this is not feasible for a remote
process. Thus, for fuel refabrication, the green rods will be loaded
directly fnto the graphite fuel element block and carbonized and annealed
in g7 tu.

In early accelerated irradiation tests rods carbonized fn Al120;
powder gave acceptable results, whereas rods carbonized in graphite tubes
(to simulate in-block) contained fuel particles with broken outer

coatings. The physical properties of the rods carbonized by the two

. -
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methods differed in several respects. Briefly, the in-tub
resulted in high pitch coke yields (40—457) and a high-der

matriy microstructure. The in-powder processing gave low

e precessing
SITV e vy

pitch coke

yields (15-202), and a uniformly dispersed, lower density matriy oi:r.-

structure. The high pitch coke yield of in-blcck carbonization was

thought to be responsible for the initiation of breaks cor

tenars in the

particle coatings, resulting in subsequent particle failure during

irradiation. As a result of these observations, optimem vaiues of 1h=

composition of the fuel rod matrix and the heating rate during carioni-

zation vere determined such that the desired pitch coke vi

eld and zatri:

microstructure were attained during in-block carbonization.

The fuel rod matrix contains graphite powder, a pitch bhinder, and

a wold lubricant. The coke yield of the pitch can be lowered by

increasing the heating rate during carbonization or by the use cf low-

coke-yield additives to the matrix. Pitch coke yfeld data as a functio:x

of heating rate and composition are summarized in Fig. 3.38. The desir-:

252 coke yield may be attained via an additive to the Ashland A-240 pi:
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In-tube simulation of in-block carbonization using the A-240 pitch
with additives produced a 2521 coke yield and a matrix microstructure
very similar to that previously obtained from carbomization in Al;0;
pouder. The matrix structures obtained from carbonization, (1) in Al:03
powder, (2) in-tube without additives at 37X coke yivld, and {3) in-tube
with additives at 26X coke yield are compared im Fig. 3.39.

One initial carborization run was made in a 1/6 segment of an actuzl
FSV element block at a 9°C/min heating rate. In this test using a matrix
vith additives, a matvix microstructure approaching that obtained by
carbonization in Al1;03 powder was produced. The range of coke yields
at the top, widdle, and bottom of the block was not significant in this
preliminary test.

The effect of particle strength on the failure of coated particles
during in-block carbonization has been studied. The influence of coating
parameters on particle strength and the details of the mechanical
crushing strength test are discussed in Sect. 3.6 of this report. Also,
the effect of molding pressure during fuel rod fabrjicatioa on particle
failure is discussed in Sect. 3.7, The oulstanding conclusion from
our study was that Biso-coated thoria particles that had been annealed
were less prone to failure than comparable unannealed particles. The
data in Table 3.9 illustrate the beneficial effect of annealing. However,
the behavior of Triso-coated £fissile particles was not correlated with

annealing or crushing strength.

3.8.3 Fabrication of Fuel Rods for Irradiation Tests

Detailed descriptions of the irradiation tests are published
elsewhere.’® The following is a brief description of the in-block

carbonization and annealing experiments in those irradiation rests.

3.8.3.1 Experiments HT-26 and -27

The primary objective of these experiment3 was to study the matrix-
particle interaction phenomenon associated with the in-block carbonization
technique proposed for the fabrication of HTGR fuel rods. The two



Fig. 3.39. Matrix Micvostructure of Fired HTGR Fuel Rods Made with Ashland A-240 Pit~h.
50%x. (a) Carbonized in Al;03 with no additive; pitch cnke yield 17%. (b) Carbonized in graphite

tube with no additive; yield 37%.

(¢) Carbonized in graphite tube with 15 wt X additive; yield 26X,

<61
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Table 3.9. Broken Particle Amalysis of Fuel Rods?
Containing Biso-Coated ThQ: Particles

Z2red Foel Rods

Starting Fuel Particles

Carbonized in Carbonized in
Rupture Al20; Powder Graphite Tube
Lead
Batch Condition Pitch Coke Failed® Fuel  Pitch Coke  Failed® Fuel
) (Ib) Yield (wt 1) Fraction Tield (wt 2) Fraccioe
J-621 Unannealed 17.7  3.97 18.2 16 = 107 32.7 3 = 107"
J-622 Pasanealed  21.7  4.88 17.2 s 32.3 24
J-421 Annesled 2.4 46.60 18.9 =0 32.3 2
J-422 Anrealed 3.7 6.91 18.9 = 28.3 ]
J-409 Annealed 31.7 7.1 22.3 ~0 35.4 ~p

2Fuel rods leached with gaseous chlorine for . at 1500°C.

l’(:ta-s thorius recovered by chlorine leach per gram thorium .n rod. Failed fuei fraction
specificatior. s 1 > 107",

capsules had similar loading plans, with HT-26 and -27 exposed, respec-
tively, to about half and about full HTGR design fluence at the capsule
midplane. Each capsule was designed to be tested at two surface temper-
atures {about 9C0 and 1250°C). Three variables were investigated:

(1) pitch coke vield, (2) streugth of the fuel particle coatings, and
(3) surface texture of the particles. Hizh pitch coke yield (~407),
obtained by use of in-tube carbsnization with A-240 pitch, was tested
aputiast three low pitch coke yields (20 to 25%) obtained by three

techr ‘ques. These include in-tube carbonization and A-170 pi:ch, in-tube
carbonization and A-240 pitch with low-coke-yield additives, aad in-
Al;0;3-powder carbonization and A-240 pitch.

Both Biso-coated ThO: and Triso-coated weak-acid resin (WAR) fuel
particles (6.5Z enrichment) were used in all specimens along witn strong-
acid resin (SAR) carbon inert particles. Both type fuel particles were
used at two strength levels, and the fissile particles were used with
and without an outer LTI surface treatment.

Approximately 175 specimens were prepared for the actual experiments,
characterization, and archive samples. Particle volume loadings were a
nominal 58%, and the matrix deasities varfed from 0.52 to 0.71 g/cm’®
depending on pitch coke yicld, which varied from 18 to 43%. The arrange-~
ment of the capsules along with the coke yield of the vari us matrices

is shown in Table 3.10.
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to Study Matrix-Particle Interaction

Loading Plan for HT-26 and -27 Irradiatior Test®

Approximate

Sp;ci-en Suriface H;::i::l::d :?:T: Carbonization
ype Tenﬁfz;ture Types (vt %) Mode
1 900 » I 2627 In tube
2 9G0 y I 3843 In tube
3 900 s I 2729 In tube
4 900 A, 1 1820 In Al;0,
5 1250 D, I 2627 In tube
6 1259 o 1 38-43 In tube
7 1250 c, I 27-29 In tube
8 1250 AL 18-20 In Al20,
Reactor Midplane
9 1250 A, II 18-20 In Al,0,
10 1250 c, 11 27-29 In tube
11 1250 B, II 3843 In tube
12 1250 D, II 2627 In tube
13 900 A, 11 1820 In Al;0,
14 900 c, II 27-29 In tube
15 900 B, 11 3843 In tube
16 900 D, 11 2627 In tube

2HT-26 will operate two cycles and HT-27 four cycles.

bHatrix types are as follows:

Type A contains high-coke-yield Ashland

A-240 pitch carbonized in Al;0;; type B contains Ashland A-240 pitch carborized
in a graphite tube; type C contains low-coke-yield Ashland A-170 pitch
caroonized in a graphite tube; and type D is current GAC matrix carbonized

in a graphite tub

Cparticle types I consist of: Triso fissiles with outer LTI deposited at

1275°C from 1002 MAPP gas, surface treated and annealed, and Biso-coated
fertiles with unannealed reference coatings.

coatings.

Parti:le types I1 consist of:
Triso fissiles with outer LTI deposited at 1325°C from 502 MAPP gas without
surface treating or annealing, and Biso-coated fertiles with annealed reference
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Because of the szall amount of fuel contained in the test specimens,
gaseous chlorine leach tests for broken particles were conducted om rods
containing either all-fissile and all-fertile particles that had been
processed at the same time as the test specimens. Both types of fissile
particles, annealed surface treated and unannealed untreated, had com—
parable and rather high mMmpture strengths, 34 and 36 N (7.6 and 8.2 1b),
respectively, wvhich resulted in very low particle failure fractions
regardless of the matrix or pitch coke yield. The ThO: particles used
contained either unannealed or annealed coatings with rupture loads of
23 and 29 ¥ (5.1 and 6.5 1b), respectively. The amnealed particles had
a very low particle failure fraction regardless of the matrix pitch
coke yield. The unannealed ThO: particles with low rupture strengths
had the highest particle failure fraction (34 x 10™") when carbonized
in-tube using A-240 pitch at a coke yield of approximately 40X. The
failure fractions of cthese particles vhen carbonized with matrix types
A, C, and D of Table 3.10 were 16, 1, and 3 x 10™", respectively.

3.8.3.2 Experiment OF-2

The fuel refabrication objectives of the OF-2 test in ORR include
the following: (1) Continue the study uf the matrix-particle interaction
phenomenon started in HFIR tests HT-26 and -27. The ORR tests are less
accelerated than the HFIR tests, requiring one year rather than three
months. (2) Test in-block carbonization of the GAC reference matrix by
carbonizing and annealing rods in the actual graphite block used in the
irradiation test capsule without disturbing the rods. Samples of fired
rods wvere obtained by processing additional graphite blocks at the same
time as the test block. (3) Test the ability to remove fuel rods that
bad been carbonized in-block from the graphite blocks after full-life
irradiation. The variables for the test and the coke yield of the
various matrices are shown in Table 3.11. The unannealed fertile
(thorium) particles had 2 small failure fraction (1-5 * 10”"), and both
the annealed fertile and unannealed fissile particles had failure

fractions of approximately 1 x 10™" or less.
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Table 3.11. Variables for Matrix-Particle Interaction
Study in Irradiation Test OF-2

8
Particle Batch Matriy” Carbonization Coke
Node Yield
Fertile Fissile YE (2)

25-mm-long (1-in.) Ssmples® Irradiated at 1150°C Center-Line Temperature

{151 U A In Al120; 16~20
L1 L1 5 B In tube 3638
U U2 C In tube 28630
Al U2 A In Al320; 16~20
Ay U2 B In tube 3638
Al U; C In tube 28—~30

25-sm-long (1-in.) sailac Irradiated at 1350°C Center-Line Temperature

U U2 A In Al20;3 16—20
U U2 B In tube 3638
[/} U C In tube 2830
Al U A In Al:0; 1620
Al Uy B In tube 3638
Al U2 C In tube 28—30

51-mm-long (2-in.) Sa-plesc Irradiated at 1350°C Center-Line Temperature

Uy Uz C In block 230
U2 U C In block 2630
Us Uy C In block 2630
Us U, c In block 2630
Ay Uz C In block 2630
A2 Uz C In block 26-30
Aj U, C In block 2630
A, U, C In block 2630

AFertile batches used vere unannealed (U;) and annealed (A;). All
fissile batches used were unannealed; U; and U: used frit coating
distributor and U; used cone distributor.

bHatrix types are as follows: Type A contains high coke yield
Ashland A-240 pitch carbonized in A1.03; type B contains Ashland A-240

pitch carbonized in graphite tube; type C is current GAC matrix
carbonized in a graphite tube.

€All samples 16 mm (5/8 in.) in diameter.
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3.9 SAMPLE INSPECTION (WORK UNIT 2107) — W. H. Pechin

The purpose of this subtask is to develop techniques for obtaining,
handling, and imspection of fuel samples at all stages of processing.
During this period, development work on an electromic particle size
amalyzer vas completed. WUork was begun on techmiques for sample handling
and tramsfer for particles and fuel rods. A technique wvas developed to
seasure the fraction of particles with broken or permeable coatings bv
leaching with chlorine, either before or after the particles are
comsolidated into fuel rods.

3.9.1 Particle Inspectiom

3.9.1.1 Particle Size Anmalyzer — J. E. Mack

Development work on the particle size anmalyzer (PSA) has been
completed. It is currently operating routinely in support of process
development , providing data on particle size and sample count for the
experiments on air blending and rod homogeneity, sample evaluation,
and particle characterization studies, as well as sizing samples from
furnace runs. The PSA measures each particle in the sample at rates
up to 1508/min, completing sample analysis in one-fifth the time it
had taken to read a particle ssmple radiograph, with five times the
accuracy snd no special sample preparation.

A Schotiky barrier photodiode is used as the light detector,
receiving a parallel homogenous light beam from a high intensity
Fairchild FLV-104 visible-light-emitting diode (LED). It is iocated at
the focal point of a l-ca-focal-length couverging lems which provides
s vniform iight field across the fice of the photodiode. When a
particle enters the light besm, the curremt output of ihe detector
decreases by an asount proportional to the cross sectional area (shadow)
of the particle. The signsl is fed to an asplifier-converter, vhich
converts the current drop to a voltage gain and ssplifies it with a gain
of 7000. The wvoltage pulse is then fed through sn anslog-to-digital
converter to a pulse height snalyzer, vhich records it in one of 1024
channels, wvith a resolution in pulse height of 4 aV.
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The instrument is calibrated with a set of high-precision steel
microspheres of four sizes ranging from 38C to 8G9 :m. Samples of this
calibration set were sized with a light wave micrometer, and traceability
to the XNational Bureau of Standards was established through ORNL secondary
standards set "CC 71. Caltbration of the analvzer against the steel
maicrospheres can be completed within 5 min.

A secondarv calibration standard permits upgrading the calibration
curves between sampi. runs. Six wires of different diameters protrude
radially from a Plexiyias hub and interrupt the light beam, creating
pulses similar to those made by the coated particles. This wvire disk
is calibrated immediately following instrument calibration with the
stee] microspheres, and then used as a perfodic calibration check. A
suitable disk spectrum can be accumulated in 5 to 10 sec.

A number of improvements ha e been made on the PSA. A new
singularizer drum was fabricated, allowing us tc run particles as small
as 250 .z. A prew positive-action geared pulley and toothed belt drive
system »as added. A cyclone separatcr was designed and fabricated to
receive the particles after measurement and collect them without damage.
An isclation valve was designed >nd tested to provide a vacuum lock
below iLhe separator. A single-particle repeater was designed and
fabricated for use in determining the absolute accuracy of the asalyzer,
as «ell as to determine the effects of particle shape ratio on size
measurement . (oated particles characteristically produced size distri-
butions with standard deviations of 3 to 7 um for a single particle
recirculated 200 times. In contrast, the nearly spherical steel micro~
spheres showed standard deviations of less than 1 um. Provisions are
currently being made for glove box operation of the PSA to allow particle
measuring of samples of pyrophoric material.

The reproducitility of the PSA over a period of six months has been
shown to be excellent. The 957 confidence interval about the mean
diameter is typically on the order of 2 um for a sample of coated particles.
The counting efficiency for a clean sample is essentially 1002. These
characteristics along with the fast turnaround time have made the particle

size analyzer a valuable piece of equipment in coated particle process
development.
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3.9.1.2 Particle Sample Tramsfer — J. E. Mack

A vacm transfer system wvill be used to transport smsall quantities
of fuel particles from the hot cell to a glove box outside the hot cell
for particle analysis after each furnmace operation. Since the particles
vwill be pyrophoric after carbomization and comversiom, the entire system
must be closed from the atmosphere and tramsfer performed with oxygen-free
gas. It must transport 1002 of the particles received vithout any damage
to the particles or their coatings, as oo particle breakage or cross
sample contamination will be acceptable. The particles themselves will
be thermally and radicactively hot, and samples will be handled semi-
automatically.

A test loop vas designed and comstructed to determine the feasibility
of transferring unencapsulated particles over a large distance vith a
vacuum pump and a cyclone separator to receive the particles. An isolatiomn
valve wvas designed and fabricated to provide a vacumm lock between the
transfer line and rcom atmosphere. A ball valve was modified to act as
an isolation valve at the particle inlet.

The particles were transferred through 6.4-wm (1/4-in.) polyethylene
tubing over a distance of 55 m (180 ft) with a pressure differential of
44 kPa (13 in. of mercury). The polyethylene tubing allowed particie
velocity measurements to be takem with photoelectric sensors and a
recorder. Particle velocities ranged from 3 to 8 m/sec (10-25 fps),
vith an average air speed of 15 m/sec (50 fps). Particle recovery was
1002, with individual particles being transferred and collected as
efficiently as several thousand particles.

A nev loop is being designed of stainless steel tubing to permit
evalustion of particle wear and breakage as well as cross samp'e con-
tamination in a more realistic system of rigid tubing and tube fittings.
The application of particle sample transfer is illustrated schematically
in Fig. 3.40.
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Fig. 3.40. Sample Traansfer from in Cell to Sample Inspection
Station Glove Box.

3.9.1.3 Particle Sample Subdivision — J. E. Mack and D. A. Dyslin

Design wvork has begun on a2 sampler capable of subdividing a small
sample of coated fuel particles (1 to 10 g) into 10 representative
subssmples utilizing the singularizer drum concept used successfully
wvich the particle size anslyzer. The rotation of the drum will be
synchronized with that of a ten-pocke: turntzble beneath the drum. A
stepping motor will be used to drive the system and index from pocket
to pocket for sample removal. Any number of subssmples may be combined
or recirculated back into the feed hopper for futher subdivision. A
10-g sample would be processed in less thun 20 min.

3.9.2 Puel Rod Inspection

3.9.2.1 Rod Sample Transfer — J. E. Mack and D. A. Dyslin
A number of fired snd unfired fuel rods fabricater in the hot cell
must be sent out of the cell to various sample inspection stations for



206

analysis. A system has been designed to load the rods into capsules,
vacowm tramsfer the rods to a3 receiving station, unload the rods, amd
retura the capsules. This operatiom must be performed without any
structural damage to the rod, such as cracking or chipping, and vithout
demaging individual particles. The method chosem for losding and umloading
the rods isvolves a hollow capsule vith "collars™ iaside each emd for
trapping spherical end plugs. These resilient ball plugs are pushed

into amd out of the capsule vith a plusger drivea by a smsll electric
motor. The plusger mever comes im comtacr with the rod and the clearamce
betveea the collars aad the ball plug- is such that a 4.4-% (1-1b) force
is sufficieat to wmload the rod. Chlorine leach amalysis will be used

to detect broken particles im the fuel rods.

A test loop wvas set up to evaluate the performance and determinme the
system requirements of a vacumm transfer system. The buildimg off-gas
system was used regulated to supply a vacvum vith a2 saximum pull of
2 kPa (8 in. wvater) aad 2 naximm air flov of approximstely 9.4 std
liters/sec (20 scfm), corresponding to a linear velocity of 10.7 m/sec
(35 fps). The test loop was approximstely 15 m (50 ft) lomg with five
0.3-m-radius (12-in.) bends and a number of 6.4-sm-dism (1/4-in.) holes
for photoelectric sensors to measure capsule velixcity. Figure 3.51
ilivstrates the wvelocity profile for a portion of the tranafer lime.
Although the capsule lost counsidersble speed going imto the bends, it
accelerated quickly to nearly the ssme speed as the conveying air. The
capsule velocity appears grester than that of the conveying air in
several instances, although this is due to a buildup in the vacuum vhen
the capsule was held in place before transfer, thus restricting the air
flow, vhile the air flow resding had been taken before the capsule vas
placed in positiom.

