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Foreword

This is the first combined report of the Gas-Cooled
Reactor Program and the Thorium Utilization Program.
These programs are being carried out at the Oak Ridge
National Laboratory under sponsorship of the U.S.
Atomic Energy Commission and concern development
of high-temperature gas-cooled reactors (HTGR), fuel-
recycle technology for HTGR’s, and gas-cooled fast
breeder reactors (GCBR). The major effort is in HTGR
technology and emphasizes development and demon-
stration of the technology required for economic fuel
recycle, fuel development and associated irradiation
testing, fission-product behavior, the strength character-
istics of prestressed-concrete reactor vessels (PCRV) and
associated materials, and reactor safety. Work in GCBR
development emphasizes fuel development and irradia-
tion testing, fission-product behavior in vented fuel
elements, and studies of reactor safety and afterheat
removal. A close coordination is maintained with Gulf
General Atomic (GGA) in the design and development
of gas-cooled reactors and in HTGR fuel-recycle devel-
opment.

Major incentives for developing the HTGR concept
are the prospects for economically competitive power
production while conserving low-cost uranium ore
reserves. The good neutron economy and fuel perform-
ance permit high burnup and associated low fuel-cycle
costs. The high-temperature capability of the graphite
core structure facilitates reactor plant operation at high
thermodynamic efficiency, and thus requirements for
heat dissipation to the environment are low. Excellent
fission-product retention by the coated fuel particles
leads to coolant circuits with low radioactivity levels.
Further, the high exposures attainable with HTGR fuels
permit the development of economic fuel recycling. At
the same time, the development of fuel-recycle technol-
ogy is important to the commercial acceptance of
HTGR’s as economic power producers.

The fuel-recycle effort is part of the national HTGR
fuel-recycle development program being carried out by
the USAEC, GGA, and ORNL. The program at ORNL
includes development of head-end processing methods
for irradiated fuels, production of microspheres con-
taining recycle fuel, microsphere coating technology,
recycle-fuel-element fabrication technology, and asso-
ciated equipment and process development.

HTGR fuel development work at ORNL has largely
been concerned with evaluating, understanding, and
improving fuel performance. Part of this effort also
includes study of the behavior of certain fission
products. Coated-particle fuel studies involve irradiation
testing, with emphasis on demonstration of satisfactory
fuel and materials performance at the required fast-
neutron fluences. In these tests, the high flux isotope
reactor (HFIR) has proved to be highly useful as an
irradiation source. Also, a small effort on reactor core
studies is maintained to place the fuel development in
proper perspective and to assist in fuel-cycle choices.

During the past few years, a program for prestressed-
concrete development was implemented. The effort is
based on establishing analytical methods by which
reactor vessels and other structures can be designed.
This is strongly supported by experimental work to
measure properties of concrete, with emphasis on creep
and moisture behavior under multiaxial loading. Model
studies to test analytical methods and to establish
fracture modes are also emphasized. A common set of
materials is used throughout the program to provide
internal consistency so that all the results can be
correlated. Due to funding limitations the program has
been restricted, but experiments to measure long-term
creep and moisture migration behavior are continuing.

Important development work directly related to the
GCR base program is also conducted under the reactor
safety program and the fuels and materials development
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program. For completeness, some results obtained
under these programs are reported here, including work
on corrosion of steam generator tube and weld materi-
als by water, and reactor safety studies.

The helium-cooled GCBR offers a high breeding ratio,
a doubling time of less than ten years, a core conversion
ratio of approximately 1.0, a small reactivity change
from loss of coolant, a potentially nonradioactive
circuit, and high thermal efficiency. The high core
conversion ratio makes possible extended operating
periods without refueling and low reactivity swings
during fuel exposure. The principal questions concern-
ing the concept center around afterheat removal under

all circumstances and the development of a metal-clad
ceramic fuel element for operation at relatively high
cladding temperatures. The fuel service requirements
for this reactor are basically similar to those for the
liquid-metai-fueled breeder reactor (LMFBR), and thus
the program draws heavily on the development of the
latter concept. ORNL fuel work now principally in-

volves irradiation testing of pins. Initial irradiation test
results for a vented fuel element are encouraging.

Historically, gas-cooled reactor work at ORNL was
first related to the AGR type of reactor, as applied with
helium cooling in the experimental gas-cooled reactor
(EGCR). Later, emphasis was shifted to include reactors
with graphite-moderated fuel of the pebble-bed type.
Fuel development for the German AVR reactor was
conducted first under terms of the AVR Memorandum
of Understanding. This program demonstrated, through
irradiation testing, the capability of coated-particle
fuels for service in directly cooled nonpurged circuits.
Information from AVR operation is provided to ORNL
under terms of the AVR Memorandum of Understand-
ing. Similarly, information from the operation of the
Dragon Reactor is obtained through the provisions of
an exchange agreement. The excellent operating per-
formance of these reactors has provided much valuable
experience.
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PART I. HIGH-TEMPERATURE GAS-COOLED
REACTOR DEVELOPMENT

1. Fuel Element Development

1.1 Coated fuel particles derived from carbonized
ion-exchange resins

Coated particles with kernels made from ion-exchange
resins offer attractive alternates to the present reference
HTGR fissile fuel particles, which consist of dense UO,
or UC, particles surrounded by two layers of pyrolytic
carbon — a thick low-density buffer layer and an outer
dense layer. The alternates are low-density particles
with a thin buffer layer to protect the outer layer from
fission-recoil damage. A column-loading technique for
contacting the resin particles with concentrated solu-
tions was developed that gives reproducible loadings of
85 to 90% of the theoretical limit. Differential thermal
analysis of fueled sulfonated resins indicated the tem-
peratures at which rapid composition changes occur and
therefore the temperatures at which careful control of
heating rate is required during carbonization. Fueled
particles can also be prepared by using carboxylic
cation-exchange resins, which contain no residual sulfur.

The structures of the particles from the two types of
resin consist of finely dispersed UOS or UQ,, respec-
tively, in a glassy carbon matrix. The particles have
uranium densities as high as 2 g/fcm® and a porosity of
about 30%. Resin-derived particles with duplex pyro-
lytic-carbon coatings survived irradiation at 1000°C to a
fluence of 6 X 102! nentrons/cm? (£>>0.18 MeV) and
a burnup of 9% heavy metal.

1.2 Development of bonded beds of coated particles
for HTGR fuel elements

Additional work is in progress on the development of
bonded beds of coated particles in which materials are

being used that are similar to the Poco graphite filler
which showed adequate resistance to irradiation damage
in previous experiments. A number of commercially
available and less expensive filler materials were charac-
terized, and techniques were developed for injection
bonding of particle beds. The optimum workable
quantities of filler material in the matrix varied from 27
wt % natural-flake graphite to more than 50 wt %
Thermax carbon black. Specimens prepared with these
fillers were carbonized by two techniques; they were
either confined in a graphite tube or packed in a bed of
natural-flake graphite. The first method yielded fuel
sticks with consistently higher matrix densities than
those packed in natural-flake graphite; however, large
fractions of particle coatings were broken. Apparently,
confinement in the graphite tube produces high stresses
that the outer low-density coatings are too weak to
withstand. Several series of bonded fuel sticks contain-
ing the experimental filler materials were prepared for
irradiation testing in two HFIR capsules. Most of these
were carbonized in a packed bed of graphite to avoid
broken coatings.

1.3 Irradiation tests on HTGR fuel elements

Two types of irradiation facilities in the HFIR are
used to test HTGR fuels. The HT capsules, which are
small and uninstrumented, occupy a target position in
HFIR and permit rapid attainment of the desired
exposure. The HRB capsules are inserted in the remov-
able beryllium reflector region and are relatively large,
instrumented, and swept. The fast-neutron flux in HRB
positions is about 35% of that in the target capsules.

The fourth HT capsule (HT4) contained 20 specimens
of bonded beds, some of which were irradiated at
1060°C and the remainder at 800°C to a maximum
fast-neutron fluence of 7.5 X 102! neutrons/cm? (£ >
0.18 MeV). Examination of this capsule was completed



by metallographic examination of two specimens that
were bonded with 15V pitch containing 40 wt % Poco
graphite. These specimens survived the exposure with-
out coating failure or debonding.

Capsule HT6 was installed in HFIR on August 28,
1970, to be irradiated for three reactor cycles. The 20
specimens of bonded beds and 22 samples of coated
particles were supported in six graphite magazines and
will be irradiated at design temperatures of 1070 or
800°C. Four of the samples of coated particles were
prepared by coating fueled carbonized-resin kernels,
and 16 samples consist of Triso-coated ThC, particles
supplied by Gulf General Atomic.

Examination of bonded specimens irradiated in cap-
sule HRB! was completed. The capsule was irradiated
for 186 days and attained a maximum fast-neutron
fluence of 5.8 X 102! neutrons/cm?. Specimens that
received maximum exposure swelled slightly (~1.5%)
and were difficult to remove from the graphite sleeve.
Specimens bonded with resin containing 15% graphite
were severely debonded, while those bonded with
Varcum containing 40% Poco graphite filler were intact.
The Triso-coated ThO, particles performed without
failure, while some fracture (5 to 35%) of outer carbon
layers on Triso-coated (Th,U)O, and UO, particles was
attributed to the low initial density of the coating and
interaction with the nonbonding layer on the coatings.
The swelling observed in some specimens was attributed
to failure of a large fraction of the coated inert (ZrO,)
particles.

Preparation of specimens and parts for capsule HRB2
is in progress.

2. Fission-Product Release and Transport Studies

2.1 Fission-product release from high-burnup
coated fuel particles by postirradiation anneals

Irradiated bonded beds of Biso-coated UQ, particles
were annealed at 1250°C. Cesium release at the end of a
2500-hr anneal was 25%. A diffusion coefficient of 5 X
107" ? ¢m?/sec was calculated for the pyrolytic-carbon
coatings of the particles in the bonded bed. Individual
Biso-coated UQ, particles were annealed at 1400°C.
Diffusion coefficients calculated for cesium in the
pyrolytic-carbon coating ranged from 2.6 X 107'! to
1.3 X 107! cm?/sec. The cesium release ranged from
0.5 to 17%.

SiC layers in Triso-coated fuel particles broke down at
temperatures above 1800°C and released solid fission
products. The failure of the SiC may have been due to
cracking or, possibly, to porosity. The Walther ““Stress-

2” computer code was used to analyze the mode of
failure. These calculations showed a high probability of
SiC coating failure without simultaneous pyrolytic-
carbon coating failure in the Triso-coated particles and
indicated a relation between internal fission-gas pressure
and failure of the SiC. The results of the calculations
compared favorably with experimental data.

2.2 Fission-product transport and deposition

Data obtained from experiments in the fission-
product deposition loop on the transport of cesium
through graphite evaporators were correlated with an
analytical model based on the transverse flow of helium
through the graphite. This flow, which results from
pressure differentials, provides a mechanism for the
observed transport of cesium through the graphite
barrier.

3. Nuclear Safety Program Studies

Correlations are being sought between the mechanical
properties of particle coatings and the failure of
particles when annealed at temperatures above normal
operating temperatures. The Walther “‘Stress-2” code
has given calculational results in reasonable agreement
with experimental data.

Measurements of the steam-graphite reaction rate for
various graphite specimens indicated that the iron
content of HTGR graphite should be kept low. In-pile
tests performed to date on high-iron-containing graphite
indicate that the steam-graphite reaction rate was not
influenced significantly by the radiation field.

A small program was initiated for collecting and
collating data on fission-product distribution in HTGR
coolant circuits through measurements in the Peach
Bottom reactor.

4. Corrosion Studies of Welds in Alloys
for Advanced Steam Generators

Field corrosion tests of welds in advanced steam
generator alloys were run with commercial steam as the
corrosion medium. General corrosion is assessed by
determining attack rates, characterizing scales, and
calculating long-term corrosion from weight-gain data.
Susceptibility to preferential corrosion is determined by
examining for knife-line attack at weld fusion lines and
by conducting U-bend tests.

Inconel 625, Hastelloy X, and IN 102 as both base
and filler metals, Incoloy 800 as base metal, and
Inconel 82 as filler metal exhibited very good corrosion



resistance at both 595 and 650°C. Welds containing
Inconel 600 and austenitic stainless steel exhibited
somewhat inferior behavior. No preferential or unusual
attack was noted.

PART II. GAS-COOLED BREEDER
REACTOR DEVELOPMENT

5. GCBR Fuel Studies

The joint ORNL-GGA irradiation testing program for
the evaluation of (U,Pu)O,-fueled metal-clad fuel pins
for the GCBR has progressed from the testing of sealed
fuel pins to the testing of vented fuel pins. It has been
shown that the fuel-cladding-interacting type of sealed
fuel pin works well in thermal-neutron irradiation tests,
and it is the current backup concept for the GCBR. The
vented fuel pin is the reference GCBR fuel pin because
of its better performance potential and the fact that the
information being developed in LMFBR fuel-pin-testing
programs is directly applicable. The better performance
potential is a direct result of the elimination of any
large pressure differential across the fuel-pin cladding
by adjusting the fuel-pin internal pressure, through the
venting system, to match the reactor coolant pressure.

An instrumented thermal-neutron irradiation test of
the first GCBR vented fuel pin 1s being conducted in
the ORR poolside facility (capsule G4-P9). This test will
provide information on the overall performance of the
fuel pin at a heat-generation rate of approximately 16
kW/ft and a maximum temperature of 700°C at the
outer surface of the type 316 stainless steel cladding. In
addition, the release of fission products to and through
the charcoal fission-product trap in the fuel pin is being
monitored during the test to obtain data on fission-
product release and charcoal trapping efficiency as a
function of various operating conditions. The system
has operated successfully to a burnup of over 15,000
MWA/MT on the way toward a burnup goal of about
75,000 MWd/MT.

Eight encapsulated fuel pins with type 316 stainless
steel cladding (the F-1 series) were prepared for
fast-neutron irradiation in the EBR-II. These pins are
designed with large plenum volumes and internal

"charcoal traps to minimize internal pressure buildup
due to release of fission gases from the fuel during
operation and to simulate the vented type of fuel pin.
The pins will operate at a heat-generation rate of
approximately 15 kW/ft with cladding midwall temper-
atures between 590 and 790°C to cover the entire range
of temperature of interest for near- and long-term
GCBR application. Approval for these tests has been
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obtained, and irradiation of the first seven pins is
scheduled to begin in November 1970.

PART III. PRESTRESSED-CONCRETE PRESSURE
VESSEL RESEARCH AND DEVELOPMENT

6. Concrete Materials Investigations

The investigations on moisture movement in mass
concrete and the multiaxial creep studies have pro-
gressed in a very satisfactory manner. The moisture
migration experiment has been under way for approxi-
mately two years, and the data indicate that movement
of free water is greatly inhibited under conditions that
simulate the thermal environment in a reactor vessel
wall. Concrete creep behavior for multiaxial states of
stress, two levels of moisture, two aggregate types, and
two temperature levels were studied in over 100
specimens.

7. Model Studies

The structural model tests on head-region behavior
were extended to obtain additional information on
crack initiation and propagation in structures designed
to fail in shear under internal pressure loading. Work on
the small thermal cylinder test was reactivated, and
assembly of the equipment for the experiment is
proceeding. The plans call for casting the concrete
structure this fiscal year. The instrumentation for this
experiment has required considerable development and
testing because the projected service conditions are
quite demanding.

PART IV. THORIUM UTILIZATION PROGRAM

8. Introduction

The objective of the thorium utilization program at
ORNL is the development of the technology required
for economic recycle of HTGR fuels. The ORNL
program is part of the national HTGR fuel recycle
development program, which is sponsored by the
USAEC, Gulf General Atomic, and ORNL, to make
possible economical utilization of fuel in HTGR’s. The
program at ORNL includes head-end reprocessing stud-
ies, fueled-microsphere production, coating technology,
recycle-fuel fabrication, and associated equipment and
process development. Related work includes waste
treatment and disposal, recycle-fuel irradiations, and
conceptual design of a commercial recycle plant. The
reference fuel cycle is based on the utilization of



Th-223U fuel in 1000-MW(e) HTGR’s. The reference
fuel element is a hexagonal block of graphite containing
microspheres coated with pyrolytic carbon and silicon
carbide bonded into sticks that fit into fuel holes in the
graphite block. Four types of particles are used to
permit isolation of spent 2**U (which contains 23°U)
and to lower fabrication costs. The schedule for the
HTGR fuel recycle development program requires the
design, construction, and installation of a pilot-scale
facility by 1976 and obtaining information needed for
commercial plant conceptual design by mid-1977.

9. HTGR Fuel Recycle Development Program Plan

The planning of the HTGR fuel recycle development
program is being documented in a program plan. The
plan states the objectives of the development program,
outlines the required activities, and summarizes the
current state of recycle-fuel processing and fabrication
technology. Further, the plan reflects a progression of
work activities that must begin in 1971 and extend into
1981 in order that a commercial recycle plant can be
designed, constructed, and placed into operation to
realize maximum economy from HTGR fuel recycle.

10. Head-End Reprocessing Development

Head-end methods are being developed for reprocess-
ing HTGR fuels. Both the Fort St. Vrain and
1000-MW(e) reference reactor fuels are included in the
development program. Fort St. Vrain fuel sticks contain
Triso-coated (i.e., an SiC layer sandwiched between two
isotropic carbon layers) (U, Th)C, and ThC, particles.
The SiC coating remains intact during the burning step,
and methods are being developed to physically separate
the particles. The 1000-MW(e) reference fuel consists of
Triso-coated fissile particles (?3°UC,) and Biso-coated
(i-e., two pyrolytic-carbon layers) fertile (233U, Th)O,
particles. Burning the Biso-coated (U,Th)C, particles in
a fluidized bed converts them into a finely divided
oxide powder; the (®*3U,Th)O, particles may retain
their shape. Methods are being developed to separate
the fissile particles, the alumina used in the fluidized-
bed burner, and the fertile particles (or residue).
Tentatively the aim is to limit the loss of 233U to the
235U stream to about 5% and the inclusion of 225 Uin
the 233 U stream to about 10%.

10.1 Engineering studies

Detailed process flowsheets of the head-end and
acid-Thorex solvent-extraction steps are being prepared

xii

based on use of the thorium-uranium recycle facility
(TURF) to demonstrate prototype hot operations.
Major problem areas requiring development are separa-
tion of particles from graphite before burning the fuel
and from each other on the basis of size difference after
burning, development of suitable burners, and develop-
ment of methods for cleaning up gaseous process
wastes.

10.2 Head-end reprocessing studies with
unirradiated HTGR fuels

In small-scale tests, a resin-bonded fuel stick contain-
ing fissile and fertile SiC-coated fuel particles was
crushed in a jaw crusher with a %-in. opening. The
resulting product was tumbled, burned in a fluidized
bed, and then sieved. Separation of the fissile and the
fertile SiC-coated particles by this method was not
successful. This fuel stick was an early model made with
a thermosetting resin and a graphite-filler bonding
agent. During the above operations, a component of the
bonded matrix apparently reacted with the SiC layer to
form a glassy surface. As a result, the glassy SiC
particles formed small agglomerates and were only
partially separable, even after being leached twice with
11 M HNO;—0.1 M AI’*—0.05 M HF, tumbled ina 1, X
12-in. Teflon pipe, and screened repeatedly. The cross-
over of 235U to 232Th was estimated to be 28 to 42%
in the original fluidized-bed product and 4 to 18% after
all treatments.

Unirradiated fuel samples containing Triso-coated
ThO, and UO, particles were obtained as stand-ins for
the Triso-coated particle fuels described above and were
crushed in a hammer mill with %- and %-in. grate
spacings. About 45% of the graphite in the product
(i.e., pieces larger than 4 to 12 mesh) did not contain
any fuel particles and could be easily separated from
the fuel. In two separate tests, the SiC and pyrolytic-
carbon coatings were broken on only 2.17 and 0.1% of
the UO, particles and on 1.07 and 1.52% of the ThO,
particles in the tests with the ¥;-in. grating.

The fraction of particles broken on burning the
crushed fuel in a 2-in.-diam fluidized bed containing
alumina as the fluidized heat-transfer medium was
determined as a function of oxygen concentration in
the reagent gas. When an oxygen concentration of 70%
was used, the total breakage of coatings for both the
crushing and burning operations was 5.7% for the UO,
particles and 4.67% for the ThO, particles.



10.3 Head-end reprocessing studies with irradiated
HTGR fuels — Study of Dragon compact 8375

Dragon reactor fuel compact 8375, which was pre-
viously irradiated to an exposure of 15,000 MWd/MT,
was subdivided by sawing and crushing, and the
resulting product was burned in a bed with fluidized
alumina. This was followed by sieving to separate the
SiC-coated fuel particles from the alumina. The fuel
particles were ground to shatter the SiC shells, burned
in a static bed, and leached to recover the heavy metals
and fission products. Analyses of controls showed that
the original fuel apparently contained 2 to 3% broken
particles. Bead breakage was 1.0 and 11.3% in crushing
at %- and Y%-in. jaw openings, respectively. These
results show that crushing is preferable to sawing, since
fewer particles are fractured during crushing if the fuel
is reduced to a similar-sized product by each method.
Crushing at a %-in. jaw opening appears attractive for
the first size reduction.

Fission gas (*H and ®° Kr) releases were measured for
each head-end reprocessing step. Essentially all the
85 Kr (~98%) was released on grinding and burning the
SiC-coated particles. About 30 to 40% of the total *H
was released in the first burning step, which removes
the matrix graphite and outer pyrolytic-carbon coats.
This *H was probably formed by neutron reactions
with light atoms in the matrix graphite or *He in the
coolant gas or both. Most of the *H produced by
ternary fission was released when the SiC-coated par-
ticles were ruptured and burned. About 3 to 7% of the
total tritium remained with the burned fuel and was
released on dissolution. Burner conditions were prob-
ably not optimum for the complete release of ®* Kr and
3H.

10.4 Procurement of irradiated HTGR fuels
for head-end studies

Additional samples of irradiated Dragon compacts
were requested for use in head-end studies. These
compacts have fuel particles similar to the coated-
particle HTGR fuels presently being considered in the
United States. Another source of irradiated samples is
ORNL sol-gel recycle fuel particles that have been
irradiated as compacts in the Dragon reactor. Samples
of both these materials should be available by late
1970. In addition, two capsules will be irradiated in the
ETR, and six recycle test elements are undergoing
irradiation in the Peach Bottom reactor.
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11. Refabrication Development

11.1 Sol-gel studies and particle preparation

Sol-gel processes are being developed and applied to
preparing ThO,, UO,, and ThO,-UQO, spheres for
HTGR fuel elements. The sphere-preparation pilot plant
is being modified for remote operation, and new
procedures and equipment will be checked during the
next runs with ThO,-UO; sol. The new procedures
include recycle of 2EH, as developed for UO, sols. As
possible improvements for the CUSP flowsheets for
preparing UQ, sol by solvent extraction, spray column
contactors were tested as an alternate to the mixer
settlers, 0.5 M amine instead of 0.25 M amine, and 1.8
or 2.0 M U in the feed in place of 1 M. The spray
column has advantages, but the 0.5 M amine and 1.8 M
U concentrations gave poor sols.

11.2 Fueled-graphite fabrication development

Dual-purpose equipment is being designed for devel-
oping fuel fabrication concepts and fabricating small
quantities of fuel for use in other parts of the program.
The principal effort was the fabrication of the fuel
required for the recycle test elements (RTE’s) being
irradiated in the Peach Bottom reactor. Fuel for six
elements was fabricated in a combined effort of ORNL
and Gulf General Atomic. Development efforts were
principally on particle preparation, particle coating, and
fuel-stick fabrication. The prototype remotely operated
coating furnace, which was successfully used to coat
RTE particles after only a very brief breakin period, is
being modified to incorporate improved electrodes,
unloading system, and off-gas systems.

A series of experiments was started for determining
how variation of the parameters used in coating affect
the amount of faceting and soot inclusions in high-
density coatings. Also the construction of a fuel-stick
fabrication line with the capacity of 400 in. of fuel
sticks per day was started. This line will contain a
coated particle batch blender for blending multiple
batches of either fissile or fertile particles, a combina-
tion fissile-fertile particle blender, a fuel-stick mold
loader, fuel-stick molds, a mold heater, a pitch injector,
and a fuel-stick injector.

12. Fuel Irradiations

The irradiations in the HTGR recycle program have
two main objectives: (1) to provide irradiated fuel for



head-end processing studies and (2) to proof test
products of the process development program. The
total program involves capsule irradiation tests in a
thermal-neutron-flux test reactor, pilot-scale irradiation
in the Peach Bottom reactor, and a series of tests that
will eventually include tests of remotely fabricated
recycle test elements (RTE) in the Fort St. Vrain
reactor. For accelerated burnup-rate tests, two capsules
are being fabricated that are to be irradiated in the ETR
starting in the first quarter of 1971. Four fissile-fertile
particle combinations will be irradiated at temperatures

Xiv

of 750, 950, 1050, and 1300°C up to fast-neutron
fluences of approximately 8 X 102! neutrons/cm? (£ >
0.18 MeV). These four combinations are those of
principal interest to the HTGR recycle program and are
the combinations that recei.ed emphasis in the RTE
test. The first six RTE’s were inserted in the Peach
Bottom reactor and have been op. .ting as planned
since July 14, 1970. Exposures will vary from one to
three years, and the corresponding fluences will be 1.4
X 10! to 4.2 X 102! neutrons/cm? (E > 0.18 MeV).



Part I.

High-Temperature Gas-Cooled

Reactor Development

Introduction

The HTGR program at ORNL is designed to develop
the desirable features of high-temperature gas-cooled
reactors, including low-cost fuel cycles, good fuel
conversion ratios, high thermal efficiency, high on-
stream factors, and to determine the safety margins of
the system. A large portion of the program is concerned
with the fabrication, characterization, and testing of
fuel to understand and improve fuel performance.
Other studies include the release, transport, and deposi-
tion of metallic fission products from fuel that has been
subjected to high exposure and burnup or to antici-
pated transients and accidental corrosive environments.
The program is coordinated with the HTGR develop-
ment program at Gulf General Atomic and is related to
the Fort St. Vrain and Peach Bottom reactor projects
being carried out by GGA.

The fuel element studies have emphasized the de-
velopment of coated fuel particles, coating materials,
and bonded coated particle beds with high resistance to
irradiation damage. Combinations of fast-neutron ex-
posure and burnup to full HTGR requirements can now
be obtained relatively quickly with irradiation facilities
in the HFIR. In early experiments, bonded fuel sticks
disintegrated to a large extent, and some particle
coatings were broken. Modifications in fabrication
technique and the use of isotropic filler materials in the
binder improved the structure and density of the
bonded fuel to such an extent that specimens suc-
cessfully withstood HTGR temperatures and fast flu-
ences without debonding or coating failure. Presently a

series of isotropic and natural-flake graphite fillers are
being evaluated in fabrication and irradiation tests to
more nearly optimize the composition of fuel-stick
matrices. These are being tested both in the target
position (static) and in reflector (sweep) capsules in
HFIR.

The target capsules, in particular, are also used for
testing both loose particles and specimens of coating
materials to investigate the effects of coating param-
eters and properties on the changes induced by irradia-
tion. In a recent target capsule, two 3-in.long blended
beds of carbon-coated particles were tested to full
HTGR exposure. The shrinkage of the bed (18 vol %)
was even greater than predicted and demonstrated the
fuel shrinkage problems associated with using loose
particle beds.

An important part of the present fuel development
program concerns the preparation, characterization, and
testing of coated fuel particles with kernels made from
ion-exchange resins. These particles offer an attractive
alternative to the present fissile particle, which would
be exposed to very high burnup. The fueled-resin
particles consist of a low-density glassy carbon particle
with about 50 wt % uranium dispersed as UQ, or UOS
and about 30% porosity. Techniques for loading the
resin spheres with uranium, carbonizing, and coating
have been studied and developed. Coated particles of
this type survived full HTGR fast-neutron exposure and
approximately 9% burnup in a recent experiment.



Fission-product release from irradiated coated
particles and bonded beds of pyrolytic carbon and
SiC-coated particles are studied during long-term high-
temperature annealing experiments. At normal oper-
ating temperatures the fission gases are completely
retained, and metallic fission-product release is quite
low. However, some coatings may fail during operation,
and in other particles the SiC layer may be defective.
The time-temperature relations for fission-product re-
lease under these conditions are studied and diffusion
constants are measured when possible. The distribution
of fission products within a bonded fuel stick or in a
fuel element may be measured in this manner after long
heating periods. The specimens studied in these experi-
ments include irradiated coated particles typical of Fort
St. Vrain and advanced HTGR fuel obtained from the
programs at GGA. Similar studies being carried out in
Europe for the HTGR programs in the United Kingdom
and Germany are reported through relevant exchange
agreements, and results are analyzed and correlated
with data from GGA and ORNL programs.

In recent experiments the diffusion coefficients of
cesium from bonded beds of particles and from loose
particles were measured at temperatures of 1250 to
1400°C in long annealing experiments. The coefficients
obtained indicate that diffusion through low-
temperatue isotropic pyrolytic carbon may be sig-
nificantly greater than diffusion through high-
temperature methane-derived coatings. The siC layers
in Triso-coated particles were observed to break down
at temperatures above 1800°C and result in release of
solid fission products without detection of fission-gas
release. Analysis of the stress distribution in the coating
layers of individual coated particles by using the “Stress
2” code developed for the Dragon Project showed a
high probability of SiC-coating-layer fracture without
simultaneous failure of the pyrolytic-carbon outer
layer. The calculated fractures compared favorably with
observed fractures in annealing experiments.

The studies of fission-product behavior are extended
by investigations carried out in the fission-product
deposition loop. The objective of this program is to
develop analytical methods and experimental data that
will permit an evaluation of fission-product contamina-
tion in the coolant circuit of HTGR’s. The plateout
characteristics of potentially hazardous strontium and
cesium isotopes are especially important for all gas-
cooled reactors of advanced design. In five experiments
with cesium in the loop, the transport of cesium
through graphite into turbulently flowing helium was
measured, and the deposition pattern was studied. The
transport of cesium into the loop system was several

orders of magnitude greater than predicted by diffusion
coefficients and vapor pressure data. Transverse flow of
helium in the evaporator was suggested as a mechanism
for this transport.

Considerable work on safety studies in HTGR en-
vironments is carried out as part of the nuclear safety
program and is reported in detail in safety program
documents. The current work is also reported in
condensed form in this report. The primary objective of
the work is to provide information concerning the
response of the reactor to accidental perturbations that
might affect the distribution of heat and fission
products or the mechanical integrity of the core. The
program consists of three related studies: (1) defining
the conditions that produce failure of particle coatings
and measuring the consequent fission-product release,
(2) studying the chemical and physical states of fission
products that have been released into the circuit and
their mobility during accidental depressurization, and
(3) understanding the steam-graphite reaction so that
the effects of water ingress into the core can be
analyzed adequately. In other studies, the investigation
of distribution and character of important fission
products in the coolant circuit of an operating HTGR
was begun by initiating probe measurements in the
Peach Bottom primary circuit.

The study of steam-graphite reactions is designed to
find a model that will describe the reactions of steam
with a porous solid and demonstrate that reaction rate
constants measured out of the reactor can describe the
removal of carbon from operating HTGR fuel elements.
The rate of graphite removal is broadly governed by
steam concentration, temperature, type of graphite, and
extent of reaction. The latter two conditions affect the
reaction to such an extent that rate parameters reported
are, in many cases, poorly descriptive of any graphite
except the samples tested. In reactions conducted in
steam at 1000°C it now appears possible to correlate
the variation of reaction rate with the extent of
reaction in terms of surface area changes in the sample.
A program to demonstrate the model under irradiation
has been started. A small fuel element heated only by
nuclear reactions is monitored for reaction rate and
condition of the fuel. In recent studies, both in a
reactor and in the laboratory, pitting corrosion of
graphite was obseirved that is indicative of catalysis by
inhomogeneously distributed metallic impurities. This
pitting corrosion severely damaged the fuel after several
percent burnoff in the first in-reactor experiment.

In component studies, a series of tests was carried
out to evaluate the corrosion resistance of welds in



conventional and advanced alloys. The materials in-
vestigated are those considered for use in the super-
heater and reheater sections of HTGR steam generators.
The test schedule emphasizes dissimilar-metal welds
because a variety of alloys may be used in the same
component in order to optimize the performance of the
system. In addition to compatibility tests with steam at
595 and 650°C, the stress-corrosion cracking suscepti-
bility, weldability, and strength of the welds are being

studied. The compatibility tests are being conducted in
a heated loop by using steam from a commercial power
plant. Inconel 625, Hastelloy X, and IN 102 as both
base and filler metals, Incoloy 800 as base metal, and
Inconel 82 as filler metal exhibited very good corrosion
resistance in the tests, which have now exceeded 8000
hr duration. No preferential or unusual attack was

noted.

1. Fuel Element Development

J. H. Coobs

1.1 Coated Fuel Particles Derived from
Carbonized Ion-Exchange Resins

C.B.Pollock  I.L.Scott

Fuel particles made by carbonizing ion-exchange
resins loaded with uranium are being investigated for
potential HTGR applications. It has been demonstrated
that fuel particles can be prepared that have uranium
densities comparable to those of the present reference
fissile fuel particles, which consist of fully dense UO,
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Use of the resin-based kernel as a fuel material
involves raw materials that are inexpensive. Also, kernel
size and shape selection can be made before fuel
loading. Figure 1.2 is a diagram of the proposed
fuel-manufacturing process. Commercial ion-exchange
resins would be dried, sized, and hydrated before
contacting them with the uranyl nitrate solution, and
after the exchange process was complete, the loaded
beads would be dried and carbonized in a fluidized bed
furnace with an inert atmosphere. The carbonized fuel
beads would then be separated by shape prior to the
application of pyrolytic-carbon and silicon carbide
coatings.
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Fig. 1.2, Process diagrams for (2) loading ion-exchange resins
with fuel and (5) converting fuel-loaded ion-exchange resins
into fuel elements.

