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ABSTRACT

The objective of the Argonne National Laboratory Fuels and Materials
Program is to develop the additional materials technology, beyond that being
generated for the .LMFBR, necessary for the development and design of a helium-
cooled fast-reactor core using vented and helically ribbed fuel pins.

The F-5 fuel—pin irradiation experiment in EBR-I1 is a cornerstone of
the GCFR program. It is the largest-scale fuel-pin experiment in the present
program and will provide data on the performance of pins and a pin-support
structure that are prototypic of the GCFR Demonstration Plant. The fuel pins
are presently undergoing interim examination after successfully achieving
4.6 at. % burnup. Studies of the thermodynamics and kinetics of the U—Cs-0
system, supplemented by analysis of the results of previously irradiated fuel
pins, have led to the incorporation of fuel—design modifications in the F—5
experiment to insure adequate performance of the vented fuel.

The effect of ribbing, as well as the ribbing process, on the short-
and long-term structural performance of fuel-pin cladding is being evaluated
via in-reactor and out-of-reactor tests and with the fuel-element modeling code
LIFE-GCFR and the finite element program, ADINA. The results to date indicate
that ribbing is not detrimental to cladding performance. NDE methods are
being developed to insure the adequacy of commercially ribbed tubing for the
Demonstration Plant.

The effects of various fuel-management strategies on structural performance
of a downflow core have been evaluated analytically.

The impact of the decision in favor of an upflow core on the ANL development
program is being evaluated. At thi.s time it appears the greatest effect will
be in the area of core structural performance.

INTRODUCTION

The helium-cooled and vented fuel pin for the GCFR requires surface-
roughened cladding and must operate with a small pressure differential across
the cladding, in an impure helium environment" (containing hydrogen and water
vapor) which communicates with the internal helium bond. Achieving these ob-
jectives requires a technology beyond that being developed for LMFBR mixed-
oxide fuel pins. The objective of the Argonne National Laboratory (ANL) Fuels

*Work supported by the U. S. Department of Energy.
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and Materials Program is to contribute to the development of the required
technology. Specifically, the areas of effort comprise the fuel and cladding,
the fuel pin, and the fuel and blanket elements. The purpose of the work
is to evaluate the performance of the materials and components under condi-
tions that are as close to prototypic as possible. Since completely proto-
typic conditions cannot be achieved and some types of experimental work
cannot be performed at all, the experimental program is supplemented by an
analytical program in order to develop the necessary predictive capability
required for design of the GCFR Demonstration Plant.

The ANL Fuels and Materials Program is a coordinated multidisciplinary
effort and includes close cooperation with General Atomic Co. (GA). The
effort at ANL is organized into subtasks, as shown in Table 1. The specific
objectives, accomplishments and future plans are discussed for five of these
subtasks in the following review.

TECHNICAL PROGRAMS

I. Fuel-pin Performance*

The objective of the Fuel-pin Performance task is to obtain fuel, blanket,
and fuel-pin j-erformance data from in-reactor experiments, to establish a
data base for reliable GCFR fuel-pin design and performance. Irradiations
of mixed-oxide fuel pins have been performed in thermal and fast reactors,
and analytical modeling efforts are in progress to help evaluate current and
past experiments and to aid in the analysis of the Demonstration Plant
reference fuel pin.

This task is closely associated with the Postirradiation Examination
task, from which the experimental data are derived.

a. Thermal-flux Irradiations

GA experiments GB-9 and GB-10 each consisted of encapsulated vented
single fuel pins.t They were irradiated in the Oak Ridge Research Reactor
to burnups of ^5.and ^10 at. %, respectively. GB-10 differed from GB-9 in
that it utilized ribbed rather than smooth fuel cladding, and incorporated
provisions for sampling and measurement of the gas flow through the various
regions of the pin, and the capacity for on-line measurement of tritium
release. The PIE of the fuel pins was accomplished at ANL and has been re-
ported elsewhere.(1»2)

To summarize the findings, volatile fission products migrated to
the ends of the fuel columns, and in the case of GB-10, cesium reaction with
the bottom UO2 insulator pellet resulted in the development of a flow blockage
at power, i.e. flow was less than the lowest limit of detection, 8 x 10"^ mL/s.