A second loop was constructed to use smsller capsules and tubing:
25-mm (1-in.) disseter. The air flow requirement was correspondingly
decreased to sbout 3.8 std liters/sec (8 scfm). A vacuum tee was
installed at esch end of the 21-m (70-ft) transfer line to send the
capsule back snd forth. The bends were made on s 0.46~m (18 in.) radius
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Fig. 3.41l. Capsule Velocity as a Fuaction of Position in a Tramsfer
Lime a2t Differemt Pressure Differences. Each curve is labeled with che
air flow rate ia lisear ft/min measured in the absence of the capsule;
corresponding values are 3.0, 4.1, 5.1, 6.1, and 10.2 u/sec. To comvert
capsule velocity to s/sec and line dimemsions and distances from feet
to meters, sultiply by 0.305.

after the stainless steel tubing had been filled with a low-melting
alloy to prevent collapse of the tube walls. The sections were then
stean cleaned to remove this fillimng.

The capsule vas tramsferred with an air flow of 3.8 liters/sec
(8 cfm) at a pressure differential of 1.7 kPa (7 in. water), attaining
a maximm velocity of 7.6 m/sec (25 fps) both in horizontal and verticsl
sections, decressing to 5.5 a/sec (18 fps) around the bends. A 0.61-m
(2-ft) dead air columm below the vacuum tee provided sufficiemt
cushioning to receive the capsule. A capsule loader and umloader will
be placed at opposite ends of the transfer line. This method of operation
vill be evalusted upon completion of fabricatiom.

3.5.2.2 Particle Failure Fraction — D. E. LaValle

The determination of number of cracked or broken fuel particles is
an isportant element in the characterization of fuels. The method now
established is the treatment of the fuel at high temperature: vith gaseous



chlorine, which removes the exposed heavy metal as volatile chlorides,
vhich sre them quamtitatively recovered aad amslyzed. In previous
experiments the advantages of chlorimstios at 1000°C became evidemt.
Additional experimeats st 1500°C showed significaat reductioms is
chlorinstion times. Ue hsve now estshblished ss the stamdard procedure
a chlorimation time of 2 br at 1500°C for rods aad particles. The
chlorine passes wpuard through a quartz tube supporting a hollow
graphite tube, vhich hold: the sasple sud is hested by induction. With
feel rods a partisl flow chrough the (0Z-poroms rod is achieved by
pecking it ssmgly ian the holder vith poross carboa particles. Extemsive
chlorimations have bees carried ocut o all types of rods aad particles
for both thorimm sad wraaim determimstioms.

For irradiated fuel clements ve developed am spparatus adaptsble
cto operation in both a glove box amnd 2 ot cell. These systems, bowever,
ave still limited to resistaace heating at 1000°C.

3.10 PLANT MANACEMENT (WOBRK UNMIT 2108) — W. R. Hamel

The objective of Work Uanic 2108 is to develop and evaluate the
iostrumentation, control, aad data handling techmology required to support
the demcustration of the remote refsbrication of RTCR fuels.

The curreat aad subsequent generatioas of iastrumestation and
coantrol harduare appropriate for application to WIGR fuel refabricatiom
processes involwe the use of highly complex general-purpose devices such
as minicomputer-based packages, microcomputers, and programmsble logic
costrollers. These gemeral-purpose devices will be the basic building
blocks used in the design snd construction of fuel recycle process
control systems. Gemeraliy, recycle process control systess will comprise
s network of these genersl-purpose devices and other types of hardware.
The impact of factors such as syachronization and interfacing are obvious,
sod are being addressed in the refsbrication development program by
creating s resl-time enviromment, with the operstion of various engineering-
scale process developmental equipment that is spmalgous to that expected
in an actual recycle facility.



A development programmsble logic controller aad nimicomputer hawve
been procured amd are beimg used im the control sad operatiom of varioss
enginvering-scale mockep equipment.

3.10.1 Developmeatsl LICS Mocksp — W. R. Ramel

To evaluste two types of applicable geseral-purpose devices in »
simmlated process emvirommeat vith esgineerimg-scale refsbrication
machinery, the coafigerstiom shoum in Fig. 3.42 vas developed. The
developuestal Local Instrument sad Control Subsystes mockwp imvolwves
the sse of a process comtrol mimicomputer aad programssble logic coa-
trolier to comtrol the laborstory fuel rod fsbricatiom machine, the
fuel rod storage megazine losder-emloader, and the fwel block loadiag
and verificstion mockwp. Addiciocmslly, the development competer will
be wsed to provide computatiocasl sepport to radiocassay developaent
equipnent and electromechanical asmipulator development equipmeat
remotely located in TURF, Buildirg 7930.

ORNL-DME 75-6972
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Fig. 3.42. Developmental LICS Mockup Configuration.
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Currently, the developmernt minicomputer and programmable logic con-
trollers have been installed in Building 4508. The replacement of the
original relay control system of the laboratory fuel rod fabrication
machine is nearly complete. A Digital Equipment Corporatjon industrial
14/35 programmable logic controller was procured. See ject. 3.10.2 for
more details. The development computer, which is a Digital Equipment
Corporation PDP-11/40, has been data-linked via telephone lines to the
multichannel analyzer being used for nondestructive assay development
in TURF Bldg. 7930. Details concerning the development computer are
given in Sect. 3.10.3. The fuel rod storage magazine loader-unloader
is scheduled for full automatic operatior in January 1976. The LICS
mockup is being designed such that all the equipment shown can be
operated simultaneously. This type of operation will permit quantitative
evaluation of real-time interfacing techniques between refabrication

machines, programmable logic controllers, and minficomputers.

3.10.2 Programmable Logic Controller and Applications — B. J. Bolfing

Programmable logic controllers (PLC) are a relatively new general-

purpose discrete control device intended to replace relay conirol systems.
The refabrication process includes a multitude of discrete sequential
operations that are ideally suited for PLCs. A PLC system has been
procured and is now being used to control the laboratory fuel rod fabri-
cation machine and is planned for use with the resin carbonization furmace
particle handling loop.

The PLC system includes a Digital Equipment Corporation Industrial
14/35 controller, a VI/14 cathode ray tube display programming terminal,
and a standard teletype. The Industrial 14/35 ccntroller includes a
central processor, 8K words of core memory, 128 input modules (expandable
to 512), and 64 output modules (expandable to 256). Figure 3.43 shows
the PLC installation in room 242 of Buflding 4508. The input-output
module interfacing is wall mounted in the center background and the
14/35 processor and power supply are on the right. Figure 3.44 shows
the VT/14 programming terminal in operation with a segment of control
~ircuitry being displayed.
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Programmable Logic Controller System.

3.44. PLC Programming Panel.
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One of the primary objectives of controlling the laboratory fuel
rod fabrication machine (LFRFM) with a programmable logic controller was
to apply a mode of control that would allow complete automatic operation
of the machine, inciuding start-up and shutdown, while providing the
operator with completely remote control of all machine actionms.

Three modes of control (wmanual, semisutomatic, automatic) are
provided. The automatic and semiautomatic control modes are implemented
in the PLC software programming. The manual mode, however, is provided
through the input—output forcing capability of the VT/14 programwing
panel (Fig. 3.44).

The PLC system was installed in room 242 of Building 4508. Signal
lines were run about 46 x (150 ft) from the input and output modules in
room 242 to the fuel rod fabrication machine located in room 254 of
Building 4508. The PLC is remotely located because room 254 is a
radioactive contamination control zone. Remotely locating the PLC also
simulates signal transmission lengths expected in a hot cell imstallation.

The PLC solves Boclean expressions {logical AND/OR statements) that
conditionally express output states as a function of input states. timer
states, and output states. These expressions are stored in the core
memory of the PLC and represent the control logic of the LFRFM. The
control program is initially loaded into the core memory through the
VI/14 programming terminal, which is designed for developing the control
program in relay ladder diagram symbology. The real-time status of
all inputs and outputs can be monitored with the VI/14. It can be used
as a pushbutton manual controller by disabling the control program and
then forcing specific outputs to desired states. The normal operating
mode of LFRFM is the automatic mode, where the start-up, shutdown, and
run sequence of the machine 13 automatically directed and monitored by
the PLC. However, if a machine subsystem malfunction occurs, the machine
is halted and further operation would be subject to an operator's "jog"
command from the control panel. A "jog" command would return the
malfunctioning subsystem to a reference position for repair or the

initiation of the LFRFM shutdown sequence. The alarm conditions are
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stored in PLC core memory and provide wonitoring of limit switch fail-
ure, solenoid valve failure, and failure of commanded events to occur
during a specified (or watchdog) time period.

The experience obtained to date demonstrates the versatility and
reliability of PLC controls for remote refabrication equipment. The
industrial 14/35 controllar has been operating since June 1, 1975, with
no hardware failures. The advantages of software-oriented PLCs owver
harduired relay logic control implementation have been demonstrated by
modifications made to the control program after initial PLC start-up.
Similar modificarions made to hardwired relay control systems would
have resulted in additional rewiring costs.

The real-time wonitoring capability of the VI/14 programming
terminal provides a powerful tool for machine maintenance and trouble-
shooting for remote applications. Failures of in-cell sensors and
actuators can be isola’ed through a simple pushbutton procedure out of
cell with this device.

3.10.3 Development Cosputer System — B. 0. Barringer

Initialiy, the development computer system is being used to support
position control system requirements for the fuel rod storage magazine
loader-unloader, and co-provide computational support for nondestructive
radioassay activities. Future applications will be associated with fuel
block loading, fuel rod homogeneity inspection, development of recycle
process data handling techniques, and computer support for the Industrial
14/35 programmable logic controller.

The develupment computer system has been delivered to Building 3500
for initial checkout and transferred to room 242 of Building 4508 in the
configuration as shown in Fig. 3.45. The system is based around a
standard Digital Equipment Corporation induetrial package. This basic
system includes the hardware shown and the real-time executive software
(RSX~11M). There is sufficient memory to support either program
development (FORTRAN and assembly language) and the simultaneous support
of the fuel rod magazine loader-unlpader mockup and the nondestructive
radioassay activities. The 30-character/sec DECWRITER provided with
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Fig. 3.45. Development Computer System.

the package is used as the console terminal. A high-speed paper tape
reader-punch is included to provide sn inexpensive compstible input-
output medivm. This will allow programs or dats to be keypunched and
placed on paper tape at the ORNL computer facility for loading into
the minicomputer systea.

The fuel rod storage magazine loader-unloader mockup includes a
two-coocdinate indexing asysteam. The position control for the indexing
table 1is provided by stepping motor drives with computer presetting and
position encoder feedback. In addition, the system will require direct
digital iaputs and outputs. For this purpose 16 digital inputs and 16
digital outpucs are provided via the Universal Digital Controller (UDC),
which i{s a part of the development computer system.

As radiocassay development will be located in TURF, diasl-up
comunication lines will be used for the dasta link. Hardware is included
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to provide one 300 BALD line for a DECWRITER and ome 1200 BAUD line
(vhich may operate at up to 1800 BAUD) for the mmltichannel analyzer.

A MODEM (data set) subsystem to handle the two commmication lines is
part of the development computer systea. Two telephone lines (one dial-
up line and one four-wire direct line) have been installed between TURF
and Building 4508. Connection to the computer will require only dialing
up the development computer. The calls vill be sutomatically answered
by the computer and comnection established.

3.11 UASTE AND SCRAP HAMDLING (WORK UNIT 2109) — J. D. Jenkins, M. S. Judd,
and J. E. Van Cleve

During this reporting period the development efforts in the area
of vaste and scrap handling have undergone a substantial change of
direction. During the earlier portion the overall program was directed
toward the design and construction of an integrated refabrication pilot
plant to be located in the TURF. Primary emphasis was placed on the
production of reactor-grade fuel elements using bred 233y, Waste and
scrap materials handling during operation of the pilot plant would be
centered around means for sorting, packaging, assaying, and removing
the material from the cells for disposition in a temporary retrievable
storage facility or for recycle to the head-end facility at Idaho.
Little or no effort was expended on the problems associated with scrap
reclamation vithin the refabrication plant or vith incineration of low-
uranium~-content wvastes peculiar to HTGR fuel refabrication.

Accomplishments during this period include (1) conceptual design
of the equipment and facilities necessary to package waste and scrap
materials resotely and remove the containers from the cell for disposal,
(2) design of a storage facility and shipping containers for high-
uranium~content waste cans, and (3) conceptual design of nondestructive
assay equipment to deterwine the uranium content of both high- and low-
level waste containers.®

The waste and scrap handling development progras vas reassessed
in early 1975 when it appeared that the refabrication development program
would be directed toward construction of a large-scule demonstration
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facilicty (HRDF) rather tham the pilot plant. Yader this mew comcept,
the probless associated vith the vaste anl scrsp materials became more
imnediste, and ve vere directed to comcentrate the developasat effort in
the areas of processing and reclaiming these wsste and scrap materiasls
peculiar to HTGR fuel febricatiom. Accordisgly, work was initisted in
the area of reclamstion of the perchloroethyleme solution from the
furnace off-gas scrubbers, burniag of the vesidues ocbtaimed after
perchloroethylene recovery, and reclamstion of reject material from the
product line.

At this point, bench scale experiments have been run to demomstrate
the feasibility of distilling amd reclaiming dirty perchloroethylene.
Work is currently under way to design engineering-scale equipment to
further test the techniques and obtain more qusntitative operationsl
information. In sddition, some work has beem initisted on the recls-
mation of reject fuel msterials.

3.12 MATERIAL HANDLING (WORK UMIT 2110) — W. R. Hamel

The objective of Work Umit 2110 is to verify existing and to develop
nev remote material handling technologies necessary to support the remote
refabrication of HTCR fuels. Toward this goal, work activities include:
(1) the evaluation of the existing TURF materisl handling system,

(2) survey of current research and development activities and commercisl
suppliers, and (3) the development of an sutomsted material handling
system concept consistent vith HTGR fuel recycle requirements.

3.12.1 Evaluation of Existing TURF Materisl Hsndling Systems —
J. G. Grundmann

Before proposing a work plan for the development of a manipulastor
vith desired characteristics for HTGR fuel refsbrication, an effort wss
initiated to become familiar with the mechanical and electrical equipment
making up the TURF material handling system (i.e., PaR electromechsnical
manipulators, crane hoists, power cabinets, slide switch control boxes,
and facility power and control wiring). This work included an examination
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of engineering dravings and operators’' msnuals and operatiom of the
actual equipment. This activity has been completed. The results of
this study indicate that the TURF materisl handling system is of adequate
mechanical configuration but extremely deficienmt in control functiomal
capability and level of automation.

3.12.2 Material Handling Technology Survey — J. G. Grundwann
Existing material handling technology was extensively surveyed.

Both research and development organizations and commercial equipment

suppliers wvere contacted. A file of pertinent reports and product

literature has been assembled. The following organizations that have

active research and development programs in robots and manipulators

were contacted:

1. Jet Propulsion Laboratory — NASA;

2. Marshall Space Flight Center — KASA;

3. Maasachusetts Institute of Technology, the Charles Stark Draper
lLaboratory, Inc.;

4. The Nationel Bureau ¢f Standards, the Office of Developmental
Automsation and Controul Technology;

S. Stanford Research Institute;

6. Rockwell International — Rocky Flats Arsenal;

7. Central Research Laboratory;

8. Fermi Laboratory;

9. Brookhaven Nationsl Laboratory.

The organizations listed below are involved in various types of
research and development using the most recent remote TV viewing technology:
1. Allied Chemical Corporation, Idaho Nztional Engineering Laboratory;
2. Marshall Space Flight Center — NASA;

3. Fermi Laboratory;
4. Rockwell Internationsal — Rocky Flats;
5. BEG & G, Las Vegss, Nevada.
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There are many commercial suppliers, both Jomestic and foreign, of
sanipulator and robot harduvare. The product lines of those listed below
have been studied in detail:

1. Programmed and Pemote Systems Corporation (PaR);
2. Unisation;

3. MNEA Intermatiomal, Imnc.;

4. Central Research Laboratory;
S. Versatran, Inc.;

6. Prob Conveyors, Inc.;

7. Rancho Los Amigos Hospital;
8. Hill Rockford Company;

9. IMM Corporatiom;

10. Cincinnati Milacrom;

11. Auto Place.

The following remote TV viewing system manufacturers have been
contacted:

1. Dimension Television Corporatiom;
2. Martin Marietts Corporation;
3. MBA International, Inc.

3.12.3 Development of a Master-Slave Electromechanical Manipulator —
J. G. Grundmann and R. C. Muller

Window-mounted mechanical master-slave manipulators with human-arm-
like dexterity are used in most vesearch~scale remote handling activities.
Unfortunately, vindow master-slave manipulators cannot reach all in-cell
locations in large hot cell facilities such as TURF. Since the TURF
electromechanical manipulators are mobile and can be positioned at
essentially any in-cell locaticn, these devices must be extended to
master-slave control capability to satisfactorily support the fuel
refabrication equipsent operation and maintenance. Research results
have shown that an order of magnitude increase in operaior electro-
mechanical msnipulator dexterity can be rezlized with a master-slave
capability in comparison with conventional variable-rate controls. Con-
siderable activity has been directed toward establishing a master-slave
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capability vith the TURF electromechamnical asnipulators. Highlights
of these activities are given below.

1. A master arm designed by Pak for master-slave operation wvas
obtained from UCHG, Y-12 Plant. The controls on this arm are inadequate
for this application, but the mechanical structure will be ussble after
siterations.

2. Discussioas vith the PaR design engineers indicated that
improvements had been made in the PaR manipulators. There improvements
included a three-degree-of-freedom wrist joint and a stiffer telescoping
tube hoist wvith adequate trawel to reach the floor of sll TURF hot cells.
Purchase specifications were written and this equipment vas ordered,
delivered to TURF, {zapected, and accepted.

3. A prototype analog servo loop wss designed and iamstellad on
the Cell E PaR menipulator carriage to determine the accuracy capabilicy
of such servo loops. Repestsble and stadle (nomoscillatory) positioning
of the csrriage with 0.25 mm (0.010 in.) dead band was demonstrated.

4. Simulation of the manipulator carriage was anticipated. To
verify the accuracy of the simulation, exzerimental information regarding
the carriage drive motor and servo loop wvas necesssry. Experiments were
conducted to verify: (a) carrisge open loop response to input voltage,
(b) carriage motor electricsl and mechanical parameters, and (c) carriage
closed servwo loop position response to imput voltage.