Another attractive feature of resin use is the variety
of options available. The first fuel particles were made
from sulfonated cation-exchange resin, and the fuel
obtained contained uranium oxy-sulfide (UOS) finely
dispersed in a glassy carbon matrix. It was also
demonstrated that carboxylic cation-exchange resins
could be used for preparing the particles. The fuel
obtained was in the form of uranium dioxide (UO,)
finely dispersed in a glassy carbon matrix. The car-
boxylic cation-exchange resin gives a fuel particle that
contains no residual sulfur and in which the fuel loading
can be doubled (relative to use of the sulfonate type of
resin).

The uranium compounds that exist in the glassy
carbon matrix have been identified by x-ray analysis.
The diffraction patterns are weak and diffuse because
the phase is finely dispersed over the carbon matrix.

1.1.1 Chemistry of ion-exchange resins

The chemistry of ion-exchange resins is well under-
stood,! but most of the previous experiments in this
area involved loading ion-exchange resins to relatively
low levels of metal concentration.? The ORNL experi-
mental work has been designed to determine ways of
achieving maximum loading of metal in various co-
polymers and to demonstrate repeatable loading curves.
The two loading procedures used are a batch-type
process and a column-loading technique. Table 1.1 gives
a summary of data obtained with carbonized, fueled
cation-exchange resins loaded in a batch-type pro-
cedure. Table 1.2 summarizes data collected from fuel
particles loaded in the batch-type process under various
conditions of temperature and time, with solution
concentration being constant. In all batch-loading ex-
periments the degree of uranium loading was sub-
stantially lower than theoretical, which is 51 wt %
uranium. To increase the loading, a column-oading
technique was developed in which the equilibrium was
driven toward uranyl ion use so that the UO,” ion
replaced all hydrogen ions. Table 1.3 summarizes data
collected from a series of batches loaded in this manner.
The results have been quite consistent, and means are
now being investigated for increasing the uranium

1. J. L. Scott, J. M. Leitnaker, and C. B. Pollock, “Prepara-
tion of Coated Fuel Particles from Ion-Exchange Resins,” pp.
3-7, Gas-Cooled Reactor Program Semiann. Progr. Rept. Mar.
31, 1970, USAEC Report ORNL-4589, Qak Ridge National
Laboratory.

2. See, for example, Duolite-Ion-Exchange Manual, Chemical
Process Company, Redwood City, California.



Table 1.1. Summary of results obtained in
loading ion-exchange resins with uranium by
a batch-type process?

Time Analysis (wt %)

(min) Uranium Carbon Sulfur Oxygen
15 33.77 45.55 11.20 8.56
15 35.52 47.11 10.30 7.71
30 37.04 46.58 11.70 5.00
30 35.18 45.26 11.40 7.24
45 37.38 45.70 10.50 7.31
45 36.77 45.37 11.50 6.28
60 34.05 46.10 11.90 10.12
60 35.53 46.15 10.20 8.78

120 35.50 45.86 11.40 8.06
120 37.31 46.50 11.20 5.43

4Solution concentration, 500 g UO5(NO3),/liter.

Table 1.2. Typical analysis obtained in
loading jon-exchange resins with uranium
at two temperatures?

Sample Temperature Analysis (Wt %)

No. O Uranium Carbon Oxygen Sulfur
130-1 23 36.60 46.52 5.96 11.20
130-2 23 34.75 46.00 6.96 11.60
130-1 35 37.76 42.72 7.40
130-2 35 38.62 46.56 3.62 11.30
160-1 23 38.99 46.01 4.99 10.40
160-2 23 42.85 48.44 9.80
160-1 35 37.93 43.95 6.64 11.20
160-2 35 38.03 44.08 6.24 10.90

agolution concentration, 500 g UO,(NO3),/liter.

Table 1.3. Summary of results obtained
in loading ion-exchange resins with uranium
by a column-loading technique?
Analysis (wt %)
Sample
Uranium Carbon Oxygen Sulfur

Cl-1-1 46.71 36.85 7.03 10.57

C1-1-2 47.02 37.14 5.33 11.24

C1-2-1 48.68 35.62 4.89 10.54

C1-2-2 48.74 33.99 6.42 9.95

C1-107-709 46.60 35.60 8.12 10.26

4Solution concentration, 775 g UO,(NO3),/liter.

density in the fuel particles. Figure 1.3 is a plot of
uranium concentration as a function of time for a
column-loading experiment, with the solution concen-
tration constant at 775 g UO, (NO3 ), fliter.

Metal loading of ion-exchange resins is dependent on
a number of variables, including temperature, time,
solution concentration, number of active sites, and
valence state of the metal ion. Temperature and time
influence the rate of the exchange reactions, since it is a
diffusion process. Solution concentration is significant
only at low concentrations and has little effect in this
work, since very concentrated solutions are used. The
number of active sites in a sulfonated cation-exchange
resin is indicative of the degree of sulfonation. Uranium
loadings of 85 to 90% of theoretical are being achieved,
and consequently it is thought that commercially
available resins are only about 85 to 90% sulfonated.
Consideration of the structure of crossdinked ion-
exchange resins such as styrene-divinyl benzene, shown
in Fig. 1.4, indicates why this is true. The sulfonic
group prefers the para position in the benzene ring, but
only about 85% of the sites are normally occupied. It is
more difficult to attach sulfonic groups to the met or
ortho positions because of energy considerations. In the
fuel-loading step the ionizable hydrogens of the sulfonic
groups are replaced by uranyl ions.
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1.1.2 Carbonization of fueled resin microspheres

The carbonization of fuel-loaded ion-exchange resins
is dependent on heating rate, and therefore investiga-
tions of the carbonization cycle were made. Figure 1.5
shows typical differential-thermal-analysis curves for
resin particles with and without fuel. On heating, an

endothermic reaction occurs first that is indicative of a
loss of water in both samples. This reaction starts very
early and peaks prior to 200°C. Then there is a strong
endothermic reaction in the unloaded resin that peaks
near 325°C and a similar weaker reaction in the loaded
resin that peaks earlier. This peak is indicative of
decomposition of the resin or the creation of monomers
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Fig. 1.5. Differential-thermal-analysis curve for a uranium-
loaded sulfonated ion-exchange resin (solid curve) compared
with the corresponding unloaded resin (dashed curve).

from the copolymers. In the fueldoaded resin this
reaction starts earlier and is apparently suppressed by
the uranyl groups that are present.

The next event is a rather sharp exothermic peak in
fueldoaded resins and the start of a broad, weaker
exotherm in the unloaded resin. The narrow exothermic
peak appears to be due to loss of sulfur in the form of
SO, prior to the start of carbonization, whereas the loss
of sulfur in the unloaded resin is concealed by the
sharp, steep endotherm representing the decomposition
reaction. The broad, wide exotherm on both curves
starting at about 400°C represents the advent of
carbonization of the ion-exchange resins and also a
reduction of surface area by the closing of surface
pores. Carbonization is essentially complete by 700°C.
The density of the carbon matrix obtained was approxi-
mately 1.4 g/ecm®, while the density of the fueled
particle was dependent on the concentration of
uranium. Table 1.4 shows how density varies with
degree of fuel loading. Figure 1.6 is a plot of uranjum
density as a function of particle density and porosity.

1.1.3 Irradiation testing

The fuel-loaded carbonized resin kernels can be
coated with successive layers of pyrolytic carbon or
silicon carbide, and particles with a variety of such
coatings have been made. The low-density kernels
require different coating conditions than the high-
density oxide or carbide kernels for the initial buffer
coating. Other coating steps are identical for the two
types of particles. Table 1.5 lists the properties of three
batches of coated particles prepared in this manner for
irradiation testing. These samples were tested in HFIR

Table 1.4. Effect of uranium loading on
porosity and particle density of fueltoaded
carbonized ion-exchange resins

Sample Uranium Density Porosity volume
No. (wt %) (g/em?) (%)
1 0 14 36.0
2 10.5 1.5 40.0
3 15.8 1.77 31.0
4 22.6 1.90 40.0
5 25.2 2.00 31.8
6 27.0 1.96 32.0
7 34.9 213 34.0
8 43.6 2.60 39.7
9 46.6 2.94 24.0
10 514 3.09 25.0
11 58.3 3.10 320
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target experiment HTS at 1050°C to a fluence of 6 X
10%! neutrons/cm?® (£ > 0.18 MeV). The fuel burnup
was about 9% of the heavy metal. Postirradiation
examination of the particles is in progress, and the
results obtained thus far have been quite encouraging.
Figure 1.7 shows coated particles before and after






Table 1.5. Properties of coated particles prepared and
used for HTS irradiation experiment

Type of kernel: carbonized resin + UOS
Diameter of kernel: 250 um
Fuel: natural uranium

Coated particle OR 1100 OR 1101 OR 1117
designation
Heavy-metal content, 9.24 7.22 6.95
wt %
Type of coating Monolayer Monolayer Interrupted,
two layers
Thickness of layer, um
Inner 24 4
Outer 55.6 73.6 58.0
Density of layer, g/cm3
Inner 2.07
Outer 1.68 1.64 1.55

irradiation. There is apparently no damage to the
kernel, but the inner layer shows some damage from
fission recoils. The outer coatings are completely intact.

1.2 Development of Bonded Beds of Coated
Particles for HTGR Fuel Elements

J.M. Robbins  J. H. Coobs

Results of irradiation tests of bonded beds in HFIR
target capsule HT4 confirmed the suitability of bonded
beds for HTGR fuel elements.® The beds tested had
Poco graphite as the filler material in a binder of 15V
coal-tar pitch. Attempts are now being made to find less
expensive filler materials that will perform satis-
factorily. Some of the criteria for choosing materials for
screening were (1) availability in commercial quantities,
(2) relative cost, (3) workability, (4) graphitizability,
and (5) formation of isotropic structure. HFIR capsules
HT6 and HRB2 were designed and fabricated to screen
several of these fillers. In addition, some fillers were
included to confirm irradiation results obtained earlier
both here and at Guif General Atomic.

HFIR capsule HT6 contains both bonded fuel sticks
and loose coated particles. Fabrication history and
location within the capsule are given in Table 1.6, and
Table 1.7 indicates the loading scheme of both GGA

3. J. H. Coobs et al., “Irradiation Tests on HTGR Fuel and
TF'uel Elements,” pp. 18-36, Gas-Cooled Reactor Program
Semiann. Progr. Rept. Mar. 31, 1970, USAEC Report ORNL-
4589, Oak Ridge National Laboratory.

and ORNL loose coated particles. The capsule is to be
removed from the reactor November 10, 1970, after
three cycles of operation.

Capsule HRB2 will contain both bonded fuel sticks
and loose coated particles. The compositions of the
bonded specimens are given in Table 1.8. All fuel sticks
in HRB2 contain three types of kernels with Biso
coatings and were bonded with 15V pitch as the binder.
The three types of kernels are (1) 10.16%-enriched UO,
in a carbonized resin particle, (2) sol-gel derived ThO,
particles, and (3) inert, carbonized resin particles. Some
pellets are to be used as unirradiated control specimens.
The capsule is to be inserted November 10, 1970, and is
scheduled for eight cycles of operation.

The Santa Maria flour was obtained through the Los
Alamos Scientific Laboratory (LASL) and the Y-12
Chemical Engineering Development Department. It is
reported to produce bodies similar in unirradiated
properties to those formed with the Poco grades of
graphite.* When mixed with binder in concentrations
up to 50 wt %, the Santa Maria flour makes a
smooth-appearing matrix material that injects easily
through a 0.7-in.-long bed of coated particles. The JOZ
grade of graphite flour is derived from a petroleum coke
and is the base material for the Great Lakes H-337
graphite. Interest in this material was evoked by the
encouraging irradiation behavior of H-337 in HFIR
experiments at 750°C and the availability of the
material in large quantities. Only 42 wt % of the JOZ
flour could be mixed with binder and still be usable.
The mix shows a slight tendency toward dilatancy;’
however, injection through the 0.7-in.-long test speci-
men was not difficult. The Robinson flour is graphi-
tized air-blown coke, which does not form a needle-like
structure and therefore may form an isotropic matrix.
It was possible to inject a mixture of 45 wt % of the
Robinson flour in binder through the 0.7-in.-long test
piece. When 50 wt % of the flour is mixed with binder,
the mixture shows a marked degree of dilatancy and
cannot be injected more than approximately %, in. into
the test bed.

The Asbury flour is the natural flake graphite that
was used in HT1 and HT3. Only 35 wt % can be added
to binder and injected through the test piece. One mix
was evaluated in which only Thermax carbon black was

4. Los Alamos Scientific Laboratory, Progress Report 9,
February—April 1969, USAEC Report LA-4171-MS.

S. A dilatant mix is one that seems reasonably fluid when at
rest but becomes more viscous with increasing rates of shear.
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Table 1.6. Bonded coated-particle specimens for HT6 experiment

Specimen

Filler Material

Type of

Temperature of

Carbonizing Temperature preirradiation

designation Type Amount particles conditions and fluence Magazine heat treatment
(Wt %) cO
JF 270-2 Thermax 50 Mixed? Packed bed? Low CP-23 1500
JF 270-4 Thermax 50 Mixed? Packed bed? High CP-22 1500
JF 270-8 Santa Maria 40 Mixed? Packed bed? Low CP-20 1500
JF 270-10 Santa Maria 40 Mixed? Packed bed? High CP-22 1500
JF 270-14 JOZ 40 Mixed? Tube holder® Low CP-20 1500
JF 270-16 Joz 40 Mixed? Tube holder® High CP-22 1500
JF 270-18 JOZ 40 Mixed? Packed bed? Low CP-20 1500
JF 270-39 JOZ 40 Inert? Packed bed? Low CP-20 1800
JF 270-20 H-378 35 Mixed? Tube holder® High CP-21 1500
JF 270-50 H-378 35 Mixed? Tube holder® Low CP-20 1500
JF 270-24 H-378 35 Mixed? Packed bed? High CP-21 1500
JF 270-42 H-378 35 Inert? Packed bed? Low CP-20 1500
JE 270-25 N.F. 6353 27 Mixed? Packed bed? Low CP-23 1500
JF 270-28 N.F. 6353 27 Mixed? Packed bed? High CP-22 1500
JF 270-31 Robinson 40 Inertd Packed bed? High CP-21 1500
JF 270-32 Robinson 40 Inert? Packed bed? Low CP-23 1500
JF 270-35 Poco AXZ 35 Inert? Packed bed? High CP-22 1800
JF 270-38 Poco AXZ 35 Inertd Packed bed? High CP-22 1500
JE 270-46 Poco FXA 40 Inertd Packed bed? High CP-21 1500
JF 270-47 Poco FXA 40 Inert? Packed bed? Low CP-23 1500

@Sufficient carbon-coated ThO, particles to give a concentration of 0.054 g Th/in. of fuel stick; ThO, particles mixed with

carbon-coated SiC particles as the inert diluent.

bsticks packed tightly in natural flake graphite during carbonization.
“Sticks restrained in a closely fitting graphite tube during carbonization.
dCarbon-coated SiC particles.

Table 1.7. Loose coated particles in

experiment HT6

Batch Source AKernel Magazine Temperature
size (mu) and fluence
GA-4000-176 GGA >550 M-2 High
GA-4000-184 GGA <475 M-2 High
GA-4000-176 GGA >550 M-4 Low
GA-4000-176 GGA 475-550 M-2 High
GA-4000-176  GGA 475--550 M4 Low
GA-4000-184 GGA >550 CP-20 Low
GA-4000-184 GGA 475-550  CP-23 Low
GA-4000-184 GGA 475-550  CP-22 High
GA-4000-184 GGA <475 M4 Low
GA-4000-184 GGA >550 CP-21 High
GA-4000-193 GGA 475-550  CP-22 High
GA-4000-193 GGA >550 CP-20 Low
GA-4000-193 GGA >550 Cp-21 High
GA-4000-193 GGA 475-550  CP-23 Low
GA-4000-193 GGA <475 M-2 High
GA-4000-193 GGA <475 M-4 Low
OR-1298 ORNL 300400 M3 High
OR-1298 ORNL 300-400 M-1 Low
OR-1295 ORNL 400-500 M-3 High
OR-1295 ORNL 400-500 M-1 Low
OR-1316 ORNL 500-680 M-3 High
OR-1319 ORNL 350-700 M-1 Low

Table 1.8. Bonded specimens prepared for
testing in HRB2

Filler material Maximum particle
Pellet No. Amount size
Type (Wt %) (1m)
1-4 Thermax 50

5-8 Santa Maria 40 40
9-12 Robinson 40 27
13-16 JOZ 40 40
17-20 Asbury 35 40
21-24 Poco AXZ 35 40
25-28 H-378 35 27
29-32 N.F. 6353 27 40
33-36 Poco FXA 40 40

used as a filler. In this case, 58 wt % of the Thermax in
the binder was usable. The amounts of the various
fillers reported above are the maximum amounts for
small specimens, and these were reduced in most cases
for the HRB2 and HT6 specimens to obtain a more
workable bonding material.



During the fabrication of the bonded beds for the
recycle test elements (see Chap. 11), it was found to be
expedient to pack the uncarbonized fuel stick in a bed
of natural flake graphite during carbonization to pre-
vent slumping in the early heating stage when the pitch
becomes molten. Usually the fuel stick is contained in a
close-fitting graphite tube during carbonization. How-
ever, the large number (about 1200) of fuel sticks
required for the recycle test elements (RTE’s) made this
containment method cumbersome and created a boitle-

neck in the fabrication process. Therefore, fuel sticks
were fabricated and evaluated to determine the effect of
the containment method during carbonization on the
final matrix density. All sticks contained the same
amount of coated fuel particles and were bonded with
15V pitch. As shown in Table 1.9, the matrix density
was higher in a stick carbonized in a graphite tube than
in one carbonized in a bed of graphite. The higher den-
sity was primarily due to retention of more of the ma-
trix material in specimens heated in the graphite tube
than in the packed graphite bed. This is shown by the
higher weights of matrix material in the tube-supported
fuel sticks.

Many broken particle coatings were found upon
examination of the first series of fuel stick specimens
prepared for testing in the HRB2 experiment. Broken
coatings were present in all specimens that were

Table 1.9. Effect of method of fuel stick
support during carbonization on final matrix density

Filler material Matrix Matrix
d Sticl? Amount Suptr;lor; weight density
esignation Wt %) Type metho () (g/cm3)
JF265-1 35 Poco Tube? 0.4232 0.713
-2 35 Poco Bed® 04118 0.654
-8 50 Thermax Tube 0.6357 0974
-11 50 Thermax Bed 0.5456 0.899
-12 40 Santa Maria Tube 0.5364 0.886
-14 40 Santa Maria Bed 0.4470 0.732
-16 40 Robinson Tube 0.4750 0.787
-19 40 Robinson Bed 0.4467 0.720
=22 35 JOoZ Tube 0.4844 0.812
-23 35 JOZ Bed 0.4062 0.674
-28 27 6353 Tube 0.5161 0.852
-31 217 6353 Bed 0.3887 0.643
-32 35 H-378 Tube 0.5344 0.872
-33 35 H-378 Bed 0.4038 0.701
-38 40 JOZ Tube 0.5736 00914
-39 40 JOoZ Bed 04576 0.774

4Supported in a close-fitting graphite tube.
bSupported in a tightly packed graphite flour bed.
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carbonized in a close-fitting graphite tube. Apparently
interaction of coatings with the high-density matrix
that contained more binder coke produced high stresses
in the outer coatings. This was especially true of
low-temperature isotropic (LTI) coatings that were
intermediate in density (~1.7 g/cm®). Broken coatings
on all types of particles were found in the specimens
that had the highest matrix density; that is, those that
contained either 50 wt % Thermax or 40% Santa Maria
filler. Therefore all specimens for the HRB2 and HT6
experiments, except two types that contained JOZ and
H-378 filler materials (see Table 1.6), were carbonized
in a packed bed of natural flake graphite. The speci-
mens tested in HT6 will yield comparative data on the
two matrices carbonized by both methods.

The present observations of coating failure during
carbonization are not consistent with prior fabrication
experience and the results of irradiation testing of
Varcum- and pitch-bonded particles in the HT4 experi-
ment.> Bonded specimens for this experiment were
carbonized in close-fitting graphite tubes and contained
no broken coatings. Apparently subtle changes in
coating characteristics affect coating behavior during
injection bonding and carbonization. The mechanisms
of the interactions between coatings and matrix and the
effects of carbonization support method on the struc-
ture of the matrix are being investigated further.

1.3 Irradiation Tests on HTGR Fuel Elements

J. A. Conlin B. H. Montgomery
J.H. Coobs C. B. Pollock

D. M. Hewette I1 J. M. Robbins
R.E.MacPherson J.L. Scott

The HTGR program at ORNL includes irradiation in
two types of capsules in the HFIR where the combined
effects of burnup and high values of fast-neutron
exposure can be evaluated. The target capsules (HT) are
small uninstrumented capsules designed to fit into one
of the target positions in the HFIR. They contain small
specimens of HTGR fuel and fuel element materials in
the form of loose particles, bonded coated-particle
beds, blended coated-particle beds, or pyrolytic-carbon
disk specimens. The specimens can be irradiated at
temperatures up to 1100°C and to representative
HTGR end-of-fuel-life fast flux exposure in about two
and one-half months. The HT capsules have the
advantage of low cost and short irradiation time to
attain representative exposure, but they have some
limitations. Only small specimens with very small
amounts of fissionable material can be accommodated.



Since the capsules are uninstrumented, temperatures are
not monitored during irradiation but are deduced by
postirradiation analysis of silicon carbide monitors. The
capsules are sealed and no gas sweep is possible.
Therefore the composition of the atmosphere is some-
what uncertain, and fission-gas release cannot be meas-
ured during irradiation.

The second type of HFIR capsule is irradiated in the
removable beryllium (HRB) facility. These capsules are
large (1.3-in.-OD) instrumented gas-swept capsules with
provision for specimen temperature control and fission-
gas release measurement. The capsules accommodate
fuel specimens in a graphite support sleeve that is
geometrically representative of a single fuel channel of a
Fort St. Vrain type of HTGR fuel element. Fuel
loading, temperature, power density, and burnup rate
are limited only by the capability of the fuel.

1.3.1 HTGR-HFIR target capsules

Five target capsules, HT1 through HTS5, have been
irradiated. Design information and irradiation history
were previously reported for capsules HT1 through
HT4.57°

Postirradiation examination of target capsule *HT4.
Capsule HT4 contained three types of bonded beds
made with large .amounts of filler materials in pitch and
Varcum binder. The dimensional changes and metal-
lographic examination of specimens bonded with 29 wt
% Poco graphite and 29 wt % Thermax in pitch or
Varcum binder were reported previously. Four such
samples irradiated at two different temperatures
showed no broken particle coatings on more than 2000
coated particles exposed in the polished sections.® This
was the first demonstrated irradiation of injection-
bonded beds of coated particles to the full fluence
specified for HTGR’s.

Two more specimens that were bonded with a
mixture of 40% Poco graphite in pitch were examined

6. J. H. Coobs et al., “Irradiation Experiments in HFIR,” pp.
20-25, Gas-Cooled Reactor Program Semiann. Progr. Rept.
Mar. 31, 1969, USAEC Report ORNL-4424, Oak Ridge
National Laboratory.

7. J. H. Coobs et al., “Irradiation of Loose and Bonded
Coated Particles in HFIR Target,” pp. 47-54, Gas-Cooled
Reactor Program Semiann. Progr. Rept. Sept. 30, 1968, USAEC
Report ORNL-4353, Oak Ridge National Laboratory.

8. Ibid., pp. 29-30.

9. H. C. McCurdy et al.,, “Instrumented Capsules for Fuel
Tests in HFIR,” pp. 27-37, Gas-Cooled Reactor Program
Semiann. Progr. Rept. Sept. 30, 1969, USAEC Report ORNL-
4508, Oak Ridge National Laboratory.
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recently. One was irradiated in magazine CP-14 to a
fast-neutron fluence of 8 X 102! neutrons/cm? (E >
0.18 MeV) at 1050°C, and the second was tested at
750°C to a fluence of 5 X 10?! neutrons/cm?. No
broken particle coatings were found in polished sections
of either specimen. The matrix showed some gross
porosity and much microporosity, as illustrated in Fig.
1.8. These two specimens have matrices that are similar
in composition and structure to the matrix of fuel
sticks fabricated at ORNL for testing in the recycle test
elements (see Chapter 11).

Target capsule HTS. The capsule most recently
irradiated in this series (capsule HTS5, described pre-
viously®) was installed in HFIR target position A-3
December 11, 1969. The capsule was removed February
22, 1970, after a scheduled three-cycle (69-day) irradia-
tion to a peak fast-neutron exposure of approximately
7.5 X 102! neutrons/cm? (£ > 0.18 MeV) at tempera-
tures ranging from 890 to 1020°C for the various
specimens. The results of neutron radiography, gamma
scanning, and visual examination were given pre-
viously.®> The results of metallographic examination of
fueled resin particles tested in the experiment are given
in Section 1.1 of this chapter. Metallographic examina-
tion of additional samples is in progress.

Target capsule HT6. The sixth capsule was inserted in
target position A-3 August 28, 1970, to be irradiated
for three HFIR cycles, and removal is scheduled for
November 10, 1970. The capsule, which is similar to
previous target capsules, is shown in Fig. 1.9. Four
graphite holders (magazines) labeled CP-20, -21, 22,
and -23 are used to support bonded beds containing
coated particles fueled with 222Th, 235U, and 238U.
Small longitudinal slots were machined in the ends of
each graphite holder to contain loose ThC, fuel
particles from Gulf General Atomic that represent Fort
St. Vrain reactor preproduction material. The bonded
beds are unfueled in the vicinity of these loose particles
to avoid excessive heat flux. The capsule also includes
two graphite bodies, labeled M-2 and M+4, that contain
SiC temperature monitors. They are located between
the bonded-bed holders. These graphite bodies also
contain 232Th-fueled loose particles in longitudinal
slots.

Table 1.10 lists the design temperature and expected
fast fluences for the magazines, which are designed to
operate at a uniform axial temperature. This is ac-
complished by tapering to provide a varying gap for
insulating gas between the magazine and the water-
cooled capsule wall to compensate for the axial
variation in gamma and fission heating within the
capsule. The maximum temperatures are expected to
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and finally split before all specimens could be removed.
The shrinkage of matrix specimens S1 and S2 was
equivalent to about 10% change in volume, which is
much less than the 20 to 35 vol % shrinkage observed in
specimens of resin-base matrix.®

The postirradiation analysis of the flux monitors from
capsule HRB1 was completed, and the results were
compared with the data from experiment HRB-y-2. The

measured flux was lower than the calculated flux, and
as a result the fast-fluence values and burnups were
somewhat lower than predicted. Table 1.12 lists the
HRBI1 fuel stick specimens, the corresponding measured
neutron fluxes, and the exposure doses and burnups
based on these fluxes. The calculated fluxes had
predicted a peak fast fluence (in fuel stick 5) of about 8
X 10?! neutrons/cm? (£ >0.18 MeV).

Table 1.11. Dimensional changes of bonded beds irradiated
in experiment HRB1

Filler material

Change in dimensions

Specimen? Amount T}./pe of (%)
Type binder -
(wt %) Length Diameter
2A Asbury 15 Resin 1.5
3A Poco AXM 40 Varcum -3.5 +0.2to 14
3B Poco AXM 29 Varcum +0.4 to 0.9
Thermax 29
s1? Poco AXM 40 Varcum -0.3 -3.3
§2b Poco AXM 29 Varcum -3.0 —-4.1
Thermax 29
5A Poco AXM 40 Varcum +1.1to+14
6B Poco AXM 29 Varcum -0.9 +0.6
Thermax 29
8AC Poco AXM 29 Varcum -1.7 -1.5
Thermax 29
8B¢ Poco AXM 29 Varcum -1.4
Thermax 29

2All specimens contained coated (Th,U)O, and

otherwise noted.

bMatrix specimen; no coated particles.

ThO, particles unless

“Contained coated inert (ZrQ, ) particles only.

Table 1.12. Capsule HRB1 measured fluxes and corresponding exposure doses and heavy-metal burnups

icciled i1e®
N Thermal flux Fast flux Fast fluence FISSI.lel F"’“T‘el
Fuel (E <0414 eV) (E > 0.18 MeV) (E > 0.18 MeV) Eamc © gartlc N
stick (1015 neutrons/cmz'sec) (1014 neutrons/cm? *sec) (10%! neutrons/cm2) uraup uinup
(%) (%)
1 0.45 1.8 2.9 9.8 0
2A 0.57 2.2 3.4 10.2 3.8
2B 0.69 2.5 4.0 16.6 4.6
3 0.86 3.0 4.8 12.7 5.9
4A 1.02 3.3 5.3 13.8 7.1
4B 1.10 3.5 5.6 22.6 7.7
5 1.17 3.6 5.8 14.9 8.2
6 1.06 34 5.4 14.0 74

9Fissile particles contained (U,Th)0, or UO,.
bRertile particles contained ThO, only.



Metallographic examination of HRB1. Metallographic
examination of six bonded-bed specimens from HRB-1
was completed. These specimens are described in Table
1.13.

The four Varcum-bonded specimens were intact and
strong enough to handle and measure, while only
fragments from the severely debonded resin-matrix
specimens could be recovered for examination. In
addition to the above specimens, samples 1A and 1C
and the loose particles from holders DI and D2 were
examined. The results of all examinations to date are
summarized in Table 1.14.

Some failures of coatings on UQO, and (Th,U)O,
particles were observed in all specimens that contained
these particles. Fracture and deformation of the outer
isotropic pyrolytic-carbon coatings, shown in Fig.
1.11a, were typical of these failures. Most of the fissile
particles were intact, however, as illustrated in Fig.
1.11h, and none exhibited broken SiC coating layers.
Considerable swelling of the fuel and densification of
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the buffer coating occurred as a result of the high
burnup (~22 at. %) in the particle shown in Fig. 1.11a.
However, no significant damage to the inner isotropic
coating layer was observed.

All coated ThO, particles were intact in all specimens
except 2B, which was bonded with the resin-base
matrix and irradiated at 1200°C to an exposure of 4.0
X 10%2? neutrons/cm?. In this specimen, 30% of the
ThO, particles showed fractured outer carbon coatings
and 10% had SiC layers that were cracked. An
important observation about the performance of the
outer coatings was the marked increase in anisotropy
induced by the irradiation. This was observed on the
coated fissile particles and on the ThO, particles, as
illustrated in Fig. 1.12, but was even more evident on
the Biso-coated inert ZrO, particles that were used in
many specimens. This is illustrated by the polarized-
light micrographs of unirradiated and irradiated par-
ticles shown in Fig. 1.13. A large fraction (>75%) of

Table 1.13. Compositions of specimens examined after irradiation in HRB1

Filler material

Experimental ) Binder Type of
s Specimen )
position Type Amount (Wt %) type particles
3B JF 30-10 Poco + Thermax 29:29 Varcum (Th,U)O,, ThO,, Zr0,
4B JF 108-7 Asbury 15 Resin UO,, ThO,, Z10,
S5A JF 30-14 Poco AXM 40 Varcum (Th,U)O,, ThO,, Z10,
2B JF 108-5 Asbury 15 Resin UO,, ThO,, Z10,
6A JF 30-16 Poco AXM 40 Varcum (Th,U)O,, ThO,, Zr0,
8A JF 30-15 Poco + Thermax 29:29 Varcum Z10, only
Table 1.14. Summary of results obtained from metallographic
examination of Triso-coated particles irradiated in
experiment HRB1
Percentage of particles with
Fast fluence broken outer coatings
Specimen (£ > 0.18 MeV)
(1(]21 neutrons/em?) ThO, (Th,U)O, U0,
(OR-1056) (YZ-233) (YZ-231)

1A 29 100

Dl 3.0 0 12 0

2B 4.0 30 76

3B 48 0 7

D2 5.6 0 8 5

4B 5.6 0 60

5A 5.8 0 35

6A 5.4 0 10

8A 4.0













these inert particles failed in specimens that received
exposures of 5 X 10?! neutrons/cm? or greater.

The behavior of the sacrificial and nonbonding layers
on all particles was also significant. The isotropic
sacrificial layer bonded tightly to the matrix carbon and
pulled away from the nonbonding layer. On the other
hand, the anisotropic nonbonding layer generally re-
mained bonded to the Biso coating but broke into shost
segments due to the severe shrinkage induced by the
fast-neutron damage. These effects are well illustrated
in Figs. 1.11,1.12,and 1.13.

The integrity of the matrix was mentioned above
while describing the condition of the various specimens
after irradiation. The microstructure of fragments of
the resin-base matrix that contained 15 wt % natural
flake graphite filler is shown in Fig. 1.11«. Shrinkage of
this matrix was so severe that the specimen debonded
almost completely. Specimens bonded with the
Varcum-base matrix that contained 40 wt % Poco
graphite were intact, and the structure of this matrix is
illustrated in Figs. 1.115, 1.12, and 1.14. While some
shrinkage occurred and produced additional cracking of
the matrix, specimens bonded with this matrix were in
good condition. Typical fractures induced in the Biso
coatings on a large fraction of the inert particles are
shown in Fig. 1.14.