*Includes Subtasks B and F.
fThe fuel pins and capsules were fabricated at ORNL; ANL was Experiment
Manager for GB-10.
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Table 1

ANL FUELS AND MATERIALS PROGRAM

Sub task Principal Investigator

(A) Fuel-pin Fabrication' ' H. R. Thresh, Materials Science Division

(B) Fuel-pin Performance L. A. Neimark, Materials Science Division

(D) Materials Properties W. J. Shack, Materials Science Division

(E) Fuel and Cladding Chemistry C. E, Johnson, Chemical Engineering Division

(F) Postirradiation Examination L. A. Neimark, Materials Science Division

(G) Core Design Technology G. A. McLennan, Components Technology Division

This subtask is not active at the present time. When active, it provides
fuel-pin fabrication services for the in-reactor experimental program.
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Fission-product attack on the cladding occurred to a depth of <5 mils at
the /v720°C maximum cladding-ID temperature of the fueled region in both ex-
periments. In agreement with mechanical-property studies reported in a later
section, the ribs appeared to have a strengthening effect on the cladding.

b. Fast-flux Irradiations

Three fast-flux irradiation experiments* have been carried out or
are in progress in EBR-1I. F-l and F-3 were GA experiments for which the PIE
of the fuel pins was accomplished at ANL.(3>4,5) The F-5 experiment is an
ongoing ANL experiment in close cooperation with GA.

The F-l experiment consisted of 13 encapsulated pins successfully
irradiated in three segments to a maximum burnup of 13.6 at. % in the lead
pin. The irradiation conditions and results are summarized in Table 2. As
was the case for the thermal-flux irradiations, and for most oxide fuel pin
irradiations in EBR-II, fission-product cesium migrated to the ends of the
fuel columns. However, for ac least two pins, G-8 and G~9, there is evidence
that a blockage, probably at the fuel/blanket interface, trapped fission gases
in the fuel region. The pressure-equalization system, an essential component
of the GCFR fuel pin, cannot function properly if fission gas is prevented
from reaching the plenum. Unexpected central fuel melting occurred in at
least two pins, G-l and C-Z. A possible cause of the melting is a decrease
in the fuel thermal conductivity due to the accumulation of gaseous fission
products in the fuel, as was concluded for the GE F20 experiment,("' However,
most of the higher-burnup pins in the F-l series showed no evidence of melting,
so that a definitive conclusion is not in hand. The cladding diameter and
density measurements indicate that fuel-cladding mechanical interaction
can be expected in the vented GCFR fuel pin.

The F—3 experiment consisted of ten encapsulated ribbed—cladding,
mixed-oxide fuel pins. Nine of the pins were found to have failed (and the
tenth appeared on the verge of failure) at an interim examination after i>5
at. % burnup. Destructive examination of the unfailed pin and reexamination
of an unirradiated sibling capsule led to the conclusion that failure resul-
ted from inadequate pin-capsule bonding and was in no way related to fuel-pin
design or performance. The F-3 experiment thus became irrelevant to the
GCFR program.

The F-5 irradiation experiment is the largest-scale fuel-pin
experiment in the present GCFR program. Approximately 35 unencapsulated
helically-ribbed mixed-oxide fuel pins are being subjected to several ir-
radiations in the EBR-II. The experiment will provide data on the perfor-
mance of pins and a pin-support structure that are prototypic of the GCFR
Demonstration Plant designs. The pin diameter is 7.46 mm and the cladding
thickness is 0.38 mm at the rib root. The rib height is 0.13 mm and the helical
pitch is 1.56 mm. The peak BOL linear power rating is 12.3 kW/m and the
maximum cladding ID surface temperature is nominally 715°C. Studies of the

*The fuel pins and capsules for F-l were fabricated at ORNL; those for F-3
were fabricated at ANL. The fuel pins for F-5 were fabricated at HEDL.