S. An INM Coutinuous System Modeling Program (CSMP) computer
simulation of the carriage was developed. This model's open and closed
servo loop responses to step input voltage agreed with experimental
results. The simulation is now ready for use in evaluation of various
commercial hardvare items to determine the optimum configuration.

6. An effort vas directed at the problem of relisbly and efficiently
transmitting position and force informstion between in-cell and out-of-cell
equipment. A digitsl serial communication link hss been investigated
as a possible solution since it has high noise immunity and requires
only a few signal wires between in-cell and out-of-cell equipment. Detail
design wvork on a prototype communication link has not vet been initiated.
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3.12.4 Development of a Remote TV Viewing System — J. G. Grundmamn
Since operator vision provides the primary feedback for manual

operation of manipulators, the best visual coupling possible is imperstive.
In HTGR fuel recycle facilities, in-cell equipment density vill be high.
As a result, the viev available from fived shielded cell windows will be
very restricted. Equipment may be visible, but only ar lcong distances.
To perform remote maintenance at crowded distant in—cell locations, mobile
close-up vision augmentation is required. TV vieving systems are being
investigated for this purpose.

A survey of mamufacturers of remote TV viewing systems and also of
IV viewing has been performed. Results of this survey indicate depth
perception is the major deficiemcy of typical TV systems. Recently
stereo TV (two csmeras with different viev angles) and 3D-TV have been
perfected to largely offset this problem. One 3D-TV system is now
commercially available and is sufficiently accurste to allow doctors
to perform eye surgery. This 3ID-TV system is being studied for possible
use as an HIGR recycle remote TV viewing system.

3.12.5 Development of an Automstic Electromechanical Manipulater -
J. C. Grundmann

To meet the requirements of production-scale HICR fuel recycle

facilities, asutomatic ainicomputer control of electromechanical manipulators
is necessary. The primary minicomputer functions are envisioned to be:
1. automatic "robot” execution of rapid traniverses by mobile manipulators

betwveen in-cell working locations,
2. automatic "robot” execution of fn-cell routine production tavks with

a agnipulator, and
3. asutomatic "cobot" execution of some maintenance tasts, includiag

tool changes, to speed completion of maintenance work.

Softwvare development for some of these items was contracted t the
N.B.S., Office of Developmentsl Automation and Control Technology, .vd
this vork will be completed by Movember 1, 1975. Hardware for the auto-
matic production capabilities include the design and procurement of -
interface to connect the development computer system (PDP-11/40) to ¢tk
manipulator loops. This work has not yet been initiated.
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4. REFABRICATION PILOT PLANT (SUBTASK 220)

J. W. Hill J. P, Jarvis D. P. Reid F. C. Davis J. D. Sease

4.1 INTRODUCTION

The conceptual design for the HIGR Fuel Refabrication Pilot Plant
has been completed and is assembled into an intermal conceptual design
report. No further design effort is planned for such a facility pending
the outcome of design studies of an HIGR Recycle Demonstration Facility
(HRDF).

4.2 OVERALL PLANT DESiGN (WORK UNIT 2200) — J. E. Van Cleve and
A. R. Olsen

4.2.1 Purpose
The HIGR Fuel Refabrication Pilot Plant was conceptually designed

to demonstrate the technology required for a commercial fuel refabrication
plant that can prodvce recycle fuel elements for HTGRs using 233y with
radioactivity equivalent to material containing 500 ppm of 232y angd aged
for up to 90 days. Such a plant must be safe, reliable, licensable,
and economic. The technology must be available on a timely basis and
ensure that any risks are comparable with those of a first-of-a-kind
radiochemical plant.

The fuel element design is illustrated in Fig. 4.1. Characteristics
of the particles to be used in the elements are given in Table 4.1,

In the HIGR, the initial core is fueled with thorium and 23"'U’(t:he
uranium is 937 enriched in 235U). Increasing amounts of 233y are used
as it is produced and recovered. Since the conversion ratio of the type
of HTGR being marketed is about 0.7 with a fuel exposure time of four
years, makeup 235U must be used throughout the life of the reactor.
However, if tha 233y is not recycied, the amount of 235y required is
approximately 1.6 times that required for operation in the recycle mode.
To recycle fuel from the HTGR, it wiil be necessary to chemically repro-
cess the fuel, separate the various fuels, refabricate recycle fuel
elements, and send these elements to the reactor. The 223U, which is to

be returned to the reactor, contains 232U, vhich has decay products with
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Table 4.1. Reference Recycle Fuel Particle Descriptions.

Pr Fissile Fertile
roperty Farticle Particle
Isotope 233y 232,
Kernel composition UC,2-U02:-C ThO2
Kernel diameter, um 400 500
Type coat:lngb’c Triso Biso
Coating thickness, i
Buffer carbom 50 85
Inner dense carbon 30
Silicon carbide 25
Outer carbor 30 75
Total particle diameter, !m 670 820

3particles will be bonded into fuel rods for inser-
tion into hexagonal graphite block fuel elements.

b‘l‘tiso designates three types of coating: buffer,
silicon ca2rbide, and dense pyrolytic carbom.

“Biso designates two types of coating: buffer and
dense pyrolytic carbon.

high-energy gasma radiocactivity. Thus, heavily shielded facilities and
remote operations wili be required to carry out refabricacion operatioms.
It is necessary also that the operations be suitably contained because
of high alpha radiocactivity. This, the operations snd the equipment
required for the refabrication of fuel with 2?7y differ greacly from
that required for fabrication of fuels containing naturvally occurring
isotopes. There is no experience on the remote refsdrication of HTGR
fueis on any acale, snd there fs very little experience with remote fab-
rication of fuels ia gemerai. The HIGR fuel refsbrication pilct plant
will provide this experience specifically for RTGR fuel, and the experience
with remote operstion will be vslusble for the design of systems for
refabrication of fast breeder reactor fuels.

4.2.2 General Description of Plant
The proposed pilot plant was planned for insfallstion in the Thorium
Uranium Recycle Facility (TURP), Bldg. 7930, at ORNL, except for the
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uranium feed preparation system, which was to be located at Bldg. 3019,
and the initi1:l resin preparation, which was to be dome in Bldg. 3503.

The TURF is a hot cell facility built particularly for pilot plant
use. The pilot plant as conceptually designed is capable of performing
all processing operations beginning with receipt of uranium nitrate solu-
tion and ending with the shipment of recycle fuel elements from the
plant. The plant design throughput capacity is approximately 25 kg of
heavy metal per day or about 2.5 product fuel elements per day. Working
intermmittently on a three-shift-per-day basis, the plant could produce
about 200 fuel elements per year.

As designed, the pilot plant consists of ten major units or systeas
of equipment plus the necessary overall plant facility required to carry
out necessary operations in fuel refabrication processing product veri-

fication, waste treatment and disposal, and materials handling.

4.2.3 Design Basis
This pilot plant, as conceptually designed, will produce about 150

recycle fuel elements for the Fort St. Vrain Reactor using 233y and will

demonstrate the following:

1., effective process and equipment designs for all fuel refabrication
operations, including scalability to commercial plant capacities;

2. control of radiation hazards associated with the 2°2U content cf
recycled 233y fuel so that operating, maintenance, sampling, and
analytical activities can be conducted safely;

3. feasibility of remote maintenance for 3ll in-cell equipment through
loading of the fuel eiements;

4. practical methods for assay, quality control, and quality assurance
for intermediates and the completed reactor grade fuzl elements.

The refabrication pilot plant will be scaled to handle a heavy metal
throughput of 25 kg of uranium and thorium per day, or 2.5 fuel elements
per day on an intermittent basis. The demand for refabricated fuel for
the 100-GWe reactor economy will be approximately 1000 kg/day in 1985.
However, the first refabrication plants built will probably not exceed
a capacity of 500 kg/day. On this basis, the HTGR fuel refabrication
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pilot plant will be scaled at approximately 1/20 of commercial size.
The rated capacity of the pilot plant is based on the total throughput
of the flowsheet as restricted by the unit capacity of the slowest part
of the process. The pilot plant will be designed to allow the test of
at least ome unit of each equipment item type that will be used in the
commercial plant, and each unit will be either full size or a size that
can be scaled to the commercial unit. To the extent possible, the
commercial plant is expected to be designed by scale-up of certairn umits
and by the use of multiple refabrication lines. Multiple refabrication
lines will be required in commercial operations for reliability of the
plant and because of criticality limitations. Because of this, the unit
operations for the refabrication pilot plant will vary from 10 to 1002
of the anticipated commercial plant size. The scale of the refabrication
pilot plant is also set by the existing facility that is available for
the work. The capacity of the pilot plant cannot be increased unless
additional facilities are provided for incoming and outgoing shipments
of materials. The scale on the lower side is set by the capacity of
equipment representing an engineering-scale system. The scale of the
pilot plant 1is very similar to that of a pilot plant that General Atomic
is using for development of fabrication systems for nonrecycle fuel.

The design, cunstruction, and operation of the HIGR fuel refabrication
pilot plant will provide the following information for scale-up of refab-
ricatior processes to commercial size:

1. confirmation of design basis,

2. determination of equipment and process reliability,

3. determination of maintenance requirements,

4. coufirmation of quality assurance procedures and standards,
S. cofirmation of economic feasibility,

6. confirmation of licensability of systems,

7. confirmation of recycle fuel element design.

4.2.4 Process Equipment
The HTGR fuel refabrication pilot plant as conceptually designed

consists of all equipment, facilities, and services necessary to prepare
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recycle fuel elements using 2’0, vith radiocactivity equivalent to mate-
rial containing 500 ppm of 2’2U that has been aged for up to 90 days.
The equipment shall be designed for remote installation, operation, and
maintenance. The refabrication processing steps outlined in Fig. 4.2
will be performed by tem process systess described in the following
sections.
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Control instrumentation will be provided to operate the systeas
manually or semiautomatically. Most processing operations will normally
be under the control of the local instrument and comtrol subsystem, but
the operators shall hkave the option of manual control. Lecisions about
production rates and handling rejects and backlogs shall be made by the
operator. Maintenmance and troubleshooting shall also be dome in accord-
ance with operator decisions.

Design of equipment and equipment location in the pilot plant
shall be such as to preclude a criticality accident.

4.2.5 Xacility
The Thorium Uranium P ycle Facilitv (TURF) is a three-story struc-

ture with a partial basement that was designed in acctérdance with the
Southern Building Code for group-G industrial occupancy. It is comnstructed
of structural steel, reinforced concrete, and masonry.

The first floor provides space for technical persomnel offices, cell
operation and maintenance, a receiving area, s fuel storage room, hot
ané cold change rooms, a compressor room, and an elevetor room, as shown
in Fig. 4.3.

The second floor provides space for chemical makeup, samplimng ot
radioactive mater’als, a development laboratory, a shop, a maintenance
area, mechanical and electrical equipment rcoms, a cask decontamination
station, a checking and holding area, and working space around Cell A.

The third floor, a high bay, includes the ceil roof area and pro-
vides facilities for cell access and entry of cell services. It is
equipped with a 0.44-MN (50-ton) overhead traveling bdridge crane with s
44-kN (5-ton) auxiliary hoist. Some of the third-floor space is used
for cell and building ventilation equipment, and other portions will be
ugsed as necessary for mockup of cel) process equipment.

The facilities for receiving, handling, and storing radioactive
materials consist of six heavily shielded cells served by an overhead
crane and electromechanical sanipulator system along with master-slave
manipulators. In addition, there is an unshielded gloved msintenance
cell, a fuel storage room, and a cask support and decontamination area.
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Figure 4.4 shows the four operating cells (Cells C, D, E, and G).
These are described elsewhere.! A partial basement provides space for
access to Cell F and for instaliation and maintenance of equipment in
a pump room adjacent to Cell G.

The existing cells will accommodate the process systems involved,
but modifications to the existing building will be required to provide
the necessary services. The facility modifications include:

a two-story building addition and an addition to the third level on the
east side of TURF,

increasing the plant air system,

providing for waste treatsent,

adding a process gas storage and distribution system,

providing shielded tramsfer ports,

modifying the fuel storage basin,

adding a nommoderating process cooling system,

adding an electrical substatiom,

adding the remaining viewing windows and master-slave manipulators,

adding a computer systems area.

4.3 SYSTEM 1 — URANIUM FEED PREPARATION (WORK UNIT 2201) —
F. E. Harrington and T. F. Scanlan

4.3.1 Summary Description

The uranium feed preparation system is designed to receive uranyl
nitrate product solution from the HIGR Renrocessing Pilot Plant at the
Idaho Chemical Processing Plant (ICPP), purify it to reduce thorium
content and radioactivity level by ga2_ective removal of particular 232y
decay products, and dispense the purified uranyl nitrate to a trans-
porc vessel for transfer to System 2 at TURF. The uranyl nitrate solu-
tion will be purified and dispensed on a campaign basis to support
fabrication of 2.5 fuel elements per 24i-hr day to a maximum of 45 kg of
uranium.

This system will be lociated in Building 3019, which houses an
established radiochemical productfion facility with suitable waste handling
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facilities and an ~xperienced technical and operating staff employing
well-developed operating and maintemance procedures. Therefore, cpproxi-
mately 90X of the equipment required for System 1 currently exists and

has been operacional from 5 to 25 years.

4.3.2 Conceptual Design Detailal Description

The functione to be performed ave shown schematically in Fig. 4.5.
The uranium feed preparation systex will receive uranyl nitrate shipments
from both ICPP and TURF in 10-liter shipping casks. Tte casks are then

conveyed to a receiving station, wvhere the uranyl nitrate soiution is
vacuum transferred to either the recycle receiving vessel (if returmned
from TURF) or the ICPP product receiving vessel (if received from ICPP).
The quantity of uranium received is established by measurement at these
two tanks. Solution in the recycle receiving vessel is then transferred
to solvent extraction (SX) feed makeup tank for recycle purificationm,
vhile soluticn ir the ICPP product receiving vessel is transferred to
the liquid storage facilities to await purification processing. Greater
than 90Z of the ICPP solution received is expected to meet purified
product requirements after a single pass through the ion exchange (iX)
column.

A typical purification campaign will consist of three successive
IX runs of 15 kg of uranism each. For each IX run, approximately 20 kg
of uranium is transferred from the storage facility to the IX feed makeup
tank, adjusted, and fed through the IX column, where essentially 1002
of the 22%Th and 2?*Rs are gelectively removed from the solution, thus
breaking the 232y decay product chain. Each batch of purified product
is then transferred to the campaign tank, where the three batches are
blended to form the feed solution for each TURF fuel refabrication
campaign.

ICPP product containing excessive fonic impurities, IX elutriemt,
and all other recycleable liquid scrap will be transferred to the S¥
feed makeup tank fcr uranium recovery by a solvent extraction technique.
Uranium is extracted Ifrom solution by countercurrent contact of an

aqueous uranium—-bearirg feed stream and an immiscible organic extractant
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in an air-pulsed columm. Further purification is achieved in a scrub
column, and finally the uranium is stripped and returned to the aqueous
phase in a third column. The purified SX product is then concentrated
and normally transferred to the IX feed tank. Alternatively it may be
transferred to the storage facility when the SX run does not coincide
with the need for an IX batch.

Purif ied uranyl nitrate solution to be transferred to TURF is pumped
from the campaign batch tank into the solution carrier. The purified
uranyl nitrate will ysually be transported to TURF in three batches of
ap>-oximately 125 liters each.

The Off-Gas Cleanur SibLsystem provides for two new radon retention
trains in parallel before the vessel off-gas (VOGC) enters the existing
building VOG system. Each radon retention train cousists of a chiiler,
dryer, charcoal absorber, and filter. The charcoal bed retains the
radon for longer rhan 10 half-lives. The subsystem design capacity is
500 cfm (0.236 m'/sec) flow while a2 minimum vacuum of 0.5 in. (13 =)
H20 is maintained at the vessel vent ports. The dryer employs molecular
sieves to remove wvater, which would interfere with radon absorption from
the VOG.

The Liquid Waste Disposal Subsystem utilizes existing equipment

tc monitor and recycle or Jispose of the liquid waste.

4.4 SYSTEM 2 — RESIN FUEL KERNEL PREPARATION (WORK UNIT 2202) —
C. C. Haws and F. E. Harringtonm

4.4.1 Susmary Description

The resin fuel kernel preparation system will be designed to receive

i7m exchange resin kernels purchased from a commercial supplier, upgrade
them by rejecting those that do not meet the criteria for size and shape,
and convert the resin from the sodium to the hydrogen form. Aqueous
uranyl nitrate, received from System 1, will be converted to an acid-
deficient solution and contacted with the upgraded resin kernels to load
them with uranium. The loaded kernels will be dried and transferred to

the Resin Carbonization System. The resin upgrading nperation is
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nonradioactive, so the equipment is to be located in a clean area of
Buiiding 3503, which allows for direct maintenance and operation. The
remainder of the system will occupy the northerm half of the east wall
in Cell C of TURF.

%.4.2 Conceptual Design Detajled Description

Schematic diagrams showing the major operations for resin prepara-
ticn and vesin loading are included as Figs. 4.6 and 4.7.

In resin preparation portion of System J, a weak-acid ionm exchange
resin (sodium form) is received from a commercial supplie: and passed
through size and shape classification equipment to accumulate a supply
of spherical kernels within the correct size range. Currently, less
than 10X of the resin in the as-received conditirn meets the size and
shape requirements, making the expected accumulation rate of acceptable
resin kernels approximately 6 liters/day using the proposed equipment.
Next the acceptable resin kernels are conditioned by sequential treat-
ment with HNO; and NaOH, then finaliy converted from the sodium form tc
the hydrogen form by treatment with HNO: followed by a water rinse.

The converted, rinsed resin (now 11 liters because of swelling) is then
placed in resin transfer flasks for tramnsport to the TURF.

The resin loading portion of System 2 receives poth the conditioned
resin from Buflding 3503 and purified uranyl nitrate solution frcm Build-
ing 3019 (System 1). A typical equipment arrangement ig shown in Fig. 4.8.
Approximately 40 liters of uranyl nitrate solution is required for load-
ing each resin batch. The purified uranyl nitrate is made into an acid-
deficient solution by a solvent extraction technique in which nitrate
(NO3) is removed irom the uranyl nitrate solution by contacting it with
an organic extractant (Amberlite LA-2) cissolved in & hydrocarbon dilutant
(diethyl benzene). During the resin loading operation, both makeup
uranyl nitrate ard the spent nitrate solution leaving the r.3in loading
column are mixed and continuously processed through the nitrate extraction
cmtactor to maintain the correct ratio of nitrate to uranium for effi-
ciert loading. The organic extractant is recycled to the nitrace extraz-
tion contactor after any remaining uranium is scrubbed out, and the
solution is rogenerates with NaO# and Naz;CO;.
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For the resin loading operation, approximately 11 liters of condi-
tioned resin i{s transferred from the receiving site into the loading
contactor. Then, heated (*50°C) acid-deficient uranyl nitrate is intro-
duced &t the bottom of the resin loading contactor at a rate of about
4 liters/min, causing fluidization of the resin kernels. The uranium
in the solution is trransferred to the resin via ion exchange action,
and the spent nitrate solution is returned to the nitrate extraction
contactor for adjustment. Excess water in the uranyl nitrate solution
is eliminated by continuous passing a stream of feed solution through
an evaporator.