Discussion and conclusions. The good performance of
outer coatings on ThO, particles and the fracture of
outer coatings on some fissile particles are consistent
with the properties of these coatings. All were quite
isotropic in the as-deposited condition, but the density
of outer layers on the two fissile particle batches was
low — 1.78 and 1.80 g/cm?®. In these coatings consider-
able shrinkage would occur early in the experiment that
would induce significant anisotropy, and continued
exposure would then lead to fracture. The outer
coatings on the ThO, particles had a somewhat higher
density, 1.88 g/em?, and would therefore shrink less as
densification occurred. It is notable that a detectable
degree of anisotropy was induced in the outer coatings
on the ThO, particles, even though they performed
well. The fracture of some outer coatings on these
particles in specimen 2B can be attributed to the
interaction of the resin-base matrix and nonbonding
layers with the outer carbon coating.

On the other hand, the excellent performance of
SiC-coating layers on all particles is very encouraging.
Even in those cases where a large fraction of the outer
carbon coatings failed the SiC layer was intact,
indicating that some possibility exists for the use of
Triso coatings without the outer pyrolytic-carbon layer.
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From the results of examinations and the foregoing
discussion several tentative conclusions may be stated:

1. The Varcumrbonded matrix containing either Poco
graphite or Poco plus Thermax filler materials will
remain intact after irradiation to a fast fluence of 6 X
10%! neutrons/cm?. However, resin-bonded matrices
containing only 15 wt % graphite filler will completely
debond during this exposure.

2. The swelling observed in diametral measurements
of some specimens can be attributed to the fracture and
subsequent deformation of coatings on a large fraction
of the inert ZrO, particles used in the experiment.

3. The fracture of some outer coatings on both types
of fueled particles can be attributed to increases in
anisotropy induced by fast-neutron damage. The outer
coatings on the ThO, particles were higher in density
and would therefore be more stable, and very few of
these particles showed fractured coatings.

4. The good performance of the SiC coating layers
indicates that the coated particles were adequately
designed for the fuel burnup achieved in this experi-
ment and that some possibility exists for the use of
such particles without the outer pyrolytic-carbon
layers.

5. The failure of outer coatings was highest in the
two resin-bonded specimens, 4B and 2B, and was lowest
in the samples of loose particles tested in holders D1
and D2. However, the sacrificial coating layers were
broken and deformed even on the loose particles and
probably contributed to stressing of the coatings in all
specimens. These observations indicate that the resin-
base matrix and the sacrificial and nonbonding layers
are both detrimental to the successful performance of
coated particles.

6. In only one specimen, 2B, were any particles with
failed SiC coating layers found. The slight but sig-
nificant increase in fission-gas release after about 120
days of irradiation is consistent with this result; that is,
the failure of 10% of the SiC coatings on the ThO,
particles in only one of the five specimens examined.

HRB2. The second of the removable berylium
capsules, HRB2, has been designed, and assembly is
nearly complete. The capsule is identical to the first
capsule, HRB1, but the test element differs in that the
temperature-instrumented graphite sleeve that holds the
bonded-bed specimens is in one piece and is made of
Poco graphite, while the sleeve in HRB1 was comprised
of three pieces of H-327 graphite.

The graphite sleeve will contain 15 in. of bonded
beds, together with small batches of loose particles in
graphite holders. No attempt has been made to adjust






the fuel loading to compensate for the axial variation in
neutron flux. Instead the graphite sleeve is tapered
axially to compensate for the axial flux gradient and
thus provide approximately uniform temperatures along
the length of the fuel. The design peak fuel temperature
is 1180°C. The types of fuel stick specimens prepared
for this experiment are described in Section 1.2 of this
chapter. In addition to the ORNL specimens, pre-
production samples of Fort St. Vrain coated particles
and fuel rods are being prepared by Gulf General
Atomic for testing in HRB2. The irradiation is
scheduled to begin early in December. The expected
fast fluence at the midplane will be approximately 8 X
102! neutrons/cm? (E >0.18 MeV).

1.3.3 Irradiation experiments at DFR — Experiment
DN-5

The three niobium capsules containing ORNL speci-
mens'® irradiated in experiment DN-5 (DFR 287/6)
were returned to ORNL from KFA, Jilich, after
irradiation for 55 days in row 10 of DFR. The capsules
were opened without difficulty, and the graphite
magazines were recovered and inspected. Magazine 13
was stuck to the molybdenum foil that separated it
from the niobium can, although all metal surfaces were

10. J. M. Robbins and D. M. Hewette, ‘“‘Coated Particle
Bonding Development for HTGR Fuels,” pp. 3-8, Gas-Cooled
Reactor Program Semiann. Progr. Rept. Sept. 30, 1969, USAEC
Report ORNL-4508, Oak Ridge National Laboratory.
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bright. This capsule was designed to operate at the
highest temperature, 1250°C; apparently superficial
bonding occurred. The SiC temperature monitors from
each magazine were packaged and returned to
Dounreay for analysis, as requested by KFA.

The magazines were then dismantled and all speci-
mens were recovered. The threads were broken in
one-half of magazine 7 during disassembly, but no
specimens were damaged. The graphite disks containing
loose particles and the disk specimens of matrix
material were recovered and stored for later examina-
tion. The bonded beds of Biso-coated ThO, particles
were photographed, weighed, measured, and retained
for metallographic examination. These specimens were
bonded with matrices consisting of pitch containing 40
wt % Poco graphite or Varcum containing 29 wt % Poco
graphite and 29 wt % Thermax. All specimens were
intact, but the pitch-bonded specimens had fewer
cracks and suffered only slight weight loss (0.3 to
1.6%). The Varcum-bonded specimens debonded
slightly on the edges and showed weight losses of 1.7 to
3.8%. All specimens shrank about to the extent
expected; diametral changes ranged from —2.0 to
—2.9%; and length changes varied from —2.3 to —3.3%.
Shrinkage of the pitch-bonded specimens was more
consistent than that of the Varcum-bonded specimens,
but otherwise the behaviors were quite similar. The
irradiation conditions and dimensional changes are
summarized for all bonded specimens in Table 1.15.
Specimen 7A, which was outgassed at 1500°C before
irradiation, will be the first examined metal-
lographically.

Table 1.15. Properties and dimensional changes of bonded coated-particle beds
irradiated in experiment DN-5

Preirradiation Design conditions . .
‘ Filler heat for irradiation Average dimensional
Experiment Binder treatment Fast fluence change (%)
position Type Amount temperature Temperature ast fluenc . - -
(Wt %) . °C) (E > 0.18 MeV) ) Diameter engt
O ( (1021 neutrons/cm”)

13A 15V pitch  Poco AXM 40 2100 1250 8.0 —-2.2 -29
TA 15V pitch  Poco AXM 40 1500 1150 7.8 -2.1 -33
4A 15V pitch Poco AXM 40 1500 830 5.6 -2.1 -2.9
13B Varcum Poco and Thermax 29 + 29 2100 1250 8.0 -29 -2.3
7B Varcum Poco and Thermax 29 + 29 1500 1150 7.8 -2.8 -3.1
4B Varcum Poco and Thermax 29 + 29 15060 830 5.6 -22 -3.3
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2. Fission-Product Release and Transport Studies

O. Sisman

M. D. Silverman

2.1 Fission-Product Release from High-Burnup Coated
Fuel Particles by Postirradiation Anneals

C.D. Baumann M. T. Morgan
R. L. Towns

2.1.1 Fission-product release from coated fuel particles
in a bonded bed during postirradiation anneals

Two bonded-bed samples from capsule B9-41, which
had been irradiated to 20% FIMA, were annealed to
determine the retention of cesium and strontium by the
coated particles and the matrix of the bonded bed. The
bonded beds were 0.28 in. in diameter and 0.22 in.
long, and each contained approximately 100 Biso-
coated UQ, particles from batch OR-1010. The bonded
beds were contained in graphite cans and annealed in a
purified helium atmosphere in a resistance-heated tube
furnace at 1250°C. The helium stream was continu-
ously monitored for 3Kz, since its appearance would
indicate coating failures. No ®° Kr was noted during the
anneals.

The first sample, B-51, was annealed for 2500 hr, and
the furnace tube was periodically analyzed for '27Cs.
The cesium release versus annealing time is plotted in
Fig. 2.1. Cesium and its compounds are highly volatile
at 1250°C, and holdup in porous media is slight at this
temperature. During short postirradiation annealing
experiments on cracked coated UQ, particles, only 2%
of the cesium released remained on the graphite
crucibles at 1000°C, and less than 1% remained at
1300°C.Y>% During in-reactor experiments at 1250°C,
81 to 92% of the cesium released from coated particles
was collected outside the massive graphite holder,
which had a temperature gradient across it of 250°C.3

A diffusion coefficient was calculated from the
following relation® by assuming that the holdup of

cesium would be negligible in this bonded-bed experi-
ment and that the only deterrent to cesium escape was
the outer pyrolytic-carbon coating of the coated UO,
particles:

D=0.166L%/t

where

D = diffusion coefficient, cm? /sec,
L =thickness of pyrolytic-carbon coating, cm,
t = delay time, sec (taken from intercept on graph).

The diffusion coefficient based on Fig. 2.1 was 5.0 X
107'% cm?/sec. The total cesium release at 1000 hr was
8.3%, which is high compared with results from an
in-pile experiment on similar coated particles, which
released 3% of the cesium in approximately 1000 hr
during irradiation at 1250°C.?

1. M. T. Morgan and R. L. Towns, “‘Fission-Product Release
from High-Burnup Coated Fuel Particles by Postirradiation
Annealing,” pp. 89—-90, GCRP Semiann. Progr. Rept. Mar. 31,
1967, USAEC Report ORNL-4133, Oak Ridge National
Laboratory.

2. M. T. Morgan, J. G. Morgan, and R. L. Towns, “Cesium
Release from Coated Fuel Particles During Postirradiation
Anneals,” pp. 53-55, GCRP Semiann. Progr. Rept. Mar. 31,
1969, USAEC Report ORNL-4424, Oak Ridge National
Laboratory.

3. P. E. Reagan, J. G. Morgan, and O. Sisman, “Solid
Fission-Product Release from Coated Particle Fuels During
Irradiation,” pp. 38—42, GCRP Semiann. Progr. Rept. Mar. 31,
1970, USAEC Report ORNL-4589, Qak Ridge National
Laboratory.

4. J. Crank, Mathematics of Diffusion, pp. 47—48, Clarendon
Press, Oxford, England, 1956.
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Fig. 2.1. Cesium release from bonded-bed sample B-51 during annealing at 1250°C.

A second identical bonded bed, B-50, was annealed at
1250°C to check the results for the B-51 sample. This
anneal was terminated at 369 hr when a leak in the
system introduced air into the helium stream. The
cesium release at 369 hr was 6%, or a factor of 10
higher than the release from the B-51 sample at the
same annealing time.

The graphite cans containing the B-50 and the B-51
samples were wrapped in tantalum foil. The tantalum
took up most of the oxygen in the helium stream
during the anneals. Postannealing examinations of the
tantalum showed some evidence of corrosion in both
samples; however, of the graphite components, only the
graphite cap of sample B-50 appeared to be pitted, and
the bonded beds inside the graphite cans showed no
evidence of attack, as illustrated in Fig. 2.2.

Bonded-bed samples B-50 and B-51 are being disinte-
grated by an electrolytic method with 2.5 M HNO;.
The strontium and cesium quantities in the coated fuel
particles, the matrix, and the graphite can will be
determined. Some of the coated fuel particles will be
sectioned and polished for metallographic examination.

2.1.2 Diffusion of cesium in pyrolytic-carbon coatings

Capsule B9-42 contained bonded-bed samples iden-
tical to those in capsule B9-41 but was irradiated to
only 10% FIMA. One of the graphite cans in both
capsules contained loose coated particles (identical to
those used in the bonded beds) packed in graphite

powder. Some of the loose Biso-coated UQO, particles
from batch OR-1010 were annealed to determine
cesium diffusion coefficients in the pyrolytic-carbon
coatings.

Three of these coated particles (those numbered 1, 3,
and 4 in Table 2.1) were annealed separately at 1400°C,
but since the results varied widely, a graphite crucible
was fitted with five tungsten tubes arranged in a circle
so that they could be heated together. The error in
temperature measurements was estimated to be within
35°C, but the varjation in temperatures across the
graphite crucible (sighting into empty holes) was less

Table 2.1. Cesium release and diffusion coefficients obtained
from Biso-coated particles annealed at 1400°C

Cesium release

Coated particle D

No. mn (7(73)}“ (10711 cm?/sec)

1 0.5 2.6

2 2.6 12

3 4.6 7.0

4 6.24 6.5

5 7.2 8.4

6 15 12

7 17 13

8 32

2Extrapolated from cesium release at 42 hr.






than 10°C. The %, ¢-in.-OD tungsten tubes were 4%, in.
long. This provided a sufficient cold zone above the
crucible so that the cesium released by each coated
particle would be deposited on the tube wall.

Five of the B9-42 Biso-coated particles (those num-
bered 2, 5—8 in Table 2.1) were annealed at 1400°C,
one in each tungsten tube, and the tungsten tubes were
analyzed for cesium periodically to obtain the cesium
release as a function of time. Only the results from four
of the particles were used to determine diffusion
coefficients. The fifth (coated particle 8) had an
exceptionally high total cesium release and did not
provide a usable indication of cesium release versus
time. Since there was no ®° Kr release during irradiation
or annealing, it is presumed that the particle coatings
remained intact. The total cesium release at 72 hr and
the diffusion coefficients calculated from the delay
times are given in Table 2.1. A graph of cesium release
versus annealing time for one of the coated particles is
shown in Fig. 2.3.

2.8
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Fig. 2.3. Cesium release from Biso-coated UO, particle
during postirradiation annealing at 1400°C.

2.1.3 Cesium release through Triso coatings
at high temperatures

Triso-coated UQ, particles from batch OR-818, irra-
diated to 20% FIMA in capsule B9-41, were annealed at
high temperatures to measure cesium release and
coating stability. A previous experiment proved that
cesium was not released in 6 hr at 2000°C through
Triso coatings, but over longer periods the coatings
deteriorated and released cesium and other fission
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products but not the noble gases. Since pyrolytic-
carbon coatings at high temperatures do not retain
cesium, barium, strontium, and other solid fission
products but do retain the gases and iodine, the loss of
solid fission products through Triso coatings during
high-temperature anneals without the simultaneous loss
of gaseous fission products indicates a breakdown of
the SiC layer.

During several anneals of the Triso-coated particles at
temperatures above 1800°C, cesium was released from
some of the coated particles but not from others in the
same sample. In one experiment, ten Triso-coated
particles from B9-41 were heated in steps of 100°C
from 1300 up to 2200°C and maintained at each
temperature for 10 min. No ®°Kr was released, so no
coatings failed catastrophically, but appreciable cesium
was released from eight of the ten coated particles. The
coated particles were radiographed and then sectioned
and polished for metallographic examination.> The
photomicrographs showed no cracks in the SiC layers of
the two coated particles that did not release appreciable
cesium, while all the others were cracked. Since
cracking of the SiC layers can occur as a result of
polishing, more evidence was desired. The outer
pyrolytic-carbon coating was burned off some coated
particles, which released cesium to expose the SiC layer,
and these coatings were examined under the optical
microscope. No cracks were apparent. Fragments of the
SiC from some of the same coated particles were then
examined under the electron microscope.> One micro-
graph showed what appeared to be porosity associated
with the fractured surface of an SiC coating fragment
from a coated particle annealed at 2000°C for 11 hr
(this coating released approximately 50% of the
cesium). Subsequent micrographs of SiC fragments
from other coated particles in the same sample did not
indicate porosity.

Intact irradiated coated fuel particles cannot be
examined under the scanning electron microscope
because of the radioactivity; however, replicas of a large
fraction of the exposed SiC coatings of four coated
particles that released cesium were examined under the
scanning electron microscope at magnifications up to
5000X, and no evidence of cracks was found at this
time. Examples of the details shown in these micro-
graphs may be seen in Figs. 2.4 and 2.5. Figure 2.4 is a
micrograph of a replica of a hemisphere of an SiC
coating at a magnification of 500X. The other half of
this coated particle was buried in the mount and was
not examined. The fine detail at a magnification of
5000X is apparent in Fig. 2.5. The surface of the SiC is
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Table 2.2. Failure model analysis of irradiated OR-818 Triso-coated. particles’

Pai 137 Annealing temperature Burnyp Annealing te{nperature Ratio of
article Release at which at which at which core volume to
No. %) sealing layer breaks SiC layer breaks outer coating breaks buffer volume
o) (%) °O)

1 <1 No break No break No break 0.54

2 <1 No break No break No break 0.60

3 47 No break 19.6 No break 0.94

4 43 No break 18.9 No break 0.98

S 45 No break 19.1 No break 1.03

6 45 2000 17.0 No break 1.13

7 50 1900 17.3 No break 1.13

8 58 2000 17.1 No break 1.16

9 59 2000 16.8 No break 1.20

10 64 1500 16.3 2000 1.25

9Assumed rupture stresses: sealing layer, 45,000 psi; SiC, 160,000 psi; outer coating, 50,000 psi.

would describe the performance just as well or perhaps
better. Additional trial and error calculations will be
made to determine better combinations of rupture
stresses, but the successful description of many more
than ten particles would probably be required before
any unique set of rupture stresses could be considered
valid.

It was found that a rather simple geometric param-
eter, the ratio of the core volume to buffer volume
(which roughly corresponds to the internal gas pres-
sure), results in a surprisingly good qualitative descrip-
tion of particle performance, as indicated in Fig. 2.6.
Apparently the reason for this is that the effect of the
variation in the thickness of the SiC and outer
pyrolytic-carbon coatings was much less than the effect
of variation in the core-to-buffer volume ratio.

2.2 Fission-Product Transport and Deposition

M. D. Silverman M. N. Ozisik”
G. E. Mills

Cesium transport and deposition studies continued in
the fission-product deposition loop (FPD), and experi-
ment C-5A was completed during this reporting period.
In addition, a number of modifications to the loop were
made during the past several months.

The changes in the loop proper are discussed below;
Fig. 2.7 shows the schematic diagram of the loop before

7. Consultant to the Reactor Division, Oak Ridge National
Laboratory, from North Carolina State University, Raleigh.
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Fig. 2.6. 137Cs release versus ratio of core volume to buffer
volume.

the changes and Fig. 2.8 shows it after the modifica-
tions.

1. The filter trap upstream of the cesium injector,
which contained the uranium turnings used for gas
cleanup, along with a sintered-metal filter to trap any
uranium dust, was removed and placed downstream of
the deposition test section. Relocation of this large
flanged trap, along with removal of the flange just
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upstream of the cesium injector, should result in
decreased maintenance.

2. The filter trap was installed at a new position to
eliminate the second large flange (which contained a
second sintered-metal filter for cesium trapping) in the
dog-leg after the isothermal deposition test section.
Elimination of this sintered-metal filter should cut
down on pressure drop in the loop and consequently
decrease the load on the compressor. The remaining
filter will serve to trap both uranium dust and cesium
metal.

3. The heater bundle was installed directly ahead of
the cesium injector. This rearrangement should decrease
heat losses previously encountered in this region.

4. The dog-leg after the isothermal test section was
eliminated, and approximately 10 ft of straight run pipe
was installed to serve as a nonisothermal deposition test
section. Heat transfer calculations indicate that a
temperature drop of about 200°C should be obtainable
along this section.

Previous reports®™'? have presented detailed descrip-
tions of the loop and its components. To summarize,
cesium is released from a quartz capsule and allowed to
diffuse through static helium down a molybdenum tube
to which is brazed a graphite section that acts as an
evaporator. The metallic cestum vapor, which moves
through the evaporator into turbulently flowing helium,
deposits downstream on a test deposition tube moni-
tored by a traveling sodium iodide crystal counter and
on other metallic surfaces in the loop. Chemical and
radiochemical analyses are made at the end of each
experiment to determine cesium concentrations for the
appropriate portions of the loop and its components.

8. M. D. Silverman and F. H. Neill, “Fission-Product Deposi-
tion Loop,” pp. 69-73, GCRP Semiann. Progr. Rept. Sept. 30,
1968, USAEC Report ORNL-4353, Oak Ridge National Labo-
ratory.

9. D. L. Gray and F. H. Neill, Design Report for Fission-
Product Deposition Tests up to 15()00F, USAEC Report
ORNL-TM-2532, Oak Ridge National Laboratory, June 1969.

10. M. D. Silverman and F. H. Neill, “Fission-Product
Transport and Deposition,” pp. 55-58, GCRP Semiann. Progr.
Rept. Mar. 31, 1969, USAEC Report ORNL-4424, Qak Ridge
National Laboratory.

11. M. D. Silverman, F. H. Neill, and G. E. Mills, “Fission-
Product Transport and Deposition,” pp. 42-49, GCRP
Semiann. Progr. Rept. Sept. 30, 1969, USAEC Report
ORNL-4508, Oak Ridge National Laboratory.

12. M. D. Silverman and G. E. Mills, “Fission-Product
Transport and Deposition,” pp. 50—-56, GCRP Semiann. Progr.
Rept. Mar. 31, 1970, USAEC Report ORNL-4589, Oak Ridge
National Laboratory.
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Five experiments have been completed. Except for
the initial test, in which difficulties were encountered
with uniform inductive heating of the graphite and poor
placement of a graphite guide bracket in the molyb-
denum tube (which soaked up cesium vapor and
thereby limited vaporization of the metal), the experi-
mental results have correlated with a model based on
the transverse flow of helium resulting from pressure
differentials. No reference to this specific problem
could be found in the literature; however, experiments
have been reported on the determination of the
permeability of graphite to a variety of gases.!37! %

The model is based on fully developed turbulent flow
over a graphite tube in which a fission product is
released at a steady rate, as illustrated in Fig. 2.9, where
P, is the gas pressure outside the tube, P; is the pressure
inside the tube, P, is P, evaluated at the gas inlet, and
P, is P, evaluated at the gas outlet. Since graphite is
porous, differences between the pressures inside and
outside the tube give rise to a complex flow pattern
from the outer region into the graphite tube and back
outside, and thus some fission products are carried into
the outer stream.

13. R. B. Evans III, J. Truitt, and G. M. Watson, J. Chem.
Eng. Data, 6: 522 (1961); also, Superposition of Forced and
Diffusive Flow in a Large-Pore Graphite, USAEC Report
ORNL-3067, Oak Ridge National Laboratory, 1961.

14. R. B. Evans III, G. M. Watson, and E. A. Mason,
“Gaseous Diffusion in Porous Media, H. Effects of Pressure
Gradient,” J. Chem. Phys., 35: 1894 (1962).

15. G. F. Hewitt, M. J. C. Moore, and E. W. Sharratt, The
Permeability of Nuclear Grade Graphite to a Variety of Gases,
British Report AERE-R-3994, 1966.
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The frictional pressure gradient for turbulent flow
outside the graphite tube is

dP,(x) pU,?
dx

F k]
2¢gd,,

1)

where f is the frictional factor, p the density of the gas,
U, the velocity of the gas on the outside of the graphite
tube, g the gravitational constant, and d,, the equiva-
lent diameter for gas flow (annulus).

The flow inside the graphite tube also gives rise to a
pressure gradient in the axial direction; however, since
internal flow is small, the resulting pressure drop inside
is negligible compared with that on the outside.
Therefore it is assumed that

dPi(x)
dx

0. ()

Integration of Eq. (1) with the boundary condition
P, (x)=P, atx = 0 yields

P,x)=P, — Fx, 3)
and integration of Eq. (2) gives
P; = C = Constant. 4)

The integration constant C is determined by using the
conservation equation for the transverse flow of gas
through the graphite. Application of Darcy’s equa-
tion'® for purely viscous, isothermal flow of an ideal
gas to the transverse flow through porous graphite gives

M
RTut

Wg(x)=K [Poz(x)gcq] . (5)
Here wg(x) is the transverse mass flow rate of gas per
unit area of tube surface; M is the molecular weight of
the gas; R is the gas constant; T is the absolute
temperature; p is the viscosity of the gas; r is the
thickness of the septum; and the permeability constant
K is usually determined experimentaily for each type of
porous medium.

Under steady-state conditions, conservation of mass
for transverse flow through the graphite tube requires

16. P. C. Carman, Flow of Gases Through Porous Media,
Academic Press, 1956,
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that

fOL wg(x) dx=0. 6)

Substitution of Eq. (5) into Eq. (6) and integrating
yields

C* =P, - PFL +%F2L2 , (7)

which establishes the pressure inside the graphite tube.
The physical significance of Eq. (7) is envisioned better
if it is expressed as

P, +PN\? 1
2 (2L 72 2 - 2
C < ) > +12(P1 Py)?, ®)
since
P, +P
12 2 _ l-lFL,
P, — P, =FL.

For most reactor applications the second term on the
right-hand side of Eq. (8) is negligible compared with
the first term, so

C=L(P,+Py). ©)

This result implies that the transverse flow will enter
the graphite tube in the region 0 <x < L/2 and leave it
in the region L/2 < x < L. Then the amount of
transverse flow of gas into the graphite tube, W,, is
given by

_ Lj2
W, =nd jx:O w,(x)dx (10)

where d is the diameter of the tube. Integrating gives

_ KaMm 1
g_m(})lvpz)[lﬁ 7E(P1*P2)j|~ (1)
When (P, — P,) <P,, Eq. (11) simplifies to
KAM
———P (P, - P,). (12)

€~ 4RTut



By using the perfect gas law, this relation can be
rewritten as

KAp, P
" o B P,

m

1%
& Aur

(13)

where A4 is the surface area of the graphite tube and P,,,
the mean gas pressure.

Equation (13) also represents the total transverse flow
of gas from the graphite tube back into the outer
stream. If § is the weight fraction of the fission product
in the gas inside the tube (i.e., grams of fission product
per gram of gas), the transport of fission product
through the graphite tube to the outside is

(14)

If it is assumed that the gas density inside is approxi-
mately the same as that outside,

(15)

ﬁngmf9

where 1 is the mass of fission product per unit volume
of gas inside the graphite tube. Then Eq. (14) becomes

KA P,

wfszm"g(f’lf]Z), (16)

where
We=rate of transport of fission product through
the graphite tube into the outer stream, g/sec,
A = surface area of graphite tube, cm?,
Py,P, =inlet and exit gas pressures, atm,
P, = mean gas pressure, atm,
u = viscosity of gas, centipoise,

my = mass fraction of fission product in the gas
inside the graphite tube, g/fcm?®,

K = permeability coefficient for graphite, Darcy.

Here it may be noted that P, =P _ for most practical
cases.

Equation (16) was used to predict cesium transport in
experiments with the ORNL fission-product deposition
loop,® where helium at 15 atm and 900°K flows
turbulently over a 15-cm-long 2.5-cm-diam 0.2-cm-thick
graphite test section. A K value of 0.05 Darcy, obtained
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from measurements on similar graphite,' ” was used for
these calculations. The pressure drop along the graphite
tube was estimated to be approximately 1.4 X 1073
atm. Table 2.3 lists the values of W, predicted from Eq.
(16) and those determined experimentally.! *>!?

Table 2.3. Experimental and predicted values of
cesium transport through a graphite tube

Wf from Eq. (16) W, from experiment

Experiment (1078 g/sec) (1078 g/sec)
C-2 9.8 2.8
c3 11.6 4.0
-4 7.4 13.0
C-5A 13.2 2.0

If a solid-state diffusion mechanism were assumed,
the values of W, would be of the order of 3.0 X 10"
for a cesium diffusion coefficient, D, of 1077 cm? /sec.
It is apparent that for the cases considered here,
diffusion alone underestimates the cesium transport
through the graphite tube by several orders of magni-
tude. However, the values obtained from transverse
flow considerations [Eq. (16)] are in reasonable agree-
ment with the experimental data, when the variation in
permeability obtained on samples of the same graphite
and the precision of the experimental measurements are
considered. The calculations also indicate that trans-
verse flow will occur in reactor fuel elements in which a
S-mil gap exists between the fuel stick and the graphite.

It should be emphasized that in these experiments
cesium vapor pressures of about 107 atm were used,
which are greater by orders of magnitude than those
expected to exist in reactor fuel (i.e., ~107'% atm
and lower). It is therefore not possible to state a priori
that these much smaller quantities of cesium will not be
adsorbed by fuel element graphite. Future work is to be
directed toward providing information concerning the
behavior of cesium at low concentrations.

17. Personal communication with R. B. Evans HI and J.
Truitt of ORNL.
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3. Nuclear Safety Program Studies

H. J. de Nordwall

0. Sisman

The prime objective of safety studies of the HTGR is
to provide information concerning the response of the
reactor to accidental perturbations that might affect the
distribution of temperature and fission products or the
mechanical integrity of the core. Since in abnormal
situations, important parameters such as temperature,
oxygen concentration, and coolant velocity may vary
more widely than under normal operating conditions,
the basic approach is to obtain an understanding of the
mechanisms and parameters.

The specific topics being examined are (1) the causes
of fuel-particle coating failures at abnormally high
temperatures, (2) the steam-graphite reaction, and (3)
the chemical species and physical entities present in the
cooling circuit.

In addition to the laboratory programs, experimental
programs were recently begun in order to increase
the amount of information available about the fission
products in the coolant circuits of operating HTGR’s
that are less volatile than krypton and xenon. The
specific objectives of this program, which is known as
the HTGR fission-product surveillance program, are the
following:

1. to demonstrate that the rates of release of the
important fission-product isotopes of cesium, stron-
tium, and other group IIA and IIIA metals lie within
the currently predicted limits after fuel has operated
for a whole fuel cycle,

2. to determine the location of important deposited
fission products in the primary circuit, particularly
908y, 137¢g, 1311 1321 and '*°Ba, as a function
of time over an indefinite period,

3. to determine whether dust plays a part in the
transport of fission products in the coolant circuit.

The program calls for fission-product monitoring
instruments to be placed in early HTGR’s, particularly
where a new fuel is being used for the first time or
where significantly higher temperatures will be attained.
At the moment, ORNL, Gulf General Atomic, and
Philadelphia Electric Company are working together to
obtain information from the Peach Bottom HTGR.

3.1 Fuel Integrity and Fission-Product Release

C.D. Baumann M. T. Morgan

Coated particles containing silicon carbide coatings
have been observed to become transparent to cesium
upon heating to temperatures above 1800°C.! At-
tempts have therefore been made to use the Stress-2
computational model obtained from the Dragon Project
to calculate whether such postirradiation annealing
could lead to fracture of the SiC without fracture of the
outer pyrolytic-carbon coating. By choosing suitable
values for the rupture stresses of the coatings within the
ranges of available measurements, a qualitatively correct
description of the behavior of a small number of
individual particles was obtained on the assumption
that cesium release could be equated with SiC fracture.

It was also observed that variation of the core-to-
buffer volume ratio yielded a surprisingly good quali-
tative description of particle performance. It should be
noted that in these experiments the thickness of the SiC

1. C. D. Baumann et al., “Fuel Integrity and Fission Product
Release,” pp. 93-100, Nuclear Safery Program Ann. Progr.
Rept. Dec. 31, 1969, USAEC Report ORNL-4511, Oak Ridge
National Laboratory.






programs on dust behavior, and experiments are being
planned for studying fission-product behavior in the
Peach Bottom HTGR.

3.3.1 Experiments on dust behavior (E. Hoinkis,®
J. Kolb?)

A wind tunnel is being constructed for use in studying
deposition and reentrainment of dust. The fluid used
will be air at 1 atm pressure. Flow conditions will be
adjusted to bracket the Reynolds numbers and linear
velocities expected in HTGR’s. Aerosols of carbon or
metal oxides will be generated with electric arcs.

3.3.2 Fission-product surveillance program
(F. F. Dyer,? H. J. de Nordwall,? J. Kolb?)

After a visit to the Peach Bottom HTGR and
discussions with Gulf General Atomic and Philadelphia
Electric Company personnel, plans are being made to
make the following measurements in the primary
coolant circuit of the Peach Bottom reactor:

1. mass and number concentrations of aerosol particles,
solid fission products, and corrosion products leav-
ing the core,

2. concentrations of solid fission and corrosion
products leaving the steam generator,

5. Visiting scientist from Hahn-Meitner Institute, Berlin,
Germany.
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3. concentrations of very short-lived rare gases in the
circuit,

distributions of gamma-emitting fission products
that have settled on the walls of the primary circuit.

A few samples of particulate matter collected by
GGA with existing instruments have been examined
microscopically and by electron diffraction.® The pre-
dominant gas-borne materials appeared to be oxides of
iron, chromium, and manganese. Some amorphous
carbon was present. Crystalline graphite whiskers were
found on the body of the diffusion probe. The black
deposits on the two fine filters examined were found to
be composed of agglomerates of particles. Because of
overcrowding on the filters the sizes of gas-borne
agglomerates were indeterminate, but the primary
particles were typically as small as 0.02 um in diameter.
Chain-like nondiffracting structures characteristic of
smokes were seen, as well as more crystalline bodies,
with the latter usually consisting of mixtures of
corrosion-product oxides. No large carbon particles that
could have originated as graphite grist or pyrolytic
carbon were observed. The deposits, particularly the
carbon whiskers, found on the diffusion-probe body
were not necessarily representative of deposits or
reaction products elsewhere in the circuit.