Tal?le 2
IRKADIATION CONDITIONS AND RESULTS TOR GCFR EXPERIMENT F-l

Eleaent

Cl

G2

03.

G4

G5

C6

G7

G8

G9

C10g

Gil8

C121

C131

Fuel . •
Characteristics

0/M*

1.992.

1.971

1.987 .

1.983

1.990

1,972

1.984

1.985

1.947

1.968

1.963

1.976

1.973

Density,
Z Theor.

82.6

84.1

85.5

82.5 •

83.5

' 82.7

82.5

86.0

84.6

84.2

84.3

84.3

. 84.4

Max. Cladding
ID Tecp., *C

760

725

695

680

640

685

570 .

672

727

727

729

735

772

Irradiation Conditions

Peak Linear
Heat Gen., K/em

491

473

473

456

437

440

420

. 486

480

480

504

454

504

Burnup,,
at. 1 '

5.6

5.4

2.3

13.6

5.1

5.1

5.1

11.5

.8.9

9.8

9.6

9.7

9,'S

Fluence,

3.88

3.62

2.06

9.69

3.39

3.26

3.42

8.32

5.96

6.42

6.87

5.88

6.96

Fission-gas Release

ml.
(ST?)

117

112

39

294

not

64d

not

176e.

133f

160

174h

1573

175

As Percent
of Total
Anount ,

. Generated .

90

88

64

87

measured

55d

neasuved

66C

64f

75

80h

763

79

Max.
Measured

0.20

0.10

0.20

0.51

0.13

0.07

0.07

0.72

0.22

0.19

0.24

0.38

0.52

AD/D. X

Amount

Swel-
ling0

0-0.04

• o-o.oi

0-0.01

0.01-0.41

0-0.02

0-0.01

0-0.06

0-0.40

0-0.03

0-0.03

0-6.07

0-0.03

0-0.03

Attributed to

Plenum
Pressure FCMI

0.02

0.02

0.01

0.14

0.02

0.02

0.02

0.07

0.06

0.07

0.07

0.05

0.06

-O.17

t0.07

*o".ie

0-0.35

•N.0.10

^0.05

0-0.05

0.22-0.62

^O. 14 t'

M).10

0.10-0.17

^.30

•*.40

As-fabticatedratio of oxygen to heavy-netal atoms.

Troa chemical analysis of burnup samples.

cThese values were calculated using the equation from the Nuclear Systems Materials Handbook recommended for 202 cold-worked N-lot Type 316 stalnlets
steel, the cladding raaterial for these elements. Measurements of cladding density indicated that within the experimental error of the procedure
there was no irradiation-induced change in density,

*Kay be low because of adsorption on active trap.

^Of this quantity, 11 mL (4X of the total fission-gas generated) was released from the bottom plenum and 160 mL (60X) from the top plenun in • burst
after handling.

Includes ^86 mL (Kr + Xe), 01: 412 of the total amount generated, released upon cutting into the upper blanket region of the element.

gRibbed cladding on fuel element; all others smooth cladding.

A negligible quantity of fission gas was released upon drilling into the fuel region.

Solid fuel pellets; all others annular.

•̂ 6.1 tiL of fission #13 (<v.32 of that produced) woa released upon heating the lower trap. Negligible quantities of fiosion gas were released upon
hosting the upper tr.;p «r.d fuel cud upon drilling info tlia fuel.
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thermodynamics and kinetics of the V-Cs-0 system, supplemented by analysis
of the results of previously irradiated fuel pins, have led to the incor-
poration of low-density blanket material adjacent to the ends of some of
the fuel columns to evaluate this potential remedy for the cesium-urania
reaction, and thus insure the viability of the vented fuel-pin conr.ept. The
experiment is presently undergoing interim examination after successfully
achieving 4.6 at. % burnup.

Disassembly was successfully completed with no damage to the
fuel pins in spite of a maximum bow of ^2.5 cm in the pins subjected to
the greatest thermal gradient. Subassembly profilometry data and fuel—pin
gamma spectroscopy data are being evaluated. Neutron radiography of the loaded
subassembly as well as of the individual pins showed no unexpected changes
in fuel or trap structure. Figure 1 is a photograph of the subassembly
after removal of the hex can.