The resin locding operaticn is considered complete when the pH differ-
ence beiwveen the influent and effluent streams of the resin loading
column is less than or ejual to 0.02 units.

The loaded resin is next transferred to a drying vessel and dried
by a forced hot-air s;stem. The dried batch of resin kernels is discharged
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Typical Equipment Arrangement for Resin Loading.

FPig. 4.8.
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to a hopper-blender, coated with graphite, and pneumatically transferred
to the receiving hopper of System 3. En route to System 3, the batch
passes over a sample riffle, where two samples are removed for quality
assurance.

Haste from organic extractant regeneration and waste from tae evap—
orator are collected in separate tanks for uranium assay before discharge
to the Cell C drain of System 9.

Off-gases from the various processing operations are passed through
a condenser to ccol them to about 4°C (40°F). Condensed liquids are
routed to the condensate waste tank and the dry gas is passed over char-
coal for adsorption of radon. Any decay products escaping the charcoal
are collected by an HEPA filter before the gas is vented into the hot
off-gas of System 9.

4.5 SYSTEM 3 — RESIN CARBONIZATION (WORK UNIT 2203) — C. B. Haynie
and D. R. Johnson

4.5.1 Summary Description

The resin carbonization system is designed to receive dried uranium-
loaded resin fuel kernels from System 2. The system will upgrade the
kernels by rejecting those that do not meet the criteria of size or shape.
The remainder will be carbonized, weighed, and sampled. The sample will
be analyzed in System 7. On the basis of the analysis, acceptable lots
are transferred to the microsphere coating system and unacceptable lots
are transferred to the rejec. weigher in System 4 and ultimately to the
Reprocessing Pilot Plant for reclamation. All the carbonization equip-
ment will be located in Cell C of TURF, occupying the two southern window
modules on the east wall. The arrangement of the system is shown in
Fig. 4.9.

4.5.2 Conceptual Design Detailed Description

The functions to be performed are shown schematically in Fig. 4.10.
The resin carbonization system will receive approximately 6 kg/day of
uranium-loaded and dried resin kernels from System 2 in three batches of

2 kg each at approximately 4-hr intervals. Each 2-kg batch is received
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in the first collection honper and fed to a bulk precision weigher and
weighed, and the weignt is recorded. The weighing operation requires
minizal time (25 min). The batch is then fed into a size classifier,
vhere a set of vibrating screens separates the undersize and/or oversize
kernels from the acceptable kermels. This operation requires approxi-
mately 0.5 hr. The acceptable kermels are collected and fed to a shape
classifier, where the misshapen and broken kernels are separated from
the true spheres by the use of a vibrating slanted plate. Shape classi-
fication of a batch requires approximately 3 hr. The upgraded kermels
are then fed through a sampler, and the sample is transferred to the
sample inspection laboratory for analysis. The sampling operation
requires 2 to 5 min, and the analysis should require no more than 0.5 hr.

Depending upon the sample analysis, the batch is either rejected or
pneumatically transferred to a collection hopper, which collects and
combines the three batches of kernels into the 6-kg lot. After the lot
is combined it is again fed through a sampler to verify fts acceptabili:y.
Depending upen the sample analysis, the lot is either rejected or fed
to a precision weigher and weighed. The weight is recorded so that
material accounting can be done after the lot has been combined.

The accepted kernels are pneumatically transferred into the carbon-
ization furmace through a specially designed three-way valve, which allows
a common entry-exit line in the bottom of the furnace vessel. Figure 4.11
shows the furnace. The kernels are fluidized in the furnace with argon
as the furnace temperature 1is elevated to carbonize the organic material
in the resin of the kernels. Approximately 337 of the weight of the ker-
nels is lost by the volatile of the resin. The effluents from the
furnace are directed through a scrubber and radon decay trap filters, and
are finally exhausted up the system combustible-gas stack. Upon comple-
tion of carbonization, the fluidizing gas is stopped, and the lot draims
from the furnace under a protective inert atmosphere. The carbonized
kernels are pyrophoric and must be maintained in this imert enviromment
until they are coated. The carbonizing operation will require approximately
4 hr., The carbonized kernels are fed through a second sampler, and the

sample 1is transferred to tne sample inspection laboratory. The sampling
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and required analysis will require approximately 2 hr to complete.
Depending upon the sample analysis, tte carbonized lot is either rejected
or pneumatically transferred to System 4 for coating. The total time
required io carbonize the 6-kg lot is 18 hr.

In general, the equipment constituting the various subsystems of
the carbonization system is ssall, and several of these components will
be mounted on each of several vertic:l equipment racks. Fuel kernels
are transferred from component to component on a vertical support by
gravity flow, but the kernels in the bottom components on a support are
pneumatically transferred to the top component on the next support.

In the event that System 4 becomes temporarily inoperative, loaded
and dried resin can be received from System 2 for three days and stcred
in the precarbonization equipment. BHowever, because of the reactive
nature of the carbomized product, the carbonization furnace will not be

operated unless System § is prepared t~: receive the carbonize. kernels.

4.6 SYSTEM 4 — MICROSPHERE COATING (WORK UNIT 2204) — M. K. Preston and
W. J. Lackey

4.6.1 Sum.ary Description

The microsphere coating system will be designed to receive one
approximately 3.5 kg lot of carbonized kernels loaded with uranium oxide
(UO2) and subdivide this lot into appropriately sized batches for further
processing. The kernels will be pyrophoric as received and consist of
elementary carbon and uranivm oxide. Approximately 757 of the uranium
oxide will be converted to uranium carbide. After conversion the kernels
will be given four ccatings, a buffer coat of low-density carbon, an
inner coating of high-density carbon, a coating of silicon carbide (SiC),
and an outer coating of high-density carbon. The coated particle is no
longer pyrophoric. These coatings will serve as cladding material to
maintain microsphere integrity and contain fission products,

To ensure proper particle composition and coating properties, the
batches shall be sampled for analysis at key points in the system. If a

sample does not meet specifications, the batch will be rejected to waste
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particle reclamation. After all the precoating and coating processing,
.he fuel particles will be sizea, and those particles that are of proper
size and composition will be transferred to the fuel rod fabrication

system (System 5).

4.6.2 Conceptual Design Detailed Descriptionm
A schematic diagram of the operatious to be performed is shown in
Fig. 4.12. The system can be divided into four functiomal sections:

the precoating section, coating section, postcoating section, and reject
particle handling secction. The precoating section and cthe reject particle
section are located in the southeast cormer of Cell C (Fig. 4.9), while
the coating and postcoating sections will be located in the north half

of Cell D (Fig. 4.15).

The precoating section is maintained in an inert atmosphere o protect
the pyrophoric kernele. The section starts with a collection hopper that
receives one 3.5-kg lot of carbonized kernels. The lot is divided into
process batches, usually six, which are dispensed one at a time for pro-
cessing. Each batch is weighed in a precision scale and then pneumati-
cally transferred into one of two parallel coating furnace loops. The
furnace coating loop is the main part of the system and constitutes the
coating section. It includes the furnace itself, the coating ~hamber
handling subsystem, the carbon and silicon carbide coating effluent scrub-
bers, and the furnace maintenance equipment. A typical installation {is
shown in Fig. 4.14.

The fuel particles are pneumatically transferred through the top of
the furnace and fall to the bottom of the coating chamber onto a porous
graphite disk. The batch is first fluidized with argon and then heated
to about 1800°C to obtain the desired conversion ratfo. After the parti-
cles are converted, the coating chamber elevator assembly lowers the
coating chamber from the furnace. When the coating chamber is clear of
the bottom of the furnace, a manipulator assembly grasps it and dumps the
batch into the receiving hopper of a scalping screen, which i{s in the
loop to remove large carbon pieces generated Juring the coating uperations.
The particles are pyrophoric until the first coating is applied; thus the

coating loop is maintained in an inert argon enclosure.
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The receiv'ng hopper feeds the converced batch tc the scalping
screen, wiich is a vibrating feeder screen. The particles pass through
the screen and are collected in a precision weigher. After weighing, the
batch is passed through 2z sampler, and the sample is sent to the sample
inspection laboratory for a comprehensive analysis.

Depeanding upon the sample analysis, the batch is either rejected
to the reject particle handling section or pneumatically .ransferred back
to the furnace for the first ccating. After each coating, the batch is
passed through the scalping screen, weigher, and sampler and returnea to
the furnace vntil it is either rejected or receives all four coatings.
After all four coatings have been applied, the batch is diverted to a
collection hopper that starts the postcoating section.

The collected microspheres are fed to a size classifier, in which
a set of vibrating screens separ.tes the undevrsize and/ur oversize parti-
cles from the acceptable particles. The sized batch is collected and fed
through a samrpler. If the batch is acceptable, it is transferred to a
collection hopper, where the entire lot is re-collected, weighed, and
transferred to the fuel rod fabrication system (System 5).

Efiluents from the furnaces are directed through two scrubbers to
remove particulate and gaseoi.s wastes generated in the furnace during
the coating and converting proceesses. Perchloroethylene is used ir one
to remove hydrocarbon wastes., and an aqueous solution of NaOH {s used in
the other to neutralize the HC! gas generated during the SiC coating.

Components of various subsystems are mounted on vertical equipment
racks to allow the sse of gravity flow as much as nossible to transfer
the microspheres. Preumatic transfers will be used when particles reach
the bottom component of an equipment rack.

It is estimited that 5 hr is required for fully coating a batch,
including time for sample analysis, weighing, snd other particle handling.

4.7 SYSTEM 5 ~ FUEL ROD FABRICATION (WORK UNICl 2205) —-R. 1. Deaderick
and R. A. Bradley

4.7.1 Summary Description

The Fuel Rod Fabrication System will be designed to perform the varf-

ous processes and inspections required to produce fuel rods sufitable for
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use in the HTGR fuel element (see Fig. 4.1, p 226). The system will
receive coated fissile fuel particles from the microsphere coating system
(System 4), receive coated fertile and shim particles procured from
external sources, blend these in appropriate proportions, and form fuel
rods by the slug injection techaigue. The system will alsc include the
required iunspestions to qualify the fuel rods as to dimensions and to
fuel !oading. The fuel rod machine will consist of a number of indepen-
dently operating stations connected by a common ncasynchromous closed-
loop transfer table. The formed fuel rods will b2 transferred to sequen-
tial inspection stations cousisting of a fuel rod gamma scan inspection,
a fuel rod integrity iuspection, and a radioassay inspection. The fuel
rods will then be placed in sturzge magazines for transfer to the fuel
element assembly system (System 6), where the fuei rods will ultimetely
be ioaded intc a fuel block. Tue nominal throughput of this system wiil
be 10,200 fuel rods per 24-hr day. The equipment will be located along
the west side of Cell D, as shown in Fig. 4.13.

4.7.2 Conceptual Design Detailed Description

A schematic diagram showing the operations to be performed is shown
in Fig. 4.15. The system begins with the fuel rod fabrication machine
shown in Fig. 4.16. This machine forms fuel rods approximately 13 mm in
diameter and 50 mm long (0.5 by 2 in.) in reusable molds. The molds are
moved on the 2.4-m-diam (8-ft) circular conveyor, which is a smooth flat
steel ring contiruously moving in a horizontal plane. When a mold is
moved to an operating station, escapement fingers and clamps precisely
handle and locate the mold while the necessary production operation is
performed.

For the purpose of this detafiled description, the mold lubrication
station may be regarded as the beginning of th fuel rod fabrication
process. There lubricant is injected into the mold, and a rotating brush
cleans and iubricates the inside surface. The lubricated mold is then
carried to the bottom punch feeder, where a stainless steel spool is
insertecd into the mold and serves as a base for the formation of the fuel
rod. A vibratory feeder and singularizer drops this punch into the top of
the mold. A plunger then strokes into the mold to clieck proper position-
ing of the punch. 1If the punch is not properly positioned, the mold can
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be rejected from the transfer table, and subsequent operations at the
next mold position would not be performed.

After properly receiving the bottom punch, the mold is carried to
the particle dispenser unit, which comprises three hoppers containing
fissile, fertile, and shim particles. The desired quantity of each
particle is dispensed volumetrically, blended, and dropped through a
funnel and a telescoping tube into the mold.

After the particles are loaded into the mold, the mold is carried
to the matrix slug feeder, where a matrix slug is positioned on top of
the particles in the same manner as the bottom punch was introduced.
Matrix slugs are preformed outside the hot cell facility and are trans-
ferred by the cell handling equipment into the vibratory feeder bowl
as nerded. The mold is next carried to the top punch feeder, which is
identical to the bottom punch feeder including the rejection unit. The
loaded molds next move through a mold heating section, where infrared
scrip heaters bring the molds up to a temperature of approximately 180°C.

After each mold with its contents has been brought to temperature,
it is transferred to the matrix injection press, which is an 18-station
unit mounted on a rotary indcxer. As the heated molds are heing indexed
around the iniection press platen, 2 force of up to 1.78 kN (400 1b) is
being applied to the top punch by an air cylinder. The rod formation
procadure is depicted in Fig. 4.17. Molds having completed the press-
ing cycle are then moved back to the transfer track and through an insu-
lated tunnel, where refrigerated air is circulated to cool the mold to
30°C or below. After the molds are cooled they move onto a mold storage
ring installed on the inside of the mcld transfer ring circle.

Before the fuel rods are ejected from the molds, there is a final
height inspection unit, which mcasures the height of the mold contents,
and out-of-tolerance units are shifted to a reject basket instead of
passing onto the mold ejection rod separator station.

The fuel rod ejection station is mounted on the same rotary indexing
device as the mold lubrication station. An air-activated ram ejects the
molded rod and the punches through the bottom of the mold into a device

that uses cams and plungers to separate the fiiel rod from the top and



257

BED OF CCATED
PART:CES

COATED PRRTICLES
AND WaTR:

'Zj\" \

ATRIX RESERVOGIR
AND CRiFCE

EACESS MATR:
8CTTOoM PuNCH
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bottom punches. The fuel rod is ejected onto an air-levitated fuel rod
transfer track, and the top and bottom punches are dropped into separate
backets for return to the respective parts feeders. On the subseguent
index the empty mold is moved to the mold lubrication subsystem for a
repetition of fuel rod fabrication process.

Fuel rods are discharged singularly from the fuel rod fabrication
machine at a2 mzximum rate of one fuel rod every 8 sec and conveyed
through inspection and stor .ge to the fuel element loading machine.

After a fu:l rod is released it is inspected with a gamma scanner
and with an air ring, which checks for voids and pits on the surface of
the fuel rod. There is a reject slide provided after this operation.
Acceptable fuel rods will be subject to an assay using a californium
source embedded in cylindrical shielding. The rod is then fed into a
fuel rod storage and transfer magazine. The loaded magazines are moved
with a manipuiator to storage racks for accumulation of production before

being loaded into the fuel element in System 6.
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4.8 SYSTEM 6 — FUEL ELEMENT ASSEMBLY (WORK UNIT 2206) — W. G. Cobb
and A. J. Caputo

4.8.1 Suwmmar Description

The fuel element zssembly system is designed to perform the various
assembly operations and inspections required to complete che production
of a fuel element for use in High-Temperature Gas-Cooled Reactors. The
system will receive procured fuel block components from the materials
handling system (System 10) and formed fuel rods from the fuel rod fabri-
cation system (System 5). The system will load the fuel rods into the
graphite fuei blocks, restrain them during an in-block carbonization
and annealing process, remove the restraints, clean the block surfaces,
install fuel columsn end plugs and dowels, cure the ccment binding them
to the block, and load the assemblies into containers for shipment. The
system will verify each operation; inspect for dimensional accuracy,
integrity, and the presence of contaminants; provide samples for verifi-
cation of performance; and provide a complete record for each fuel element
establishing its usability. 1ne nominal throughput of this system will
be 2.5 fuel elements per 24-hr day. ‘The equipment will occupy the south
central portion of Cell D and aii of Cell E, as shom in Figs. 4.13 and
4.18.

4.8.2 Conceptual Design Detailed Description

A schematic diagram of the functions to be performed is snown in
Fig. 4.19. A fuel block container is lowered by a grapple through a
roof port and into & trotatable, six-station storage platform in Cell E.
The grapple is located in a removable housinrg, which contains an isola-
tion valve and sealing provision to maintain cell containment. A special-
ized 1ift is provided for removin, and installing the container covers.
A second storage carousel provides storage for 12 dummy blocks and the
spacer pallets required for the furnace operation.

An in-cell dedicated hoist uses a specialized grapple to remove a
fuel block from its container and transfer it onto a shuttle table of
an intercell transfer device. The shuttle table is transferred into

Cell D by the action of a motor-driven screw, and is so designed that
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the entire mechanism moves within the Cell wall, permitting a sliding
gate valve to isolate the passage from Cell E atmosphere. Another sliding
gate valve seals the passageway opening into Cell D, providing for iso-
lation of the two cells. After this gate is opened, a pneumatic cylinder
11fts the block from the shuttle table to the loading position under the
fuel block loading machine.

Within Cell D a column of fuel rods is discharged from a storage
magazine and measured for length acceptability. The rods are then fed
singly to the fuel block loading machine. By using programmed coordi-
nates and a final true positioning device, the fuel block lousder is

sequentially positioned over each fuel cavity. Each fuel rod is
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individually loaded, and its position is verified by a depth measuring
device. The loaded blocks are returned to Cell E and transported by the
hoist to a fuel column restraint loading stand. This equipment tinishes
filling the fuel cavity with a granular material, which maintains a space
for fuel column expansion during fuel burnup. A furnace spacer pallet,
positioned on top of the fuel block, fits down around the block sides

to restrain the granular material.

The block is then loaded into a portable charging chamber and then
lifted to the top of the carbonization and annealing furnace. This fur-
nace is a continuous-throughput vertical-tube controlled-atmosphere type
using electrical resistance heaters; it is illustrated in Fig. 4.20.