6. E. Hoinkis, J. Kolb, and H. J. de Nordwall, “Fission
Products in an HTGR Coolant Circuit,” pp. 87—95, ORNL
Nuclear Safety Research and Development Program Bimonthly
Report for May—June 1970, USAEC Report ORNL-TM-3061,
Oak Ridge National Laboratory.
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4. Corrosion Studies of Welds in Alloys for
Advanced Steam Generators

P. Patriarca

G. M. Slaughter

J. P. Hammond

The corrosion resistance of welds in several high-
temperature alloys being considered for use in steam
generators for advanced high-temperature gas-cooled
reactors is being studied to determine how well these
weldments will resist both general and preferential
corrosion in steam at 595 to 760°C. The program
includes four areas of investigation: (1) general cor-
rosion (formation of a uniform scale) at 595 and
650°C, including an evaluation of the general weld-
ability of various combinations of base and filler metals;
(2) general corrosion at 705 to 760°C; (3) preferential
corrosion (e.g., oxidation at the fusion line, pitting, and
stress cracking); and (4) mechanical properties.

4.1 General Corrosion at 595 and 650°C

4.1.1 Studies of similar- and dissimilar-metal weldments

The amounts of corrosion of steam-generator-alloy
weldments were determined for a total accumulated
steam exposure of 12,000 hr at 595 and 650°C, and
averaged corrosion rates were added to the weight-gain
corrosion curves. These data points were the first
determinations made since the 8000-hr mark.! All the
curves continued to show an approximately linear
relationship between corrosion and time. Where devia-

1. J. P. Hammond et al., “Corrosion of Advanced Steam
Generator Alloy Weldments in 1100 and 1200°F (595 and
650°C) Steam,” paper 46 presented at the National Association
of Corrosion Engineers, 26th National Conference, March 2—6,
1970, Philadelphia; to be published in the proceedings.

tions from linearity were observed, they were slight,
and almost invariably the corrosion rate decreased with
time, suggesting that the protective nature of the scales
improved with exposure.

The calculated amounts of corrosion in terms of
metal penetrated in 20 years for the similar-metal
weldments of Inconel 625, Hastelloy X, and IN 102
welded with themselves was less than ', mil after
exposure at 595 and 650°C. Dissimilar-metal weldments
of these alloys joined to Incoloy 800 with themselves
and with Inconel 82 as filler metal were about as good
at 595°C and only moderately inferior at 650°C.
Inconel 600, which showed the highest amount of
corrosion of the high-nickel alloys, gave a 20-year
penetration of 2 mils after exposure at 595°C and 3
mils at 650°C.

The corrosion results of these weldments were usually
substantially lower than had been reported for these
same materials in the wrought form.2:3 Wozaldo and
Pearl? investigated the isothermal corrosion of the base
metals being considered (except for IN 102) in super-
heated steam at 565 and 620°C. A comparison of

2. G. P. Wozaldo and W. L. Pearl, “General Corrosion of
Stainless Steels and Nickel-Base Alloys Exposed Isothermally in
Superheated Steam,” Corrosion, 21: 355-369 (1965).

3. F. Eberle and J. H. Kitterman, “Scale Formations on
Superheater Alloys Exposed to High Temperature Steam,” pp.
67—113 in Behavior of Superheater Alloys in High Tempera-
ture, High Pressure Steam, sponsored by American Society of
Mechanical Engineers Research Committee on High Tempera-
ture Generation, Library of Congress No. 68-19904 (copyright
1968).



results obtained at ORNL at 650°C with their 620°C
data showed that, in spite of the temperature dif-
ference, the ORNL similar-metal weldments after 8000
hr exposure corroded only one-half to two-thirds as
much as Wozaldo and Pearl’s wrought samples, except
for type 304 stainless steel, which corroded less than
one-ninth as much. Although the steam used by
Wozaldo and Pearl contained 20 ppm O and 2.5 ppm H,
compared with undetectable levels in the present work,
the reason for lower corrosion at ORNL is probably
associated with a difference in surface condition of the
specimens in the respective studies. The ORNL speci-
mens were ground on a 100-mesh Carborundum belt to
achieve an economical standard finish, whereas the
specimens of the other investigation were pickled and
probably had little cold work in their surfaces.

To determine how large an effect surface condition
has on corrosion of steam generator materials, two sets
of specimens from three alloys were exposed to
superheated steam at 595 and 650°C; one set had the
100-mesh ground finish and the second identical set had
the ground finish removed by electropolishing 3 mils of
material from the surfaces. The results, for exposure
times to 8000 hr, are given in Table 4.1. It may be
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observed that for type 304 stainless steel and Incoloy
800, the amounts of corrosion are one to two orders
higher for the electropolished specimens than for the
ground specimens. On the other hand, for the nickel-
base alloy Inconel 625, surface condition had only a
minor influence, with slightly improved performance
for the electropolished specimens indicated. It is sig-
nificant to note with respect to stainless steel and
Incoloy 800 that the difference in amounts of corrosion
for the respective surface conditions is not attributable
entirely to differences in the early, parabolic stage of
corrosion. The linear rates of corrosion for these
materials appear to be significantly higher for the
electropolished condition. This consideration is im-
portant from the point of view of the extrapolated
long-term corrosion represented.

4.1.2 Studies on simulated “root-pass” compositions

The total accumulated exposure of a set of corrosion
specimens specially synthesized to simulate the root
passes of weldments in both composition and structure
has now reached 4000 hr. The root passes are receiving
special attention because they generally are more highly

Table 4.1. Steam corrosion of steam generator alloys as influenced by surface finish

Corrosion weight gain? (mg/cm2)

Exposure
temperature Material Exposure time
CO 1000 hr 2000 hr 4000 hr 6000 hr 8000 hr
59S Type 304 stainless steel
As-ground 0.07 0.10 0.14 0.22 0.29
Electropolished 5.19 6.87 )
Incoloy 800
As-ground 0.055 0.095 0.100 0.120 0.140
Electropotished 3.97 4.66 5.24 5.45 5.61
Inconel 625
As-ground 0.050 0.065 0.070 0.075 0.085
Electropolished 0.050 0.055 0.055 0.070 0.080
650 Type 304 stainless steel
As-ground 0.11 1.20 1.21¢
Electropolished 6.33 (b)
Incoloy 800
As-ground 0.215 0.310 0.415 0.475 0.535
Electropolished 5.32 5.57 5.79 5.90 5.99
Inconel 625
As-ground 0.115 0.130 0.150 0.185 0.205
Electropolished 0.065 0.055 0.060 0.080 0.085

%Values listed are, in most cases, an average of three determinations.
bSpecimen spalled badly while being weighed; test discontinued.
¢Specimen apparently had flaked substantially during exposure and weighing; test discontinued.



alloyed (from base-metal dilution) than subsequent
passes, and it is the root pass that is actually exposed to
steam in service. These synthetic root-pass compositions
were designed to match the compositions corresponding
to the 50% dilution factor obtained in welds for the
general corrosion studies.

After establishing the surprisingly large effect of
surface finish on corrosion resistance, the number of
root-pass compositions selected for investigation was
expanded, as were the conditions of their surfaces. The
alloys to be examined and their status are listed in
Table 4.2. All are being studied in the as-welded,
electropolished, sand-blasted, and belt-ground condi-
tions; in addition, some are being studied in the belt
ground-and-annealed condition. To date, examinations
show two orders of magnitude difference in the
amounts of corrosion between the materials showing
highest corrosion rates (type 304 stainless steel welded
with type 308 stainless steel and Incoloy 800 welded
with Inconel 82, as-welded finish) and those of lowest
corrosion rate (Hastelloy X joined to Incoloy 800 with
Inconel 82, all four finishes).

4.2 Preferential Corrosion

The construction of the Incoloy 800 steam-corrosion
loop equipped for injecting chloride and oxygen con-
taminants to investigate stress-corrosion cracking of
weldments was completed. This unit operated suc-
cessfully in a shakedown test designed to prove out its
functional units and provide a stress-relieving thermal
exposure to critical portions of the loop. U-bend test
specimens and holding fixtures were completed, and the
first of two test runs was begun. These runs will be
conducted under “low corrosion™ conditions, and the
tests are designed primarily to determine whether
chloride stress-corrosion cracking can occur under
“dry” steam conditions. Subsequent tests will include
cycling below the steam saturation temperature (to
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Table 4.2. Composition and status of
root-pass specimens

Code Composition Status

A2 50% Inconel 82, As-welded and electropolished
50% Incoloy 800 specimens exposed 4000 hr;

other specimens prepared

A3 50% Inconel 600, Specimens being prepared
50% Inconel 82

A4 50% type 304 and As-welded, electropolished, and
50% type 308 ground specimens prepared;
stainless steel other specimens prepared

A6 75% Hastelloy X, Specimens being prepared
25% Incoloy 800

A7 50% Inconel 82, As-welded and electropolished
25% Hastelloy X, specimens exposed 4000 hr;
25% Incoloy 800 other specimens prepared

Al2 50% Inconel 82, As-welded and electropolished
25% Inconel 625, specimens exposed 4000 hr;
25% Incoloy 800 other specimens prepared

Al3 75% Inconel 625, Specimens being prepared
25% Incoloy 800

Al9 75% IN 102, Specimens being prepared
25% Incoloy 800

A20 50% Inconel 82, Specimens being prepared

25% IN 102,
25% Incoloy 800

100% Inconel 82 Specimens being prepared

introduce moisture), and chloride and oxygen con-
taminants will be introduced at higher levels (2 to ~8
ppm each).

Specimens with and without purposely introduced
welding flaws (to act as corrosion crevice) are being
prepared in all the weldment combinations of the
general corrosion study. Additionally, similar-metal
weldment specimens are being made in types 316 and
410 stainless steel, an 18 Cr—18 Ni—-2 Si (wt %)
stainless steel (especially marketed for use in stress-
corrosion environments by United States Steel Corpora-
tion), and Inconel 601.
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Gas-Cooled Breeder Reactor

Development

5.

A.L. Lotts

GCBR Fuel Studies

J. A. Conlin

R. B. ritts

A joint ORNL-Gulf General Atomic (GGA) ir-
radiation testing program is being conducted to evaluate
the performance of fuel pins representing various design
concepts proposed for use in gas-cooled fast breeder
reactors (GCBR). The concepts under consideration are
based on oxide fuel contained in metallic cladding. Two
major types of fuel pins are being considered — the
sealed pin and the vented pin. Fue! pins of the sealed
type (capsules P-1 through P-8) have been tested in the
ORR poolside thermal-flux irradiation facility under
various steady-state and cyclic conditions of fission
power, cladding temperature, and coolant overpressure.
A test of a vented fuel pin (capsule P-9)is in progress in
the ORR, and eight pins (the F-l series) containing
charcoal fission-product traps and large plenum volumes
to minimize fission-gas-pressure buildup and thus simu-
late vented pins were encapsulated and shipped to the
EBR-II for fast-flux irradiation.

The principal variable in the irradiations of the sealed
pins was the mechanical stability of the pins as it was
influenced by cladding material (Hastelloy X and type
316 stainless steel), cladding thickness, operating tem-
peratures, and pressure differential across the cladding
wall. These tests showed that a sealed pin with a
practical, economic cladding thickness can be built that
will perform successfully in a thermal-neutron flux at

GCBR operating conditions.! This type of pin is the
backup concept for the GCBR.

The current irradiations, both in thermal and fast
fluxes, are for examining the performance of the
reference GCBR fuel-pin concept — the vented pin. In
this concept the pressure differential across the cladding
is maintained at a nearly constant Jow value (about 25
psi) by connection of the internal fuel-pin gas space
either to an external pressure control system or directly
to the reactor coolant system. This type of pin has the
advantages that it eliminates any large pressure dif-
ferential across the cladding and permits utilization of
fuel and cladding technology developed in the LMFBR
program.

5.1 Irradiation of GCBR-ORR Capsule 04-P9

A.W.Llongest J.A.Conlin
K. R. Thoms E.D. Clemmer

The 04-P9 capsule test is a joint effort of ORNL and
GGA. The capsule was designed to permit evaluation of

1. R. B. Fitts et al., ““Gas Cooled Fast Reactor Fuel-Element
Development,” pp. 864—878 in Proceedings of the Gas Cooled
Reactor Information Meeting, Oak Ridge National Laboratory,
April 27-30, 1970, USAEC Report CONF-700401, 1970.



the overall performance of a vented fuel pin under
conditions typical of a GCBR and to provide for
monitoring of the fission-product release from the
charcoal trap and blanket regions of the pin during
operation. The irradiation of this capsule, which began
in April 1970, is proceeding satisfactorily. The third
irradiation cycle in the ORR poolside facility was
completed on September 13, 1970. At this time the
accumulated irradiation time at full power was 138
days, and the estimated fuel burnup was approximately
15,000 MWd/MT.

The capsule design, fabrication, planned operating
conditions, and initial operation were discussed pre-
viously.>™ The capsule is shown in Fig. 5.1; it contains
one fuel-pin specimen of the vented concept, as
indicated in Fig. 5.2. In this concept the fuel-pin
internal-to-external pressure differential is maintained
near zero, and by this means the gas-pressure stresses in
the cladding are essentially eliminated. In the reference
reactor,” the low pressure differential is controlled by
manifolding the fuel pins to an external fission-product
trapping and cleanup system maintained at a pressure
slightly below that of the coolant. The concept of
interest in this case also employs a small charcoal trap
in each fuel pin to reduce the fission-product load on
the external system, particularly the iodines and very
short-lived fission gases. A detailed summary of data for
the fuel pin is given in Table 5.1.

The fission-product release from the trap and from
the blanket region of the fuel pin is being monitored
during irradiation by means of a high-pressure (1000-
psig) high-purity-helium sweep-gas system. The system
is designed so that the fission-gas release from the
charcoal trap can be measured with the helium sweep

2. A. W. Longest et al., “Design and Fuel Rod Fabrication for
Capsule O4-P9,” pp. 87-97, GCRP Semiann. Progr. Rept. Sept.
30, 1969, USAEC Report ORNL4508, Oak Ridge National
Laboratory.

3. J. R. Lindgren et al., Planned Thermal Irradiation o)
Manifolded-Vented (U,Pu)O,-Fueled Rod in ORR Capsule P-9
USAEC Report GA-9896, Gulf General Atomic, 1970.

4. A. W. Longest et al., “Installation and Startup of Capsul:
04-P9,” pp. 91-96, GCRP Semiann. Progr. Rept. Mar. 31
1970, USAEC Report ORNL-4589, Oak Ridge National Lat
oratory.

5. P. Fortescue and W. L. Thompson, “The GCFR Demonstra-
tion Plant Design,” pp. 795-811 in Proceedings of the Gas
Cooled Reactor Information Meeting, Oak Ridge National
Laboratory, April 27-30, 1970, USAEC Report CONF-
700401, 1970.
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Fig. 5.1. Capsule 04-P9.

flowing either across the top of the trap (normal case)
or upward through the trap when the inlet flow is
transferred to the line that terminates at the bottom of
the trap. In the latter case the gaseous effluent is swept
through the trap. Calculations (made by GGA) indi-
cated that sorption holdup time in the charcoal trap at
its normal operating temperature of 300°C and at the
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Table 5.1. GCBR-ORR irradiation capsule 04-P9 fuel-pin data

Fuel-pin designation
Pin type
Cladding data
Material
OD, in.
Wall thickness, in.
OD/ID ratio
Length, in.
Fuel data
Pellet dimensions
0D, in.
ID, in.
Length (U,Pu)0,, in.
Length UQ,, in.
End-dish depth, in.
Total fuel-stack height,? in.
Pellet material
Number of (U,Pu)O, pellets
Composition, %
U0,
U enrichment
PuO;b
Oxygen-to-metal ratio
Density, % theoretical
Stack smear density of (U,Pu)0,
pellets, % theoretical
BET surface area, m2/g
(U,Pu)O, stack height, in.
U0, power-peak-reducing half-pellets
Material
Number of pellets
Petiets adjacent to fuel stack
Enrichment, % 235y
Oxygen-to-uranium ratio
Density, % theoretical
Quter pellets
Enrichment, %
Oxygen-to-uranium ratio
Density, % theoretical
Blanket-pellet data
Pellet material
Enrichment, % 235y
Number of pellets
0D, in.
Length, in.
Stack height, in.
Oxygen-to-uranium ratio
Density, % theoretical
Fission-product trap®
Material

Z35U

Bed length, in.
Charcoal weight, g
Charcoal type
Particle mesh size
Density, g/cm
BET surface area, mz/g
Impurity content, ppm

Ba

B

Fe

Cu

Sr

Mn

Al

Cu

Si

Mg

Ti

Na

P

GA-20
Vented, with integral charcoal trap

Type 316 stainless steel
0.3535
0.0245

0.301

0.060

0.273-0.319
0.148-0.162

0.006

9.872

(U,Pu)O,, sol-get derived
32

88

9

12
1.983-1.992
91-92

85

<0.05
9.240

U0,
2 at each end of fuel stack

14.9
2.004
91-92

8.3
2.005
90

U0,

0.22

6 at top, 1 at bottom
0.301

0.321-0.328

Activated coconut charcoal,
Barnebey-Cheney

3.22

1.29

MI 6736

10-14

0.448

1004

4
<1
40
120
<80
<0.20
20
4
400
20
2
<120
<200

2Includes the (U,Pu)O, and the UO2 half-pellets.

BPjutonium isotopic composition: 2>

1.23%; %4%Pu, 0.101%.

°Pu, 88.7%; 2*°Pu, 9.97; 24!Py,

¢Contained between 30- to 40-mesh type 316 stainless steel screens.

sampling flow rate of approximately 1300 cm?
STP/min (actual flow rate is 19 cm?/min at pressure) is
only about 10 to 15 sec for krypton and xenon.

During most of the first three cycles of irradiation the
fuel pin and its charcoal trap were operated at
steady-state design conditions; these are a linear heat
rating of 16 kW/ft, 685 £ 15°C peak cladding outer
surface temperature, 300°C charcoal trap temperature,
1000-psig cladding internal pressure (sweep-gas pres-
sure), and 975-psig cladding external pressure (NaK
blanket-gas pressure). Sweep-gas samples were taken
periodically and analyzed by gamma-ray spectrometry.

A normal set of gas samples consists of two samples
with the sweep gas flowing across the top of the trap,
followed by two samples with the sweep gas flowing
through the trap. The latter two samples are taken 1 to
2 hr after transferring the flow to the bottom of the
trap. One sample taken under each flow condition is
held 15 min to allow the short-lived noble gases to
decay. These samples are then evacuated to remove the
longer lived noble gases before counting for the
plated-out daughter products of the short-lived gases.
The other two samples are counted without evacuation.

Fission-gas release-rate-to-birth-rate ratios (R/B) cal-
culated from data obtained under the constant-pressure
steady-state design conditions are shown in Figs. 5.3
and 5.4 for the two flow configurations. The effec-
tiveness of the trap in reducing the release rates of the
various isotopes is shown by the release-rate ratios given
in Table 5.2. All these samples were taken at a
sweep-gas flow rate of approximately 1300 cm’
STP/min, which yields a sweep-gas transient time of
about 47 sec from fuel pin to sampling point.

During nonsampling periods the flow rate is throttled
to approximately 200 cm® STP/min to reduce helium
consumption. When the sweep-gas flow is increased for
sampling, a pressure decrease of about 1.0 psi occurs in
the sweep-gas system while the change is being made,
and then the sweep-gas pressure-control system returns
the pressure to normal. Because of this pressure
disturbance, gas samples are taken only after about 24
hr of steady operation following the flow-rate increase.
At constant flow rates the pressure-control system
maintains the 25-psi pressure differential between the
static NaK blanket gas and the flowing sweep gas to
within *0.1 psi.

All the data shown in Figs. 5.3 and 5.4 and Table 5.2,
with the exception of those taken at 4 and 46 days at
power, were obtained with the ORR poolside-facility
gamma-ray spectrometer (3- by 3-in. Nal detector,

512-channel analyzer) at 10 keV per channel. Some of
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Fig. 5.2. Gas-cooled fast breeder reactor fuel-rod specimen in capsule 04-P9. Specimen designed by Gulf General Atomic.

ORNL-DWG /'\10442542
A

T
+
| .

133y

T

i
T
I
t
|
=
i
!
!
1
f

FISSION GAS RELEASE RATE-TO-BIRTH RATE (R/B)

SHUTDOW'NS

+

|
Y T
1 |
) |
| |
| |
1 {

. 138xe 135mxei
i LA

Fig. 5.3. Steady-state fission-gas release from GCBR-ORR capsule 04-P9 versus time at full power for case of sweep-gas flow

across top of trap.

20 40 60 80 100
TIME (days)

120 140



FISSION GAS RELEASE RATE-TO-BIRTH RATE (R/B)

44

ORNL-DWG 70-12541

A -
10 i = = ——,}L T o e S T e REEVN
: - H f i3 : ”*ﬂj—:uj***'"
- : | 133y, i -
N T .
l I e t—— —* —_—H——d T S 135xe
- T Ll ! R
E - | | ‘ ! ; —+ S esm. -]
-y - P S i — I 135 Lopis e o K
T e e e T e -
A O S - i s B e e B S o
AT I 88 287
12 ] S— 87, 4 K ‘ e aRa Kr
¥ = - - o 1 ! T T - =
2 Tl - 0 i 135m
D e Rl | | A et —
1 | | . bl .
A5 T 138 -
s/ ! | e+ LFo
10 x : | e
e S i | I - - S iﬂ*ﬁ:
i i L ! {7 T TerepicTED ]
e e e T I R
- !
| A o) L~ REACTOR SHUTDOWNS . L1g, »'e 1
L Tl e & i F1°%%e” q35m
- —1- ] | T I B g Xe
e S R —
[ _ o ; ] l [ I [ ..
- \ | ! ! [ \ |
1078 \ ‘ l \ \ i TSR N '
O 10 20 30 40 S50 60 70 80 90 100 1O 120 {30 140
TIME (days)

Fig. 5.4. Steady-state fission-gas release from GCBR-ORR capsule 04-P9 versus time at full power for case of sweep-gas flow

through trap.

Table 5.2, Effectiveness of charcoal trap in fuel pin in reducing the steady-state
fission-gas release from GCBR-ORR capsule 04-P9

Peak cladding Calculated

Accumulated Ratio of fission-gas release rate with sweep-gas flow across top of
Sampling outer fuelrod time at full trap to that with sweep-gas flow through trap
date t surfact:e a total power 4.4-h 28h 1.3-h 32-m S5.27d 9.13-h 17.0-m 15.3-m
emp(%rg)ure P(EVV‘:/e)’ (days) BSmy, B8y, 87p, 89y, 133y, 135y, 138y, 135my,
4-7-70 348 5.74 0 0.81 0.81 0.49 0.81 0.56
4-9-70 530 9.41 0 0.85 0.83 0.53 0.89 0.41
4-13-70 667 12.1 3 0.54 0.71 0.47 0.79 0.38
4-14-70 677 12.3 4 0.74 0.72  0.43 0.71 0.41 0.036 0.038
4-16-70 677 12.3 6 0.53 0.53 0.44 0.81 0.30
4-20-70 673 12.2 10 0.69 0.74 0.99 0.30
4-28-70 675 12.3 18 0.68 0.58 0.52 0.37
5-4-70 677 12.4 24 0.52 0.61 0.58 0.73 0.30
5-12-70 667 12.2 32 0.76 0.68 1.0 0.41
5-21-70 686 12.2 40 0.85 0.65 0.48 0.97 0.44
5-22-70 683 12.2 41
5-27-70 692 12.5 46 0.95 0.72  0.51 1.0 0.35 0.040
79-70 683 11.9 82 0.74 0.65 0.48 1.1 0.50
8-10-70 680 12.1 105 0.75 0.73  0.49 1.1 0.49
8-27-70 683 12.1 121 0.73 0.79 045 1.0 0.46
9-10-70 686 12.0 134 0.59 0.70  0.51 0.89 0.43 0.082
Average of full-power values 0.70 0.67 0.52 0.92 0.40 0.038 0.060
Predicted (ref. 3) 0.71 0.60 0.38 107 0.98 0.81 0.10 0.10

“%Calculated on the basis of thermocouple indications of temperature along the inner surface of the Zircaloy-2 sleeve surrounding
the fuel rod. The calculation takes into account the radial dislocation of the thermocouple junction from the cladding surface and the
circumferential displacement from the hot-side location.



the samples were also counted at 5 and 2.5 keV per
channel in an attempt to obtain better resolution.
However, it has not been possible to obtain a satis-
factory count of ®?Rb from which the release of 3.2-m
89Kr can be determined. Also, the amount of '3¥Cs in
the samples (from which 17.0-m '3%Xe release is
determined) is frequently too low for a good count
when the sample is taken with the sweep gas flowing
across the top of the trap.

Samples taken after 4 and 46 days at power were
submitted for counting with a 6-cm® planar Ge(Li)
detector and 400-channel analyzer. Those results were
in reasonably good agreement with our data for the
longer lived fission gases and gave ®°Kr R/B values for
the case of sweep flow through the trap of 9.4 X 107
and 2.0 X 107° after 4 and 46 days at power,
respectively. These R/B values are close to the value of
107 predicted by GGA. For the case of sweep-gas flow
across the top of the trap, the results indicated the R/B
for °Kr to be less than 5 X 107 after 46 days at
power.

The predictions of fission-gas release data were made
by GGA on the basis of diffusional delay processes in
the fuel pin and experimental studies of the adsorption
holdup in the charcoal trap. Diffucion experiments were
performed by using ®°Kr. Because of a lack of xenon

data, the effectiveness of the trap was assumed to be
the same for xenon as for krypton. Additional experi-
ments and analyses are in progress at GGA.

As may be seen in Figs. 5.3 and 5.4, the steady-state
release rates increased rapidly at first and then showed a
steady slow increase toward the predicted release
fractions. The measured krypton release rates are now
about equal to their predicted release rates. The
measured '33Xe and '3°Xe releases are lower than
predicted, while the results for '™ Xe and ' 3% Xe are
about a factor of 10 higher than predicted. The
effectiveness of the charcoal trap (see Table 5.2) is a
function of the half-life of the isotopes and is reason-
ably close to the values predicted. The better-than-
predicted trap performance for the holdup of 13%Xe is
probably due to burnup of the '*5Xe in the high
thermal-neutron flux in the trap, which in effect
reduces the '?5Xe halfife. Reactor shutdowns and
frequency of sampling are factors affecting the buildup
and release of the longer lived ' 33Xe.

Reactor refueling shutdowns are denoted in Figs. 5.3
and 54 by vertical lines. These shutdowns are im-
portant in interpreting the data because all indications
of fission-gas release, including the radiation monitors
on the effluent sweep-gas line, show an appreciable
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increase during the life of each reactor core. The
variation in fuel-pin total power during a given fuel
loading is small. However, there is an upward shift of
the temperature profile over the fueled portion of the
pin associated with the gradual withdrawal of the
reactor control rods. Cladding temperatures near the
top end of the fuel column increase by as much as 50°C
during a core life.

Special tests conducted to date have included steady-
state operation at several different fuel-pin trap tem-
peratures and slow cycling of the sweep-gas pressure.
During the week of June 8, sets of sweep-gas samples
were taken at fuel-pin trap temperatures of 200, 250,
and 300°C to determine the effect of trap temperature
on fission-gas release. These sample results were erratic,
perhaps caused in part by the wait of only one day
between each step increase in temperature. Several
minor modifications were made to the sampling system
immediately prior to the trap temperature tests, and
changes in the sampling procedure may also have been a
factor. It is planned to repeat the trap temperature tests
later and allow more time to reach equilibrium at each
temperature.

During the period from June 18 to July 2 several
pressure cycling tests were conducted at sweep-gas
pressure decrease rates of about 2.5 and 7.5%/hr down
to pressures of 900 and 750 psig. Two consecutive
cycles down to 900 psig at the rate of approximately
2.5% pressure decrease per hour were conducted on
June 18. The remaining tests, all at about 7.5% pressure
decrease per hour, consisted of three consecutive cycles
down to 750 psig on June 25, a single cycle to 750 psig
on June 29, and a single cycle to 775 psig on July 2.
Several days were allowed before each test for the
fission products to reach steady-state levels. In each
test, sweep-gas samples were taken during the depres-
surization half of the cycle. The sweep-gas flow was
across the top of the trap at all times.

The results of the pressure cycle tests are plotted
in Fig. 5.5, where the response of the ijonization

chamber on the high-pressure side of the effluent
sweep-gas line (RR451) and the R/B results obtained
for the longer lived fission gases are given. During
each of the depressurizations, the volumetric flow rate
(actual c¢m?®/sec) of sweep gas past the ionization
chamber (RR451) was approximately constant. This
was a consequence of the manner in which the
depressurizations were conducted (exponential decay of
pressure at pressure-decay half-lives of 23.4 and 8.5 hr
for the two depressurization rates, respectively) and was
verified by examination of the pressure and flow rate
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Fig. 5.5. Activity release from GCBR-ORR capsule 04-P9 during slow pressure cycling tests conducted on June 18, June 25, June

29, and July 2, 1970,

data obtained. Therefore, the response of the ionization
chamber can be interpreted as changes in the gross
activity release rate from the fuel pin. »

During the first few depressurizations it was difficult
to start the pressure decay smoothly. The activity
spikes at the start of the tests on June 18, 25, and 29
were caused by small pressure fluctuations. Experience
has shown that a decrease in the 1000-psig sweep-gas
pressure of as little as 0.5 psi within 1 min or less
following a period of steady operation with the
sweep-gas flowing across the top of the trap will cause a
distinct activity spike of as much as 30% above normal.

The R/B results obtained during the pressure-cycle
tests appear to be consistent with the on-line radiation
monitor readings, with the exception of the third
sample set (two samples) taken during the first de-
pressurization on June 18. This set of R/B results
appears to be low compared with the radiation monitor
readings.

The '38Cs activity found in the samples taken on
June 18 was too low to count except for the first
sample set. In each of the depressurizations at the
higher pressure decay rate, ! *®Xe release (determined
from counting ! >®Cs) was low early in the depressuriza-
tion but increased to an appreciably higher level (R/B
of ~1.5 X 107%) by the latter half of the depressuriza-
tion.

The activity peaking that occurred early in the first
cycle of each test is believed to have been caused by the
dumping of a portion of the fission-gas inventory
contained in the charcoal as a consequence of increasing
the flow rate through the charcoal. The volumetric flow
rate out of the charcoal trap was calculated to be about
0.0013 cm?®/min during the approximately 2.5%/hr
depressurizations and 0.0036 cm?/min during the de-
pressurizations at the higher pressure decay rate. The
void volume in the charcoal trap is slightly more than
half the approximately 5.0-cm® total void in the fuel
rod; therefore, gas from below the trap would not be
expected to break through the trap during the de-
pressurization. In fact, a large portion of the activity
dumped from the charcoal would have had time to
decay before entering the sweep-gas flowing across the
top of the trap. Thus, the activity peak at the monitor
would be expected to decay off in a manner similar to
the decay of the dumped activity in the trap. A
dose-rate calculation based on the release data obtained
from the first sample set on June 18 indicated that
2.8-h 3%Kr accounted for about two-thirds of the
radiation-monitor reading at that time. Additional
dose-rate calculations will be made to permit more
direct comparison of the radiation-monitor readings and
R/B data.

The steady increase in gross activity release that
followed the activity peaks in the case of the latter tests



at the higher pressure decay rate may have been caused
by a gradual upward shift (or flattening) of the
fission-product concentration profiles in the trap. Other
factors that could have influenced the shape of the
activity curves include the buildup of * 3 Cs deposition
in the gas lines and increased release of the shorter lived
fission gases ('*®Xe and !5 Xe) during the latter half
of the depressurizations.

Soon after the start of the pressurization half of each
pressure cycle, the radiation monitor reading dropped
quickly to a level between 10 and 20 mR/hr as a result
of the inflow of clean gas into the fuel pin. The
subsequent decay of the radiation monitor reading
indicates ®®Rb and ! 3®Cs deposition in the line.

As was discussed in the preceding progress report,?
the indicated moisture level in the effluent sweep gas
remained high even after weeks of purging with the
inlet moisture probe indicating less than 1.0-ppm
moisture. When the capsule was initially brought up in
power, the sweep-gas effluent moisture level decreased
slowly from 60 to about 40 ppm. Currently, the
indicated level is approximately 35 ppm. One difference
between the two probes is that the inlet probe has
about 6 ft of electrical lead between it and the readout
instrument and the outlet probe has about 70 ft
because of its remote location in a shielded valve box. A
recent reading taken at a lead connection 20 ft from the
outlet probe was less than 1 ppm compared with a
reading of 35 ppm at the 70-ft distance, indicating that
the instrument lead is responsible for the high reading.
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5.2 F-1 Irradiation Capsules for EBR-II
T.N. Washburn

Eight capsules were fabricated in conjunction with
GGA for irradiation testing of GCBR fuel pins in the
EBR-II. The planned irradiation tests will provide the
initial evaluation of GCBR-type fuel pins with internal
charcoal fission-product traps under fast reactor oper-
ating conditions. A typical capsule is shown in Fig. 5.6.
The fuel pin consists of (Uy g<.Puy (5)0; g5 clad with
0.300-in.-OD 0.263-in.-ID type 316 stainless steel tub-
ing. These fuel pins are encapsviated in an outer

container (0.778 in. OD) with an inner sleeve separating
(radially) the sodium heat transfer medium into two
regions. The inner sleeve acts as a thermal barrier. A
series of cladding midwall temperatures between 590
and 790°C are achieved by having sleeves of different
thicknesses. Each of the fuel pins will operate at a linear
heat rate of approximately 15 kW/ft, and pins will be
removed from the reactor at 25,000, 50,000, and
100,000 MWd/MT. The specific cladding temperature,
heat-generation rate, and burnup for each capsule are
given in Table 5.3.