The current plan for the F-5 experiment includes fission-gas
depressurization and resealing after this interim examination, followed
successively by a step decrease and a step increase in order to simulate
subassembly rotation in the unrestrained downflow core. However, now that
the GCFR Demonstration Plant will likely use a restrained upflow core, subas-
sembly rotation may not be a part of the fuel-management scheme and considera-
tion is being given to revising the experiment plan. It should be noted
that the remote depressurization and resealing of irradiated fuel pins, while
a difficult and challenging operation, is specific to the F-5 experiment
and not an intrinsic part of the GCFR concept.

The need for larger-scale irradiation tests in the Fast Flux Test
Facility remains an open question. Such experiments, albeit in flowing
sodium, would be more prototypic than any other experiments in the present
program in the areas of fuel length, axial power distribution, fluence/burnup
ratio, bottom plenum (to simulate bottom venting in an upflow core), pin-
support behavior, bundle-duct interaction, and duct behavior. A limited
number of in-core subassembly tests would increase the dedicated GCFR fuel-
pin data base by at least a factor of three. The need for these experiments
would be even moi'e pressing should the GCFR program select a cladding material
not currently being emphasized in the LMFBR advanced oxide program.

c. Fuel—performance Analysis

The objective of the analytical modeling effort is to evaluate
the steady-state and transient performance of GCFR fuel pins for the determina-
tion of performance characteristics, operating limits, and design ci'iteria.
To this end, analytical tools such as the LIFE code are being adapted and/or
developed and applied to the anlaysis of GCFR prototypic and experimental fuel
rods. Support is also given to pretest planning and posttest interpretation
of results.



Fig, !• Partially Disassembled F-5" Experiment.
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Several modifications have been made in the LIFE-III mixed-oxide
fuel-performance code in order to incorporate certain unique features in-
herent in GCFR fuel-pin design. For example, sodium coolant properties have
been replaced by those of helium gas, and separate Nusselt number correlations
for helium gas flow have been adopted to account for the difference in heat-
transfer characteristics along the smooth and ribbed portions of the clad-
ding. The pressure-equalization system can be modeled with the modified
LIFE code by setting the plenum pressure at a constant level of %9.0 MPa
(1280 psi) and varying the thermal conductivity of the fual-cladding gap to
reflect degradation of gap conductivity resulting from released fission gases.

An assessment of GCFR cladding stresses (utilizing the GCFR version
of LIFE) caused by various primary and secondary loadings during irradiation
has recently been completed.("^ Reference power histories for steady-state,
step power-change and power-cycling operations were investigated for the
downflow core. The largest fuel-cladding interfacial pressure buildup during
fuel—cladding mechanical interaction occurs in the step power-change case,
but the resulting cladding stresses are still considerably below the clad-
ding yield stress and should not impose any serious threat of cladding failure.

The fuel and cladding behavior models in LIFE will be improved
and refined as the work progresses. Work has already started to replace
the current semicmprrical models of fission-gas release and fuel swelling
in L1FE-III by the mechanistic model GRASS-SST^0^ and its fast-running ver-
sion, FASTGRASS.^-'-^ After the replacement is made, the code will be used to
study reference GCFR operating conditions.

II. Materials Properties*

The objective of the Materials Properties task is to determine the
mechanical properties and behavior of ribbed cladding (including advanced
alloys) in impure helium environments and to develop methods to nondestruc-
tively qualify ribbed tubing for the GCFR Demonstration Plant.

The basic materials properties required for GCFR core design are ex-
pected to be determined through the LMFBR R&D program. However, additional
data are required for a complete and safe deiign of the GCFR core, including
fuel elements, due to operating differences between the two reactor types.
The GCFR materials-properties R&D program conducted jointly by ANL and GA
has identified three specific program objectives based on the need for addi-
tional data in the following areas: (a) The effect of ribbed geometry and
rib fabrication technique on the mechanical behavior of fuel cladding under
various states of stress, (b) the oxidation kinetics of the 20% CW Type 316
stainless steel and advanced alloys proposed as cladding materials, and (c)
the chemical (oxidizing/reducing species) effects of the GCFR environment
on the mechanical properties, (a) and (b) are discussed below.