The blocks are charged from the chamber into the furnace through an iso-
lating gate valve and travel vertically downward through a series of
heat ing and cooling zones until discharged through a lower isolation
valve. An interceptor fork provides temporary support for the columm
while the lower chamber is isolated and opened for removal of the pro-
cessed element by the furnace unloading device. The discharge chamber
is then closed, purged, and recpened to the furnace, and the e.evator
reengages the column of elements. An argon purge sweeps the furnace
during processing and i~ cleaned by a perchloroethylene scrubber system
befecre release to the plant off-gas system. The fuel element is then
transported to a vacuum machine, which removes the granular materiai from
the fuel cavities, and then to a cleaning machine, which vacuums and
brushes all surfaces of thc eiement.

The block is next positioned for loading an end plug in each frel
cavity. The device is positioned sequentially over each hole, and a feed
shuttle loaded with a plug from a supply rigazine positions the plug
directly over the fuel hole so that a downward stroke of a punch drives
the plug into the hole.

The three dowels are screwed into th .r recesses by means of a
manipulator-held low-torque motor. These dowels znd the hole plugs when
ingerted have dry cement molded into a peripheral groove, and this cement
is fused and cured by teating the top end of a completed assembly with

resistance ueaters.
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A transparent rotatable platform mounted in front of a cell window
with adjustable mirrors above and below allow visual inspection of all
through hoies and exposed surfaces. Accuracy of dowel positioning is
checked with an overlay inspectios plate referencing to the block datums.
Dowel heights are checked with a manipulator-hand-held height zage. To
monitor contamination of block surfaces with radioactive particulates,
prepared swabs maneuvered with a manipulator wipe the surface and are

plared into a shielded cavity containing the assay equipment.

4.9 SYSTEM 7 — SAMPLE INSPECTION (WORK UNIT 2207) — D. A. Dyslin and
W. 4. Pechin

4.9.1 Summary Description

The sample inspection system is designed to receive sgzmplez Zrom
all stages of processing in the Fuel Refabrication Pilot Plant, deter-
mine the various required physical and chemical characteristics, transfer
this information to System 8, pilant management, return expended or unused
sample material to System 9, waste handling, anl transfer suitably pack-
aged archive material to storage. The system will perform about 240
inspections per day on 95 samples. The design must provide for the alpha
contaimment and gamma shielding of the material being inspected. The
inspection laboratory will be iocated in a new addition to the south end
of TURF,

4.9.2 Conceptual Design Detailed Description

The inspections to be performed are shown schematically in Fig. 4.21.
This system is not a straight-line step process but a cowplex multibranched
system., The basic inspection functions are performed by 1€ subsystems,
which are described below:

kadioassay Subsystem determines the fissile content of fuel rods
and particles by exposing tham to a 252¢f peutron flux and counting either
the prompt neutrons from fission or the delay~d neutrons from fission

products.
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Particie Size Sulsyctem determines the mean and stancdard deviation
of diameter and the mean particle weight of a particle sample by using
a calibrated photocell, counter, and scale.

Contaminated Reagent Subsystem receives alil liquid samples fror:
in-cell, performs those analyses required on contaminated liquid sampies
except for heavy metal assay, and transfers the liquid samples to the
heavy metal assay subsystem as required.

Noncontaminated Reagent Subsystem determines the physical and chem-~
ical propertizs of noncontaminated reagents for operation of the Recin
Loading Systex.

Surface Contamination Subsystem determines the level of alpha
activity on the surface of the outer low-temperature isotrcpic coating
by counting a known weight of fuel particles in a gas-flow proporticnal
alpha counter.

Matrix Filler Dispersion Subsyster determines the amount and dis-
tribution of filler in the rod matrix by dividing a rod into “nree sa2g-
ments and removing and weighing the pitch to determine the amount in
each segment.

Cradient Cciwm Dengity Subsustem determines the densities of the
LTI pyrocarbon and silicon carbide coatings by determining the rest
position of coating fragments placed in a fluid column having a linear
gradient of known fluid denrity.

Carbon Content Subsystem determines the carbon content and carbon-
to-uranium ratio of particles by burning the carben from a sample in a
controlled argon-oxygen atmosphere, collecting the CO; Zn absorption
columns., ané measuring the columr weight change.

Mercury Displacement, Density, and Porosity Subsystem determines
particle density and coating porosity by utilizing a commercially avail-
able porcsimeter adapted to glove box operation.

Radiography Subsystem produces radiographs of coated particles to
determine size distribution, coating thickness, and shape of fuel
rods to determine relative distribution of fissile, fertile, and shim

particles.
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3roken Particle Subsystem determines the fraction of microspheres
having broken coatings in particles and fuel rods by chlorinating a2
sample at 1500°C to convert 2xposed heavy metal to the chloride, which
is collected in a condenser. The condenser is washed with hydrochloric
acid, and the resulting solution is analyzed for uranium and thorium.

Dimensiongl Subsyster: determines the dimensions and weight of fired
fuel rods to ascertain the coking yield of the matrix material utilizing
a3 modified commercial air gage and a balance.

Hotallography Subsustem allows vicual micro and macro examination
of polished sections of microspheres and fired fuel rods. Quantitative
measurements will also be made of the anisotropy of coatings and the
amount and size of porosity in the fuel rod matrix. The subsystem uses
modified commercially available metallcgraphic equipment. Anisotropy
will be determined by measu-ing the angular dependence of reflectivity
of plane-polarized light. fhe size and spatial distribution of the
matrix porosity will be measured by a commercially available image
analyzer.

Heavu Metal ‘ssay Subsyster: determines the heavy metal content of
liquid, particle, and fired fuel rod samples. Particle and rod samples
must first be crushed and ignited in oxygen, and the residue leached
with acid to dissolve the heavy metal. The resulting solution is
analyzed for uranium and thorium.

Impurity Subsystem prepares a sample that will be transferred out
of the sample inspection system laboratory for impurity analysis by
spark source mass spectrometry.

Cxygen Content Subsystem determines the oxygen content of converted
fuel kernels by reacting the sample with carbon at 2000°C in argon to
convert the oxygen in the sample to CO. The CO is ccnverted to CO2 with
hot copper oxide and absorbed on Ascarite. The uxygen is determined by
measuring the weight ciiange of absorption towers located in the furnace

of f-gas train.
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4.10 SYSTEM 8 — PLANT MANAGEMENT (WORK UNIT 2208) — B. C. Duggins and
R. A. Bradley

4.10.1 Summary Description

The plant management system, System 8, is an information handling
system, which is desigred to assist in the oper:tion and evaluation of
the fuel refabrication processes by:

1. collecting and storing information that will be required for quality
assurance documentation of refabricated fuel,

2. performing calculations that will be required in the operation of the
process systems,

3. collecting and storing information that will be required for the
evaluation of the plant peiformance, and

4. maintaining a runnirg inventory of fissile material for criticality
safety and special nuclear material accountability.

In addition, the plant managenment system will serve 3s the interface for

information flow between the various process systems and suppost systems

such as sample inspection. This system also provides basic support

functions to the operation of the local instrument and control subsystems

of the proucess systems.

4.10.2 Conceptual Design Detailed Description

The plant management system is basically an automated information
management system to be configured £rom minicomputer class equipment. A
16-bit minicomputer with line printer, magnetic tape and disk bulk storage
devices, and other peripherals will be used.

Figure 4.22 shows the information flow between this system and
process systems. Details concerning data type, acquisition rates, and
quantities are available in the System Design Description. The software
structure is shown in Fig. 4.23. Data bases will be maintained for
process variables, process support data, and fissile inventory. Quality
assurance documentation will be genzrated from the process support data

basc.
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§.11 SYSTEM 9 — WASTE HANDLiInC (WORK UNIT 2209) — J. P. Jarvis and
A. R. Olsen

4.11.1 Summary Description

This system will be designed to provide for the handling of waste
materials from the processes located in Building 7930 (TURF). The
materials to be handled include the following: (1) solid reject or
scrap material with significant fissile or fertile element content suit-
able for reclamation, (2) solid material with low fissile material content
[less than 0.35 kg/m® (10 g/ft’) 233U] to be sent to a retrievabie stor-
age facility, (3) liquids containing uranium suitable for immediate recycle
within the refabrication process systems, (4) liquid wastes with low
levels of fissile and fertile material appropriate for transfer to the
appropriate ORNL contaminated liquid process system, (5) organic liquid
vastes that must be treated and stored, and (6) gaseous wastes from pro-

cessing operations and containment areas. The equipment will be located
throughout the building.
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4.11.2 Conceptual Design Detailed Desc:iption

Provisions are made for collecting, monitoring, assaying, packaging,
moving, and storing or disposicri of the mateirials described in the para-
graphs that follow.

Lisuid ique:us Radioactive Kas’e — The existing radioactive hot
drain and hot off-gas (RHD-HOG) wili be used to collect liquid and/for
gaseous wvaste from equipment that does not contain fissile material.

This system has been described.’ Connections are provided in the process
cells for collectica and transfer cof wvastes to stainiess steel tanks

tha- are filled with borated glass Raschig rings. Equipment is provided
for sampling the contents of the tanks and for addition of depleted
uranium or other chemicals if required. Disposal is to the ORNL waste
collection and treatment system.

Aqueous solutjons containing recoverable quantities of fissilc
mdterial should be zenerated only by System 2 operations. Provisions
for collection, analysis, and transfer of thiz material back to System 1
in Building 3019 will be part of Systeam 2.

Waste from other equipment containing fissile material is collected
in the radioactive hot drain recoverable (%) system. Piping fo this
system is sized to protect against accumulation of a critical mass of
fissionable material, and the storage tank is filled with borated Raschig
rinys. Estimated average quantities of aqueous liquid waste generated
are listad in Table 4.2.

Liquid Organic Radioactire Waste — As indicated in Tabie 4.3, only
small quantities of contaminated organic wastes will be generated. These
will be absorbed on suitable materials to convert them to low-level sclid
wastes for disposal.

Solvent used in off-gas scrubbers for Systems 3, 4, and 6 will be
recovered in System 9 for r2use. Tetrachloroethylene containing suspended
solids (mostly carbon soot) and dissolved light oils and tars will be
distilled, with the clean solvent being returmed to the process systems
and the solids being collected in the still pot for removal and transfer
to the solid waste handling system.



Table 4.2. Estimated Average Quantities of Aqueous Liqiid
Waste venerated by the HTGR-FRPP

- - < Quanticy
Source Material Composition (Liters/day)
Uranium feed preparation ind resin EvapoTatory coudensate 50
loading, Systems 1 and 2 Caust? - carbonate from 35
solvent regeneration
Microsphere coating, System & Spent caustic from HCl 500
scrubbers (NaOR + MaCl)
Miscellaneous Decontamination solution: 190
water, Turco, acids, etc.
Floor drains, service sinks, etc.; Hater (negligible radio—- 380

process vaste systems

activity)

Table 4.3. Estimated Average Quantities of Organic Liquid
Kiste Generated by HIGR~FRPP

Average Quantity

Source Material Composition Generated?
(liters/day)
Resin fuel kernel 0.2 ¥ Amberlite 3

preparation,
System 2

Res.n carbonization,

System 3

Microsphere coating,
Systenm 4

Fuel element assembdly,
System 6

Cleaning and decontaminacion

of equipment in cell A

LA-2 in diethylbenzene

Organic scruebbing media <4
plus condensable
hydrocarbons

Organic 3crubbing media <4
plus condensable
hydrocarbons

Organic scrubbing media <2
plus condensable
hydrncarbons

Solvents to clean <1
bearings, etc.

3Radioactivity negligible.
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Iow-Lever Solid Fadioactive Wastes — Both combustible and noncom—
bustible wastes will be packaged in 115-liter (30-gal or 4 ft’) drums
in Cells C, D, and E oc at the point of origin, such as the sample
inspection system. A 2'’U assay system is to scan waste drums positioned
on a rotating table vith sodium iodide detectors. A standard containing
233y from the fuel batch beinz processed is compared with the waste
sample being assayed. A gamma ray absorpiion comparison is made for
each waste drum with 2 source of the 2.6-MeV gamma rays being counted
by the assay apparatus. These drums will b= assayed and packaged in
55-gal (208-liter) drums, for shipment to the ORNL retrievable storage
facility, in an out-of-cel’ packaging station. The estimated quantity
of such wvaste generated per day is shown in Table 4.4. The maximum
radiation level of this material per cubic foot (0.028 m’) is estimated
from a maximum of 0.35 kg/m® (10 g/ft?) of 223U containing 500 ppm 2?2y.
This estimate for material aged various times is: 90 days, 3.75 mrem/hr;

2 years, 25.0 mrem/hr; and 10 years, 42.5 arem/hr.

Table 4.4. Estimated Average Quzntites of Low-Level Contaminated
Solid Waste Generated by the HIGR-FRPP

Quantity
Material Description
(w’/day) (fc?/day)
Irreparable in-cell process 0.028 1.0
equipment and components
Manipulator boots 0.028 1.0
Miscellaneous tools, plastic 0.17 6.0
bottle;, seals, gloves, in-cell
filters, plastic sheet, etc.
Coating chambers, fritted plates 0.085 3.0
Soot from solvent reclamation 0.017 0.6
system
Excess matrix 0.007 0.25

Total 0.34 11.85
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Tigh-Level Solid #astes — The estimated production of solid wastes
having high uranium contenc is given in Table 4.5. These materials will
be packaged in critically safe comtainers for transfer to a retrievable
storage site or to a reclamation process. Reject fissile material cans
are abouvr 90 wm diam by 230 wm long (3 1/2 by 9 in.). They are designed
to receive up to 1 kg 233y containing 500 ppm 232g aged 90 days after
remval of decay products. The estinated radiation level for material
aged variov. times is: 90 days, 750 mrem/hr; 2 years, 4.8 rem/hr, and
10 years, 10.1 rem/hr. A cowbinition calorimeter-gamma scan device will
be used for assay c¢f these cans.

Gaseous wmastes — The source, composition, and estimated volumes of
off-gases that will be generated are given in Table 4.6. The combus-
tible gases generated in Systems 3, 4, and 6 will be pretreated in the
respective systems for removal of radioactive and particulate components
before they are delivered to System 9. These gases are monitored for
radioactivity and oxygen content and exhausted through local stacks on
the TURF roof. The Hot Off-Gas system, which receives vessel off-gases
and the cell containment system, has been described.! Gaseous alpha-
contaminated wvaste from the sample inspection glove box line (System 7)
is filtered; monitored for radioactivity, pressure, and flow; and dis-
charged either from a2 separate stack or from the existing cell off-gas

system.

4.12 SYSTFM 10 — MATERIALS HANDLING (WORK UNIT 2210) — J. P. Jarvis and
A. R. Olsen

4.12.1 Summary Description

The Materials Handling System will be designed to provide the equip-
ment and facilities required to receive, handle, store, and ship materials
required for or resulting from operation of the fuel refabrication pro-
cesses. This function will be limited to acrivities vutside the process
cells. Materials will be delivered to or removed from shield penetrations,

which are provided as part of other plant systeums.



Table 4.

N

. Extizated Average Daily Production of High-Uraciua-

Content Solid Waste Material
Quantity -
Material Form (;:"Ujday) Source
Toaded ard Jdried resin 247 Resin loading ~eject and sanples
Cardonized resin® 161 Resin carbonization reject and
saples
Converted resin® i Resin conversion rejects and
samples
Coated particles 530 Particle coating reject and
saaples
Creen rods 11 Reject rods, sawples, and assayv
calibration standards
Carbonized rods 11 QA samples
Reject blocks® 12 Rejec: hlocks
Coated particles and 18 Coating chamber scrapings and
carkon frits
Epoxv-izpregnated rods 2.15 Metasllographic mcunts
U100 ash ) Sample inspection station

*outine production of this tvpé of waste is not anticipated.
Figures represcnt daily average, but in fact an infrequent large bat-n
wiil have to be dealt with.

Table 4.6.

Estizated Maximdk Gaseous Radioactive waste

from the HIGR Refabrication Pilot Planr

Flow

Source

lomposition

Destination

Cell exhaust

Miscellaneous off-zas {roem
vessel purge and pneumatic
transfer operations

Coating carbonization and
anneal ing furnace

Sample insp~ction system
gloveboxes and hoods

Afr

Air, Ar, etc.
with particalate
alpha activity

Ar, he, combustible
gases

Afr  Ar, etc.
with particulate
alpha activity

(ssfm) (std =2'/sec)
95N(; %5 HFIR stack
»00 (.24 EFIR stack
RO total N.038 local stack
20 earh 0.0095 local staci
90 normal n.043 Either stack
560 max 0.26 Fither stack
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4.12.2 Conceptual Design Detailed Description

Facilities are preovided for handling and storage of product fuel
clements, archive samples, and high-level solid waste cans in the exist-
ing TURF fuel storage basim.

zerials Pequired for Jefatricaticwm of Recwcie Fuzl Zlevevis —

The necessary materfals for recycle eleaent refabricarion are listed io
Table 4.7. These items plus the required process support ciemicals and
materials are received and stored in TURF. Uranyl nitrate feed is trans-
ported from Building 3019 to TURF via a special shipping carrier ard
trailer.

Product Suel Tlermerts — Completed fuel elements are resoved froo
Ceil E through the roof port into a container and transfer snield for
transfer <o the TURF fuel storage basin for faterir storage.

Sclid Waste Matericls — Canned waste =aterials are withdrawn froc
the piocess cells into shielded carriers for trarsfer to interim stecrage.
Zrrles — This system provides shielded carriers for delivery of

radicactive sanples to hot cell facilities outside the TURF and archive

samples froe System 7 to the fuel storage basin.

Table 4.7. Materials for Refabricztion of Fuel Flexments

Material or Equi ¢ Quanctity for 1ype Storage

24-hr Run Area in TURF

Uranyl nirrate sclution, kg U 4 Alpha contzined

and shielded
Coated thorium particles, kg 15 Alpha contained
Eapty graphite blocks 3 General
Graphite plugs 675 General
Graphite dowels 9 General
Poison rods 6.18 Genersl
Graphite cement, liter (pt) 0.47 (1) General
Fuel packaging material, =’ (ft’) 0.28 (10)  General
Shim particles (graphite), kg 15 General

Macrix slugs 13 mm diam by 25 sm (1/2 by 1 in.) 10,000 General
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5. RECYCLE FUEL IRRADIATIONS (SUBTASK 230)

F. J. Homan

5.1 INTRODUCTION — F. J. Homan
During the present reporting period the entire Thorium Utilization
(ThU) Program was reorganized, and the recycle fuel irradiations vwork was
designated Subtask 230. Subtask 230 was organized into five work units:
Work Unit 2300: fuel performance assessment,
Kork Unit 2301: capsule irradiations,
Work Unit 2302: Peach Bottom irradiatioms,
Work Unit 2303: large-scale recycle element (LSRE) irradiations,
Work Unit 2304: refabricated fuel recycle element (RFRE) irradiations.
The work on recycle fuel irradiations has always been part of the
National Fuel Development Program Plan for the Steam Cycle HTGR. At the
end of the reporting period this prograz plan was reorganized around
four goais:

Goal 1: qualify initial and makeup (1.M.) fuel and processes for the
large HTGR,

Goal 2: qualify reference recycle fuel and manufacturing prc-esses
for the large HTGR,

Goal 3: qualify backup to developmental reference I.M. and recycle fuel,
nal 4: develorasent of essential technical support.