In this cooperative program, GGA performed the test
and engineering design and supplied all hardware
components. Oak Ridge National Laboratory fabricated
the fuel, fuel pins, and irradiation capsules.

The fuel column in these pins is 13.5 in. of
0.260-in.-OD 0.056-in.-1D annular pellets of 91% theo-
retical density. The pellet ends are dished 0.006 in.

Table 5.3. F-1 capsule assemblies for GCBR fast-flux irradiation tests

Conditions
Cflpsulg Cladding Heat Burnup Purpose of test
designation temperature generation (MWA/MT)
cO (kW/ft)
G-3 700 15.5 25,000 Temperature calibration
-6 710 14.4 50,000 Comparison of performance in fast and thermal fluxes?
-4 700 14.9 100,000 Evaluation of effect of burnup?
-7 590 13.8 50,000 Evaluation in LMFBR temperature range?
-5 650 14.3 50,000 Evaluation in intermediate temperature range
-2 755 15.5 50,000 Evaluation in upper temperature range
-1 790 16.1 50,000 Evaluation in upper temperature range
-8 700 15.5 75,000 Evaluation of effect of burnupb

%The fuel pins contain active fission-product traps.

bCapsule G-8 replaces capsule G-3 after the initial 25,000-MWd/MT exposure in a B-7 type subassembly.
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There is 3 in. of natural UQ, pellets at each end of the
fuel column. All pins contain two 1.2-in.-long sealed
containers filled with activated charcoal for the purpose
of evaluating the effects of irradiation on sorption
characteristics. Three of the lower temperature pins
contain active charcoal fission-product traps about 11
in. long at each end of the pins. Fluence aad tempera-
ture monitors are incorporated into each capsule.

5.2.1 Fuel fabrication (R. A. Bradley, J. D. Sease)

About 2 kg of powder was required for process
development, pellet fabrication, and samples for char-
acterization of the powder and sintered pellets. The
powder was prepared by the standard sol-gel powder
preparation process. Briefly, this process consists of
blending PuO, and UO, sols, drying to a gel at 100°C,
and grinding to —325-mesh powder in a fluid energy
mill. For criticality reasons it was necessary to blend
and dry this material in six batches, but these batches
were interblended and reduced to two larger batches
prior to grinding in the fluid energy mill. The powder
was calcined by an oxidationteduction technique
which has been successful in producing powder that will
sinter to 91%-dense pellets. Test sinters produced
pellets with densities below that required; therefore, the
powder was milled in a neoprene-lined ball mill with
tungsten-carbide grinding media. This powder was
prepressed at 80,000 psi and granulated to —20 mesh
and then pressed into pellets at 16,000 psi. The pellets
were sintered at 1550°C in an atmosphere of Ar—4%
H, and centerless ground to final dimensions. Ap-
proximately 400 pellets were required for loading into
fuel pins.
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5.2.2 Fuel-pin fabrication (J. D. Sease, R. A. Bradley)

The fuel pins consist of separate sections for the
charcoal traps, reflector spacers, plenums, and fuel, and
all sections are joined by welds. The unique fuel-pin
design, with its provision for incorporation of either
active charcoal traps or empty plenum chambers,
requires an unusually large number of seal welds on the
primary fuel pin. Six fusion welds are employed in
connecting and sealing the fueled region, the two
reflector spacers, and the two trap (or plenum)
chambers that comprise each fuel pin. Preproduction
weld-qualification samples were examined by liquid-
penetrant inspection, x-ray radiography, helium leak
testing, and metallography. Each of the fuel-pin welds
successfully passed each of the nondestructive tests
listed above.

The design specification was 91 + 1%-dense pellets to
yield fuel-pin smear densities of 85% or less theoretical
density. Pellets in four of the fuel pins exceeded 92%
theoretical density. The smear density of two of these
pins was less than 85% theoretical density, while for
two pins it was more than 85% theoretical density.
These deviations from design specification were ap-
proved by the GGA representative. The fuel loading for
each pin is listed in Table 5 4.

5.2.3 Capsule fabrication (M. K. Preston, E. J. Manthos)

All hardware items were received from GGA and
inventoried, and critical assembly dimensions were
checked. All the capsule welds were qualified prior to
assembly of the capsules, as required in EBR-II spec-
ifications. The capsules were then welded and in-
spected, and the welding and inspection data were

Table 5.4. Fuel loading of F-1 capsules

Capsule Oxygen-to-metal Pellet density Smear density Fuel column Oxide weight
designation ratio (% theoretical) (% theoretical) length (in.) (2)
G-1 1.992 91.8 82.6 13.63 109.5
-2 1.971 92.8 84.1 13.65 111.1
-3 1.987 94.3 85.5 13.54 111.9
-4 1.983 91.5 82.5 13.48 107.7
-5 1.990 92.8 83.5 13.60 110.2
-6 1.972 91.4 82.7 13.46 107.8
-7 1.984 91.5 82.5 13.51 107.9
-8 1.985 94.7 86.1 13.30 111.3




forwarded to GGA for inclusion in the data package.
The procedures followed covered welding of end
fittings to capsule tubes, helium leak testing, x-ray
radiography, dimensional inspection and weighing, and
inspection of sodium-bond quality by eddy current
techniques. In addition, procedures for capsule fabrica-
tion were written.

Fabrication and inspection of the eight capsules were
completed by the end of June. Chemical analyses of the
sodium showed that oxygen contamination during
filling was negligible. Eddy-current inspection of the
outer-annulus sodium bond showed that the void size in
general was less than %, ¢ in. in diameter and the largest
void detected was about %, in. in diameter; the
acceptance standard was Y% in. On the basis of this, the
bond quality is judged to be excellent. The inspection
results were most encouraging because bonding of this
quality in the outer annulus infers satisfactory bonding
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in the inner annulus. It is not possible to inspect the
quality of bonding in the inner annutus. The properties
of the sodium bond for each capsule are listed in Table
5.5.

The as-fabricated data for the capsules were compiled
as an addendum to the GGA data package. This
addendum was forwarded to the EBR-II Project, GGA,
and to the AEC as required by the Guide for Irradiation
Experiments in EBR-II. The following items were sent
to the EBR-II Irradiation Coordinator: four sample
capsule welds (two each of top and bottom closures),
radiographs of all capsule closure welds (with and
without shape-correction form), radiographs of the
overall capsule lengths, and radiographs showing the
sodium level in each capsule.

The eight F-1 capsules were shipped to the EBR-II on
July 20, 1970. Irradiation testing is tentatively sched-
uled to begin in November 1970.

Table 5.5. Sodium-bond quality in F-1 capsules

Thermal-barrier Sodium-bond discontinuities®

Capsule Sodium-bond thickness (in.) .
designation thufkness N Maximum diameter
Inner annulus Quter annulus Total (in.) umber (in.)
G-1 0.037 0.024 0.061 0.152 0
-2 0.037 0.039 0.076 0.136 6 0.047
-3 0.067 0.050 0.117 0.095 5 0.052
-4 0.061 0.039 0.100 0.112 4 0.050
-5 0.037 0.047 0.084 0.129 5 0.047
-6 0.067 0.065 0.132 0.081 4 0.062
-7 0.090 0.075 0.165 0.047 6 0.040
-8 0.067 0.050 0.117 0.095 3 0.047

4Discontinuities over the fuel in the outer sodium annulus. Acceptable diameter of nonbond is 0.125 in. or less.



Part IIL

51

Prestressed-Concrete Pressure

Vessel Research and Development

Introduction
G. D. Whitman

Program activities are now concerned with the com-
pletion of the concrete materials investigations and
models studies. Work was reactivated on the thermal
cylinder test, which had been deferred for a year, and
the investigations on the effects of high temperature on
concrete strength were terminated with the testing of a
first series of specimens.’

The concrete materials investigations are now con-
cerned with the moisture migration experiments and
the multiaxial creep projects. The former have been in
operation for approximately two years, and data have
been obtained routinely with no significant problems. It
is now evident that free moisture movement in the

1. V. Bertero and M. Polivka, “Concrete Strength Properties
as a Function of Temperature,” pp. 132—-139, GCRP Semiann.
Progr. Rept. Mar. 31, 1970, USAEC Report ORNL-4569, Oak
Ridge National Laboratory.

concrete chosen for study under a simulated thermal
environment and mass configuration proceeds at a
much slower rate than had been anticipated. Data on
multiaxial concrete creep behavior are now being
evaluated with the completion of a major portion of
this phase of the concrete materials investigations. The
techniques that were developed have been demon-
strated to be adequate, and summary reports are in
preparation.

The structural model tests on head-region behavior
were analyzed in more detail, and two additional
models were constructed to obtain more detail on crack
initiation and propagation during overpressure loading.
Work on the small thermal-cylinder experiment was
reactivated after being suspended for a year. Most of
the component parts for this experiment had been
procured, and plans are now under way to cast the
concrete structure during this fiscal year.
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6. Concrete Materials Investigations
G. D. Whitman

The concrete materials investigations are planned to
provide information that could be used in predictions
of vessel behavior for the many regimes of loading
experienced under design and hypothetical accident
conditions. These investigations will also provide spe-
cific input for the predictions of the thermal cylinder
experiment behavior.

A concrete made with Tennessee limestone aggregate
was designated as the main mixture for study in the
program. A limited number of studies are being made
with two other concretes containing Alabama gray-
wacke and chert aggregates to provide data on creep
behavior for concretes having a range of elastic moduli.
These three concretes have a nominal 28-day com-
pressive strength of 6000 psi and are made with type 11
cement and ¥-in. maximum-sized aggregate. The ma-
terials used in all tests were specified and furnished by
the Waterways Experiment Station of the Corps of
Engineers, Department of the Army, Vicksburg, Mis-
sissippi.

Work still in progress includes studies of time-
dependent deformation of concrete under multiaxial
stress conditions (creep-test program) and a moisture-
distribution test on a simulated segment of a concrete
pressure vessel (moisture-migration test). Work on
concrete properties as a function of temperature has
been terminated because of funding limitations.

The concrete creep projects are being conducted at
the University of Texas and the Waterways Experiment
Station. All experimental work on the phase I portion
of the program at the University of Texas has been
completed, including a destructive examination of the
test specimens. The creep program at the Waterways
Experiment Station is well along, and a major segment
of the first phase of the experimental work is com-
pleted. The techniques developed by these organi-
zations appear to have been generally satisfactory, and
the data are being obtained as originally planned.

Since the temperature gradient was applied to the
moisture-migration specimen in March 1970, there has
been little change in moisture content in the specimen.
Although there may be the first indication of moisture
movement at this time the relative change has been
much slower than had been anticipated when the
experiment was designed.

6.1 Triaxial Creep Tests at the University of Texas

Thomas W. Kennedy  Ervin S. Perry
Subcontract No. 2864

During the current reporting period, project activities
included (1) analysis of data obtained from phase 1 of
the project and the preparation of reports summarizing
the findings and conclusions, (2) disassembly and
examination of all specimens wused in phase 1, (3)
loading of specimens that had been allowed to cure one
year, and (4) collection of data from all specimens still
under test.

6.1.1 Data analysis and preparation of reports

The major activities during this period involved
analyses of the data obtained from phase 1 of the
investigation. These analyses consisted of a preliminary
evaluation of all the data obtained from phase 1 and the
development of a method of predicting long-term
triaxial ‘creep behavior for triaxially loaded specimens
based on data obtained from short-term uniaxially
loaded specimens.

The preliminary evaluation essentially consisted of a
statistical analysis to determine the effects on creep
behavior produced by changes in temperature, curing
history (moisture condition), axial and radial stress
levels, and time to evaluate the interaction effects of
these factors. The findings from this preliminary eval-
uation have been summarized in Research Report
2864-2, “Experimental Investigation of Creep in Con-
crete Subjected to Multiaxial Compressive Stresses at
Elevated Temperatures,” along with the data obtained
from the investigation. This report was completed and
approved for publication, and it is currently being
published in final form. Conclusions from this analysis
are summarized in this progress report.

The second phase of the evaluation resulted in the
development of predictive equations and techniques
that can be utilized to predict multiaxial creep strains in
specimens loaded under various combinations of multi-
axial compressive stresses. The equations were derived
by establishing a linear time-dependent relationship
between creep strain and stress from uniaxial creep tests
and by assuming that the law of superposition is
applicable to creep. The development, theory, and
evaluation of these equations and techniques were
summarized in Research Report 2864-3, ““An Approach



to Estimating Long-Term Multiaxial Creep Behavior
from Short-Term Uniaxial Creep Results,” which was
approved for publication and is currently being printed
in final form.

In addition, a third report, which summarizes the
techniques utilized in conducting the experimental
program, was completed as Research Report 2864-1,
“An Experimental Approach to the Study of the Creep
Behavior of Plain Concrete Subjected to Triaxial
Stresses and Elevated Temperatures,” and was approved
for publication. Final publication was delayed by the
extensive effort involved in the analyses of data and the
preparation of reports summarizing the findings from
these analyses.

Major conclusions and findings obtained from the
preliminary analysis and the analysis to develop pre-
dictive equations are summarized below. These con-
clusions were based on data from 6- by 16-in. concrete
cylindrical specimens prepared from a crushed-
limestone aggregate and loaded 90 days after casting.
They had a nominal 28-day compressive strength of
6000 psi. As-cast specimens were sealed in copper 48 hr
after casting and were allowed to cure at 75°F, and the
air-dried specimens were cured at 75°F and 60% relative
humidity for 82 days before sealing in copper.

6.1.2 Conclusions from preliminary evaluation

Some of the general conclusions are the following:

1. After 90 or more days of curing, the unconfined
compressive and indirect tensile strengths of as-cast
concrete were greater than those of air-dried concrete.
Concrete cured in lime-saturated water (standard ASTM
curing) until tested, however, exhibited greater com-
pressive and tensile strengths than concrete cured by
either of the previous procedures.

2. The secant modulus of elasticity was greater for
as-cast concrete than for air-dried concrete.

3. An increase in temperature at time of loading
decreased the modulus of elasticity.

4. The elastic Poisson’s ratio did not appear to be
significantly affected by curing history, temperature, or
stress conditions.

5. The thermal expansion of air-dried concrete was
greater than that of as-cast concrete, and the thermal
expansion of the concrete used in this study was less
than that of steel.

6. Little or no shrinkage strain occurred in sealed
specimens.

7. During the first 84 days after casting, the air-dried
specimens exhibited shrinkage strains of approximately
220 micro-units, with shrinkage strains approximately
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60 micro-units greater in the axial than radial direction.
Beyond this time the axial and radial strains began to
converge. At approximately 100 days after casting, the
radial and axial strains became essentially equal and
remained essentially constant throughout the remainder
of the test period. Thus, little or no shrinkage occurred
after 84 days, the time at which these specimens were
sealed.

The results of this study show that creep in plain
concrete under multiaxial compressive stress is a very
complex phenomenon involving many interaction ef-
fects. Some of the conclusions on creep behavior are
given below.

1. Several factors and interactions of factors pro-
duced highly significant effects on creep strain in plain
concrete. The main factors were stress and nonlinear
effect of stress, temperature during loading, curing
history, and time after loading and nonlinear effect of
time. The interactions were (@) temperature during
loading times stress and temperature during loading
times nonlinear effect of stress, (b) curing history times
stress and curing history times nonlinear effect of stress,
(¢) time after loading times stress, (d) axial stress times
radial stress, and (e) temperature during loading times
type of curing times stress and temperature during
loading times type of curing times nonlinear effect of
stress.

2. Applied stress was the most important factor
affecting creep strain. It was not only the most
significant main effect, but it also produced highly
significant interaction effects with each of the other
main factors in this experiment. Radial stress was
generally more significant than axial stress, since it
involved two, rather than one, principal stress fields.

3. Compressive and tensile creep strains were larger
for a higher constant temperature during loading;
air-dried concrete, except for the case when the stress
conditions produced a low tensile creep strain; in-
creased time after loading; and increased stress for
uniaxial and biaxial states of stress.

4. Under triaxial states of stress in comparable
environmental conditions, creep strain increased or
decreased depending on the magnitude of the changing
stress and on the stress direction. For a relatively high
constant stress in either the axial or radial direction,
increasing the stress from zero in the direction perpen-
dicular to the direction of the constant stress decreased
the compressive creep strain in the direction of constant
stress and changed the creep strain from tension to
greatly increased compression in the direction of the
changing stress. When the constant stress was relatively
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low, an increase in stress in the direction perpendicular
to the constant stress changed the creep strain in the
direction of the constant stress from compression to
tension and in the direction of the changing stress from
tension to compression.

5. As the level of stress increased, the creep strain
increased, but the increase was larger for concrete at a
higher temperature relative to concrete at a lower
temperature, for air-dried concrete relative to as-cast
concrete, and as time after loading increased.

6. Increasing the confining pressure reduced the
overall creep strains; that is, the sum of the absolute
creep strains in all principal stress directions decreased.

Conclusions regarding Poisson’s ratio for creep were
the following:

1. A Poisson’s effect did occur and the Poisson’s ratio
ranged from approximately 30% of the elastic Poisson’s
ratio to approximately equal to the elastic Poisson’s
ratio, the magnitude of which depended primarily on
curing history and on the state of stress. The average
Poisson’s ratio for creep for the entire test period was

0.17, which was approximately 30% less than the

average elastic Poisson’s ratio.

2. Poisson’s ratio for creep of air-dried concrete was
approximately 25% less than for as-cast concrete.

3. The magnitude of stress and the state of stress
influenced Poisson’s ratio, but this influence was less at
the higher temperatures and for air-dried concrete.

Conclusions on elastic recovery strains are given
below.

1. The modulus of elasticity and Poisson’s ratio for
elastic recovery were essentially equal to the modulus
of elasticity and Poisson’s ratio at the time of loading.

2. The elastic recovery strains were generally slightly
higher than the initial elastic strains, except for the
air-dried specimens loaded at 150°F and for most
hydrostatically loaded specimens.

Conclusions on creep recovery were that

1. Curing history appeared to be the only factor
studied that significantly affected the percentage of
creep recovered. A larger percentage of the creep strain,
which occurred during one year under load, was
recovered from the as-cast concrete than from the
air-dried concrete.

2. Factors that caused larger creep strains generally
caused larger total recovery strains, although they did
not necessarily cause a larger percentage of the creep
strains to be recovered.

Conclusions from development of predictive equa-
tions were that

1. Unit creep (creep strain per unit stress) of concrete
under constant temperature and with a given curing
history is a function of concrete age at loading, time
after loading, and stress levels. When the applied stress
is less than the creep proportional limit, unit creep of
concrete is independent of stress levels.

2. The Poisson’s ratio for creep of as-cast specimens
was higher than that for air-dried specimens. At 75°F,
the average Poisson’s ratios for creep were 0.150 for
as-cast specimens and 0.108 for air-dried specimens. At
150°F, the average Poisson’s ratios were 0.149 for
as-cast specimens and 0.140 for air-dried specimens.

3. The creep prediction technique developed by
employing the unit creep function was satisfactory for
predicting creep strains resulting from multiaxial
stresses when stress levels were less than the creep
proportional limit. For stress levels higher than the
creep proportional limit, the measured creep strains
were higher than the predicted values.

4. The unit creep function based on one-year creep
test results can be used for predicting creep at later
ages. However, creep tests longer than one year are
needed to validate this technique.

6.1.3 Inspection and evaluation of test specimens

All creep and shrinkage specimens utilized in phase 1
were dismantled and destructively inspected five
months after the creep specimens were unloaded. This
inspection consisted of removing the specimens from
the test frames, weighing the specimens to determine
whether moisture loss had occurred, and visually
inspecting the copper seal. Subsequently the copper was
removed and the specimen broken in order to inspect
the interiors and the gages to determine whether oil had
penetrated the specimens and to ascertain the condition
of the gages. This evaluation of the specimens has been
completed and documented, but analysis of the findings
has not begun.

6.1.4 Loading of specimens to evaluate the effect
of age prior to loading

On June 17, 1970, four specimens, two as-cast and
two air-dried, which had been allowed to cure for one
year were loaded under uniaxial stress levels of 600 and
2400 psi. These specimens were loaded to obtain an
estimate of the effect of age prior to loading and will be
compared with similar specimens loaded December 17,
1969, six months after casting, and three months after
casting (phase 1). No evaluation of the effects of age
has been conducted; nevertheless, total strain data are
presented in Table 6.1 to illustrate the nature of the



Table 6.1. Summary of instantaneous and 84-day total strain data obtained from phase 1 A specimens

Uniaxial Curing Axial strain (micro-units) Radial strain (micro-units)
stress time As-cast Air-dried As-cast Air-dried
(psi) (days) Instantaneous 84-day total? Instantaneous 84-day total® Instantaneous 84-day total? Instantaneous 84-day total?
600 90 93.1b 126.4 87.3 140.2 26 -12.1 -25.1 -24.3
183 774 98.1 90.9 136.0 -22.6 ~32.5 -23.2 -20.5
365 99.8 92.6 73.7 99.2 -20.4 -31.9 -19.9 -17.0
2400 90 379.5 647.2 384.7 607.9 -103.8 -112.8 -93.5 -120.8
183 385.7 589.7 385.1 600.7 -93.5 —118.7 —84.2 -102.1
365 441.7 593.3 327.8 470.5 -84.9 -104.9 -89.6 -99.6

@Total strains include instantaneous, creep, and shrinkage strains.
bpositive values indicate compressive strains, and negative values indicate tensile strains.

SS



behavior being observed. Due to the short time the
one-year specimens have been under load and the lack
of detailed evaluation, no conclusion can be drawn at
this time.

6.1.5 Data collection

During the first part of the reporting period, creep-
recovery data were collected for the specimens in phase
1. In addition, creep data were also collected for all
specimens from the portion of the study concerned
with the effect of age at loading (phase 1A). This
collection of data will continue for approximately one
more year, but it is hoped that a meaningful analysis of
the data can be made prior to the end of the total test
period.

6.2 Multiaxial Creep Tests at Waterways
Experiment Station

D. E. Harrison

The Waterways Experiment Station’s part of an
overall investigation of time-dependent deformation of
concrete under multiaxial loading is concerned with one
strength (6000 psi at 28 days), three aggregate types
(chert, limestone, and graywacke), one cement (type
IN), two types of specimens (as-cast and air-dried), two
levels of temperature during testing (73 and 150°F),
and four types of loading (uniaxial, hydrostatic, biaxial,
and triaxial). Creep recoveries of unloaded specimens in
batches I through V are being monitored after being
loaded for one year. Measurements of creep strains are
continuing on specimens in batches VI, VII, and VIIL

6.2.1 Unloading procedure

Gages in specimens to be unloaded were read for two
days prior to unloading. On the day of unloading, gages
were read immediately before and following unloading
and then at 3 and 6 hr after unloading. Readings were
then taken once a day for two weeks and twice a week
for three additional weeks. Specimens are being mon-
itored once a week for the remainder of the three-
month monitoring period. Results indicate that this
procedure is satisfactory for monitoring creep recovery
as a result of unloading.

6.2.2 Status of testing

All gage conditions are summarized in Table 6.2. The
condition “NR” (Not Reading) means the gage has
failed to read completely. The condition “Weak” means
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the gage indicates a reading but is not necessarily
reliable for true strain measurement.

On August 12, 1970, the unconfined compressive
strength tests were completed. The 455-day tests were
run on strength specimens cast in the first low-modulus
batch to be cast. Complete results of this phase of
testing are shown in Table 6.3. Generally the results are
averages for three test cylinders; however, at least two
cylinders were tested in all cases.

Representative plots for uniaxial specimens are shown
in Figs. 6.1 through 6.4. These plots represent spec-
imens at both temperatures (73 and 150°F) and both
moisture conditions (air-dried and as-cast) and are
corrected for environmental effects. In some cases, the
data are incomplete due to gage failure.

6.2.3 Testing failures

All gages have failed in two main-modulus specimens
subjected to biaxial loading (0 = 2400 psi) at 150°F.
The membrane around two low-modulus specimens
subjected to biaxial loading (05 = 600 psi) at 150°F
ruptured and released all pressure on the 600-psi
loading-manifold system. The membrane has been
replaced, and the specimens have been reloaded with no
adverse effect on the gages involved.

6.3 Moisture-Migration Test at Waterways
Experiment Station

J. E. McDonald

The experimental study of moisture migration in a
pie-shaped specimen (shown in Fig. 6.5) representing a
section through a cylindrical wall of a prestressed-
concrete reactor vessel was continued, with strain,
temperature, and moisture data being obtained at
various increments of time after application of the
temperature gradient (80°F). The variation in concrete
temperature along the specimen’s center line is being
determined with Carlson strain meters embedded as
shown in Fig. 6.6. The temperature profile along the
specimen has tended to stabilize as shown in Fig. 6.7.
Latest temperature measurements (204 days after heat-
ing) are essentially the same as shown for 21 days.
Temperature variations with time for typical individual
gages are shown in Fig. 6.8.

A surface backscatter nuclear gage is being used to
determine concrete moisture contents at the various
stations indicated along the top surface of the specimen
in Fig. 6.9. Representative plots of moisture content
determined in this manner are presented for typical
stations in Fig. 6.10. Curves of best fit calculated for
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Table 6.2. Summary of status of phase I creep program

Strain-gage performance in creep

Concrete Test Date of  Date of Agc.at Temperature Load (psi) Specimens
o . . loading A AR ——— . Remarks
modulus  condition casting loading (days) ) Axial Radial As-cast Air-dried
Axial Radial Axial Radial
High Uniaxial 4-21-69  7-23-69 93 150 600 0 OK OK OK OK
4-21-69  7-23-69 93 150 2400 0 OK OK OK OK
4-21-69  7-23-69 93 73 2400 0 OK OK OK OK
4-21-69  7-23-69 93 73 600 0 OK OK OK OK
Hydrostatic 5-21-69  8-20-69 91 150 2400 2400 NR NR NR NR Test failed
5-21-69  9-17-69 119 73 600 600 OK NR OK OK
5-21-69  9-10-69 112 73 2400 2400 NR NR OK OK
Biaxial 11-3-69  2-2-70 91 150 0 2400 NR NR OK OK
11-3-69  2-2-70 91 150 0 600 Weak Weak Weak Weak
Triaxial 11-3-69  2-3-70 92 150 2400 600 Weak OK OK Weak
11-3-69  2-3-70 92 73 2400 600 OK OK OK OK
Main Uniaxial 5-7-69 8-5-69 90 150 600 0 OK OK Weak  Weak
5-7-69 8-5-69 90 150 2400 0 Weak Weak Weak Weak
5-7-69 8-5-69 90 73 600 0 OK OK OK OK
5-7-69 8-5-69 90 73 2400 0 OK Weak OK OK
Biaxiat 6-4-69 9-3-69 91 150 0 600 OK Weak OK OK
Hydrostatic  6-4-69 9-17-69 105 150 2400 2400 OK OK OK OK
Biaxial 6-4-69 9-3-69 91 73 0 600 OK OK OK OK
Hydrostatic  6-4-69 10-3-69 121 73 600 600 NR OK OK Weak
6-4-69 9-17-69 105 73 2400 2400 OK OK OK OK
Biaxial 7-30-69  12-8-69 131 150 0 2400 NR NR NR NR Test failed
Triaxial 7-30-69  11-12-69 105 150 2400 600 Weak OK OK Weak
7-30-69  10-30-69 92 73 2400 600 OK OK NR OK
Biaxial 7-30-69  11-4-69 97 73 0 2400 OK OK OK NR
Low Uniaxial 5-14-69  8-12-69 92 150 2400 0 Weak OK Weak OK
Hydrostatic  5-14-69  8-19-69 99 150 2400 2400 NR NR NR NR Test failed
Uniaxial 5-14-69  8-12-69 92 73 2400 0 OK OK OK OK
Hydrostatic  5-14-69  10-3-69 143 73 2400 2400 NR NR Weak  Weak
Uniaxial 11-18-69 2-16-70 90 150 600 0 OK OK OK OK
Biaxial 11-18-69 2-17-70 91 150 0 2400 OK NR OK Weak
11-18-69 2-16-70 90 150 0 600 OK OK OK OK
Triaxial 11-18-69 2-16-70 90 150 2400 600 NR NR Weak OK
11-18-69 2-16-70 90 73 2400 600 OK OK Weak OK
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Table 6.3. Compression test results
Average strengths of three cylinders (psi)
Batch Modulus Age Tem%erature - p
(days) CE) Air-dried As-cast Limewater
I High 28 73 6970 6690 6840
90 73 8010 7890 8400
189 73 92507 74804
189 150 88807 86607
365 73 88404 81607
365 150 84104 100104
455 73 94807 81607
455 150 9030% 98554
11 Main 28 73 7320 6600 7420
90 73 8110 7480 8840
183 73 85907 85907
183 150 78904 85607
365 73 86607 91107
365 150 83807 94304
455 73 89807 91407
455 150 83802 86902
I Low 28 73 6700 6320 6370
90 73 7570 7160 7940
183 73 82204 83702
183 150 79904 86907
365 73 85307 93507
365 150 87107 82004
455 73 83454 93507
455 150 92954 92502
v High 28 73 65400 56700 6290
90 73 7430 70300 7610
v Main 28 73 68005 6010P
920 73 7870 7250° 8140
Vi Main 28 73 7350 6080% 7650
90 73 8250 7490? 9060
Vil High 28 73 7080 6190 6950%
90 73 8250 7470 84900
Vil Low 28 73 7500 6330 7010%
90 73 8050 8150 8630°

2Average for two cylinders.
bAverage for six cylinders.
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tions al ide of th i hown in Fi S — ——
ions along one side of the specimen, as shown in Fig. g 48 ]
)
6.11. Null frequencies and, consequently, the relative =
dielectric constants are affected not only by the Wy
moisture content in the concrete but also by the 5 44
temperature; therefore application of the temperature & o
gradient resulted in apparent increases in the relative .
dielectric constant, as shown in Fig. 6.12. However, as 4.0
0 40 80 120 160 200

the temperature tended to stabilize at approximately 20
days, output from the OWL probes located at the
closed end and middle of the specimen began to exhibit
slight decreases in relative dielectric constant, which
would indicate a decrease in moisture content. Output
from probes near the open end is quite erratic; however,
from about 40 days after heating, the trend indicates a
decrease in moisture content.

Prior to application of heat, the Monfore relative
humidity probe indicated that the relative humidities in
each well were in an essentially steady state at
approximately 96%. Upon application of heat, the
indicated relative humidity in those wells nearest the
heat increased rapidly to 100% and, within 21 days, all
wells, with the exception of the three nearest the open
end, were at 100% relative humidity. These wells near
the open end continue to indicate relative humidities
ranging from 90 to 97%.

Variations in concrete strain along the specimen’s
center line as a result of applying a temperature

TIME AFTER HEATING {days)

Fig. 6.12. Relative dielectric constant versus time.

gradient are presented in Fig. 6.13. The highest indi-
cated strain is about 325 micro-units at the station
nearest the heat. From this maximum, indicated strains
decrease in a generally linear manner to less than 25
micro-units near the open end. Strain variations with
time at typical stations are shown in Fig. 6.14. As
expected, these curves are of the same general shape as
those of temperature versus time. When the total strains
are corrected for thermal expansion of the specimen
(Fig. 6.15), the two stations nearest the heated end (1
and 4) appear to indicate a slight expansion, with the
stations nearest the open end exhibiting a slight
contraction.
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Fig. 6.14. Indicated strain versus time.
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Fig. 6.15. Corrected strain versus time.
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7. Model Studies

7.1 Structural Behavior of Prestressed-Concrete
Reactor Vessels

M. A.Sozen  W.C. Schnobrich
S. L. Paul
University of Illinois, Subcontract No. 2906

One of the critical structural failure modes of
cylindrical prestressed-concrete pressure vessels with
flat end slabs is the failure of the end slab in shear. The
study of this type of failure is of importance because
the dimensions of end slabs of pressure vessels make
them susceptible to shear failures and because the
failure mechanism for shear failures is not clearly
defined.

As indicated in the previous progress report,’ a series
of tests of pressure vessels with and without openings in
the end slab have defined the series of events leading to
shear failure. As the internal pressure is increased, an
inclined crack forms near the middepth of the end slab
and in the vicinity of the anchorage plates of the
longitudinal reinforcement. This crack propagates in
both directions; it reaches the edge of the anchorage
plates at a nearly constant angle of 45° in one direction
and to the center of the slab in the other direction at an
increasingly flatter angle. In effect, the fully developed
inclined crack carves a dome out of the end slab. Final
collapse is associated with the failure of the inverted
dome when the concrete is subjected to a critical
combination of normal and shearing stresses. Accord-
ingly a quantitative prediction of the shear strength of

1. M. A. Sozen, W. C. Schnobrich, and S. L. Paul, “Shear
Failures in End Slabs of Prestressed Concrete Pressure Vessels,”
Proceedings of Gas-Cooled Reactor Information Meeting, Qak
Ridge National Laboratory, April 1970, USAEC Report CONF-
70041, 1970.

the end slab requires (1) the prediction of the load
corresponding to the initiation of the inclined crack, (2)
the prediction of the trajectory of the fully developed
inclined crack or the shape of the inverted dome that
results from development of the inclined crack, and (3)
the prediction of the failure of the dome with the use
of a suitable failure criterion for concrete subjected to
triaxial stresses. Analytical and experimental studies
relative to these three objectives have been in progress
and are described briefly in the following section.