*Subtask D.
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a. Effect of Ribbed Gemoetry and Rib Fabrication Technique

Biaxial crccp-rupture tests AKL-I through III, involving
a total of about one hundred specimens, have been completed. Tests ANL-I
and II were performed under high oxidizing potential (Po9

 = 21 Pa), while
ANL-III was performed under the tentative prototypic GCFR environment (H2
and H2O partial pressures of 3000 and 300 Pa, respectively, in a total system
pressure of 1 MPa). All three tests were performed at the nominal maximum
GCFR operating temperature of 650°C. The results indicate that ribs fabri-
cated by an electrochemical etching process is not detrimental to the mechanical
strength, while mechanically ground ribs in fact impart about 10% additional
strength to the cladding. These tests also indicate that the environment
investigated is an acceptable operating environment from the point of view
of cladding strength and durability.

Tests of 15 previously irradiated electi-ochemically etched ribbed
and mechanically ground smooth specimens have been completed. (••-->) These
specimens were tested under a hoop to axial stress ratio of either 2:1 (in-
ternally pressurized) or 1:1 (internally pressurized and also axially loaded).
The test results indicate that the postirradiation biaxial creep-rupture
strength of the electrochemically etched cladding is not affected by the ribbed
geometry. These results are significant, since the electrochemical etching
process is still in the early stage of development and the ribs fabricated
by this method to date have contained numerous large and small defects. Such
defects have been shown to be the nucleation sites for the failure cracks. (-"-2,.•—<)

The design of the test matrix and the required specimen fabrication
for the unirradinted ANL-IV test have been completed. At the conclusion
of this test series we will be able to determine the effect of an oxidizing
GCFR environment with an H2 and H2O partial pressures of 100 and 400 Pa., res-
pectively. The actual test series will begin in July 1979 and be completed
by July 1980. The tost temperature is 650cC. The proposed test temperature
for ANL-V is 700°C, corresponding to the "hot-spot" temperature for the fuel
cladding. Future tests may involve cyclically varying the oxidation potential.
The detailed justifications for :>uch tests depend to a large degree on the
results of tests ANL-1XI to -V and on the oxidation tests that are in progress
at GA.

In another series of tests, uniaxial tensile data for ribbed and
smooth cladding were compared at 650°C. Results have been obtained for snooth
specimens from two heats of 20% CW Type 316 stainless steel and mechanically
ground ribbed specimens from one of these heats. No heat-to-heat variation
was observed for the smooth specimens. The results for the ribbed specimens
indicated that (a) most of the specimen strain occurs in the root region, (b)
the root-radius region is not a stress raiser, and (c) the rib section contri-
butes its full geometrical share to the load-bearing capacity of the cladding.

Additional tests of specimens fabricated by means of electrochemical
etching and electrochemical grinding are in progress.
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b* Oxidation-kinetics Study

This study is being jointly conducted at GA and ANL. The basic
oxidation measurements and oxide morphological studies are being carried out
by Acharya and Langer^-^) at GA. The chemistry and elemental distributions
of the oxides arc being investigated at ANL using Auger electron spectroscopy
coupled with an ion-etching technique. In addition to the candidate cladding
alloy, 20% CW Type 316 stainless steel, all the advanced alloys under consi-
deration for use in the LHFBR program have been included in this oxidation
study.

To date, specimens have been exposed for 5000 h to a 1-MPa helium
environment containing Hj and H£0 partial pressures of 3000 and 300 Pa,
respectively. The results Indicate that the oxide on all mechanically ground
or as-e'rawn specimens is primarily Cr203. If the base alloy contains manga-
nese and/or titanium, the oxide on mechanically ground surfaces is enriched
in these elements by a factor of ^10. The phenomenological implication of
the observation of chromium-, manganese- and titanium-rich oxide is that the
growth kinetics of the oxide are controlled by cation diffusivity. These
observations are also supported by the work of Hagel and Seybolt.(17) The
practical implication of this finding for the operation of a GCFR is very
significant. Oxidation rate and consequent effects on mechanical properties
arc independent of oxidation potential over a relatively wide range (con-
servatively, on the order of a factor of 100). Additional details regarding
the oxidation test results are given by Acharya, Langer, and Purohitvl")
and by Purohif.(19)

In summary, the information obtained to date on the properties of
ribbed CW Type 316 stainless steel cladding shows that:

(a) Ribs are not detrimental to the biaxial (2:1 and 1:1) creep-
rupture and uniaxial tensile strength of the cladding.