Coincident with the reorganization of the National HTGR Fuel Development
Program was a reorganization within ERDA. The Thorium Utilization
Program was moved from the Division of Reactor Research and Developwment
to a newly created Divisfon of Nuciear Fuel Cycle and Production. For
the Natfional HTGR Fuel Development Program this meant that the funding
for program activities was coming from two separate divisions of ERDA —
RRD and NFCP. It has always been recognized that there are many parallel
activities involved in the development of fresh and recycle fuel, and

in fact the same personnel and irradiation facilitfies at ORNL are used
in hoth programs. It was therefore logical to move money from the ThU
Program to the HTGR Base Program so that all the money for HIGR fuel
development would be in one program, and in one ERDA division. This

was accomplished, in part, in June 1975.

277
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While rhese changes were made at the end of the reporting period,
it has been decided to structure this report around the new funding
arrangement — both to establisk a sound framework fcr future reporting,
and to provide continvity for the fuels work reported in this annuai
report. Accordingly, all work done in support of the four goals pre-
viously listed for the HIGR fuel development program is reported else-

uhere,x

including work supported by bothL the Base Program and the ThU
Program.

The work formerly associated with the five work units listed for
Subrask 230 of the ThU Program has been incorporated unde:x goals 2, 3,
and 4 of the National HTGR Fuel Develcpment Program. Some work is still
funded from the ThU Program, under work units 2302 and 2303 of subtask 230.
In addition, there is some jointly funded work (HTGR Base Program and
Subtask 210 of the Thy) on kernel carbenization and conversion, SiC and

pyrocarbon characterization, and process lat.tude investigations. Thi:z

work is reported in Chap. 3 of tuis report.

5.2 PEACH BOTTOM IRRADIATIONS (WGRK UNIT 2302)

Seven Recycle Test Elements (RTE) have been irradiated in the Peach
Bottom Reactor. Three were removed and partially examined previously.z’3
The Peach Bottom Reactor was shut down in Cctober 1974, terminating
irradiation on the four remaining RTEs at atout half of peak large HTGR
exposure. Progress on the pcstirradiation examination of the RTEs is
reported beiow. This work is scheduled for completion during FY 1976,

with a final report on the RTEs to be issued in September 1977.

5.2.1 Postirradiation_Examination of RTE-7 — E. L. iong, Jr.

The operating history and results from the earlier examinations of
RTE~7 have been reportcd.3 Two fuel rods had not been examined metal-
lographically until this reporting period because we did not have the
capability required t.o polish irradiated ThC;. The fuel rods examined
in this reporting period were RTF-7-3-3-3 and RTE-7-5-5-5, which contained
(2Th,)0; Biso with ThC, Biso and UC; Triso with ThC; Biso fuel mixtures,

respectively, The fuel rod that crntained mixed cxide operated at a
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design center-line temperature of 1215°C, and the rod that contained UC:
operated at 1120°C. This element h-d arcumulated 252 equivalent full-
power days of exposure, and the average elemeat burnup was predicted hy
GAC to be 2.4% FIMA. A peak neutron fluence of about 1 < 10°° n/cm?
(>0.18 MeV) was achieved.

Metallographic examination of a transverse section through the fuel
rod that contained the Biso-coated (2Th,U)0> and ThC> kernels revealed
no unusual microstructural features. There was no evidence of failure
or potential failure of eithker the fissile or fertile particles, nor
was there anv measurable amount of amoeba effect. A typical fissile

particle from this rod is shown in Fig. 5.1.

Fig. 5.1. Typical Biso-Coated (2Th,U)0; Fissile Particle from
RTE~-7-3-3-3.
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Examination of a transverse section through the fuel rod that con-
tained the Triso-coated UC; and Biso—-coated ThC; kermels (PTE-7-5-5-5)
revealed no evidence of amoeba effect in either the fissile or fertile
particles. We noted one fissile particle that had failed and had the
appearance of a pressure-vessel-type failure [Fig. 5.2(a)]}; 325 fissile
particles vere exposed in this plane of polish. Although this one
failed particle represents a failure fraction of only 0.3Z, an upper
limit of 1.72 fatled particles is indicated at a 952 confidence interval.
Examiration of the Triso coatings at high magnificaticn revealed that a
slight reaction had occurred at the interface between the irner LTI und
SiC on the cold side of the fissile particles. This reaction formed
graphite flakes that extended from the inner surface of the SiC into
the inner LT! for about 3 um. This reaction also resulted in slight
attack on the inner surface of the SiC layer to a depth of 1 to 2 um.

The appearance of this reaction on the cold side of the particles suggests
that the rare-earth fission products are responsible. A typical fissile
particle is shown in Fig. 5.2(b), and the appearance of the graphitized
region adjacent to the SiC is shown in Fig. 5.3.

5.2.2 Postirradiation Examination of Fuel Rods from RTE-4 —
E. L. Long, Jr.

The results from the physical examination of the fuel rods from
RTE-4 that had been in the Peach Bottom Rcactor for 384 equivalent full-
power days have been reported previously.2 The metallographic examination
was delayed until we had the capability to polish carbide fuels. The
mechanical polishers have been installed in the hot cells, and the
polishing techniques have been refined to enable us to adequately
prepare Triso and Biso systems for metallographic evaluation.

The fuel loading combinations and forms for RTE-4 are shown in
Table 5.1. The fuel r.amined from body 1 operated at an estimated
maximum end-of-life zemperature of 760°C and contained Biso-coated dense
UC2 fissile particles and Biso-coated ThC; fertile particles. Examination
of a transverse section revealed no particles that failed as a result

of the irradiation test; however, two of the Biso coatings had been



Fig. 5.2.
Pressure vessel failure. (b) Typical particle.
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Fig. 5.3. Localized Graphitization of Regions (Arrows) of the Pyro-
carbon Coating Adjacent to Inner Surface of SiC Layer on the Told Side of

the Particle. volarized light.

Table 5.1. Fuel Loading Scheme for RTE-4

Fuel Particle Type

Fuel Fuel
BOdl\' ‘r e Fom - Tt T T T
yp Fissile Fertile
6 e Blended” UC, Biso ThG; Biso
bed :
5 d Rods’ (2Th,U)0; Biso ThC, Biso
4 f Rods® Uc; Triso ThC, Biso
3 a Blended” (4.2Th,U)02 Biso ThC, Biso
bed
2 £ Blended UC, Triso ThC, Biso
bed
1 e Rods UC; Biso ThC, Biso

“Blended beds contain graphite powder as a bed stabilizer
prevent segregation.

fCarhonized in covered graphite tray.

“carbonized in fuel body.

to

T
0.0014
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broken during fabrication. There was no evidence of amoeba effect with
either the UC2 or ThC: kernels. Although none of the coatiugs showed
indications of potential failure, the coatings on the UC; kermels con-
tained sooty regions that delineated layers in the PyC. Also, in

numerous particles the outermost layers contained cracks that propagated

into the coatings for 20 to 30 um. Typical fissile particles from this
fuvel rod are shown in Fig. 5.4.
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Fig. 5.4. Typical Biso-Coated UC, Fissile Particles from Fuel Rod
RTE-4-1-1-3,

A fuel system of Triso-coated dense UC2 and Biso-coated ThC: was
included in this element for comparison. We selected from body 4 a
fuei rod that had a maximm end-of-life fuel temperature estimated to be
1100°C. Examination of a transverse section through this fuel rod
revealed no evidence of amoeba in either the UC: or ThC,. A typical

fissile particle is shown in Fig. 5.5. Examination of 526 Triso-coated
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Fig. 5.5. Typical Triso~Coated UC: Fissile Particle from Fuel Rod
RTE-4-4-1-3. This particle vas located 2 ma from the outer surface of
the rod; the cold side of the particle is on the right.

UC2 particles revealed that 31 of the SiC coatings contained straight-
line fractures, and in 12 the outer LTI had fajiied alsc. Examination
of the fissile particles under polarized light revealed that the inner
LTI had graphitized on the cold side of the particle, and the inner
surface of the SiC was slightly attacked to a depth of 5 um. A failed
particle is shown in Fig. 5.6, in bright field and polarized light.
Electron microprobe analysis showed that the graphitized regions of the
inner LTI contained the rare-earth fission products - La, Ce, Pr, and
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Nd — as shown in Fig. 5.7. About 107 of the fissile particles contained

tears that extended about halfway through the outer coatings, as shown
in Fig. 5.8. This is the first example of matrix-particle interaction
that ve have observed in fuel rods that had been carbonized in an RTE
graphite fuel body. Although none of the Biso-coated ThC; particles
had failed as s result of the irradiation test, two were found that had

been crushed during fabrication.
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Fig. 5.6, A Failed Triso-Coated UC, Fissile Particle from Fuel Rod
RTE-4-4-1-3. This particle was located 1 mm from the outer surface of
the rod; the cold side of the particle is at the top. (a) Bright field.
(b) Polarized light.
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Fig. 5.7. Location ot Rare-Earth Fission Products on the Cold Side of the
Fisaile Particle Shown in Fig. 5.6, as Determined by Electron Microprobe Analysis.
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Fig. 5.8. Tear in the Outer Coating of a Fissile Particle as a
Result of Matrix-Particle Interaction in Fuel Rcd RTE-4- +~-1-3.

The fuel system contained in rods in body 5 consisted of Biso-
coated (2Th,U)0, and Biso-coated ThC:. The fuel rod selected for
metallographic examination operated at an end-of-life maximum tempera-
ture estimated to be 1090°C. Examination of a transverse section through
this fuel rod revealed no measurable amoeba, nor was there any evidence
to indicate potential failure of either the fissile or fertile coated
particles. Two Biso coatings that had been crushed during fabrication
were found in this section.

Body 2 contained a blended bed of Triso-coated dense UC, fissile
particles and Biso-coated ThC; fertile particles and can be compared
with the fuel rods in body 4 that contained the same fuel system. The
microstructural appearance of the tlended bed was similar to coated
particles contained in the fuel rods, with one exception. Graphitization
of the cold side of the inner LTI was found in the fissile particles

across the entire cross section of the fuel rods, whereas this effect
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wvas not observed in any of the particles in the loose bed sample. The
meximm fuel temperature of the loose bed sample vas estimated to be
about 100°C cooler than the fuel rod, and the thermal fluence (< 2.38 eV)
was about the same (2.1 x 102! n/cm?). The above apparent discrepancy
points out the need for detailed thermal analyses of the RTE experiments
to take into account the changes in dimensions and relative thermal
conductivities with fast neutron damage. A detailed thermal analysis

of the RTE experiments is under way.

Body 3 contained a blended bed of Bisc-coated (4Th,U)O0: fissile
particles and Biso-coated ThC: fertile particles. The sample examined
metallcgraphically from this body operated at an estimated maximum end-
of-life fuel temperature of 1120°C. There was no evidence of amoeba
in either the fissile or the fertile particles; nor was there any
indication of potential failure in any of the particles.

The blended bed contained in body 6 was a mixture of Biso-coated
UC2 and Biso-coated ThC: particles. The sample examined from this
body operated at an estimated maximum end-of-life fuel temperature of
1025°C. This sample was compared with the fuel rods from body 1 that
contained the same fuel system but ran at a lower temperature (760°C).
The microstructural features in the particles from both bodies were
similar in appearance; that is, no measurable amoeba and no indications
of potential failure in either the fissile or fertile particles. The
short radial cracks noted in the‘peripheral regions of the Biso coatings
on the UC; kernels in the fuel rods were also present in the loose-bed
sample, indicating that it was a coating property problem and not a
fabrication problem.

5.2.3 Postirradiation Examination of RTE-2 — E. L. Long, Jr.

The third in a series of recycle test elements, RTE-2, was Jischarged
from the Teach Bottom Reactor in mid-Septesber 1973, after 701 effective
full-power days. The element was received at ORNL in March 1974, and
di 3assenbly started in mid-April. The overall appearance of the element
was excellent, with no evidence of any localized regions of attack. A

sooty deposit was present in the region of the lower spacer-ring of the
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graphite sleeve. This sooty deposit rubbed off easily, exposing the
as-machined surface. After the upper and lower graphite reflector
sections were cut off, the six graphite fuel bodies were pushed out of
the graphite sleeve. The appearance of the fuel bodies was excellent.

The fuel loading cowbinations for each of the bodies are given in Table 5.2.

Table 5.2. RIE-2 — Fuel Loading and Operating Temperatures

Estimated max EOCL Fuel Fuel Coated Particles
Body Temperature? Bed
(*0) Type Type Fissile Fertile
67 1050-1140 £ Rod” ve, e,
Triso Biso
5 12201300 a Blended® (4Th,U)02  ThC;
bed Biso Biso
h
& 1240-1260 e Rod” uc; ThC;
Biso Biso
3 1320-1360 £ Blerded® UC: ThC;
) bed Triso Biso
2¢ 1020-1190 d Rod’ (2Th,U)02  ThC;
Biso Biso
1 620-1080 e Blended UC; ThC;
bed Biso Biso

“Maximum End-of-Life Temperature Range Along Length of Individual
Bodies, Estimated from As-Fabricated Dimensions. Detailed thermal analyses
under way incorporate irradiation-induced dimensional changes. The
detailed thermal analyses will be included in the final <eport on the
recycle test elements.

bCarbonizcd in fuel body.

“Blended beds contain graphite powder that was added as a bed
stablizer to prevent segregation.

dCarbonized in covered graphite tray.

A representative number of fuel rods (about 402) were removed by tapping
the graphite bodies on the cell floor. As has been the experience with
the previous recycle test elements, the fuel rods that had been carbonized
in the graphite bodies (bodies 4 and 6) vwere wmore difficult to remove than

P T

A Wy ST e



those carbonized before being loaded in the graphite body (body 2). The
general appearance of the fuel rods carborized in the bodies was good,
vith only slight evidence of debonding of particles. Most fuel rods

had separated at the original interfaces; in a few instances, two fuel
rods stuck together. The two fuel rod segments bowed noticeably; this
contributed to the degree of Jdifficulty in removal from the graphite
body. "Sooty” regions were noted along the fuel rods from body 4; the
rods from body 6 were free of surface deposits. Examination of the fuel
rods from body 4 revealed that the sooty regions were rust-colored. As
shown in Table 5.2, the fuel rods from bodvy 4 contained a Biso-Biso fuel
system, vhile those from body 6 contzined a Triso-Biso system and operated
at a lower temperature. We also noted that the graphite spine sawmple
from body 4 was more radioactive than that from body 6: about 5 R at
0.61 m (2 ft) vs 200 mR. The spine sample from body 3, which contained
a Triso-Biso fuel system (>1300°C), was also at a radiation level of
about 200 mR.

The ORNL fuel rods (carbonized before loading; in graphite body 2
were easily removed. The general appearance of the fuel rods was excel-
lent, with only slight evidence of debonding. Of 24 fuel rods removed
from this body, three were found broken near mid-length. The breaks

were "clean,”

and examination of the fracture surfaces revealed no broken
coatings. Examiration of the surfaces of the fuel rods from one hole
revealed nine particles that had failed in service.

The results of the dimfnsional inspection of the ORNL fuel rods
from body 2 are shown in Table 5.3. Each fuel rod diameter change rejorted
is an average of six diametral measurements on each of four fuel rods on
the same horizontal plane, or 24 measurements per fuel rod position.
Only one length measurement was made per rod; but this represents an
average value of four measurements per fuel rod position. The fuel rods
shrank nearly isotropically; measured (AD/D)/(:AL/1) values ranged from
0.82 to 1.08.

Dimensional inspection of the fuel rods carbonized in graphite
bodies 4 and 6 showed average diameter changes of —7.73 and —3.247%,

respectively. The fuel in body 4 was a Biso-Biso system and was expected
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Table 5.3. Dimension Changes vs Fast Fluence
for ORKL Fuel Rods from RTE-2, Body 2

Fuel Rod Change, 1 T Fast Fluence,
Position A >0.18 ?ev
Diameter Length (n/cm®)
1? -2.20 -2.29 0.96 2.52 x 102!
2 —=2.57 -3.15 0.82 2.65
3 —2.80 -3.13 0.89 2.75
4 -2.61 -2.89 0.90 2.82
5 -2.91 ~-3.08 0.94 2.88
6 -3.16 -2.93 1.08 2.92
Av =2.71 -2.92 0.93 2.75

aBotto- fuel rod.

to shrink more than the Triso-Biso system in body 6. The average fast
fluence (>0.18 MeV) along body 4 was 2.8 ¥ 10?' n/cm® and 1.4 x 10°' a/cm?
along body 6.
Transverse sections through tuel rods irom the maximum temperature
regions from bodies 2, 4. and 6 were examined metallographically. A
fuel rod from body 2 showed rno coating failures or indications of
coating failures out of 53 (2Th,U)02 Biso-coated fissile particles.
There was no evidence of kernel migration in either the fissilie or
ferrile particles. No coating failures were found in the ThC. Biso
fertile particles. The appearance of particles from body 2 is shown in
Fig. 5.9.
Examination of 611 UC, Biso fissile particles through a fuel rod
from the high-temperature region of body 4 revealed no fallures. The
only significant change noted in the coa*ings on the fissile particle
was the densification and an accompanying increase in the anisotropv of
the buffer layer. Examination of the ThC: Biso fertile particles revealed
no failures. There was no evidence of migration of eirher the fissile
or fertile kernels. Typical fissile particles are shown in Fig. 5.1).
Examination of 433 'IC; Triso fissile particles through a -uel rod

from the high-temperature region of body 6 revealed four parti:-les with
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Fig. 5.10. Tyvpical UC2-Biso Fissile Particles from Fuel Rod
RTE-2-4-1-1. ,

failed PyC and SiC coatings; the outer LTI coatings had failed on 14

particles. The failures were in the form of radial cracks and were

of a mechanical nature. Tears that indicated matrix-particle interaction

were present in the outer I.T1 layers of about 252 of the particles
(Fig. 5.11).