7.1.1 Test vessels with special instrumentation

Study of the shear failures that occurred in some of
the specimens of the preceding series of 21 test vessels
indicated that one of the important factors in de-
veloping a theory for the strength of end slabs was the
correct prediction of the stress or strain distributions
within the end slab of the vessel. To this end, two new
test vessels were designed, constructed, and instru-
mented. These vessels are indicated in Fig. 7.1 and have
the same overall dimensions as test vessel PV16, which
was used as the basic module for the series of five tests
investigating the effect of openings in the end slab. As
indicated in Fig. 7.1, one of the vessels has a solid end
slab, while the slab of the other one contains openings.

In addition to the usual complement of instrumen-
tation measuring strains and deformations on the inner
and outer surfaces of the pressure vessels, these test
vessels contained a total of 180 strain gages embedded
in the end slab to measure radial and circumferential
strains, as shown in Figs. 7.2 and 7.3. The primary
function of these gages is to trace the development of
strain leading to the initiation of the inclined crack
within the end slab and to measure strain distributions
in the dome that result from formation of the fully
developed inclined crack.
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7.1.2 Studies of experimental data

The correct interpretation of the available data is
essential to a meaningful confirmation of any theory
that may be developed as a result of these studies.
Because strain measurements made at any location in
the pressure vessels can be affected not only by one but
by various phenomena and because these phenomena
are of importance in understanding the mechanism of
shear failure, a series of analytical studies was under-
taken in order to interpret the strain data. An example
is provided in the following paragraphs.

Figure 7.4 shows the extent of an assumed radial
crack in the end slab in a finite-element model
representing PV16, one of the test vessels. The calcu-
lated radial strains in the end slab are plotted in Fig.
7.5. The plot is based on an arbitrarily selected value of
the internal pressure, 3200 psi. The solid lines indicate
the radial strains calculated for an uncracked end slab at
3200 psi, while the broken lines indicate the radial
strains calculated for an end slab with a radial crack as
shown in Fig. 7.4 at an internal pressure of 3200 psi.
The plotted strains indicate that the radial crack will
cause an increase in strain on thie outside of the vessel at
locations close to the interior edge of the sidewall.

Figure 7.6 shows, in two dimensions, the locations of
an idealized inclined crack in the end slab. Calculated
radial strains are plotted in Fig. 7.7, which show, at an
internal pressure of 3200 psi, strains calculated for an
end slab with no cracks and for an idealized end slab
with the inclined crack shown in Fig. 7.6. The strains
plotted in this figure indicate that on the outer surface
of the end slab and near the inner edge of the vessel
wall, the development of the inclined crack results in a
decrease of the radial strain. As in Fig. 7.5, the solid
lines refer to strains in the uncracked slab, and broken
lines refer to strains in the slab with the idealized shear
crack.

Figure 7.8 shows the strains measured on the outer
surface of the end slab of vessel PV16 at a radius of 12
in. It may be seen that at an internal pressure of 1500
psi, there is a sudden increase of the measured
compressive strain rate that is reversed at approximately
2500 psi. On the basis of the trends shown by the
calculations, it is evident that the strain-gage readings
were affected initially by the development of radial
cracks and then by the development of the inclined
crack to the tension surface of the end slab. Thus, it
becomes possible to make reasonably firm conclusions
about internal crack development on the basis of strains
measured on the surface.
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7.1.3 Supporting analytical studies

Two analytical v.ograms are being used to define the
stress field and ! cracking state in the end slab of the
test vessels. A lumped-parameter model,? as illustrated
in Fig. 7.9, has the material properties of the vessel
concentrated at selected points. By varying the material
properties at these points the crack development can be
computed and propagated with increasing load levels.
This procedure predicts an early formation of an
inclined crack at about middepth in the end slab. This
crack then propagates upward with increasing load
toward the anchorage plate of the longitudinal rods and
down toward the center of the vessel head. Additional
circumferential as well as radial cracks form during this
time. A cracking state is thus predicted, as shown in
Fig. 7.10. The main inclined crack tends to become
shallow and propagate horizontally near the center of
the vessel head. Varying the hoop constraint of the
circumferential prestressing and the effect of the
anchorage plates for the longitudinal rods shows that
these factors have a strong influence on the inclined
crack.

The lumped-parameter model also provides stress,
strain, and displacement values at the various load
levels. Figure 7.11 shows a comparison of the numeri-

2. R. Higashionna and W. C. Schnobrich, Lumped-Parameter
Analysis for Shear Failure in the End Slab of Cylindrical
Prestressed Concrete Pressure Vessels, Civil Engineering Studies,
Structural Research Series No. 363, University of Illinois,
August 1970,
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cally computed strain versus the experimentally ob-
tained values at the same position in the vessel. Similar
plots for other locations also show good correlation. A
plot of the center deflection, A, versus pressure is
shown in Fig. 7.12. Here the correlation is not so good.
The figure also shows the influence of increasing the
hoop constraint from the circumferentially continuous
anchorage plate.

In order to define the elastic strain state around the
openings in the vessel head, an isoparametric finite-
element® approach was developed. These elements have
the advantage that they can have curved surfaces for
their faces. Also these elements do not have directional
problems like many other elements. An array of
elements, such as that shown in Fig. 7.13, was used to
compute the stress and strain values around the opening
in the head of vessel PV18. A typical plot of the radial
stresses in the vessel head is shown in Fig. 7.14.

7.2 PCRY Thermal-Cylinder Test

J.M.Corum  J.P. Callahan
M. Richardson

Preparations for the thermal cylinder test at ORNL
were reactivated after being suspended during fiscal
year 1970 due to the reduction in PCRV funding. The
test specimen and the testing plan were described in ref.
4. The time schedule shown in ref. 4 has in effect been
moved up one year.

The objective of the thermal-cylinder test is to
simulate, as closely as possible, the middle section of
the cylindrical portion of a prestressed-concrete reactor
vessel and the conditions imposed on it. The resulting
test specimen is shown, in simplified form, on the right
in Fig. 7.15. The specimen is sealed at top and bottom
and on the inner and outer surfaces to eliminate any net
moisture loss, and the ends are also insulated thermally.
The moisture flow and heat flow will thus be confined
primarily to the radial direction and will simulate
conditions near the middle of the actual vessel. The
specimen is prestressed axially and circumferentially,
and internal pressure can be applied to the inner

3. B. M. Irons and O. C. Zienkiewicz, “The Isoparametric
Finite Element System — A New Concept in Finite Element
Analysis,” paper presented at Conference on Recent Advances
in Stress Analysis, Royal Aeronautical Society, March 1968.

4. J. M. Corum and G. C. Robinson, Jr., “Thermal-Cylinder
Test to Simulate Behavior of Cylindrical Portion of a Pre-
stressed-Concrete Vessel,” pp. 225-239, GCRP Semiann. Progr.
Rept. Mar. 31, 1969, USAEC Report ORNL-4424, Oak Ridge
National Laboratory.



71

ORNL-DWG 74-2555

-

V3
7 U3
7/
7
Vo s
2/
L
K Y2
N
N
N

STRESS NODES —

DISPLACEMENT NODES —

Fig. 7.9. Lumped-parameter representation of the pressure vessel.



72

ORNL-DWG 71-2556 ORNL-DWG 71-2557
3000
TR ST I SIS IR
52520SRIRAIRIREIIERIILILEK IR RIEESIIRKL c33
R
JRIGIILLERRAANKIIELIIRIRIRRANMBEIK KL
LR BB % I S C28 S R
>
5% X SRS —~
TR XX XA IKKIIR X = 'C20
O e e T e e e e te e 00 Lo e 20 2o te e 20 %% %! =
B SIS 2 s
K0RRRIS 0 H0ROARHIILERS = 2000
XXX & —— — CALCULATED
v o)
QR @ ———— MEASURED
V3]
& I 4 I
I4
]
/ g |
|
E:J 1000 + ‘ﬁ
= !
) = |
POISSON'S RATIO =0
INTERNAL PRESSURE = 2070 psi . |
B L ’ PV-16 j
o 1
0 -02 -04 -06 -08 -10 (x1073
TRACE OF CIRCUMFERENTIAL CRACKS )
STRAIN (in./in.)

m AREA COVERED BY RADIAL CRACKS

Fig. 7.11. Internal pressure versus inner circumferential strain
Fig, 7.10. Crack trajectories. at radius of 93/8 in. for PV16.

ORNL-DWG 71-2558

3000
EXPERIMENTAL
2500 [ CUIRVE —
s TYPE C
- TYPE A NO HOOP
@ 2000 CONSTRAINT, 4 =0
wi TYPE B PARTIAL HOOP
x / TYPE B CONSTRAINT, 4=C,
u)
a - TYPE A TYPE C FULL HOOP
& 1500 CONSTRAINT, 4 =o
a l
- {
<
2
a
s
£ 1000
| k
500 ¢
AN
0
0 0.04 0.08 0.12

A, DEFLECTION AT CENTER OF SLAB {in.)

Fig. 7.12. Comparison of load-deformation curves for a Poisson’s ratio of 0.15,PV16.



STRESS {psi)

NUMBER OF ELEMENTS =77
NUMBER OF JOINTS = 258
DEGREES OF FREEDOM =661

73

\’\N?)// 4

QRO

RADIAL. LINE A

T
B | T _’—“‘k,/'//
//,_-
[
B R L
|| Il \/Dk\‘///

|

ORNL- DWG 71-2559
-

Fig. 7.13. Isoparametric element arrangement around open-

ing in vessel head (PV18).

ORNL-DWG 71-2560

8000 T I T 1 T |
° oy TOP AND BOTTOM ALONG RADIAL LINE B (FIG. 7.43)
6400 ® o TOP ALONG RADIAL LINE A (FIG. 7.43) —_—
Ao BOTTOM ALONG RADIAL LINE A
| | \ | |

4800 ‘

L4 hd ™~ ‘

|

3200 !
‘fOPEMNGﬂﬁ’\\
-

1600
.\.\ / I/ \\\\
0 ® N M4 \\\o\
Al ~ e N
7 ~ ~
R //a\\\.s___:~____~___
-1600 7 e —=l—=— =4
4
3 o
-3200 ;Tf )
-4800
o 4 8 12 16 20

DISTANCE FROM CENTER OF VESSEL (in)

Fig. 7.14. Variation of radial stress in vessel PV18 with pressure of 3000 psi.



74

-—~CIRCUMFERENTIAL

,[,,/—/'STEEL CAVITY LINER

PRESTRESSED CONCRETE REACTOR VESSEL

WIRE-WRAP PRESTRESSING

700 psi INTERNAL SECTION OF VESSEL
PRESSURE t TO BE SIMULATED
BY TEST
3 NORMAL INNER 8 NORMAL OUTER CONCRETE
CONCRETE SURTACE : SURFACE TEMPERATURE
TEMPERATURE 75eF

ORNL - DWG 70-3135

—=—AXIAL PRESTRESSING TENDONS

THERMAL INSULATION

RR353883

&
3

’0’00’0‘0%‘0’0'{0’0‘(0' ol

S0 o0o'o::&“:’o'o‘o‘o%‘o‘o"‘o(0'04’3'0 %
Sormstiseolnaiaey
SRR RS R, MOISTURE

BARRIER

o

P39 w800

L

-~ —CIRCUMFERENTIAL
PRESTRESSING

700 psi INTERNAL 7}
PRESSURE {

X — AXIAL PRESTRESSING
TENDONS

- "~ -STEEL LINER

I~ INNER SURFACE T}
HEATED TO

. !)7 ‘OUTER SURFACE

i N G A
el COOLED TO 75°F
W
SR SRR RS tanel

S
bots
&
0008

3

s

THERMAL CYLINDER TEST SPECIMEN

Fig. 7.15. Thermal-cylinder test specimen relationship to prestressed-concrete reactor vessel.

surface. The temperature distribution is simulated by
heating the inner surface and cooling the outer surface.
The actual detailed thick-walled cylinder test structure,
as depicted and described in ref. 4, is 48 in. high, 18 in.
thick, and 81 in. in outside diameter.

Prior to suspension of the program last year, most of
the equipment required for the test had been procured.
Exceptions were parts of the control system for heating
and cooling the specimen, parts of the internal pres-
surization system, and the top and bottom torus
weldments that close off the annular region between
the cylinder test specimen and the inner concrete core,
or island. In addition, not all the required instru-
mentation had been procured. Since reactivation this
fiscal year, all the control and pressurization system
parts have been obtained or are on order, and assembly
of the control system is under way. The top and
bottom torus weldments are on hand, and thus all the
structural framing and forms have been obtained, and
assembly is on schedule.

It is expected that the test structure will be cast in
January 1971. Verbal agreement for casting the thermal

cylinder and associated test specimens has been reached
with an outside organization.

7.2.1 Instrumentation

Instrumentation work is proceeding satisfactorily.
The 20 weldable strain gages and five thermocouples
have been attached to the inner surface of the liner, the
12 tendon load-transducers have been prepared and
instrumented (48 strain gages), and strain gages are now
being applied to the prestressing tendon strand.

Instrumentation work has also included the develop-
ment of two types of embedment devices for measuring
stress in the thermal-cylinder concrete. These are (1) a
stress cell made of titanium, and (2) a system consisting
of two concrete embedment strain gages, one of which
has a pressure diaphragm attached.

Preliminary prototypes have been fabricated and are
now undergoing testing. The titanium stress-cell proto-
type has been subjected to axial loading cycles to
evaluate stiffness, sensitivity, and repeatability of the
instrumental drift-monitoring system. The modulus of



elasticity of the cell was found to be 107 psi. Fifteen of
these cells have been fabricated for use in the thermal
cylinder and associated control specimens.

The second device for measuring stress consists of a
system of two embedment strain gages cast into the
concrete in parallel positions. One gage will have a
pressure diaphragm attached perpendicular to the axis
of the gage. The pressure in the diaphragm will be
controlled so that at any time the two strain gages read
the same. The diaphragm pressure reading is then a
measure of the stress in the concrete.

Finite-element analyses of the concrete-pressure dia-
phragm system were carried out for diaphragm diame-
ters of 3, 4, and 6 in. The analytical resuits indicated
that a 4-in.-diam diaphragm is well matched with the
4-in.-long Microdot embedded strain gages that will be
used. With a 4-in.-diam diaphragm, each 1000 psi of
actual concrete stress will create a differential reading in
the two strain gages associated with the diaphragm of
100 pin. when the diaphragm pressure is zero. The
diaphragm pressure required to reduce the differential
reading to zero is theoretically equal to the concrete
stress.

In addition to the analyses, a number of diaphragms
of various design were fabricated and embedded in 6-
by 12-4n. concrete cylinders. The behavior of the
diaphragms was then investigated by pressurizing them
and taking associated strain-gage readings. The final
design chosen as being satistactory was a 4-in.-diam
diaphragm consisting of two 20-mil sheets spaced 20
mils apart.

7.2.2 Preliminary inelastic analysis

To verify the adequacy of the design, a preliminary
time-dependent finite-element creep analysis was per-
formed. The analysis was used to predict the stress and
strain behavior of the specimen starting with the initial
prestressing and extending through the 45-day period
during which the internal pressure was removed.* The
finite-element computer program, SAFE-CREEP,’
which was developed for PCRV’s by Gulf General
Atomic, Inc., was used. This is a linear viscoelastic
program based on the superposition principle. It is a
two-dimensional analysis that will treat either axisym-
metric or plane concrete structures. A specific set of

5. F. J. DeArriago and Y. R. Rashid, SAFE-CREEP — A
Computer Program for the Viscoelastic Analysis of Axisym-
metric and Plane Concrete Structures, USAEC Report
GA-8111, General Atomic Division, General Dynamics Corpo-
ration, July 31, 1967.
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concrete creep data, which includes age at loading as a
variable, is built into the program.

Although any other set of creep data can, with very
little trouble, be programmed into the SAFE-CREEP
program, the preliminary analysis was performed with
the data currently in the program. The initial creep data
from the basic creep investigations indicate that the
actual thermal cylinder concrete will exhibit slightly
less primary creep than indicated by the data used in
the computer program and about the same amount of
secondary creep.

The finite-element layout for the analysis was shown
in ref. 4. Typical results from the preliminary time-
dependent analysis of the cylindrical specimen are
presented in Figs. 7.16, 7.17, and 7.18. The circumfer-
ential and axial stresses on the inner and outer surfaces
of the cylinder at midheight are shown in Fig. 7.16 as a
function of time after prestressing. The heavy lines are
the viscoelastic predictions, while the fine lines indicate
the variations predicted by a purely elastic analysis. The
circumferential and axial strain variations at the same
points are shown in Fig. 7.17, while the circumferential
and axial stresses in the steel liner at midheight are
shown in Fig. 7.18.

While the analytical technique used for the prelimi-
nary analysis is only one of several possibilities that will
be utilized in the thermal-cylinder investigation, the
results presented do give an indication of the general
stress and strain behavior expected during the test. The
results show that during periods that are predominantly
load controlled (for example, when only the pre-
stressing forces are acting) the time-dependent behavior
is primarily creep with the strains changing more
rapidly than the stresses. During periods that are
predominantly strain controlled (for example, when the
thermal gradient plus the prestressing is acting) the
behavior is primarily relaxation, with the stresses
changing more rapidly than the strains.

The effect of stress relaxation on the stresses due to
prestressing plus the thermal gradient can be seen in the
circumferential stress on the inner surface in Fig. 7.16.
Calculated on an elastic basis, the stress is about 3200
psi in compression. Principal compressive stresses are
generally limited to 0.45f,, where f is the specified
28-day compressive strength and is 6000 psi. This
compressive limit is thus 2700 psi, which is exceeded by
the circumferential stress calculated on an elastic basis.
With stress relaxation taken into account the maximum
stress is 2550 psi in compression, which is below this
limit.
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This is generally the case in actual PCRV’s. Early
designers found that for a design to remain within
practical and economic limits, account had to be taken
of the beneficial effects of creep. Some designers have
used various methods to approximately account for the
effects of creep in their stress analyses, notably by
simply using a reduced elastic modulus value, while
others have relaxed the allowable stress limits for
thermal plus mechanical load stresses calculated on an
elastic basis.

To accurately predict the actual stresses, more realis-
tic and rigorous creep-analysis methods must be used.
The linear viscoelastic method employed by SAFE-
CREEP is one possibility. It is known, however, that
the principle of superposition used in SAFE-CREEP
does not agree, in all cases, with experimental observa-
tions on concrete behavior, and, in fact, one of the
objectives of the thermal-cylinder test is to evaluate the
accuracy of this method.

Other analytical techniques, including a viscoelastic
analysis based on a modified superposition principle,
the simplified effective modulus method, and an analy-
sis based on the rate of creep method, will also be
investigated and utilized for comparisons with the
experimental results from the thermal-cylinder test.

6. G. L. England, “Elastic and Thermal-Creep Analyses of
Cylindrical Model Concrete Pressure Vessel,” pp. 262-273,
GCRP Semiann. Progr. Rept. Sept. 30, 1968, USAEC Report
ORNL-4353, Oak Ridge National Laboratory.
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From these comparisons the most suitable creep theory
and methods of analysis will be identified.

The computer program SAFE-CRACK’ was de-
veloped by Guif General Atomic under ORNL sub-
contract, and it uses a modified superposition principle
as mentioned above. The SAFE-CRACK program is a
modification of SAFE-CREEP, and it is expected to
provide improved predictions of inelastic behavior,
particularly in those situations where the temperature
varies with time, as is the case of the thermal cylinder.

The SAFE-CRACK program has been converted to
use at Oak Ridge. The trial problem supplied with the
program has been satisfactorily run and the program has
been enlarged to handle the input data for the thermal
cylinder that was originally used with the earlier
SAFE-CREEP program. The enlarged program is
presently being debugged with the thermal-cylinder
input data. When this analysis is carried out satisfacto-
rily, the creep behavior representation that was pro-
grammed into the analysis by GGA will be modified
based on the Corps of Engineers and University of
Texas creep data. The latter data are for the same
concrete mixture as will be used in the thermal
cylinder. The SAFE-CRACK program will then be used
for one of the final time-dependent analyses of the
concrete thermal-cylinder test.

7. Y. R. Rashid, Nonlinear Quasi-Static Analysis of Two-
Dimensional Concrete Structures, USAEC Report GA-0004,
Gulf General Atomic, Inc., Mar. 23, 1970.
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Thorium Utilization Program

8.

A. L. Lotts

Development of the thorium fuel cycle for the
economical production of nuclear energy has been the
aim of extensive programs of government and industry
for many years. The present effort is part of the
planned HTGR fuel recycle development program,
which is being pursued by the AEC, GGA, and ORNL.
Emphasis is being placed on development of the fuel
recycle technology required to demonstrate and sup-
port commercial HTGR recycle operations based on use
of the thorium fuel cycle.

The planned HTGR fuel recycle development pro-
gram to attain the above objectives includes studies of
spent fuel reprocessing; recycle fuel fabrication; fuel
receiving, handling, storage, and shipping; waste treat-
ment and disposal; recycle fuel irradiations; and con-
ceptual design studies of a commercial recycle plant.
Present emphasis is on developing the recycle tech-
nology for a reference fuel element composed of
graphite blocks containing fuel sticks of pyrolytic-
- carbon-coated ceramic fuel particles. Alternative fuels
will be investigated as necessary to determine their
relative merits. Technology developed in connection
with nonrecycle fuels will be ddapted where practical to
the fabrication of recycle fuels.

The reference fuel cycle is the thorium cycle with
235 as the initial fissile fuel. This cycle is illustrated in
Fig. 8.1. The bred 233U will be recovered and recycled.
Since the conversion ratio of the type of HTGR under
consideration is approximately 0.8 with a fuel exposure
time of four years, makeup fuel will be required

Introduction

R. G. Wymer

throughout the life of the reactor. Although 23°U is
considered as the reference material for initial and

ORNL—DWG 70—-11812A
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Fig. 8.1. Steps in HTGR fuel recycle.



makeup fuel, plutonium from light-water reactors is an
alternate fuel.

The reference fuel element for commercial HTGR’s is
a hexagonal block of graphite approximately 31 in. long
and 14 in. across flats, as shown in Fig. 8.2. In both the
teference 1000-MW(e) HTGR and the Fort St. Vrain
Reactor currently being constructed, these fuel ele-
ments will be stacked together in a close-packed array.
No supporting structure or additional moderator ma-
terial is used. The typical fuel element contains 102

helium coolant holes and 210 fuel holes. A fuel element
modified for control rods is shown in Fig. 8.3.

The reference fuel is in the form of ceramic kernels
(microspheres) coated with pyrolytic carbon and silicon
carbide and is bonded into sticks that fit into the fuel
holes in the graphite blocks. The coatings on the kernels
prevent the spread of fission products into the coolant
system. An inner layer of low-density pyrolytic carbon
is applied to all kernels to provide voids for the fission
products and to protect the outer coating from fission
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Fig. 8.3. Typical HTGR fuel element with control rod channels.

recoil damage. The outer layers, either of a single layer
-of ‘high-density pyrblytic carbon or of a layer of silicon
carbide sandwiched between two layers of high-density
pyrolytic carbon, act as a pressure vessel to contain the
fission products.

Four types of particles are used to provide for
isoldtion of spent 235U (containing 23°U) from 233U
and to lower the fabrication costs. The cost reduction is
possible because particles containing only thorium or
235U can be fabricated at lower cost in a facility

separate from the shielded 233U particle refabrication
facility. The four particle types are (1) a fertile particle
containing Th, (2) a fissile particle containing 23°U
with a pyrolytic-carbon coating — called the Biso fissile
particle, (3) a fissile particle containing 235U coated
with both pyrolytic carbon and silicon carbide — called
the Triso fissile particle, and (4) a fissile particle
containing *>3U with a pyrolytic-carbon coating —
called the recycle particle. Only one type of fissile
particle is used in any one fuel element. Fissile particles



are mixed with fertile particles before the fuel stick is
formed. The nomenclature of the elements that contain
the various fissile particles is outlined in Table 8.1.
Every element contains the ThC, fertile particle. Two
types of elements are used at one time in the core —
elements A and B. The Triso fissile particle is contained
in element B. Initially, until 233U is available, element
A contains the Biso fissile particle. In later core
loadings, the same element B as in the initial fueling will

Table 8.1. Particle types in the reference
HTGR fuel elements?

Element A Element B
- 2350C, 235UC, (Triso)
Initial fuel ThC, ThC,

(Th-2331U)0,
ThC,

2357C, (Triso)

Recycle fuel ThC,

@ All particles have Biso coating except as noted.
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be used, and the recycle particle will be used in element
A.

To implement this development program, facilities are
required for demonstrations of head-end reprocessing,
solvent-extraction reprocessing, and fuel refabrication;
recycle fuel proof test irradiations; and laboratory
development work preceding and supporting the dem-
onstrations. This laboratory development work includes
both process development and engineering-scale equip-
ment development. Laboratory development work will
be done in available chemical and engineering labora-
tories and hot cell facilities at ORNL and GGA.

The demonstrations of head-end reprocessing and fuel
refabrication will be performed in pilot plants located
in the Thorium-Uranium Recycle Facility (TURF) at
ORNL. The demonstration of solvent-extraction reproc-
essing will be accomplished either in TURF or in the
ORNL Building 3019 Facility, which presently contains
Thorex pilot plant equipment. The irradiations will be
done in the Peach Bottom Reactor, the Engineering
Test Reactor, ORNL irradiation facilities, and the Fort
St. Vrain Reactor. The overall schedule for the develop-
ment program is shown in Fig. 8.4.

ORNL-DWG 71-2753
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Fig. 8.4. HTGR recycle development program schedule.
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9. HTGR Fuel Recycle Development Program Plan

A. L. Lotts

J. W. Anderson

9.1 Background

The HTGR fuel recycle development program is being
documented in a formal report that states the objectives
of the development program and outlines the activities
necessary to accomplish these objectives. A summary of
the current status of recycle fuel reprocessing and
refabrication technology is included, and the additional
technology needed to permit commercial fuel recycle is
identified. The plan is intended to provide the basis
from which a well-organized and systematic approach
can be taken to recycle fuel development.

The initial draft of the program plan was prepared
several years ago, and since that time the plan has been
reviewed periodically by Gulf General Atomic, ORNL,
and the AEC. Updated drafts were prepared on several
occasions, but a final report was not issued or com-
pleted. Efforts are now proceeding to update and
complete the program plan and to issue it as a formal
report.

9.2 Scope

The plan reflects a progression of work activities that
began in 1970 and extends into 1981; the planning is
such that a commercial recycle plant can be designed,
constructed, and placed into operation on a time
schedule that minimizes HTGR fuel recycle costs." The
plan thus describes the actions that must be taken by
both government and private industry to realize

maximum benefit from an HTGR economy. It defines
in detail the tasks and the subtasks that must be
performed in the development program so that the
overall objective of developing and demonstrating the
technical and economic feasibility of HTGR fuel
recycle can be achieved. The tasks are therefore all
oriented toward developing processes and equipment
for remotely reprocessing the irradiated HTGR fuel and
then remotely refabricating recycle fuel. Also included
are the design, construction, and operation of an
integrated pilot plant for demonstration of fuel re-
cycling. The demonstration will involve a six-month
operating period during which approximately 1000
spent fuel elements will be treated by the planned
processing methods; the bred 233U will be recovered;
and recycle fuel elements containing 233U will be
refabricated. The plan considers the proof testing of
recycle fuel and the development of the conceptual
design for a commercial reprocessing plant.

9.3 Organization
The plan is divided into the following major sections:

Summary

Introduction

Technical and Economic Background

Task 100 — Reprocessing Development

Task 200 — Refabrication Development

Task 300 — Recycle Irradiation

Task 400 — Commercial Recycle Plant Studies
Appendix A

Appendix B

1. F. J. Furman, R. B. Pratt, and A. L. Lotts, Prediction of
the Economically Optimum Time to Initiate Recycle for the
High-Temperature Gas-Cooled Reactor Industry Using Com-
puter Program DELAY, USAEC Report ORNL-TM-2704, Oak
Ridge National Laboratory, December 1969.

The introduction to the plan provides an overall
description of the program and the economic justifi-
cation for it, as well as information relative to the



reference HTGR fuel and fuel elements. The intro-
duction also presents the program budget, schedule of
activities, and important milestones and events that
must occur during implementation in order to realize
the objectives.

The program tasks are organized according to the
outline given below:

PROGRAM TASK

100 REPROCESSING DEVELOPMENT
110  Head-End Process Development

111 Burner feed preparation

112 Burner technology

113 Burner ash handling

114  Treatment of classified burner ash

115 Alternate methods of maintaining
isolation of 233U and 235U

116  Scrap recycle

117 Off-gas handling and decontamination

118  Waste treatment and disposal

120  Head-End Processing Demonstration

121 Design

122 Procurement and testing of equipment
123 Installation of equipment

124 Cold operational testing of equipment
125 Hot demonstration of equipment

126  Waste treatment and disposal

127 Materials handling

128 Process development support

130  Acid Thorex Processing Demonstration

131 Design

132 Procurement and testing of equipment
133 Installation of equipment

134 Cold operational testing of equipment
135 Hot demonstration of equipment

136  Waste treatment and disposal

137 Materials handling

138 Process development support

200 REFABRICATION DEVELOPMENT

210  Refabrication Process Development

211 Sol preparation

212 Microsphere preparation

213 Particle coating

214 Particle handling and inspection

215 Fuel stick fabrication

216  Fuel element fabrication

217  Internal recycle of off-specification
material

220  Fuel Refabrication Demonstration

221 Design

222 Procurement and testing of equipment

223 Installation of equipment

224 Cold operational testing of integrated
equipment

225 Hot demonstration of integrated
equipment

226 Waste treatment and disposal

227 Materials handling

228  Process development support

300 RECYCLE FUEL IRRADIATIONS

311 Capsule irradiation tests

312 Peach Bottom irradiation tests
313 Proof tests

314 Fuel irradiation tests

400 COMMERCIAL RECYCLE PLANT STUDIES

410  Engineering and Economic Studies

411 Process evaluation

412 Fuel shipping methods and cost

413 Irradiated fuel storage

414  Waste management and byproduct re-
covery

420 Conceptual Design of a Commercial
Recycle Plant

The 110 subtask relates to the laboratory develop-
ment of head-end processing, while the 210 subtask
relates to the development of refabrication processes.
These laboratory development subtasks include both
the development of processes and equipment for
performing fuel processing and refabrication.

The 120, 130, and 220 subtasks relate to the design,
construction, and operation of the integrated pilot
plant, which is to demonstrate the technical and
economic feasibility of HTGR fuel recycling.

The 300 series subtasks relate to the preparation of
either capsules containing fuel for irradiation or test
fuel elements for irradiation. These irradiations are
designed to be proof tests of the adequacy of the fuel
and the fuel recycle processes that are being developed
for HIGR’s. Another objective of these subtasks is
providing irradiated material that can be used in early
studies concerning the development of processes and
equipment.



The 400 series subtasks relate to the engineering
efforts that must be directed toward the preparation of
a conceptual design for a commercial fuel recycling
plant.

Within the plan each major task description provides
(1) background information and a description of the
activities required, (2) the schedule, (3) the funding
requirements, and (4) the facilities that are necessary to
carry out the task. Each subtask description provides a
basic statement of requirements, status of the tech-
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nology that relates to the task, and a work plan for
achieving the identified objectives.

9.4 Status

Currently the program plan is in the final stages of
preparation before issue as a formal report. The
technical work on the plan has been completed, and the
draft material is presently being edited and reviewed. It
is anticipated that the document will be issued early in
1971.
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10. Head-End Reprocessing Development

R. S. Lowrie

V.

C. A. Vaughen

Head-end methods are being developed for the re-
processing of HTGR fuel. The reprocessing studies
cover fuels for both Fort St. Vrain (FSV) and the
1000-MW(e) reference reactors with the primary em-
phasis on FSV fuel, since it will be the first HTGR fuel
to become available for use in recycle studies in the
Thorium-Uranium Recycle Facility (TURF). Present
head-end reprocessing studies are based on use of
bonded graphite fuel sticks in the graphite block. Fuel
sticks for the FSV reactor contain Triso-coated 235 UC,
fissile and Triso-coated ThC, fertile particles, which are
expected to maintain their integrity during exposure in
the reactor and throughout the reprocessing steps.! A
method is being developed to separate fertile from
fissile particles based on size difference after the block
graphite, the binder graphite, and the outer carbon
layer are removed by burning.

The fuel presently being considered for the reference
1000-MW(e) reactor comprises Triso-coated 23°UC,
fissite and Biso-coated ThC, and (U, Th)O, fertile
particles.! Burning converts the ThC, particles to a
finely powdered oxide, which must be separated from
the fissile particles. The (Th,U)O, fertile particles are
expected to maintain their integrity during the burning
step. A method is being developed to recover the fertile
material by leaching all the ash from the fluidized-bed
burner, except the recycle alumina. The bred uranium
will be separated from the thorium in the acid-thorex
solvent extraction process. Although fissile particles will
probably be stored, the uranium and thorium can be
recovered by a separate crush, burn, and leach process
followed by a solvent-extraction step. The previously

1. Triso coatings consist of a porous carbon buffer layer on
the fuel kernel, a thin sealing layer, and two outer isotropic
pyrolytic-carbon layers separated by a silicon carbide layer;
Biso coatings consist of two pyrolytic-carbon layers.

published reprocessing flowsheet? was modified to
reflect these changes and is given in Fig. 10.1.