(b) Ribs produced by mechanical grinding appear to increase the strength
of the cladding by ^-10% as compared with that of smooth cladding
equal in thickness to the root region of the ribbed cladding.

(c) The oxide formed on mechanically ground or as-drawn cladding ex-
posed at 650°C to 1/MPa of helium gas containing 3000 Pa H2 and
300 Pa H2O is chromium-rich. No detrimental effect on cladding
performance is expected from fairly large changes (by a factor of
at least 100) in the oxidation potential.

The following additional work is planned to demonstrate that ribbed
tubing adequate for GCFR service can be produced economically:

(a) Investigation of the effects of flow-induced low-amplitude, high-
frequency vibrations. The mechanical damage induced by these vib-
rations is of two types:

(1) classical corrosion-fatigue damage, and

(2) wear and fretting-type damage due to particulate matter
contained in the coolant gas and/or to friction between

, .. the cladding OD surface and the grid support plate.
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(b) In-reactor mechanical testing of GCFR cladding fabricated from
advanced alloys and 20% CW stainless steel.

(c) Continuation of out-of-pile mechanical tests to determine the
effects of varioup combinations of temperatures and oxidation po-
tentials at relevant stress biaxialities,

(d) Study of the effect of irradiation on the corrosion of GCFR can-
didate materials.

(e) Development of an economical rib-fabrication technique via a two-
step process involving sequential electrochemical and mechanical
or chemical polishing processes.

d. Cladding Behavior Analysis

The mechanical behavior of ribbed GCFR cladding under multiaxial
loading conditions will be analyzed using the finite element code ADINA.(19)
This code lias both two-dimensional and three-dimensional analysis capabilities
for nonlinear material behavior and large deformation. Initially, a two-
dimensional analysis will be performed on ribbed cladding with 2:1 and 1:1
stress biaxiality. The results will provide direct input to the multiaxial
creep-rupture tests now in progress as part of the cladding development program
at AHL.

Analysis of the swelling-induced cladding stresses indicates that
a stress reversal can occur depending upon the nature of the cladding swel-
ling gradient.(20) i\\c cladding swelling gradient will be either in phase
with or opposite to the cladding temperature gradient when the cladding
temperatures are, respectively, below or above the peak swelling temperature
for the 20% cold-worked 316 stainless steel. If the cladding temperatures
swing back and forth across this peak swelling temperature during operation,
both the temperature cycles and the swelling cycles can be expected to con-
tribute to a fatigue-type loading on the cladding.

e. Nondestructive Examination

Adaptations of standard nondestructive inspection methods are necessary
for the production-scale qualification of ribbed cladding. Several tech-
niques were evaluated for wall-thickness measurement and integrity assessment;
pulsed eddy-current inspection with point probes was shown to be capable of
measuring wall thickness to the desired accuracy and detecting artificial
flaws. High inspection speeds for wall-thickness measux-ement and flaw detec-
tion will require modification of the existing pulsed eddy—current coils; cir-
cumferential coils requiring only a single pass are presently being evaluated.
An air-gauging system, the KWR system, "tally-surf", and optical comparators
were evaluated for rib-geometry measurements; the use of an electro-optical
system is contemplated. After finalization of the cladding design, an integ-
rated inspection system comprising pulsed eddy-current equipment and a compu-
terized comparator with the necessary drive system will be built in coopera-
tion with commercial vendors.
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III. Fuel and Cladding Chemistry*

The objective of the Fuel and Cladding Chemistry task is to identify
significant problem areas relating to the vented fuel system and to develop
design and operational specifications; to alleviate the problems. The vented
and pressure-equalized fuel pins(22) for the GCFR must operate in a helium
environment containing relatively high concentrations of water vapor and
hydrogen.' -*' This is the unavoidable consequence of direct contact between
the primary coolant and the steam generator. Meeting these conditions of
GCFR fuels and materials operation requires a comprehensive understanding
of the fuel-fission product chemistry in a GCFR fuel pin.