Graphitization of the cold side of the inner LTI was noted in the
fissile particles across the diameter of the fuel rod. Graphitization
of the inner LT] is normally associsted with the collection of rare-
earth fission products on the cold side of fissile particles (Fig. 5.12).
There was no measurable amount of attack of the SiC from fission pro-
ductgs. One rfissile particle was found that contained a defective SiC
layer. A portion of the SiC had chipped of f in the final stages of SiC
deposition, as shown in ¥ig. 5.13. Examination of the Biso ThC; fertile

particles revealed no failures, although a large fragment of a Biso
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Fig. 5.11. Appearance of a Triso-Coated UC; Fissile Particle from
Fuel Rod RTE-2-6-1-1. The outer coating failed as a result of matrix-
particle interaction.

coating partially surrounded a Triso-coated particle. There was no
evidence of kernel migration in either the fissile or fertile particles.
Samples were taken from the maximum temperature region of each of
the bodies containing the blended beds and examined metallographically.
No unusual microstructural features were observed in the sample from
body 5 that operated at an estimated maximum end-of-life temperature of
1300°C. There was no evidence of migration of either the (4Th,U)0:
fissile or the ThC; fertile kernels, nor was there any indication of
failure or potential failure of either the fissile or fertile particles.
fxamination of the Bfso-coatec UC; fissile particles from body 1
revealed no unexpected changes. The estimated maximum end-of-life
fuel temperature in this body was 1080°C. The kernels contained numerous

relatively sma.l fission-gas bubbles and showed no cvidence of migration.



240 280

- ]
0008

MiCRONS
—i1—250X
0.002 0.004

| T

T

F

R-65676

—
Ri

Zgo
1

240
1

L4

MICRONS
250 X

T

80
gl |
Y

0.002 0.004

\J

T

Fig. 5.12. Typical Triso-Coated UC, Fissile Particle from Fuel Rod
RTE-2-6-1-1. Graphit zation of the inner LTI occurred on the cold side
(right) of the particle. (a) Bright field. (b) Polarized light.

0.010

INCHES

1
INCHES 0,008 0.010



296

3}
1

——pe

240 200
008 0,010

MICRONS
2%0X
INCHES O

1
T

0.004

" 0002

Fig. 5.13. A Triso-Coated UC2 Fissile Particle with a Defective
SiC Coating from Fuel Rod RTE-2-€-1-1.

Examination of the coatings under polarized light clearly revealed a
thin (3 to 4 um) sealer coat that had been put on the buffer coating
before deposition of the outer LTI coating. There vere no deleterious
effects of the coatings due to the presence of the sealer coat. No
failed particles were observed out of 378 examined. Examination of
the Biso-coated ThC; fertile particles revealed no evidence of kernel
migration or coati ' failures.

Examination of the Triso-coated UC2 particles from body 3 showed
significant differences compared with the Bisc-coated UC: particles
described above. T7The estimated maximum end-of-life fuel temperature
for the fuel in this body was 1360°C. A count of 472 Triso coatings
revealed that 17 SiC coatings (3.6%) had failed. Statistically this
represents a fallure fraction range between 2.8 and 5.4%, at a 957
confidence level. The failures were in the form of straight-line radial
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cracks. Examination of the coatings under polarized light revealed that
the failures in the coatings vere associated vith graphitized regions

in the inner LTI layers. The appsrent graphitization of the immer LTI
layers had been associated with the collection of the rare-earth fission
products La, Ce, Pr, and Nd on the cold side of the particles in Triso-
roated UC; in a prior recycle test element (RTE-4). This same effect
was observed in the same fissile particles used in the fuel rods in
body 6 of this element. No tears in the outer surface regions were
seen in any of the fissile particles: this supports the matrix-perticle
interaction observation made for the fuel rods contained in body 6 of
this element.

Thus, it appears the performance limits of the Si€ layers in this
batch of Triso-coated UC; particles have been exceeded in this recycle
element. Detailed thermal analyses will be performed on this and other
recycle elements in the future by General Atomic Company in an effort
to better define the operating conditions of this element. Representa-
tive fissile particles from bodies 1, 3, and 5 are shown in Fig. 5.14.

5.2.4 Postirradiation Exgmination of RTE-8 — E. L. Long, Jr. and
T. N. Tiegs

The fourth in a series of seven recycle test elements, RTE-8, was
shipped from the Peach Bottom Reactor site to ORNL in March 1975. This
element resides in the reactor for 897 equivalent full-power days. The
fuel loading cosbinations and carbonization mode for the fuel rnds used
in this element are shown in Table 5.4. The overall appearance of the

element vas normal, with no unusual or unexpected features. The fission-
product trap and end fittings were cut off and the six fuel bodies
removed fiom the graphite sleeve. Dimensional measurements taken on
graphite components of the fuel element include the sleeve, fuel bodies,
spines, and fuel rods. The results were compiled and forwarded to
General Atomic Compeny for incorporation in the detailed thermal analysis
for the RTE series.

Fuel rods vere removed from holes 1, 5, and 7 in bodies 2, 3, 5, and
6 and holes 1, 3. S5, and 7 in body 4. Loose particle samples vere taken
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Fig. 5.14
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Fissile Marticleas from Blendud Beds Contained in Fuel Bodies 1, 3, and 3 of RTE-2,

(a) Bi{so-coated UC:. (b) Triso-couted UC;. (c) Rimo-coated (4Th,U)0;, Reduced 34.5%.
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Table 5.4. Fuel Loading Scheme for RTE-8

Fuel Particle Type

Fissile Fertile
6 £* UC; Triso ThC; Biso
5 if" UC; Triso ThC: Triso
4 & (2Th,0)0; Biso ThC: Biso
3 e UC; Biso ThC: Biso
2 i€ UC; Triso ThC; Triso
1 £ UC: Triso ThC: Biso

“Carbonized in fuel body.
“Carbonized in covered graphite tray.

“Blended bed contairiing graphite powder that
was added as a bed stahilizer to prevent segregation.

from hole 1 in body 1. All fuel was visually inspected with the
stereocmicroscope and photographed. The rods appeared in good condition
with virtually no debonding.

Fuel was selected from the highest temperature region of each of
the fuel bodies and submitted for metallographic examination. The
results of these examinations are summarized below.

Rody 2. The Triso-coated UC: particles appeared in good conditionm,
with no graphitization of the inner LT]. Many particles had broken
outer LTIs. Particles from the same batch were als~ irradiated in RTE-7,
vhere cracks were observed. This element was frradiated for a longer
period, and evidently the outer LTIs have shrunk considerably with
increased exposure. The Biso-coated ThC; particles were in good condi-
tion, with no amoeba observed. The buffer separated from the inner
LTI and densified around the kernel in some particles. Typical fissile
and fertile particles from body 2 are shown in Fig. 5.15.

Bodis 3. No failed Biso-coated UC; or ThC; particles were observed.
No graphitization, matrix-particle interaction, or amoeba was seen.
Particles were in good condition, though some had faceted coatings or

misshapen kernels (Fig. 5.1¢).
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Typical Particles from Fuel Rod RTE~-8-3-1-7.

Biso-coated ThC;.
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Bod» 4. No failed particles or matrix-particle interaction was
observed. Particles were in good condition, though some had faceted
coatings. Slight amoeba was observed in (2Th,U)O0: particles (<5 um).
A typical fissile particle is shown in Fig. 5.17.

378

]
F Z
o
«
L
3

Fig. 5.17. Typical Biso-Coated (2Th,U)0; Fissile Particle from
Fuel Rod RTE-8-4-5-1.

Body §. Most Triso-coated UC; particles (*90Z) showed graphitization
of the ioner LTI on the cold side of the particle, with evidence of slight
attack of the SIC (<5 um) (see Fig. 5.18). There vere many broken outer
LTIs, and the reason is the same as for body 2. The buffers separated
from the inner LTI and densified around the kernel of the Triso-coated
ThC. particles. The outer LTIs on about half of the fertile particles
had failed from fast-neutron damsge (Fig. 5.19).
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Fig. 5.18. Triso-Coated UC; Particle from Fuel Rod RTE-8-5-7-1.
(a) Bright field. (b) Polarized light. The cold side of the particle
is at the top of the figure. MNote that graphitization of the imner
LTI is apparent in polarized light.
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Fig. 5.19. Triso-Coated ThC; Fertile Particle from Fuel Rod
RTE-8-5-7-1. The failed outer LTi is a result of fast-neutron damage.

Body 6. The UC; particles appeared in good condition, with no
graphitization of the inner LTI. Many particles had broken outer
LTIs, and the reason is the same as for body 2. The ThC; particles
were in good condition though some had faceted coatings. No amoeba
wvas observed.

The metallographic results for the sample of loose particles from
body 1 are not available and will be reported later.

5.3 LARGE-SCALE RECYCLE ELEMENT IRRADIATIONS (WORK UFIT 2303)

The FSVR test element program will mot begim until Spring 1977,
vhen the first elements are scheduled to begin irradiation. Preliminary
planning wvas accomplished during the reporting period, and more substan-
tive accomplishments will be reported in the next progress report.



Briefly, the ORNL portion of the test element program will include sbout
90 test fuel rods to be irrsdisted in each of three standard FSVR fuel
elements. The remaining fuel in the elements will be either productiom
FSVR fuel or test fuel from other sites. Gencral Atomic Company will
coordinate the test with the reactor camer (Public Service Company of
Colorado), and will be testing ruel and graphite in the same test element
series. The fissile fuel particles for the FSVR test elements were man-
ufactured auring the reporting period and are indergoing preliminary
capsule testing in the OF-2 capsule. Similar fuel, manufactured in
laboratory-scale equipment, was irradiated in the HRB~9 and -10 capsules,
and it performed very well. All the fuel rods for the FSVR test elements
will be manufactured in engineering-scale equipment being developed for
the HIGR Recycle Dervnstration Facility. General Atomic Company will

be providing the fertile fuel, shim material, and metrix material fo:

the test.
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6. ENGINEERING AND ECONCMIC STUDIES (SUBTASK 310)

F. J. Homanr

6.1 TINTRODUCTION — M. S. Judd

The purpose of Subtask 310 is to guide the HTGR Fuel Recycle Program
toward commercial application in the late 1980s. It utilizes the work
done in other subtasks to provide the liaison between the development
efforts and the design of a commercial recycle facility. The long-rarge
objectives are:

1. to provide the economic analysis and program coordination in the
areas of fuel cycle alternatives, envirommental impact, safety
analysis, and safeguards procedures that will permit the development
of a commercial HTGR fuel recycle industry that will provide the
dual benefits of low fuel cycle costs and maximum utilization of
natural resources;

2. to ensure that the process evaluation and equipment development
activities under way in Task areas 100 and 200 remain relevant to
the design of a commercial recycle facility.

Subtask 310 is composed of the following work units:

Work Unit 3100 — Fuel Cycle Systems Analysis

Work Unit 3101 — Analysis of Reprocessing Techniques

Work Unit 3102 — Analysis of Refabrication Techniques

Work Unit 3103 — Environmental, Safeguards, and Safety Analysis

6.2 ECONOMIC ANALYSIS OF HTGR FUEI. RECYCLE (WORK UNIT 3100) — W. E. Thomas
The objectives of this work are to economically analyze fuel cycle
alternatives. Part of this activity involves cost estimation of the
reprocessing and refabrication steps, including capital, operating, and
hardware costs. A computer code is now under development to implement
this analysis.l
The code is lesigned to describe not only costs in individual
fuel recycle facilities, but the fuel recycle needs of the HTGR segment

of a growing reactor economy. 1In its present state of development, the
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capabilityv is confined principally to calculatirg annual mainstream

and scrap recovery process throughputs in fresh fuel fabrication. The
code works from reactor build schedules and fuel specifications to
determine approximate HTGR grovth and changing fuel fabrication require-
ments over a 20-year projectiom.

Figure 6.1 shows the intended overall procedure to be followed
by the code in arriving at costs. At present the code is functional
in approximately the upper half of the figure. A user may classify
all HIGRs to be served by fuel cycle plants into as many as four
different types, and may specify the numsber of each type to be built
each year. For example, types may be differentiated according to such
characteristics as size, fuel residence time, fuel specification and
loadings.

The code computes the quantities of fuel — uranium and thorium —
charged and discharged from al'l HTGRs (by type) over a 20-year history.
The number of fuel elements, both control and regular, is obtained,
enabling the determination of fabrication and reprocessing requirements.
The possibility of delay in the availability of reprocessing facilities
can also be included by a date specification.

Fresh fuel fabvication, chemical reprocessing, and refabrication
are each subdivided into major processes, examples of which are fuel
rod manufacture and fuel element assembly. Annual process throughputs
are computed with user-supplied information on reject fractions, waste
fractions, and scrap recovery parameters. Fissile and fertile particles
may be specified as any combination of Biso and Triso to determine
coating throughputs aad gross heavy metal content, as well as secondary
burner throughput in chemical processing.

The annual throughputs determined for cach major step in chemical
reprocessing, fabrication, and refabrication form the basis for esti-
mat ing units of equipment required, space requirements, and costs. The
expansion of recycle plant capacity need not be assumed as proceeding
continuously. Rather, the user can specify discrete plant expansion
schedules with equipment sized for maximum throughput between expansion

dates.
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Fig. 6.1. Outline of Code Logic.
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6.3 ANALYSIS OF SHIPPING, RECEIVING, AND STORAGE OF HTGR FUEL
(WORK UNIT 3101) — J. W. Suider

Shipping, receiving, and storage of spent HIGR fuel elements at
a commercial reprocessing plant [50,000-MN(e) economy] were evaluated.
Since the design and construction of the reactor will probably be
carried out over a significant time period, a full-capacity (1.5 toms
of heavy metal per day) reprocessing plant will not be required at
first. Three alternatives of receiving and storage were considered:
1. a full 50,000 Mi(e) reactor economy HIGR reprocessing plant,
2. smaller multiple reprocessing plants, and
3. a single modular plant.

th a staggered reactor discharge and a2 seasonal reactor discharge

vere considered. The seasonal reactor discharge was considered for two
507 discharges six msonths apart and for a 67 discharge and a 332 discharge
six months .part. The seasonal reactcr discharge was assumed to occur
over a six-week period. Considerations and conclusions for the three

altematives are presented.

6.3.1 Full-Scale Commercial F’wmt — J. W. Snider and D. C. Watkin
A study of primery Imrning2 had indicated that at least ome-fourth

to one~half of an annual reactor discharge should be burned during a
burner campaign with the total discharge preferred. Thus, the accumu-
lation of large numbers cf spent fuel elements from a single reactov
for feed to the crusher during & burnup campaign is requivred. 1t was
assumed that the fuel was moved from the reactors as quickly as possible
and that the fuel elements were not sorted before shipping as to fuel
type (IM, 23R, and 25R).

With the availability of two shipping casks (rail) per resctor,
shipping 48 spent fuel elements per trip and also returning the 23R and
25R recycle fuel elements, the cask fleet can transport only five annual
reactor discharges (1000 fuei elements for discharge for a 1160-Mi(e)
reactor] per month. Thus, the cask fleet is operating ten months per
year (see Table 6.1).
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Table 6.1. Estimated Turnaround Times for tke Shipping Casks

Time
Procedure (days)
Spent Fuel Shipping
Travel to reactor 1* S
Loading at reactor 1 (1/day + 2-day queue) 7
Travel to reprocessing plant 5
Unloading at reprocessing plant (4/day + 4-day queue) 5
TOTAL 22
Recyle Fuel Shipping
Travel to reactor 22 5
Unloading at reactor 2 (2/day + 2-day queue) 5
Travel to reactor 1 5
TOTAL 3 ]
Average Time of Shipping
Spent fuel (1002 x 22 days) 22
Recycle fuel (40X x 15 days) 6
AVERAGE 28

%Reactors 1 and 2 are in different seasonal discharge schemes.

The receiving area was assumed to have a daily capacity of 4 times
the average daily plant capacity. This results in the handling of about
12 casks per day or the unloading, can emptying, sorting, recanning
after sorting, and placing into storage about 600 spent fuel elements
per day. Single-can handling of four elements in the cask cans and
four or six elements in the storage cans presents a significant move-
ment problem with can emptying, loading, and can moving.

We conceived a system that moves the cans in groups of 12, and the
sorting is done vhenever the cans are removed from storage, wher. the
daily flow of fuel elements is near the plant average. A schematic
{ lowsheet showing the sequence of operations ig shown in Fig. 6.2.

In this concept the 12 containers from a cask are transferred into a

carousel-type container holder and transferred with a crane to a
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carousel conveyor tunnel. There the carousel is transferred to a floor
hatch beneath vhere the spent fuel elements are transferred into a fuel
element transfer cart (Fig. 6.3). The countents of a cask are held by a
transfer cart (Fig. 6.4). The cart is inserted into a below-floor
storage tunnel, vhere it is advanced in a msnner similar to that of a
push~through furnace (Fig. 6.5). Cooling gas passes through the tunnel
for heat removal. The tumel contains cme annual reactor discharge vhen
it is full. At the end opposite to vhere the cart wvas inserted into the
tunne} it is removed, and there elements are sorted. The empty cart is
returned through a cart return enclosure. It is refilled vith elements
and inserted into a tumnel or inserted empty. The elements may be stored
bare wvithin the cart (Fig. 6.4).

Fig. 6.3. A Sectional View of the Six Rail Receiving Stations, the
Carcusel Couveyor Tummel, the Fuel Element Transfer Bay, and the Storage
Tunnel.

fu W -

Fig. 6.4. Transfer Cart Used for Spent Fuel Storage snd Transfer.



JOSIME warCe - T .
-
K R
D late " . v .
e - ., - - - . .
- - - ~
v .. -
t o . v, e - -
Teo . e . -, >
el R T P |
- . ® e ae
- - T - -
----------- - —‘ .S 3
z >—
++
ranPen asv MR S48 VLA 0 80RO
DR WO, o, -
[ —— b P -—
. S tddd v
... ——. v -
o e et b v ——
’ - gga

e o
g S G - - .o
[ b

Fig. 6.5. A Sectiomal Viewv of the Storage Tunnel, Showing
Transfer Carts and Advance Mechanism.

The 12 empty shipping containers from the carousel are transferred
to the decontamination cells and then returnes’ to the receiving area
via a container conveyor. Figure 6.6 shows a plan view of such a
storage area vith six rail and and six truck receiving stations, 28
tumels for 28 reactor discharges and the related aresas and corridors
for a functional facility.

The most significant conclusion drawn from this study was chat
single-can movements within a storage-sorting area are fimpractical and
that the total cask load should be moved within the storage-scrting
ar2a to minimize the number of transfers.

6.3.2 Multiple Small-Scale Plemnts — D. C. Watkin

A hypothetical small-scale fuel reprocessing plant vas considered
for s two-burner head-end system. This plant can handle up to about
15 reactors, depending upon the primsry burner size. We actually
considered a 10-reactor reprocessing plant using smaller burners.
This size plant represents the smallest increment of system components
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that can be realiscically operated (i.e., ome burner operates om the IV
elements, the other on 23R and 258 elements).

With two shipping casks per reactor (20 total) the cask fleet
can sove o' samwal discharge per momth. Agaim, the shipping fleet will
be operating ten months per year.