The lowest calculated power cost for an HTGR occurs
when the bred uranium (233U) is selectively recycled.
Since partial cost penalties accrue for “crossover” of
2337 to the discarded 2°*U fraction and 2*°U to the
233U fraction, emphasis has been placed on deter-
mining the efficiency of separation of the fertile
particles from the fissile particles in both engineering-
scale and hot-cell tests. Crossover can occur by particle
breakage or by inefficient particle separation or both.
For example, the particles cannot be separated by
screening if they stick together in small agglomerates
after burning. Cost penalties of about 0.015 mill/kWhr
were calculated for a loss of 5% of the 233U to the
235 fissile fraction. The same cost penalty accrues for
10% retention of the 23° U (and attendant 22®U) in the
2337 recycle fraction when reactor equilibrium con-
ditions are assumed, which takes 100 years, and for
25% retention when a 30-year reactor lifetime is
assumed.

10.1 Engineering Studies

Engineering studies of the head-end methods to be
used in reprocessing HTGR fuel elements were resumed.
Detailed process flowsheets of the head-end and the
acid-Thorex solvent-extraction steps are being prepared,
based on the principal reprocessing effort indicated in
Fig. 10.1, to determine major problem areas. The
compositions and flow rates of the inlet and outlet
streams, shown in Figs. 10.2 and 10.3, are based on the
assumption that during the hot demonstration of the

2. Oak Ridge National Laboratory, Chemical Technology
Division Annual Progress Report for Period Ending May 31,
1968, USAEC Report ORNL-4272, p. 57.
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reprocessing and refabrication of HTGR recycle fuel
elements, the production capacity of TURF will be 12
kg/day of (Th,U)O, microspheres with a thorium-to-
uranium ratio of 4.25:1. It was further assumed that all

89

gether with the development of a particle detector
to scan the barren graphite waste stream,

the 233U required will be supplied by reprocessing 2. development of suitable burners, fluidized bed or
spent FSV fuel elements. For simplicity the fission- other, which will permit separation of the SiC-
product concentration, the uranium concentration, and coated particles from all external graphite,
the isotopic composition calculated by the ORIGEN
code for fertile-particle fuel discharged after two years 3 efficient separation of the burner ash into fertile and
in the FSV reactor were used in these calculations as fissile fractions,
the average values for all fuel elements. These values,
given in Table 10.1, indicate that reprocessing about ten 4. development of a burner to remove all graphite in
fuel element_s per d?y will p.rowde suff1c1e_nt uranium, the crushed fertile particle fraction before leaching,
when combined with the internal uranium recycle and
stream, to produce 12 kg of microspheres per day.

Major problem areas are listed below: 5. development of a method for decontaminating large

1. separation of particles from barren graphite by a
screen tumbling or other physical technique, to-

amounts of burner off-gas from both entrained
solids and small amounts (ppm) of ®*Krand >H.

Table 10.1. Nuclide concentrations in fertile particle in fuel leaving
Fort St. Vrain reactor after a two-year exposure”

Power: 9.24 MW/MT

Burnup: 8437 MWd/MT

Flux: 4.84 x 103 neutrons/cm2-sec

Concentrations (g/MT of fuel charged to reactor)

Huclde Charge After 90 days After 150 days After 365 days After 730 days
2281y 0 1.26 x 10% 1.42 x 10? 1.94 x 107 3.79 x 102
2297h 0 7.81 x 102 8.59 x 10% 1.14 x 10" 5.45 x 10"
2301 0 1.86 x 10! 1.87 x 10! 1.89 x 10! 2.19 x 10
2321h 7.70 X 10° 7.50 X 10° 7.50 x 10° 7.50 X 10° 7.50 x 10°
231p, 0 5.44 5.44 5.44 5.43
233p, 0 9.58 x 10! 2.10 x 10° 1.82 x 10! 1.36 x 108
232y 0 1.59 1.59 1.58 1.45
233y 0 1.13 x 10* 1.14 % 10% 1.14 x 10* 1.14 x 10%
234y 0 1.24 x 10° 1.24 x 103 1.24 x 10° 1.24 x 103
235y 0 1.64 x 102 1.64 x 10° 1.64 x 102 1.64 x 102
236y 0 1.22 x 10 1.22 x 10! 1.22 x 10! 1.22 x 10!
237Np 0 3.95 x 10} 3.95 x 10} 3.95 x 10! 3.95 x 10"
23%py 0 5.51 x 102 5.50 x 102 5.48 x 10° 5.11 x 102
23%py 0 7.77 x 10° 7.77 X 103 7.77 x 103 7.76 X 103
240p, 0 2.18 x 10° 2.18 x 103 2.18 x 10° 218 x i0®

Total 7.70 X 10° 7.63 X 10° 7.63 X 10° 7.63 x 10° 7.63 x 10°

%These values are at variance with results obtained from GGA because GGA’s results were calculated from a more accurate
knowledge of fuel loading and fuel patterns in the Fort St. Vrain reactor. They are, nonetheless, suitable for use here, and in
conjunction with results for other exposures, they provide a self-consistent set of values.
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10.2 Head-End Reprocessing Studies with
Unirradiated HTGR Fuels

10.2.1 Resin-bonded fuel stick from early
Fort St. Vrain reactor prototype fuel

A resin-bonded unirradiated fuel stick obtained from
Gulf General Atomic (GGA) was crushed, burned, and
leached to test the head-end reprocessing characteristics
of unirradiated prototype FSV reactor fuel. The fuel
stick, enclosed in a graphite sleeve (1 in. in diameter,
15% in. long, and weighing 379.21 g), was fabricated at
GGA from Triso-coated fertile (ThC,) and fissile
particles [(Th,U)C, with a thorium-to-uranium ratio of
4] bonded with a thermosetting resin and graphite
filler. The coated particles are described in Table 10.2.
Agglomeration of the particles occurred during the
burning of the crushed fuel because a component in the
bonding material formed a glassy surface on the SiC
layer. Consequently, further grinding and leaching to
determine 233U-235U crossover were omitted. Results
showed that only limited success was achieved in tests
in which leaching, tumbling, and screening were used to
break up the small agglomerates and separate the fissile
and fertile particles.

Crushing. The fuel stick was crushed in the laboratory
jaw crusher (DFC model 20830) at a % -in. jaw opening
to simulate a large-scale crusher. Since the fuel stick was
not bonded to the graphite sleeve, the crushed fuel was

Table 10.2. Description of coated particles in an unirradiated
resin-bonded fuel stick? obtained from GGA

Fertile Fissile
particle particle
Kernel composition ThC, (Th,U)C,; Th/U
ratio of 4
Kernel diameter, um 295-589 104-275
Thickness of Triso coating, um 86/21/43 55/19/28
Final Triso-coated particle 400-870 250-450
diameter, um
Weight of coated particle, g 51 44
Weight of SiC-coated particle,b g 4197 31.91
Weight of U.? g 0.0 3.08
Weight of Th,? g 26.16 12,32

2The coated particles were bonded with a thermosetting resin
and carbonized before insertion in the graphite sleeve.

bCalculated.

easily separated from most of the graphite splinters.
The products were screened to give the following
distribution of sizes:

Mesh Size (um) Quantity (%)
Large pieces 67.6
(no fuel)
+4 >4760 16.5
+9 >2000 4.1
+20 >840 2.8
+42 >354 8.5
+60 >250 0.58
+100 >149 0.12
-100 <149 0.24

Several larger lumps of fuel and one end plug were
removed from the +4-mesh material for an archive
sample. The fines fractions (—100 mesh) were combined
for leaching tests. Each of the remaining sieve fractions
was “split” (or divided) into eight equal portions, and
these portions were combined to make eight random
samples of crushed fuel (without the large sleeve
fragments) for head-end tests. (This procedure has been
standardized to give random samples of crushed HTGR
fuels.) The samples weighed 14.29 + 0.24 g, and the
median weight was 14.33 g. The material balance
through the sample splitting step was 100.1%, and the
measured loss was 0.18 g of a total of 379.2 g of
original fuel plus sleeve.

Release of broken particles to the crusher fines. Fines
from the crushing step (1.42 g) were leached twice with
11 M HNO;-0.05 M HF—0.1 M A1**. Soluble organic
compounds colored the leach solutions dark brown.
The total breakage in the —60-mesh fraction was 0.03%
of the fissile particles and 0.25% of the fertile particles
at a %-in. jaw spacing. This level of breakage is
insignificant from a head-end processing standpoint.
Additional broken particles were found after fluidized-
bed burning studies (see below). In a second test, two
of the samples (R3 and R4) were recrushed at a
nominal %-in. jaw opening for small-scale burner tests.
The distribution of sizes for the crushed product is
given in Table 10.3. Estimates of breakage are given in
the discussion of fluidized-bed burning (see below).

Tumbling to subdivide fuel stick. One sample of
crushed fuel (R4) was tumbled in a 1%-in.-diam by
12-in.-long Teflon pipe for 6120 revolutions (6 hr) and
then rescreened. Since the fertile-particle fraction (+35
mesh, 76.6 wt %) contained significant amounts of
conglomerated fissile particles and resin, no further



Table 10.3. Distribution® of sizes of the
product obtained from the crushing step

d
Crushed product Re:;gi}z
Screen (total fuel) b Yo
R 5/ . obtained at /S-m. jaw
Gize Obtained at % -in. :
Mesh ; . . opening (%)
(um) jaw opening
(%) Sample Sample
R3 R4
+4 4760 50.7 1.6 1.3
+9 2000 12.5 37.9 31.6
+20 840 8.5 18.7 21.7
+42 354 26.1 38.3 42.2
+60 250 1.2 2.3 2.6
+100 149 0.4 0.4 0.1
—100? 0.7 08 04
Total, % 100.1 100.1 99.9
Total weight, g 123.43 14.39 1425
Total weight after 123.32 14.55 14.09

sieving, g

“Fraction (in %) caught on a screen of the given mesh size.
bFraction (in %) passed by a 100-mesh screen.

analysis of crossover was made. The total particle
breakage in the —60-mesh fraction was less than 1.5% of
the original sample weight — or an increase of 1% due
to the tumbling operation. It was concluded that
tumbling in this device is not effective for separating
fertile and fissile particles.

Fluidized-bed burning. Three samples (R1, R2, and
R3) of crushed fuel were burned at 750°C in a
fluidized-bed burner with 28 g of T-61 alumina
screened to —80 +100 mesh. In each case, the burner
product was free-flowing; however, the fertile and fissile
SiC-coated particles adhered to each other and formed
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small clusters that prevented separation by sieving.
Sticking was attributed to a glassy surface on the SiC
layer caused by a component in the resin bonding
agent. Two of the samples were leached and resieved,
and then all three were tumbled and screened several
times in an attempt to separate the two particle
fractions. Although there was an improvement in
separation after the leaching and tumbling operations,
the combined treatment did not yield a clearly defined
separation. In addition, some variability was noted in
the three runs. The ratio of the weight of the +42-mesh
fraction (fertile plus adhering fissile particles) to that of
the —42 +60 mesh material (ie., fissile plus broken
fertile particles) is given in Table 10.4.

The weight ratio of fertile to fissile particles in the
original fuel stick was about 1.32. A rough estimate of
crossover may be made by dividing half the difference
between the fertile-to-fissile particle ratio for the final
product and the original ratio (1.32) by the original
ratio; for example, (100) (143 — 1.32)/2(1.32)=4.2%
crossover for sample R1 (see Table 10.4). The original
crossover for the fluidized-bed burner product was
about 28 to 42%. After the various steps and treatments
described, this value was reduced to about 4 to 18%.

Alumina retentions were low; about 1% of the Al, O3
remained with the SiC-coated particles (0.02 g Al, 03
per gram of SiC-coated particles).

Particle breakage due to crushing and fluidized-bed
burning. The leachable heavy-metal content (a measure
of particle breakage) in the coated particle and alumina
fractions of the fluidized-bed burner product was
determined by leaching the sieved products twice with
11 M HNO;—-0.1 M AI*-005 M HF. The results
obtained are listed in Table 10.5. The use of a %-in. jaw

Table 10.4. Comparison of weight ratios of +42-mesh to (—42 +60)-mesh sieved burner products®

Fluidized-bed

Separation step

burner Original Final Final
Sample roduct CIOSSOVEr Tumbler Leacher Tumbler product crossover®
proc (%) product product product ratio (%)
ratio . . .
ratio ratio ratio

R1 2.06 28 1.59 1.55 1.43 4.2
R2 2.20 33 1.84 1.82 1.60 10.6
R3 2.42 42 2.14 1.80 18.2
R4 Unburned 3.50

Sieve analysis made after each listed step.
bOriginal ratio of materials in the fuel stick was 1.32.
€235(J that went to the thorium fraction.
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Table 10.5. Particle breakage due to crushing and fluidized-bed burning

Breakage (% of calculated total heavy metals)

Jaw
: Leachate from Leachate from
Sample it
P seihing +42-mesh 42 +60-mesh Al O3 AL O3 Total
(in.) . . leachate residue breakage
fraction fraction
U Th? U Th? U Th? U T U Th?

R1 S/s 0.18 0.16 0.66 ~0 1.1 0.05 0.06 0.01 2.0 0.2
R2 5/3 0.20 0.06 0.44 0.07 0.81 0.07 0.01 1.5 0.1
R3 1/8 (b) (b) (b) 7.1 0.07 0.02 >7.2

4Corrected for thorium from fissile particles (Th-to-U ratio of 4).

bNot analyzed.

opening did not result in the breakage of more than
about 1.5 to 2.0% of the fissile particles, whereas
breakage in excess of 7.2% was obtained with a “-in.
jaw opening. Breakage of the fertile particles was 0.1 to
0.2% with the %-in. jaw opening. An additional 0.03 to
0.25% breakage was found with the crusher fines (see
above). Approximately 0.07% of the uranium and
0.01% of the thorium were lost to the alumina residues.

10.2.2 One-sixth section of a prototype
Fort St. Vrain fuel element

Comminution studies. Unirradiated graphite fuel sam-
ples containing resin-bonded Triso-coated ThO, and
UO, particles® were crushed in a hammer mill with %,-
and % -in. grate spacings, and the crushed material was
sieved to determine the particle size distribution (Table
10.6). No fuel particles were found in +4-mesh or larger
size fractions with a %-in. grate spacing or in the
+12-mesh or larger size fractions with a ¥%-in. grate
spacing. Apparently the increased time in the hammer
mill with a %-in. grate spacing freed the particles from
the +12-mesh fractions so that the total amount of
barren graphite (free from fuel particles) was about the
same (~42 to 46%) for each spacing. Further treatment
in a screen tumbler should increase the amount of
particle-free graphite. The barren graphite could be
stored instead of burned if storage proved to be more
economical.

The breakage of particle coatings was determined by

leaching the hammer-mill product with Thorex dis-
solvent (13 M HNO,—0.04 M F~—0.10 M Al** ). In two

3. These particles were made and coated at ORNL.

Table 10.6. Size distribution of the product obtained
by crushing HTGR graphite fuel? in a hammer mill

Hammer millb product (Wt %)

Size fraction

3/4-ir1. grate spacing 3/E‘-in. grate spacing

Sample 1 Sample 2 Sample 1 Sample 2
+¥%, in. 2.2¢ 3.2¢
=3 +Y% in. 9.0° 12.2¢
% in.+4 mesh  33.0° 30.8¢ 14.4¢ 23.4¢
—4 +12 mesh 14.5 14.6 27.6° 19.83¢
—12+20 mesh 11.1 11.7 14.5 11.72
—20+35 mesh 19.8 18.0 10.7 19.7
—35 +50 mesh 3.6 2.6 8.5 6.6
—50+80 mesh 2.5 2.5 7.4 5.4
—80 mesh 4.8¢ 4.4¢ 16.79 1329

%One-sixth section of a prototype FSV fuel element contain-
ing Triso-coated fertile and fissile fuel particles in resin-bonded
fuel sticks.

bType A Jeffrey swing hammer.
“No fuel particles were found in these fractions.

dContained only a few pieces of broken UO, and ThO,
particles,

batches of graphite fuel, the coatings on 2.17 and 0.1%
of the UO, particles and on 1.07 and 1.52% of the
ThO, particles were broken by crushing at a %-in. grate
spacing.

Fluidized-bed burning studies. Tests were made in a
2-in.-diam fluidized-bed burner with crushed graphite
(material passing a ¥-in. grate spacing) containing
Triso-coated UO, and ThO, fuel particles to determine
the direct and indirect effects of oxygen concentration
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in the reagent gas on particle-coating breakage (Table
10.7). The oxygen concentration was varied from 20%
(air) to 100%, while other operating conditions were
held constant. Norton RR grade alumina was used as
the heat-transfer medium. The bed temperature was
750°C.

The percentages of particles with broken coatings (as
determined by leaching the product with Thorex
dissolvent) are shown in Table 10.8. Breakage of the
UQ, particle coatings decreased from 6.09 to 2.97% as
the oxygen concentration increased from 20 to 100%,
primarily due to the decreased time in the fluidized
bed. The breakage of the ThO, particle coatings
decreased from 6.9 to 3.6% as the oxygen concentra-

tion increased from 20 to 70% and then increased
sharply to 11.3% with 100% oxygen. However, since
pure oxygen reagent can produce sintering of the bed, a
feed containing 100% oxygen would probably not be
used in a routine operation. When a 70% oxygen
reagent is used, the overall coating breakage for both
the crushing and the burning steps is 5.7% for UO, and
4.67% for ThO, particles. Operation was smooth, and
no wall “hot spots” or plugs developed. Oxygen
utilization averaged greater than 95% during the major
portion of the burning period; the burner residue was
free-flowing and had a carbon content of less than 1%.
When the residue was screened, the ThO, particles went
to the +35-mesh fraction and the UO, particles went to
the —35 +50 mesh fraction.

Table 10.7. Fluidized-bed burning tests with Triso-coated fuel

Run BT-14 Run BT-15 Run BT-16

Burner charge, g

Alumina® 1600 1600 1600

Crushed fuel” 2000 2038 1835
Reagent gas Air (20% O3) 70% O, + 100% O,

30% N,

Operating conditions

Superficial gas velocity, fps 1.25 1.25 1.25

Temperature, °C 750 + 25 750 + 25 750 + 25
Burning time, hr 14.75 7.25 4.25
Burner residue, g 1894 1954 1879

4_90-mesh Norton RR alumina.

bHammer mill set to produce 43/4—in. product.

Table 10.8. Breakage of particle coatings in
fluidized-bed burning tests with Triso-coated fuel

Fraction of particles with broken coatings (%)

Run BT-14 Run BT-15 Run BT-16
U0, particles, as charged 2.17 2.17 2.17
ThQ, particles, as charged 1.07 1.07 1.07
UQ; particles in burner ash 8.26 5.7 5.4
ThQO, particles in burner ash 7.97 4.67 12.37
UO, particles broken in test 6.09 3.53 2.97
ThO, particles broken in test 6.90 3.6 11.30




10.3 Head-End Reprocessing Studies with Irradiated
HTGR Fuels — Study of Dragon Compact 8375

Flowsheet variables for the head-end reprocessing of
HTGR fuels were tested on a small scale with irradiated
HTGR fuels in a hot cell. The objectives of the hot-cell
studies are to (1) test the operational feasibility of the
proposed flowsheets, for example, crush-burn-sieve-
grind-burndeach, (2) test the stability of coated parti-
cles in head-end steps, (3) obtain information on
releases of the fission products >H, ®5Kr, °°Sr, 126 Ru,
and '37Cs in off-gases, (4) obtain information for the
design of a head-end pilot plant to be located at TURF,
and (5) obtain estimates of product losses and waste
stream compositions. Unirradiated fuels were also
studied in similar equipment to insure that the results
of the small-scale studies are comparable with those of
the larger scale studies with unirradiated fuels and to
permit evaluation of irradiation effects by comparison
with the tests on unirradiated fuels.

Dragon compact 8375, a hollow cylinder, contained
“standard™ Dragon fuel with Triso coatings of buffer
pyrolytic carbon, silicon carbide, and isotropic pyro-
lytic carbon having thicknesses of 27, 17, and 64 um,
respectively. Based on ' 37Cs analyses, the compact was
irradiated to a burnup of approximately 15,000
MWdJ/MT. The purposes of the tests made with this
compact were to (1) confirm that the crusher jaw
opening was the major variable in the breakage of the
SiC-coated particles, (2) determine the extent of break-
age during sawing, (3) measure ®°Kr and *H releases
during head-end reprocessing steps, and (4) obtain data
on leaching, fission-product behavior, and uranium and
thorium losses to residues. The experiments were
completed, but not all the data have been analyzed.
Details of the experimental procedures were pub-
lished.?

The Dragon compact was first sawed into two rings,
and then one of the rings was further sawed into four
sections of about equal size. All the sawdust was
brushed off the cut edges and collected as fines for
leaching. Two of the four sawed sections were burned
as large pieces (in a static bed), and the residual fuel
particles were leached to determine the fraction of
particles broken during the sawing step. The final two

4. V. C. A. Vaughen, Head-End Studies of SiC-Coated HTGR
Fuels: Unirradiated Dragon Compact No. 8232, USAEC Report
ORNL-TM-2389, Oak Ridge National Laboratory, February
1969.
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sawed sections were crushed with a %-in. jaw opening
in the crusher, burned in a static bed, and leached to
determine the amount of particle breakage. (It should
be remembered that FSV-type fuel blocks can be cut
without encountering fuel particles, whereas this is not
possible with Dragon fuel compacts.)

The second ring was crushed into nine large pieces
with a %-in. opening on the jaw crusher. Three samples
(RS, R6, and R7) were burned in a fluidized bed with
Al, O3, sieved to recover the SiC-coated particles from
the Al,05, ground to —60 mesh to break all the
particles, burned again in a static bed, and leached to
obtain the uranium, thorium, and fission-product con-
tents of the compact and the losses of these materials to
the residue. The amounts of *H and ®°Kr released in
each step were also determined.

10.3.1 Crushing studies

The hot-cell crusher (DFC model 20830) has a
nominal %-in. jaw opening but was shimmed to a
nominal ' in. to produce a product suitable for
small-scale burner tests.

With the %-in. jaw opening, unirradiated compacts
are crushed to a few large lumps, which are satisfactory
feed for a 2-in.-diam fluidized burner. In the case of
irradiated compact 8375, a quarter ring broke into nine
pieces; consequently, size distribution of the product
cannot be defined. However, two of the sawed sections
(R3 and R4) were recrushed at a %-in. jaw opening and
analyzed by screening. The results, along with some
earlier data for comparison, are given in Table 10.9. The
important points are that the fueled compacts release a
larger fraction of +42-mesh material (free beads) than is
obtained from machined cylinders and, except for some
variability in the amounts of +4-and +9-mesh material,
that the size distributions of the crushed product in
each case are quite similar.

10.3.2 Breakage during size-reduction studies

Experiments with compact 8375 confirmed that the
jaw crusher opening was a significant variable in the
breakage of fuel particles. In general, the composition
of the fines (—42 mesh) was representative of the
composition of the compact. With unirradiated fuels
(and compact 8368), significantly fewer particles were
ruptured; hence, the fines were richer in graphite than
the overall average composition of the fuel, indicating
that the cleavage was around (rather than through) the
particles dispersed in the hot-pressed matrix.

The fraction of broken particles present in the
original compact was estimated at 2.3% from static-bed
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Table 10.9. Size distribution of product obtained with the hot-cell crusher at 1/,;-in. jaw opening

Fraction (%) of total product on screen of indicated size

+4 mesh +9 mesh +20 mesh +42 mesh +100 mesh —100 mesh
Machined cylinders of graphite (no fuel) ~9 ~60 12.6 6.6 4.9 6.9
Unirradiated compact 8232 2.6 62.6 9.1 18.1 2.9 4.8
Irradiated® compact 8368 5.9 48.0 12.2 22.8 3.8 7.3
Irradiated? compact 8375
Sample R3 18.3 44.1 11.5 17.6 3.9 4.6
Sample R4 9.1 52.4 12.9 18.0 3.1 4.5

“Irradiated to a burnup of approximately 15,000 MWd/MT.

burn-leach tests on two sawed segments (R1 and R2).
This fraction was considered to be broken prior to the
sawing step, since the sawed surfaces were brushed free
of broken fines before burning, and neither hacksawing
nor static-bed burning is expected to fracture particles
that are surrounded by fuel matrix. The burner product
was leached twice with 11 M HNO; 0.1 M Al**—0.05
M HF without grinding the SiC-coated particles, and the
uranium and thorium contents of this product were
compared with the uranium and thorium contents of
the crushed fuel samples determined by analysis of
fractions R5, R6, and R7.

Crushing with a %-in. jaw opening produced a
—42-mesh fines fraction containing 1.4% of the sample
(by weight) and about 1% of the calculated uranium
and thorium present in the half cylinder. Crushing to a
nominal " -in. jaw opening produced a fines fraction
averaging 8.1% of the sample weight. After the crushed
product was burned in a static bed and the residue was
leached (without grinding), 13.6% of the calculated fuel
particles present were found to be broken. Breakage
due solely to crushing at a ;-in. jaw opening is
estimated at 11.3%, of which 28% was retained with the
+42-mesh material. These results indicate that a signifi-
cant number of fractured particles were retained with
the larger lumps (+42 mesh) of fuel.

10.3.3 Release of >*H and ®°Kr

Three samples of fuel crushed at the %-in. opening
(i.e., RS, R6, and R7) were put through the complete
burn-grind-burn-leach processing. In each step, a purge
of either 4% H, plus argon or moist oxygen-nitrogen

mixtures was used to provide adequate carrier water for
trapping the *H on molecular sieves. The off-gases were
passed over a hot copper oxide bed to convert all the
hydrogen to water before trapping. The entire gas
output was collected and analyzed for ®3Kr (Table
10.10). About 1% of the total 8 Kr was collected in the
off-gas from the first burner; this represents a release of
85Kr from broken particles. There was some variation
in the amounts released during grinding and the second
burning; however, the sum of these two steps averaged
98%. The remainder (~1 to 2%) was found in the
dissolver off-gas. The fact that ®5Kr was found in the
dissolver off-gas probably indicates that the burning
conditions were not optimum for complete removal in
this step.

Tritium release data are also given in Table 10.10. As
reported previously,® a major fraction of the total
tritium (~30 to 40%) exists outside the SiC-coated
particles and is released in the first burning step. This
tritium is believed to be a product of neutron reactions
with materials in the bonding matrix and *He in the
coolant gas. Most of the ternary-fission-produced trit-
ium is thought to be retained within the SiC coating until
the particles are crushed and heated or burned. Residual
tritium (2.6 to 6.8%) in the second burner product was
recovered during leaching. The presence of residual
tritium indicated a lack of optimum burning conditions.

5. Oak Ridge National Laboratory, Chemical Technology
Division Annual Progress Report for Period Ending May 31,
1969, USAEC Report ORNL4422, pp. 114-119.
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Table 10.10. Release of >H and 3°Kr during head-end steps performed on samples of Dragon compact 8375

85Kr release 3H release
Sample RS Sample R6 Sample R7 Sample R5 Sample R6 Sample R7

Fraction, %, present in off-gas from

First burning step >0.44 1.04 0.98 323 ()] 29.7

Grinding step 27.6 81.1 16.7 0.3 5.6

Second burning step 71.7 15.7 81.3 60.6 62.0

First leach 0.3 2.1 1.0 3.8¢ 2.2¢
Fraction in first leach liquor, % 3.0 0.4
Total activity, dis/min 413x 10'°  334x 10'° 332x10'° 745x 10®  5.44x 10® 1.80 x 10®
Sample weight, g 16.35 14.55 11.11 16.35 14.55 11.11

Collected on dry ice-charcoal trap; CO, displaced some of the 85Kr; subsequent samples were taken from the collected gases.

bPercentage values not realistic because the value for *H in the off-gas of the second burn cycle was very low.

“Accuracy doubtful because of low counting rate.

10.4 Procurement of Irradiated HTGR Fuels
for Head-End Studies

Additional samples of irradiated Dragon fuel com-
pacts have been requested for head-end reprocessing
tests. These compacts contain coated fuel particles
similar to those proposed for the Fort St. Vrain and
commercial 1100-MW(e) HTGR’s and will provide
meaningful tests of reprocessing flowsheet concepts,
even though the Dragon fuels differ from GGA-HTGR
fuels. Dragon fuels are hot-pressed compacts rather than
bonded fuel sticks; they have larger particle kernel sizes
and thicker coatings; and, among other differences,
they are one-particle rather than two-particle fuels.

A comprehensive study of the following prototype
HTGR fuels is also planned:

1. ORNL Biso-coated (Th,U)O, sol-gel microspheres,
which were irradiated as compacts in the Dragon
reactor,

ORNL test capsules to be irradiated in the ETR for
combined head-end reprocessing studies and irradi-
ation performance testing, and

. recycle test elements (RTE’s) fabricated jointly by

GGA and ORNL and being irradiated in the Peach
Bottom reactor.

10.4.1 ORNL Biso-coated (Th,U)O, sol-gel
microsphere compacts

Several types of Dragon fuels of particular interest in
head-end work have been requested and should arrive in
the early part of fiscal year 1971. These and ORNL
sol-gel irradiated compacts are described in Table 10.11.

Many important fuel types and head-end reprocessing
steps can be simulated, as shown in the last column of
this table.

10.4.2 ORNL test capsule

The irradiation performance and behavior of small
quantities of three types of candidate coated-particle
1100-MW(e) HTGR fuels under proposed methods of
head-end reprocessing will be studied jointly by the
Metals and Ceramics and the Chemical Technology
Divisions. The three types of fuel-particle combinations
that will be tested in small, loose beds and in fuel sticks
(~2.5 in. long) are the alternate block A recycle [(4.2
Th,U)O, + ThO,], block B recycle [UC,(Triso-
coated) + ThC,], backup block B recycle
[UO, + ThO,] fuels, and the accelerated-burnup alter-
nate block A recycle fuel [(2Th,U)0, + ThO,]. Only

the UC, particles have Triso coatings. The particles in
blended beds and in fuel sticks will be irradiated in two
capsules at temperatures of 750, 950, 1050, and
1300°C to burnups of approximately 4 X 102! to 6 X
102! neutrons/cm?-sec fast fluence in the ETR.
Although the quantities of fuel are quite small, they
will be adequate for an early preliminary determination
of the head-end reprocessing behavior of highly irradi-
ated recycle and alternate fuels. They will be available
before the first recycle test elements are removed from
the Peach Bottom reactor (at about 1.4 X 10%!
neutrons/cm? -sec fast fluence). Studies will include the
separation of fertile and fissile particles (Biso and Triso
coated), determination of uranium crossover, estimates
of particle breakage, and measurement of the release of



Table 10.11. Irradiated Dragon compacts? requested for ORNL head-end studies

Experimental Th—to-q Kernel Kemel Type of Thlckn'ess Comments
designation atom ratio composition diameter coating of coatings
£ (93%2**U) P (um) (um)
2M4 10 (U,Th)0, 500 Biso 130 Simulates (**>3U,Th)O, reference (Biso)
recycle particle for 1100-MW(e) HTGR;
will be compared with ORNL sol-gel
recycle particle
M7 10 (UTh)O, 500 Triso 160 Simulates (**3U,Th)0, alternate (Triso)
recycle particle for 1100-MW(e) HTGR
2M10 10 (U, Th)C, 500 Triso 150 Suitable for comparison of carbides and
oxides in head-end studies; simulates
FSV fertile-fissile particle
M 10 (U,Th)C, 900 Triso 50/30/80 Large kernel size; can be mixed with other
fuels for particle-separation studies
of Triso-Triso and Triso-Biso mixes
(18M and ORNL sol-gel
Biso-coated fuels)
18M UC,o 500 Triso 25/30/70 Simulates fissile (235U) particle; will be
used in particle separation studies
19M ThC, 900 Triso 25/30/70 Simulates FSV fuel particles; will be
UC,o 500 Triso 25/30/70 used in particle separation studies
38M 5 (U,Th)C, 500 Biso 40/80 1100-MW(e) HTGR simulated fertile-fissile
particle with accelerated burnup; could
be mixed with UC; ¢ Triso-coated
particles (which are presently available)
for separation studies
ORNL 5 3,45 (U, Th)O, 290 Biso 1100-MW(e) reference recycle fuel (fertile)
sol-gel

rradiated to a burnup of about 7% fissions per initial metal atom and 2.5 X 10%! neutrorls/cm2 « sec fast fluence.

bIrradiated to 12 to 18% fissions per initial metal atom.

volatile fission products, such as 85Kr, *H, ®°Sr, and
137Cs, in various head-end steps.

10.4.3 Recycle test elements

Eight recycle test elements are to be irradiated in the
Peach Bottom reactor. Six were inserted in the summer
of 1970 and two may be inserted later in a cooperative
program between GGA and ORNL. Reference and
advanced recycle and makeup fuel particle mixtures in
these elements are being tested at operating tempera-
tures (1050 to 2250°F) of interest for use in com-
mercial HTGR’s. Bonded beds and some loose particles
(blended beds) will be irradiated for one, two, or three

years at exposures of 1.4 X 10%!,2.8 X 102! and4.2 X
102! neutrons/cm? -sec fast fluence, respectively.

These irradiated elements will be more representative
of the products of the large-scale production of fuel
elements than the materials that are being used in
capsule irradiation tests. In addition, they will provide
significant quantities of irradiated fuels for head-end
reprocessing studies and will probably be the first
irradiated fuel used in a head-end process demonstra-
tion in TURF.