A vented GCFR fuel pin can be successfully operated only as long as
axial gas-transport paths are available and operating within the pin. How-
ever, a>:ial gas-flow restrictions have been observed in GCFR test pins ani
attributed to the formation of a low-density Cs-Uo-0 compound at the inter-
face between the mixed-oxide fuel and the uranium oxide blanket. With the
formation of such a compound(s), flow restriction may occur because of the
large difference in molar volume between urania and the Cs-U-0 compounds.
To aid in understanding this plugging phenomenon, work at ANL has focused on
identifying the Cs-U-0 phase that forms,(22) identifying the thermodynamic
and kinetic constraints governing a flow-blockage situation,(' and designing
a means of eliminating flow restrictions in future GCFR fuel plns.v-^' The
Cs-U-0 phase that forms under the conditions expected at the fuel-blanket
interface is Cs2UO/4.' » ^ At lojver than expected temperatures and/or higher
than expected oxygon potential.'; (ACO2 ~ '^ "'"" P0o^» -̂'S2U'4̂ 12 for™ and causes
70% more swelling than Cs2UO/(. The thermodynamic boundary condition for
the formation of cesium uranate is dictated by the activities of cesium
and oxygen, according to the reaction

2Cs(g) + UO2 + 2 0 (in U02_x) -> Cs^JO^.

(24)
The limiting kinetic constraint is the rate of: cesium transport to the
urania blanket. Thus, laboratory data are in accord with in-reactor results;
i.e., cesium reacts rapidly with the first few blanket pellets and does not
accumulate in the entire blanket. This knowledge was used in designing a
means of accommodating the formation of low-density cesium uranate in GCFR
fuel pins. The plan, currently being tested in the F-5 experiment in EBR-II,
is to provide sufficient voidage within the first few blanket pellets so that
axial gas—flow paths are not seriously restricted by the swelling accompanying
the formation of a cesium uranate.

Future work will focus on extrapolating the existing data base on cesium .
migration (in short, EBR-II—type pins with a fuel section of 34 cm) to predict
behavior in prototypical GCFR pins with a 1-m-long fuel section. Because of
the different axial temperature gradients, oxygen (and therefore cesium) may
accumulate within the 1-m fuel section, not at the urania blanket/fuel inter-
face. In addition, future work will focus on identifying the migrating cesium
species. The difference between Cs(g) and CsOH(g) as the migrating species is
significant because cesium and oxygen comigrate in the latter case, but not the

*Subtask E.
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fonner, and the presence of oxygen will affect the reaction thermodynamics.
Additional work will focus on assessing the impact of cladding breach and the
accompanying influx of hydrogen and moisture impurities on the potential
for flow restriction in a GCFR fuel pin.

The high hydrogen levels in the helium coolant (and also in the fuel
pin, via diffusion through the cladding) increase the probability for the con-
densation of extx*emely corrosive liquid CsOH on the cladding inner surface. (25,26)
Such a condition raay lead to a breach of the cladding. A model of fuel-cladding
chemical interaction processes has been developed which correctly predicts
LMFBll results; according to this model, the depth of cladding attack will
increase with increasing hydrogen level. Future work in this area may focus
on exploiting the existing LMFBR data base to assess limitations on fuel-pin
performance in the presence of high hydrogen levels.

IV. Core Design Technology"

The objective of tha Core Design Technology task is to assure the adequacy
of GCFR design and operational strategy in accommodating radiation-induced
swelling and radiation-enhanced creep of stainless steel and advanced alloys,
thermal gradient- and radiation-induced bowing of fuel elements, and seismic
events. To date, the core design effort for the GCFR program has focused on
studies of core-assembly bowing and dynamic seismic response, both based on
the original unrestrained-downflow concept.