6.3.3 Modular Plamt — J. W. Saider and D. C. Hatkinm

When one coasiders the wmcertaisties in tryisg to build a reprocessing-
refabrication plant thst will be of the exact size required at full
capacity, a modular plaat appears attractive. Uhile the ultimate cost
of this plast will be higher thaa the imitially built full-capacity plamt,
it aids with cask flow, allows for adjustment of changes im the reactor
grovth curve, allows for improved techwology as sodules are added later,
and can accommodate ratchetting regulations at less coet.

Since the storage area commects vith the hesd-end systems in a
reprocessing plast, both the storage and head-end portiom of the plant
msust be modular. Owe swch concept is showm ia Fig. 6.7. A ssintemance
and decontamination cell is locsted st the intersection of a3 “"tee.™
One leg of the "tee” serves the crusher, ome leg serves the primary
burners, and the third leg serves the secondary burning amd dissolution
equipment. Tha portion showm by solid lines would be built first and
would sccommodate 10 to 15 reactors. That portion represemted by dotted
lines would be for future expansion. This comcept would sllow for
inczemental expsmsion while allowving fuel reprocessing vithin the p.ant
to coanllnue vithout interruptions until construction is completed. «t
that tise the removsble walls that sepsrate the old portiom of the p.-mt
from the nevly constructed portiom would be removed. This last step <
removing the shielding and contaicment valls mey, howewver, prove to be
8 formidable probles. Owne approsch would e to comstruct the walls of
solid shielding blocks in such s wvay as to afford sdequate shielding,
but also allow the blocks to be remowved without structurally affecting
the cefling, floor, or wvalls to vhich they interface. This work could te
done using direct maintenance techniques. Bowever, the inner liner, which
served as contaimment for the old facility, would probably need to be
remotely removed by cutting into small pieces, which wvill be disposed of
as solid vastes.
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6.3.4 Speat Fuel Element Storage Capacity — J. W. Saider
When the steps betwveen a seasomal reactor discharge and the reload

of that reacror one -ear later are romsidered, it becomes apparent that
to aeet this schedule and utilize the recycle elements with a ocne-year
turnaround time the shipping, reprocessing, and refadrication capacity
of the plant will need to be 25402 greater than that required by using
300 operating days to determine capacity. This comes from the following
assumptiouns:

1. Speot fuel shipments from the reactor cammot commence for three
wmonths followieg reactor shutdowm.

2. Recycle elements should be on si2c 2t ihe reactor one month
before reactor shutdowm.

3. Fuel recovered from spent fuel elements entering head-end
processing requires three months for reprocessing, refabrication, and
shipping.

Thus, the iast of a seasonal reactor discharge must enter head—end
operations within five months from the beginmning of shipment. The more
imbalance between the seasonal discharges, the more excess capacity the
system must have. One can avoid overcapacity design of rhe system by
allowing a portion of the recycle fuel to onerate on a two-year turn—
around timee.

The amount of spent fael storage capacity shown in Figs. 6.6 and 6.7
represents about 505 of the annual amount to be reprocessed by the planc.
If the plant is designed at less than 502 storage capacity it =ay run
into situations in which the head-end camraigns, less than annual, will
be shorter than desirable, because of the unavailability of fuel to

reprocess.

6.3.5 Reflector Block Handling — J. W. Snider
The reflector blocks may amount to 20 to 30 of the number of spent

fuel elements per reactor discharge. If they are to be handled at the
reprocessing plant the shipping fleet needs to be increased over that
discussed above, However, if a separate cask is designed for the

reflector blocks and if {t can also handle the recycle element shipments,
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then the spent fuel shipping casks can operate between cniy two stops,
one at the reactor for spent fuel loading, and one at the reprocessing
plant for umloading. This reflector-recycle block cask will require
less shielding than the spent {uel eiewment shipping cask, with a saving
in shipping charges.

6.4 CHARACTERIZATION OF EFFLUENTS FROM A COMMERCIAL HIGR ITEL
REFABRICATION PLANT (WORK UNIT 3102) — M. S. Judd

The types and quantities of chemical and radioactive effluents
that would be released from an assumed commercial-scale fuel refabri-
cation facility that would accommodate a 50,000 Mi(e) HIGR economy have
been determined.? The shjectives were primarily to establish the types
and amounts of effluents that would derive from such a plant, and
secondly to define those proress ar-as wvhere confimatory research and
development are needed. The assumed processes have ail been showm to
be technically feasible and in most cases have been developed to the
stage wvhere scale-up to full-size equipment {s the next logical stage
of development.

The assumptions of reject rates and effluent compo:itions are
all based on currently available data and conservaZive enzineering
extrapolations or estimates. The data are prescnted ir s-.ch a fashion
that they can be easilv scaled to a different throughput or production
rate. The releases of radioactive and toxic materials to the emnvironment
are minimal, but they are not negligible. Properly scaled, this effluent
information could be coupled with similar iniormation f{rom the required
adjacent HTGR Fuel Reprocessing Plant to provide source terms for an
assessment of the effects of such a plant on the enviromment.

This study identified the need for confirmatory research and
development in the scrap recovery and waste treatment areas. Currently,
a development program (Work Unit 2109) is fulfilling these development

needs.

6.5 SURVEY OF SAFEGUARDS PROBLEMS ASSOCIATED WITH THE HTGR FUEL CYCLE
(WORK UNLT 3103) — M. L. Tobias

The activity under this heading has two parts. First, an interral

document has been prepared bearing nn the above subject and <7ill eventually
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be issued as a final teport.‘ Second, tihe members of the Thorium

Utilization Program have been kept informed of safeguards-related matters

on a cegular basis through the monthly program reports of the Thorium

Ctilization Frogram. The information provided consists of the following:

1. notices of the issuance of regulatory guides that are relevant to
safeguards planning and design;

2. notices of cuianges to Title 10 of the Code of Federal Regulatiors;

3. indications of policy trends in this field by reporting of public
statements by responsible officials;

4. reporting of technical developments obtained at scientific meetings,
from technical journals, and from topical reports issued by investi-
gators at such centers as Brookhaven National Laboratory {Technical
Support Organization) and Los Alamos Scientific Lab»ratory;

S. reporting of occasionable notabla events in this field, such as the
investigation of alleged irregularities at the Kerr-McGee plant in
Oklahoma.

Several conclusions were reached after an examination of the issues
relevant to commercial fuel recycle plants. A principal conclusion is
that the most immediate concern should be for physical security of the
plant and only secondarily on material accountability procedures. The
latter are basically passive and nonpreventive; they detect events only
after they occur. Fuccher, they can never be made tamper-proof or
perfectly accurate, so both false alarms and false assurances are
possible. Finally, they cannot prevent acts of sabotage or violence.
(These remarks are not intended to deny the necessity for accountability
methods; they fulfill the essential function of verification of physical
security procedures. Extensive research, moreover, is under way to
reduce the time lag mentioned between the diversion or theft of nuclear
material and the detection thereof.) Physical security procedures, on
the other hand, provide the preventive function both passively and
aggressively. The latter 1is the chief drawback, because excessive
activity in this respect — the multiplication of guards, searches, and
surveillance — can become not only expensive but stultifying to the

main business of the plant, which is recycling HTGR fuel.
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The principal potential threats against the HIGR plant were
judged to be the following:
1. sabotage and/or destructive action by commandos;
2. armed theft by commandos;
3. employee sabotage;
4. theft of special nuclear material by employees in amounts tco
small to be detected by accountability procedures;
5. thefts large enought to be detected by accountability procedures.
It was concluded that present regulatory commission requirements
wvere sufficient to reduce plant vulnerability to thefts of the types
represented by 4 and 5 to the point where would-be thieves would look
elsewhere. Most probably, diversion would be attempted in the trans-
portation process. Likewise, physical security measures expressed and
implied by the regulations and guides should be adequate against indi-
vidual intruders but not against trained armed groups. Some of the
techniques specifically useful in prevention of acts of theft or sabotage
by employees are:
1. preemployment screening for previous job history and mental
instability;
2. employee relations procedures:
a. cooperative implementation of work discipline procedures,
b. care in selection of security staff to avoid thrill seekers
and paranoids,
c. the employment of professional mental health practitioners
for employee counseling,
d. management training in supervisory skills, particularly those
of an interpersonal nature,
e. recognition that excessive security measures will prodice an
oppressive atmosphere detrimental to proper plant operation,
3. surveillance procedures and technique:
a. polygraphing 70t recommended,
b. closed-circuit television openly used,
c. personal searches to be used with restraing,
d. badge screening,
e. portal monitors (metal and SNM detectors are effective, but at

present high-explosive detectors are impractical);
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4. passive protection methods:
a. complete clothing change,
b. voluntary self-administered health physics checks;
5. surveillance and inspection of the effectiveness of the security
system by feigned illegal acts (so-called "black-hat" testing).
The actions of armed groups bent on theft or destruction can be
prevented, in theory, by an adequately equipped Federal guard force
of military character. The use of such forces raises a large nusber of
legal and social questions and is now under examination by the Nuclear

Regulatory Commission.’

For the purposes of the fuel c,cle plant, the

following approaches were recommended in the present study:

1. the use of an effective civilian guard force,
wvhich implements the intent of prese:t regulztory guides and the
CFR;

2. the mairtenance of confidentiality not only concerning actual
safeguards plans (this is now practiced), but also with respect
to the details of plant operation and the actual location of
vital facilit:ies;

3. a careful examination of plant vulnerability and safety procedures
in terms of deliberate, malicious attempts to cause damage;
particular aspects to be studied cre:

a. the potential of materials already on site for destructive use,
b. the possibility that plant processes can be distorted or
altered to cause fire,
c. the consequences of disruption of plant utilities,
d. the procedures to be followed in the event of an attack.
At present, the safeguards study work is confined mainly to keeping

up with developments in the field. Should this study be resumed on a

more substantial scale, we recommend that:

1. appropriate pilot plant facilities connected with the Thorium
Utilization Program be used as practical testing grounds for physical
protection methods,

2. the personnel assigned should gain realistic experience by being

made ex-officio members of existing plant protection committees,
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3. permission for access to actual licensee safeguards plans be
obtained from the Ruclear Regulatory Commission, such access to be
handled on a classified basis.

6.6 ANALYSIS OF THE ENVIRONMENTAL IMPACT OF '“C RELEASES FROM AN
HIGR FUEL REPRGCESSING PLANT (WORK UNIT 3103) — S. V. Kaye

The work in this activity has been divided into two parts: iocal
envirommental impacts of the release of '*C from s model HIGR fuel
reprocessing facility, and the long-term global radiological impli-
cations of such releases. Inicially, priority has been given to the
former aspect of the problem, but a foundstion also has been laid for
the latter. The assessment of local impacts has included the compu-
tation of new factors for computing the dose rates to various organs of
man, the application of existing methodology to predict the atmospheric
transport of '°C, the development of a carbon assimilation and growth
prediction model that is applicable to various types of forage and
food crops, and the estimation of dose to local residents and populations
and to a maximally exposed individual.

Preparation for the eventual assessment of long-term global impacts
has consisted of a reviev of literature related to levels of !3C and
1%C now present in the various world reservoirs, transfer rates betweer
reservoirs, and production and decay rates of various types of biots in
the sea and on land and the ares extent of each type. On the basis of
such information, computer-implemsented models can simulate the global
cycling of natural and man-made carovon, and scensrios of exposure of
populations to !°C can be studied. Several such models have been
revieved, all of which are hampered by the lack of complete data sets
and vant of a coordinated approach to compiling data from all available
sources.

A thorough investigation of the cycling of !'C from nuclear testing
is the appropriste course to follow to assess global cycling of '*C
released from nuclear facilities. From availsble estimates of carbon
pool sizes and production rates of the various terrestrial biosphere
components snd specific activities of these compounds, the amounts of
nstural and excess !'C present in terrestrial biots were calculated.
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The resulting estimates are somewhat higher than corresponding values
reported in the literature and sugzest that existing models of the
global carbon cvcle might assign tco large a fraction of the total
budget to the deep ocean.

The plant growth Carbon Assimilation Model (CAM) was developed
to help study the dynamics of carbon uptake and retention in plants,
and particularly the eventual specific activity of '*C in the tissue
of plants exposed to episodic excursions of high concentration of !'*C
in the air near the reprocessing facility. Such episodes occur in the
presence of meteorological wind-speed and stability-class combinations
that peranit the plume to reach the ground before it has traveled far
from the stack. Three cases have been included in the model's imple-
mentation, wvhich are believed to represent minimum, maximum, and average
concentrations.

The starting point of the local environmental assessment® was an
assumed annual release, st a uniform rate, of 5000 Ci I8¢ to the atmosphere
as carbon dioxide. While the assessment is generic with respect to
hypotheses concerning distr:ibutions of population and sites of food
production in the area, meteorological data specific to the Oak Ridge
ares have been employed in the prediction of atmospheric dispersion of
the release and the resulting ground-level concentrations. Calculations
were performed for 90- and 305-m (300- and 1000-ft) stacks.

Dose estimates were computed for:

1. a hypothetical saximslly exposed individual or "fence-post accident

man,"

2. an avevage off-site resilent within 50 miles of the facility,

3. & population of 10° individuals uniformly distributed over the
same area.

The dose =2stimates are believed to tend toward conservatism. They
incorporate a number of uncertainties, wvhich are primarily associated
with assumptions made in the atmospheric dispersion calculation, and
they are believed to be quite sensitive to variations in the meteorology.
Moreover, the degree of plume rise due to momentum, which strongly
affects the fence-post dose raie, depends on stack Jarameters other than
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height (viz., the ejection velocity and the internal diameter of the

stack). Calculations to bound the uncertainties and to analyze the

sensitivity of the computed doses to the meteorology and other parameters

are nov under way.

6.7 REFERENCES

1.

6.

W. E. Thomas, Preliminary Development of the Capability to Evaluate
Economics of Process Options in Commercial HTGR Fuel Recycle,
ORNL/TM-5125 (in preparation).

J. W. Snider, D. C. Watkin, and H. Barnert-Weimer, An Fualuation of
HTGR Primary Burming, ORNL-TM-4520 (November 1974).

M. S. Judd, R. A. Bradley, and A. R. Olsen, Characterization of
Effluents from a High-Temperature Gas-Cooled Reactor Fuel
Refabrication Plant, ORKL-TM-5059 (December 1975).

M. L. Tobias, Safeguards for a Commercial HTGR Fuel Recycle Plant,
GCR: 75-31 (August, 1975), unpublished.

"Security Agency Study — Announcement and Request for Comment,”

Fed. Reg. 40(176) (Sept. 10, 1975).

S. V. Kaye et al., Progress Report on Evaluation of Potential Impact
of '*C Releases from an KETCR Puel Reprocessing Facility, ORNL-TM report

in preparation.



7. CONCEPTUAL DESIGN OF A COMMERCIAL RECYCLE PLANT (SUBTASK 320)

J. D. Sease

7.1 INTRODUCTION

A major part of the current plans for developinz HYGR recycle
technology is the design and comstruction of an ERDA-supported HTGR
Recycle Demonstration Facility (HRDF). It will probably be built in
the late 1980's and will provide interim recycle procuction capacity
for the HIGR industry. The ultimste size and schedule of this plant
depends upon the HTIGR reactor build schedule. Because of the uncer-
tainty of the HTGR sales, it will probably be advartageous to design
the HRDF as modular production umits to sccommodate a wide range of
reactor build schedules. The anticipated ultimate size of the HRDF
will probably be a plant capable of reprocessing 20,000 spent fuel ele-
ments per year and refabricating 10,000 recycle fuel eleaents per year.

The objective of this subtask is to assist in the conceptual design
of tne HRDF. The conceptual design will provide an early appreciation
of the problems involved in providing such a facility and will provide
a reference to guide the supporting development programs.

The objec:ive of the initial phase of this subtask was to help
define a modular plant configuration by a series of preconceptual plant
layout studies of different plant sizes. This subtask was not defined
until late in the report period and was provided with only modest funding.
The limited time and funding restricted the work during thii report
period to a preconceptual layout study of a selected single plant size
of the HRDF.

7.2 20/10 HRDF PRECONCEPTUAL DESIGN STUDY — C. C. Havs, L. C. Hensley,
W. B. Pechin, F. E. Harrington, A. R. Olsen, J. E. Van Cleve,
T. F. Scanlan, K. H. Lin, and M. S. Judd

The plant capacity chosen for the first design of the study is
reprocessing 20,600 spent fuel elements per year and refabricating
10,000 recycle fuel elements per year (i.e., 20/10). This plant size

vas selected because this was the scale proposed in a draft of an

32}
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alternate Fuel Recycle Development Program plan prepared by ERDA in the
spring of 1975. Similar studies might be done successively in the
future on 10/5 and 5/2.5 sized plants, so that a modular approach zo
the construction of an HRDF could be evaluated.

The design study of this 20/10 plant was limited in scope and was
based on readily available process engineering data obtained in the
preconceptual design of the 50/20 TARGET Recycle Facility' and the
conceptual designs of the reprocessing and refabrication pilot plants
at the Idaho Chemical Processing Plant’ and at ORNL.?

The design study comprised the following steps:

1. generation of a design philosophy and defined terminology,

2. development of process flowsheets for each major processing area,

3. determination of space requirements for each major processing area,

4. determination of proximity relationships between and within process
areas and support areas,

5. preparation of an infitial facility layout using a systematic layout
procedure to determine the most efficient layout, and

6. review and revision of the initial layout and each succeeding revised
layout until a sutually acceptable layout was derived.

The design philosophy was prepared to be generally applicable to any

HIGR recycle plant. The emphasis of the design philosophy was to define

philosophy items that could have a significant impact on the layout of

the HRDF. The major areas ir the design philosophy are isolationm,

maintenance, operation, flow of material, waste handling, and utilities.

Because of the many and sometimes confusing terms used in HTCR recycle

technology, a document is being prepared to define terminology for the

HRDF studies. The major headings of this document are fuel :lewent

identification, scrap, waste, waste categories, contamination categories,

process stream identification, maintenance categories, interxrmediate

process products, and abbreviatioms.

Before a facility layout could be prepared, process flowsheeis for
each major processing area were needed. Pigure 7.1 illustrates the HRDF
processing steps for which detailed flowsheets were prepared. These
flowsheets were then used to determine space requiremenis and the inter-

faces between processing areas.
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The precoaceptual block layout of the 20/10 HRDF is showm in
Fig. 7.2. This layout, wvhich can only be considered very preliminary
to the conceptual design of an HRDF, does provide sn approximation to
overall size and complexity of such a facility. The facility is
estimated to contain some 46,000 m®’ (500,000 ft’) of floor space for
process operation and utility services. In the facility, the inter-
facing and interrelationships among process operations, contamination
control, and maintenance philosophy are very complex. A more detailed
report of this design study is being prepared.
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Chap. 4 of this report is a summery of 1it.
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