The types of fuel combinations in the recycle test
elements and an indication of the reasons for their
inclusion are given in Table 10.12. A more detailed
breakdown of the loading combinations and irradiation
conditions is given in Table 10.13. Odd-numbered
elements are the primary source of material for the
hot-cell head-end studies. The emphasis is on particle
combinations a, ¢, f, and g, which are the reference
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Table 10.12. Fuel combinations in the recycle test element program

Particle makeup in combinations

Particle ification®
combination Fissile particle Fertile particle Justification
and coating and coating

a (Th, 20% U)O,, Biso Reference recycle fuel

b UO,, Biso ThC,, Biso Backup fuel type if economics indicate that Th should be eliminated
from recycle fissile particle

c (Th, 33% U)O,, Biso ThO,, Biso Th/U ratio of 2 to obtain reference burnup in three years;
ThO, backup if oxide process is adopted for economic reasons;
over a period of time, the desired Th-to-U ratio will move from
4 toward 2

d (Th, 33% U)O,, Biso ThC,, Biso Reference-type recycle combination with a Th-to-U ratio of 2
for accelerated burnup in fissile particle

e UC,, Biso ThC,, Biso Reference startup loading

f UC,, Triso ThC,, Biso Reference B block makeup fuel loading; Triso coating necessary
to permit required separation of particles during reprocessing

g U0,, Biso ThO,, Biso Backup fertile particle if thorium is eliminated from recycle
particle; backup fertile particle if sol-gel process is used

h UC,, Biso ThO,, Biso Backup B block loading; possible particle separation
by chemical processes (e.g., selective burning or leaching)

i UC,, Triso ThC,, Triso Needed if cleaner primary heat exchanger circuit becomes requirement;

FSV-type fuel

%All combinations will be evaluated for equipment and chemical process checkout, bed sticking, metallic fission-product
behavior, and kernel migration.

Table 10.13. Recycle test element (RTE) loading combinations

Position of

Center-line

Loading combinations®

fuel body temperature First dis'charg.e ' Second di.schafge‘ Final di.schar.ge.
in element range (one-year irradiation) (two-year irradiation) (three-year irradiation)
€ RTE1 RTE2 RTE3 RTE4 RTE5S RTE6 RTE7 RTES

6 (top of reactor) 2050—-1950 b,d,e,i f b,d,e,i e? b,d,e,i g a,c,f.8 f
5 2250-2050 b,d,e,h a? b,d,eh d b,d,eh f acfg i
4 (maximum flux) 2250-2300 a,c g e acf.g f acf.g f b,d,g,h d
3 (maximum flux) 2050-2250 a,c,f.g b acfe a? acig d bdgi .
2 1650-2050  ac,fg d acfg £o ac,fg £ b,d.gi i
1 (bottom of reactor) 1050-1650 a,c, g P ac,hg e a,cfg e b,d.g,i T

aLoadings are indicated by letters a through i and are defined in Table 10.12.

bBlended beds: one-year irradiations will be to a maximum dose of approximately 1.4 X 102! neutrons/cm2~sec; two-year
irradiations to a maximum dose of approximately 2.8 X 102! neutrons/cmz'sec; three-year irradiations to a maximum dose of
approximately 4.2 X 102! neutrons/cm? -sec.



candidates; however, all fuel combinations are covered
in each odd-numbered element. The six 15-in. sections
of the odd-numbered elements will be quartered length-
wise to obtain one sample of each fuel type, as
indicated in Fig. 10.4. Even-numbered elements will
provide larger amounts of the various fuel combinations
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for additional hot-cell studies as necessary or desirable.
They may also be the first irradiated specimens repre-
sentative of actual 1100-MW(e) reactor fuel that will
become available for use in reprocessing studies in
TUREF.
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Fig. 10.4. Recycle test element.



100

11. Refabrication Development

J. D. Sease

P. A. Haas

The equipment and processes required for refabricat-
ing fuel are being developed. Refabrication starts with
the 233 U-nitrate solution from the solvent extraction
process and ends with a completed fuel element ready
for shipment to the reactor. Included are sol prepara-
tion; microsphere forming, drying, and firing; particle
handling and particle coating; fuel stick fabrication; fuel
element assembly; and all the inspections involved in
each production step. In addition to development of
equipment and processes for these operations, simu-
lated HTGR recycle fuel must be provided for head-end
reprocessing development and irradiation testing. Thus
besides the long-term goal of developing processes and
equipment for commercialscale recycle operations,
processes and equipment must be developed early in the
program to provide this test material. Usually this is
done by building equipment useful in both process
development and in fabricating small quantities of fuel
for testing.

11.1 Sol-Gel Studies and Particle Preparation

P. A. Haas B. S. Finney
J.P.McBride C.C.Haws
W. D. Bond W. L. Pattison

One important application of sol-gel processes is the
preparation of ThO,, UQO,, and ThO,-UO, spheres for
GCR fuel elements. Currently the procedures and
remotely operated equipment required for fuel prepara-
tion in the Thorium-Uranium Recycle Facility (TURF)
are being developed. During the current reporting

period, most of the work was on CUSP (concentrated
urania sol preparation) UO, sols and UO, spheres, but
the improved procedures developed for recycle of
2-ethyl-1-hexanol (2EH) for UQ, sphere formation will

also be useful for ThO,-UO5 sphere preparation. The
preparation of ThO,-UQ; sol and ThO,-UO, spheres
will be resumed during the next reporting period.

11.1.1 ThO,-UOQ, microsphere preparation

The solvent-extraction sol-preparation and the CPDL
sphere-preparation systems will be operated to supply
ThQ,-UQ, spheres for head-end reprocessing test ele-
ments. Components of both systems were borrowed or
moved to meet needs of the CUSP UQ, development
studies, and replacement of these components has
started. This production effort will be planned to also

1. demonstrate the improved 2EH recycle procedures
(developed for CUSP UO, sols) for ThO,-UQOj sols,

2. demonstrate the flowsheets for the thorium-to-
uranium ratio required for FSV HTGR fuel ele-
ments,

3. check some of the procedures and equipment
proposed for remote operation and control of
sphere-forming systems.

The exact ratio of thorium-to-uranium required for
FSV HTGR fuel elements depends on calculations of
nuclear requirements. While ThO,-UO, spheres with
ratios of 2.0 to 4.25 have been prepared, variations in
the ratio require variations in the flowsheet conditions.

The schedule for these operations will be selected to
meet the Metals and Ceramics Division’s schedule for
test element fabrication and to minimize interference
with CUSP development studies.

11.1.2 Urania-sol preparation

The CUSP process developed at ORNL has been
selected as the method for preparation of urania sols



because it is most amenable to scaleup and consistently
produces good sols with desirable characteristics. The
various aspects of CUSP sol preparation, including
uranous nitrate feed preparation, laboratory- and engi-
neering-scale process development, sol preparation, and
equipment design and instrumentation are discussed in
the following paragraphs.

Engineering development of the CUSP process for
preparing UO, sol was continued. The spray-column
equipment used for nitrate extraction was modified by
adding a surge tank and appropriate valves so that 4 to

17 liters of UQ, sol per batch (1.0 to 4.6 kg) could be
prepared. A 17-liter batch is the maximum that can be
reduced in the batch slurry reductor.

Operation of the modified spray column was satis-
factory, but some difficulty was encountered in main-
taining the position of the solvent—aqueous-phase
interface during crystallization. The aqueous phase
flows from the spray column to the surge tank through
a jack leg that is used to control the position of the
interface. The height of the jack leg is a function not
only of the static height of solvent above the aqueous
phase but also of the aqueous phase flow rate, which is
normally about 3.25 liters/min. During crystallization
and subsequent degassing, the aqueous-phase flow rate
fluctuates due to partial cavitation conditions in the
recirculating pump, and very careful control is required
to maintain the interface at the proper level. Figure
11.1 is a schematic diagram of the equipment layout,
while Fig. 11.2 shows the equipment.

Urania sol preparation runs were made in the mixer-
settler and spray column equipment to evaluate the use
of 0.5 M amine instead of 0.25 M amine. The more
concentrated amine provides greater flexibility in opera-
tion, and the conductivity excursion due to the release
of NO;  during crystallization can be more easily
controlled. However, the use of 0.5 M amine promotes
the formation of emulsions, and upon standing, an
emulsified layer rises to the top of the sol products. The
solvent becomes much darker and in less time than
when 0.25 M amine is used. It is concluded that about
0.3 M is the maximum concentration that should be
used.

It would be advantageous in terms of increased
capacity and elimination of a sol concentration step to
make more concentrated UQ, sols"by the CUSP
process. Accordingly, attempts were made in labora-
tory- and engineering-scale equipment to make about 2
M U(1V) feed solutions by catalytic reduction with H, .
The reductions were carried out with 750-ml volumes
of the appropriate U(VI) solutions. Stable solutions

101

ORNL DWG 70-2784R

AQUEOUS

,/' PHASE
L1 A FRESH
AMINE

VENT

SPENT e E4]
AMINE 8 =
TO CLEAN UP = £<
LEA E ] spray
REGENERATION £ [3a HEADER
=
e
S NITRATE
F€ EXTRACTION
tfel CONTACTOR
23 2in.1D BY
<] 36 in. LONG
ORGANIC — | 5
SOLVENT ] DIFFERENTIAL
RESERVOIR e PRESSURE
4 in, ID " CELL
AQUEOUS
PHASE
THERMO-
COUPLE
DRAIN
HWO
cWI
HEATER
COOLER
cwo
HWI

CONDUCTIVITY
PROBE

CENTRIFUGAL
PUMP DRAIN

Fig. 11.1. Schematic diagram of equipment layout for pilot-
plant-scale UO, sol preparation.

with U(IV) molar concentrations of 1.93, 2.03, and
2.09 were prepared. A small amount of green precipi-
tate (estimated to contain less than 2% of the uranium)
separated from the two higher concentration solutions
on standing overnight prior to analysis. The composi-
tions of the initial solutions and the final solutions
obtained in each experiment are given in Table 11.1.

An 8-iter feed batch of 1.8 M U, 3.83 M NO;~, 1.08
M COOH™, and 0.1 M urea was reduced in the batch
slurry reductor in 3 hr. The analysis of the resultant
U(IV) solution was as follows: 1.83 M U,3.93 M NO;",
0.63 M COOH™, and 0.06 M urea. The solution could
not be drained from the reductor through the 10-u pore
stainless steel filter and was siphoned out. After
standing overnight, there was a small amount of
sediment in the bottom of the container. Two 4-liter
batches of sol (SCSHB-46 and 47) were prepared by
using this feed in the spray-column nitrate-extraction






Table 11.1. Solution compositions used in attempts to
make concentrated uranium feed solutions for
preparation of UQ, sol

Concentrations (M)

Experiment — =
Uranium NO;4 HCOO Urea
Initial solution (nominal)?
CFR-7 2.0 4.2 1.2 a.11
-8 1.8 3.8 0.9 0.11
-9 1.9 4.0 1.1 0.11
Final solution

CFR-7 2.09 4.56 0.59
-8 1.93 4.13 0.52 0.10
-9 2.03 4.32 0.63 0.08

9Not analyzed.

system with modified CUSP flowsheets. The sol prod-
ucts were fluid, had good appearances, and gave the
following analyses:

SCSHB-46  SCSHB-47
Conductivity at end of 5905 3830
final (25°C) extraction, umho/cm
NOj -to-U ratio, mole/mole 0.18 0.117
U(IV)-to-U ratio, mole/mole 0.84 0.87

11.1.3 Sphere forming

When a specified sol feed is used to form gel spheres,
the composition of the organic fluidizing medium is the
principal operating variable. The successful continuous
operation of a sphere-forming column requires that the
alcohol composition be controlled within satisfactory
ranges. This control is still based primarily on observa-
tion, and operations are controlled in three stages:

1. satisfactory initial conditions,
2. control of surfactant depletion,

3. control of excessive accumulations of surfactants,
degradation products, or impurities.

Tests on the UO, sols from the CUSP process were
continued to develop and demonstrate the stages listed
above. The results obtained to date show more prob-
lems relative to sphere formation from CUSP sols than
from ThO, or ThO,-UO; sols.

A test program was conducted using 1 4 CUSP UO,
sols with ion-exchange treatment of the 2EH to remove

HNO; and HCOOH before entering the still to remove
water. Most of the operation was with a sol feed of 10
cc/min or about 1 kg UQ, per 8-hr day (allowing for
startup and shutdown time). The pH of the 2EH leaving
the jon-exchange column was about 6, indicating good
removal of HNO; and HCOOH. The 2EH leaving the
still did not show the yellow color produced when the
ion-exchange treatment is not used; this indicates that
the ion-exchange treatment prevents degradation of
surfactants in the still. In order to keep the pH of the
2EH below 5, HNO; must be added after distillation.
Span additions averaging about 30 cc/hr of still opera-
tion were necessary to control coalescence, clustering,
and contact chipping. Formation of gel spheres with
this recycle procedure was as good and perhaps better
with recycled 2EH than with virgin 2EH. The require-
ments for high and variable Span 80 additions and the
cracking of more than 50% of the spheres during firing
were persistent problems. Drying of 2EH samples at
115°C for density measurements showed the accumula-
tion of high-boiling, high-density fractions in the 2EH
without accumulation of Span 80 on the ion-exchange
resin, as initially believed. The amount of cracking after
firing of UO, spheres from CUSP sol was plotted as a
function of cumulative additions of Span 80 to the
2EH. The samples after 2.5 vol % or more Span 80
additions consistently showed 80 to 100% cracking
after firing. When clustering was noticeable, the
amounts of cracking were also high. Samples with little
clustering and less than 1.4 vol % Span additions to the
2EH showed less than 50% cracking.

Recent results indicate that inadequate holdup times
in the sphere-forming column and exposure to oxida-
tion at the start of the firing cycle can contribute to
excessive cracking of the 500-u UQ, spheres from
CUSP sols. Small samples fired in a laboratory furnace
showed less cracking than similar samples fired in the
large unit-operations furnace. Small samples of gel
spheres were formed with '%5-, 1-, 1% -, and 2-hr average
holdup times in the sphere-forming column. After
drying and firing in smallscale equipment, the fired
samples generally show 90 to 98% cracked spheres for
the Y% -hr column residence time and 0 to 15% cracked
spheres for the 1-, 1%, and 2-hr residence times, as
shown in Table 11.2. Use of 2EH recovered by
complete distiltation gave slightly more cracking than
virgin 2EH with the same sol. The first sol prepared
with a higher, 1.8 M U, concentration gave 10 to 15%
cracking in virgin 2EH, whereas the sols of 1 M U gave
no cracking (Table 11.2). The samples formed with a
1-hr column residence time had a better appearance



Table 11.2 Cracking of fired spheres versus column residence time

Sol No. 40
Sol description Standard, 1 M
2EH source Virgin
Cracked spheres, %, after firing as a function
of indicated column residence time
1/2 hr 9
1hr
1'% nr
2 hr

[ e en B el

40 41 46
Standard, 1 M Standard, 1 M Special, 1.8 M
Recycled by distillation Virgin Virgin
98 98
0 1 15, 15
15 0
15 0 15,15

than those with a 1'% - or 2-hr residence time, although
the difference does not show up as a difference in the
amount of cracking.

11.2 Fueled-Graphite Fabrication Development

J.D.Sease F.J. Furman
P. A. Haas C. B. Pollock
J. M. Robbins

The principal effort in fueled-graphite development
has been the fabrication of fuel required for recycle

test elements (RTE’s) to be irradiated in the Peach
Bottom reactor. Fuel for these elements was fabricated
in a combined effort of ORNL and Gulf General
Atomic (GGA). Details of the irradiation experiment
are discussed in Chapter 12. Development efforts were
principally on particle preparation and particle coating,
although more emphasis is now being placed on
fuel-stick fabrication.

11.2.1 RTE fabrication

Material for eight RTE’s to be irradiated in the Peach
Bottom reactor was prepared at ORNL." This material
included approximately 15 kg of coated particles, 2000
in. of fuel sticks, and two segments (one-sixth of an
element) of loose loaded particles. The elements are
described in Chapter 12. The types of fuel particles
prepared are listed below:

Nominal kernel

Fuel type diameter (x) Designation
(Th-20% VYO, 350 Reference recycle particle
(Th-33% U)O, 350 Full-burnup particle
uo, 100 Alternate recycle particle
ThO, 400 Alternate fertile particle

The reference recycle particle is that specified in the
HTGR Fuel Recycle Development Program Plan. The
alternate recycle particle, besides being what the name
implies, also could be an alternate for the UC, makeup
fissile fuel particle. The ThO, particle is the alternate to
the ThC, fertile particle.

Typical properties of the coated particles are listed in
Table 11.3. The UO, particles were coated in graphite
cone furnaces that have a 1Y%- to 1%,-n. 1D, and the
other particles were coated in the prototype remotely
operated coating furnace that has a 5-in. ID. Acetylene
diluted with helium was used for depositing the inner
buffer coating on all particles, and propylene was used
for depositing the outer isotropic coating. The carrier
gas was argon. Typical ThO,, (Th,U)O,, nonspherical
(Th,U)0,, and UO, particles are shown in Fig. 11.3.

For the RTE’s, the particles were formed into fuel
sticks having a 0.490-in. diameter and a 2.14-in. length.
The particles were bonded by injecting hot pitch with
filler into a bed of particles held in a mold. The matrix
material was 15V coal tar from Allied Chemical
Company mixed with 35% AXM graphite flour from
Poco Graphite, Inc. The types of fuel sticks and the
number of each type produced are listed below:

Stick type Number produced
(Th-20% U)O, 180
(Th—33% )0, + ThO, 186
(Th-33% U)0O, + ThC, 330
UO, + ThO, 228

1. J. M. Robbins and J. H. Coobs, “Development of Bonded
Beds of Coated Particles for HTGR Fuel Elements,” pp. 10-15,
Gas-Cooled Reactor Program Semiann. Progr. Rept. Mar. 31,
1970, USAEC Report ORNL-4589, Oak Ridge National
Laboratory.






Table 11.3. Typical properties of RTE coated particles

Buffer coating

Kernel

Outer coating

Particle type diameter Densit3y Thickness Density Thickness Density BAF
) (g/em?) (w) (g/cm?) (1) (g/cm3)
(Th—20% UYO, 349 10.10 73 1.10 104 1.92 <1.09
(Th-33% U)0O, 350 10.10 82 1.16 130 1.88 <1.09
(Th-33% U)O, 373 10.09 79 1.24 136 1.87 <1.09
nonspherical
U0, 111 10.06 54 1.20 68 1.89 <1.09
ThO, 400 9.92 54 1.30 70 1.92 <1.09

During fabrication of the sticks for the RTE’s, several
problems were encountered. An early problem was that
the bonding material containing 40 wt % Poco AXM
graphite flour could not be injected through the 2-in.
fuel bed made from a blend of two sizes of coated

particles (250 to 500 um UO, and 600 to 1000 um
ThO;). The reason was determined to be the high-
volume particle loading obtained with the two sizes
of particles. Most previous work had been done
with particles of a single size or a two-particle sys-
tem with the particles fairly close to the same size
and a resultant particle volume loading of about
62 to 65%. With the RTE particle blend, volume

loadings as high as 70% were obtained, with the value
depending on the sphericity of the particles. Also it was
found that a mix containing 35 wt % graphite flour
instead of 40 wt % could be used.

Another problem with the bonding mix developed
when the original batch of graphite flour was depleted
and it was necessary to start on a new supply. An
identical mix made with the new batch of filler would
inject only about ' in. into the bed of particles. It was
then determined that the original batch of filler had
been ground to pass through a 325-mesh screen, and the
new batch had been ground to pass through a 200-mesh
screen. Therefore, even though both flours were
screened through a 40-um precision screen prior to use,
more fines were in the original batch of flour than in
the second batch. This problem was solved by screening
and using the —27-um particles from the new batch of
filler. However, this was wasteful of graphite flour and
pointed up the need for developing a filler with
optimum particle size distribution.

A problem that could not be eliminated entirely was
the formation of a carbon cap on one end of the fuel
stick. This cap formed on the injection end of the stick
when the particles settled slightly during injection and

left a thin layer, or cap, of bonding material without
particles at the end of the stick. This happened even
though the particles were vibrated into the molds and
the bed of particles was restrained.

A blending problem was encountered in making the
sticks containing UO, and ThQO,. This problem was
solved by feeding the particles simultaneously from the
vibratory feeders into a double funnel leading into the
mold. The double-funnel arrangement permitted feed-
ing the particles directly into the bottom of the top
funnel to prevent bouncing. The stem of the top funnel
passed through a hole in a lid into the second funnel.
The particles were directed against the angled wall of
the second funnel so that they were mixed by bouncing
and swirling. The lid on the second funnel contained
the bouncing particles and kept them from being
scattered. Radiographs indicated that this method of
mixing gave a consistently good blend, as shown in Fig.
11.4d. Figure 11.4a shows a fuel stick made from
particles that were blended by pouring directly into a
mold; the resulting swirl pattern may be seen. Figure
11.45 shows a blend formed with a momentary
interruption in the feeding of the ThO, particles, which
is indicated by the black band toward the bottom and
the excess of ThO, at the top. Figure 11.4c shows what
happened when UO, and ThO, particles were fed in
separate streams down opposite sides of the mold.
There is an obvious concentration of UO, on one side
of the mold and ThO, on the other. Unfortunately,
many of the UO,-ThO, sticks were produced before
this problem of blending was discovered. Consequently,
several sticks were rejected, and others with less-than-
ideal homogeneity were accepted to meet the schedule.
The fabrication of the RTE’s was completed, and all
sticks were shipped in the latter part of May 1970.

Two fuel segments were loaded with mixtures of
coated (Th—20% U)O,, coated ThC,, and graphite
flour. This particle mixture is the reference recycle fuel
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improved electrodes, unloading systems, and off-gas
systems. A series of experiments is being run to
determine how variation of the parameters used in
coating affect the amount of faceting and soot inclu-
sions in high-density coatings.

The coating system was not in operation during this
reporting period for various reasons. First, while the
RTE coating runs, in general, demonstrated the excel-
lence of the coating system, they indicated some minor
problems that would prove troublesome in later opera-
tions, and modifications were required. Second, some
of the RTE material was slightly contaminated with
238py and therefore to allow operators to work with
the prototype coater without extensive precautions,
such as the wearing of gas masks, the furnace had to be
completly disassembled and decontaminated. Some
parts were cheaper to replace than to decontaminate.
Third, extensive modifications of the laboratory in
which the coater is located were made during late
summer and fall, and the furnace system could not be
operated.

The only modification needed on the furnace itself
was a change of material on the electrodes to permit
tighter clamping of the heating element assembly to
minimize contact resistance. The original electrodes
were made of high-phosphorus copper. The bolt which
held the heating element was an integral part of the
electrode. High-phosphorus copper, although having
better creep resistance at high temperatures than other
grades of copper, has inadequate strength for bolts. The
design was modified to incorporate heat-treated beryl-
lium-copper bolts joined mechanically and with soft
solder to the electrodes. (Soft solder was used to
prevent annealing of the beryllium-copper bolts and was
adequate because the joint is water cooled.) Tellurium-
copper bolts were used for the electrodes because the
tellurium-copper alloy has high conductivity and is
considerably easier to machine than most other grades
of copper.

The unloading system is being modified to increase
the cooling rate of the particles after coating. Originally
the particles were dumped directly from the furnace
into a water-cooled hopper. However, it took as long as

45 min to completely cool the particles. An argon
supply is being added to the cooling hopper so that the
particles can be fluidized and the rate of heat transfer
improved.

An experimental soot filter is being incorporated into
the exhaust line of the furnace. The original bag filter in
a 55-gal drum is being replaced with a flat filter that
will be critically safe regardless of fissile content. The
filter, which has an effective area of 9 ft*, is mounted
vertically so that the soot can be shaked into a
collection tube at the bottom. A piston in the tube
compresses the soot and pushes it out of the filter
housing.

A series of experiments was started to determine
which parameters used in the deposition of high-density
pyrolytic carbon affect the amount of faceting and soot
inclusion in the coating. Also the effect of coating
parameters on furnace cone life is being investigated.
The parameters being considered include furnace tem-
perature, furnace pressure, hydrocarbon gas flow,
diluent gas flow, and furnace load. These experiments
are being conducted in the 5-n. coater in the coated
particle development laboratory pending completion of
the modifications to the prototype coater.

11.2.3 Fuel stick fabrication

A fuel stick fabrication line with a capacity of about
400 in. of fuel stick per day is being constructed. This
line will consist of a coated-particle batch blender for
blending multiple batches of either fissile or fertile
particles, a combination fissile-fertile particle blender
and fuel-stick-mold loader, fuel-stick molds, a mold
heater, a pitch injector, and a fuel-stick ejector. The line
will be able to fabricate fuel sticks of various lengths
and will be instrumented to provide data needed for the
design of the TURF fuel-stick fabrication line. Also,
other more advanced equipment and processes for stick
making will be easy to incorporate and test on this line.
In addition to using the line for development work,
quantities of fuel sticks are to be fabricated for use in
head-end processing development and irradiation
testing.
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12. Fuel Irradiations

T. N. Washburn

A. R. Olsen

R. B. Fitts

The irradiations of the HTGR fuel recycle program
have two main objectives: (1) to provide irradiated fuel
for head-end processing studies and (2) to proof test
recycle fuels produced in prototype equipment. The
test conditions of interest include fuel temperatures
between 600 and 1300°C, burnup to 20% FIMA in the
(Th,U)O, particles, and fast-neutron fluences up to 8 X
10%! neutrons/cm?® (E > 0.18 MeV).

The program involves capsule irradiations in research
reactors, pilot-scale irradiations in the Peach Bottom
reactor, and a series of tests in the Fort St. Vrain
reactor (eventually including remotely fabricated re-
cycle test elements). The first two' stages of this
program are currently being implemented: (1) accel-
erated burnup-rate capsule irradiations and (2) irradi-
ation of recycle test elements (RTE’s) in the Peach
Bottom reactor.

12.1 Capsule Tests
A. R. Olsen

The accelerated burnup-rate capsule tests are designed
to test the performance of coated particles processed in
TURF (thorium-uranium recycle facility) prototype
equipment and provide small samples for chemical
processing studies. The fuel particles in these first two
capsules will reach approximately full HTGR design
burnup and fast-neutron dose in about six months of
irradiation. The results will be available in advance of
the receipt of fuel from the large-scale (RTE) irradia-
tions. Additional capsule tests will be m:cd- .s the
remote reprocessing development reaches critical stages.

The fuel performance in an HTGR is a complex
interaction of fuel burnup effects and the effects of
fast-neutron irradiation damage to the pyrolytic-carbon
coatings and to the carbonaceous bonding material. The

relative importance of the effects of burnup and
fast-neutron damage is influenced by the time and
temperature of irradiation and also the neutron energy
spectrum. In a commercial HTGR the neutron energy
spectrum is such that the thermal-neutron flux and the
fast-neutron flux (£ > 1 MeV) are essentially equal. In
the J-8 position of the ETR, where these tests are to be
conducted, the peak thermal-neutron flux (2200 m/sec)
is reported to be 6.42 X 10'* neutrons/cm?+sec and
the peak fast-neutron flux is 3.31 X 10'% neu-
trons/cm?-sec (E > 1 MeV). Therefore a capsule has
been designed that incorporates thermal-neutron filter
shrouds to reduce the thermal-flux to fast-flux ratio by
a factor of approximately 2.6 so as to more nearly
simulate the HTGR conditions.

Two capsules are being fabricated for irradiation in
the ETR starting in the first quarter of 1971. The
capsule design is shown schematically in Fig. 12.1. Four
fissile-fertile particle combinations will be irradiated at
four temperatures to fast-neutron fluences of approxi-
mately 8 X 102! neutrons/em? (E > 0.18 MeV). These
four combinations are those of principal interest to the
HTGR recycle program and are the combinations that
receive emphasis in the RTE tests described in the
following section. The loadings for the two capsules are
given in Table 12.1.

The fabrication of the thermal-neutron shrouds for
these capsules is in progress. The shrouds are being
made from zirconium-hafnium alic;s supplied by Bettis
Atomic Power Laboratory, where they have been
successfully employed for similar purposes.’ The

1. R. M. Lieberman, “A System for Calculation of Fission
Power in Irradiation Tests,” pp. 473-490, in National Sympo-
sium on Developments in Irradiation Testing Technology, 1969,
USAEC Report CONF-690910, 1969.
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Fig. 12.1. Design of capsules to be inserted in ETR.

shrouds are formed from flat sheet stock, welded to
form a tube blank, and sized to final dimensions. The
thickness of these shields was based on an evaluation of
the thermal-neutron shielding effectiveness of the ma-
terial made with the ANISN? discrete-ordinates neu-
tron-transport code with 36 neutron energy groups.

A mockup capsule is required for checking before any
capsule can be inserted into an ETR core position. This
capsule is used in the ERT critical facility to evaluate
reactor core loadings. The mockup planned has an axial
access hole into the fueled region to accept fission
monitors. If this modification is acceptable to ETR
personnel, it will be possible to measure the fission rate
at three locations along the axial center line of the
mockup capsule during exposure in the critical facility.
These measurements will be used to normalize the
fission-rate calculations, define the actual effectiveness

2. W. W. Engle, Jr., A Users Manual for ANISN, USAEC
Report K-1693, Oak Ridge Gaseous Diffusion Plant, 1967.

of the thermal-neutron shrouds, and observe effects of
changes in ETR core loading at each reactor cycle.

The stainless steel and graphite components for both
capsules and the nuclear mockup counterparts are
fabricated. Preassembly of these components and
quality-assurance inspections are about 90% complete.
The fuel particles for incorporation in these capsules
have all been fabricated, and characterization is 80%
complete. Fabrication of these particles into fuel sticks
is scheduled for the near future.

12.2 Recycle Test Elements
R. B. Fitts

Irradiation of test fuel elements known as recycle test
elements (RTE’s) was started in the Peach Bottom
reactor in July of 1970. These elements contained fuel
samples similar to recycle fuels proposed for use in
1100-MW(e) HTGR’s.

Descriptions of the eight test elements and their
contents are given in Fig. 12.2 and Tables 12.2 and
12.3. The plans for utilization of the RTE’s after
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Table 12.1. Fuel loadings for HTGR irradiation test
capsules H-1 and H-2

Capsule H-1 Capsule H-2
Position  Temperature  Particle  Te mpérature Particle
() mix? ({9 mix?

1 1050 t 950 f

2 1050 g 950 g

3 1050 c 950 [¢

4 1050 a 950 a

5 1050 f 950 f
Lpd 1050 a 950 a
Lpb 1050 X 950 X
Lpb 1300 X 750 X

6 1300 f 750 f

7 1300 a 750 a

8 1300 c 750 [

9 1300 g 750 g
10 1300 g 750 e

@Particle mix: a = (4.2 Th,U)O, with Biso coating plus ThO,
with Biso coating
¢ = (2 Th,U)O, Biso plus ThO, Biso
f = UC4, Triso plus ThC; Biso
¢ = UO, Biso plus ThO, Biso
x = UO, Biso from fueled resin particles plus
ThO, Biso
DLP are loose particles in approximately I-in.-long beds for
extensive metallographic examination and performance analysis.
¢Blended beds; all others are bonded beds.

Table 12.2. Particle loading combinations of interest

inati Combination particles
Combma‘tlon s HTGR application
designations Fissile Fertile
a (4.2 Th,U)O, ThO,? Reference recycle
b U0, ThC, Advanced recycle or
advanced makeup
€ (2 Th,U)O, ThO, Alternate recycle with
accelerated burnup
d (2 Th,U)O, ThC, Reference recycle with
accelerated burnup
e uC, ThC, Alternate makeup
f uC,? ThC, Reference makeup
g U0, ThO,  Alternate makeup and
alternate recycle
h UC, ThO, Alternate makeup
i uC,? ThC,® Fort St. Vrain fuel

%The RTE’s containing (4.2 Th,U)O, will actually contain no
ThO, particles in order to maximize the uranium content of the
particle bed.

bTriso coating; all others are Biso coatings.

Table 12.3. Particle combinations in RTE fuel sticks®

Center-line First discharge

Position of

Second discharge

Final discharge

temperature

fuel block RTE-1 RTE-3 RTE-5 RTE-6 RTE-7
in el range allbonded RTE-2 all bonded RTE-4 all bonded all bonded RTE-8
in element o all bonded
CF) (quartered) (quartered) (quartered) (quartered)
6 2050-1950 bdei f bdei eb bdei g acfg f
(top of reactor)
5 2250-2050 bdeh ab bdeh d bdeh t acfg i
4 2250-2300 acfg e acfg f acfg f bdeh d
(maximum flux)
3 2050-2250 acfg o acfg ab acfg d bdhi e
(maximum flux)
2 1650—-2050 acfg d acfg £b aclg f bdhi i
1 1050—-1650 acfg eb acfg e acfg e bdhi £o

(bottom of reactor)

2Loadings are indicated by letters, which are defined in Table 12.2.

bRBlended beds.
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Fig. 12.2. Recycle test element.

irradiation were given previously.® The first six of the
RTE’s were inserted in the Peach Bottom reactor and

3. T. N. Washburn, R. B. Fitts, and A. R. Olsen, “Recycle
Test Elements,”” Thorium Fuel Cycle Development Ann. Progr.
Rept. Mar. 31, 1970, USAEC Report ORNL-4629, pp. 86-91,
QOak Ridge National Laboratory.

have been operating as planned since July 14, 1970. As
of September 25, 1970, these elements have accumu-
lated 73 full-power days of irradiation. This was 24% of
the planned test duration for the low-burnup (1-year)
elements and about 7% of that for the maximum-
exposure (3-year) elements. An additional element
(RTE-1) is being prepared for insertion at a shutdown
scheduled for early 1971.
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