Core structural analysis, which included the effects of duct dilation
and bowing due to thermal gradients and irradiation-induced swelling and
creep, have been performed. Initial two-dimensional studies (for radial
spokes of assemblies) were conducted for several different refueling schemes.
The primary conclusion from these two-dimensional studies was that assembly
interactions could be significantly i"educed, or eliminated, by selective
duct rotations during refueling. Subsequent three-dimensional studies (for
a 60° sector of assemblies) were performed in an attempt to establish that
the two-dimensional model and conclusions were adequate.

Figures 2 and 3 show some comparisons of the end-to-end contact forces
for two radial spokes of assemblies, as obtained from the 2-1) and 3-D analy-
ses, for a refueling scheme with no duct rotations. These results are for the
third cycle (500-750 days) for a core of originally straight assemblies. In
these figures, V± represents the radially inward force acting on the down-
stream end of the assembly in row i. At equilibrium, P^ is equal and opposite
to the radially outward force Qi+i acting on the end of the assembly in row i+1.
As indicated, the 2-D and 3-D results differ quantitatively, with considerably
lower forces and later contact times predicted by the 3-D model. These dif-
ferences have been attributed to differences between the 2-D and 3-D codes
in the modeling of temperature and flux gradients, resulting in less thermal
bow and additional creep relaxation in the 3-D model.

*Subtask G.
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Although quantitative differences in force levels were noted between the
3-D and 2-D results, no major 3-D geometric effects were observed. Figure 4
shows the 3-D contact state for the same case shown in Figs. 2 and 3 at the
end of 750 days. The numbers in the subassembly hexagons refer to the loading
cycle. For the assemblies which lie off the radial spokes, contacts did occur,
in a pattern reflecting the change from Spoke 1 to Spoke 2, and with comparable
force levels.

As part of the three-dimensional calculations, the material-properties
correlations for creep and swelling were updated to reflect the latest
revision in the Nuclear Systems Materials Handbook. These revised relation-
ships predict considerably more creep and swelling, and as a consequence, the
calculated results showed significantly more duct-to-duct end interaction and
dilation contact near mid-core. The basic conclusion drawn from these results
was that for the revised material correlations, duct-to-duct interaction would
have to be accommodated in an unrestrained GCFR core.

Dynamic seismic-response studies have been directed to the analysis of
single-assembly response and impacts between adjacent assemblies in small
clusters (e.g., seven assemblies). Preliminary results indicate that 'xhict
impacts will occur during a seismic event and that the nature of these impacts
is quite complex. Impact-force magnitude and oscillation period have been
shown to be dependent on duct-to-duct gap size and damping. This dependence is
chaotic because of the nonlinearity of the dynamic system.

Because of the decision to utilize a restrained upfiow GCFR core,
core design effort under this task must be reviewed and probably revised. In
the area of core structural analysis for the proposed GCFR design, three
features which are. significantly different from conventional LMFBR technology
will be investigated. These are (a) problems due to increased duct dilation,
(b) pin-spacer/duct interaction effects, and (c) problems relating to dynamic
seismic response which differ significantlj' from those of the LI-1FBR because of
the lack of fluid inertia and damping effects in the GCFR.

SUMMARY

The ANL Fuels and Materials Program is focused on key areas in the develop-
ment of the GCFR. The information obtained to date indicates that the unique
features of the GCFR, i.e., vented fuel pins, ribbed cladding, and the helium
coolant, do not appear to present significant development problems. However,
potential changes in materials and fuel-pin design brought about by the need
to achieve higher burnups and the recommended change to an upfiow core could
have significant effects on the development program. The change to an upfiow
core with bottom-vented fuel pins requires detailed reconsideration of the
relevance of existing data. This reconsideration may result in changes in plans
for current experiments, e.g., the F-5 irradiation experiment, as well as pro-
posals for new experiments (in-reactor as well as out-of-reactor) or analytical
studies, in place of, or in addition to, presently planned efforts.
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