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1. INTRODUCTION

Gulf General Atomic Incorporated is in its sixth year of work on
the Gas-Cooled Fast Breeder Reactor (GCFR) concept under Atomic Energy
Commission (AEC) sponsorship. The program effort consists of four tasks:
program planning, core design, fuels and materials development, and
reactor physics. The broad objectives of the four tasks and the current

efforts on each task are summarized below.
1.1. TASK A - PROGRAM PLANNING

In Task A, a plan for development and demonstration of the GCFR concept

is prepared.

The planning effort is focused on a detailed definition of the work
required to develop a proved core design. A revision of portions of the
GCFR Core Development Plan (Ref. l)*, modified to include the necessary
evaluation of the metal swelling phenomenon that occurs in a fast-flux
environment, was submitted to the AEC. Specific comments received from
the AEC and from Oak Ridge National Laboratory (ORNL) reviewers are being

reviewed so that the Core Development Plan can be updated.

A comparison of irradiation facilities and their applicability to
the GCFR program has been made. The facilities were evaluated for their
heat-sink, pumping, test-space, and heat-transfer capacities in their
present configurations, and modifications which may be required were
determined. The comparison will appear among some updating revisions

in the GCFR Core Development Plan (Ref. 1).

*
References are listed by section.



1.2, TASK B - CORE DESIGN

In Task B, further detailed analysis of the referenced fuel-rod
concept and an analysis of alternative core design concepts are made. Core
design work during this period has been concerned with fuel-rod concept
evaluation and development of an analytical model for the mechanical behavior

of the GCFR fuel rods.

A status report on the CRECOL development code, which is used to
predict the behavior of sealed-rod cladding in a pressurized environment,
was completed. Since the pressure-balanced manifolded concept has been
selected as the reference concept for GCFR, a lower priority was placed

on the backup sealed rod, and further work on CRECOL was postponed.

Future analysis and design effort will emphasize (1) the development of
the analytical model (BRITL) for the mechanical behavior of the reference
manifolded-type GCFR fuel rod under irradiation and (2) the cumulative damage

to the cladding and fuel-swelling conditions.

1.3. TASK C — FUELS AND MATERIALS DEVELOPMENT

The objectives of Task C are: (1) to review the work from related
programs, particularly the Liquid Metal Fast Breeder Reactor (LMFBR), that
is applicable to GCFR and (2) to perform in-pile and out-of-pile tests as

part of the overall fuel-element development program for the GCFR.

During the present quarter surveillance was carried out in a number
of selected areas. A review of fuel-rod performance under irradiation is
continuing, and the objectives of this review and the experiments being
evaluated for application to GCFR are discussed. A preliminary review of
the creep of oxide fuels has failed to indicate a reliable basis for estimating
the irradiation behavior of mixed oxide fuels. A study of the annealing of

irradiation-induced swelling of the cladding and the structural materials



was made. This study indicated the conditions under which annealing may be
feasible on GCFR cladding and core materials. Also, a survey of information

available on transient fuel-rod behavior has been initiated.

Fuel irradiation in the Oak Ridge Research Reactor (ORR) is part
of a joint Gulf General Atomic Incorporated (GGA) - ORNL program in the
screening tests of fuel-rod materials and the selection of a fuel-rod
concept and design. Fission-gas analyses were performed on three sealed
(Pu—U)O2 fuel rods irradiated in ORR thermal flux to exposures ranging
from 47,000 to 59,000 MWd/Te, and the end-of-life gas pressures internal
to the rods have been calculated. Fabrication of the instrumented mani-
folded type (Pu—U)O2 fuel rod for the ORR 04P9 capsule irradiation test has been
completed. The startup of 04P9 irradiation to the goal burnup of 50,000 MWd/Te
is now scheduled for October 17, 1969.

As a prelude to first fast-flux irradiations under the GCFR program,
design modifications of a standard B-7 EBR-II subassembly to allow irradia-

tion of a (Pu—U)Oz-fueled GCFR rods are being examined.

Out-of-pile testing includes thermal-cycling a section of a fuel
rod under simulated GCFR pressure and temperature conditions to study
fuel-cladding interaction. Check-out test runs of the out-of-pile
thermal cycling rig at linear heat generation ratings of 12 kW/ft are
continuing, and plans are being formulated for a test program employing

this rig.
1.4. TASK D - REACTOR PHYSICS PROGRAM

Task D is currently a continuation of the critical experiments to
be performed cooperatively with the Battelle Northwest Laboratory (BNWL)
critical facility. The experimental program planned for the 1 to 1,

H to Pu ratio plutonium-fueled assemblies consisted of:



1. Measurement of the critical mass and size of an unclad, near-

cube shape plutonium fuel with a 1 to 1,H to Pu ratio

2., Measurement of the critical size and mass of an unclad, plutonium-
fueled assembly of 1 to 1,H to Pu ratio with a base size suitable

for the resonance-poison plates (e.g., 12 in.x 18 in.).

3. Measurement of the critical size and mass of an unclad, plutonium-
fueled assembly of 1 to 1,H to Pu ratio containing layers of

resonance-poison plates:

a. with gadolinium-oxide plates
b. with hafnium-oxide plates

c. with dysprosium-oxide plates

The number of poison layers added to be limited by the fuel

available for criticality.

4., Measurement of the fission ratios for Pu-239 and U-235 in the
unclad 1 to 1, H to Pu assembly (item 1) and flux distribution
measurements in this unclad assembly and at least one of the

poisoned systems.

All the experiments, with the exception of the fission ratio and
flux distribution measurements, have been completed, and an analysis

of the results is underway.

Severe radiation and heating problems were encountered with the 1 to 1
fuel, with the result that it was found impossible to perform the fission
ratio and flux measurements because these experiments require considerable
irradiation time in the critical assembly. Several alternative experi-
ments of interest in the GCFR program will be performed in place of

these measurements. These alternative experiments were not included



in the initial experimental program due to budget and time limitationms.
The choice of the particular experiments will be made after the analysis

of the completed measurements.

REFERENCE

1. "Gas-Cooled Fast Breeder Reactor Development Plan,Section 4XXX,
Core Development,'" USAEC Report GA-8009, Gulf General Atomic
Incorporated, October 30, 1968.



2. TASK A - PROGRAM PLANNING

During the quarter the GCFR Core Development Plan (Ref. 1) was approved
by the AEC subject to certain comments and suggestions. These are now being

studied, and revisions are being made in the plan, as appropriate.
2.1. COMPARISON OF POTENTIAL IRRADIATION FACILITIES

Data contained in Table 4400-1 of Ref. 1 have been updated and
revised. The usefulness of various loop irradiation facilities to the
GCFR program was evaluated quantitatively with respect to their (1) heat-
sink capacity, (2) pumping capacity, (3) test-section space, and (4) heat-
transfer capacity. This was done by expressing the capability of each
facility in terms of equivalent numbers of GCFR rods using the 1000 MW(e)

GCFR described in Ref. 2 for the reference conditions.
Equivalence among the various facilities was computed. The heat-sink
capacity is found as follows:

design heat-sink capacity of facility
average heat rating of GCFR rod

Equivalent No. of GCFR rods =

The hydraulic pumping power expended Ph (pumping capacity) in the

test section is

Ph = Cl F(AP), (2.1)

where Ph hydraulic power

@}
[l

1 conversion constant



F = volumetric flow rate
AP = pressure loss in the test section
Using
' w
p=P/RTandF='pi,
where P = pressure
p = density of gas
R = gas constant
T = absolute temperature of gas
w = mass flow rate
M = molecular weight of gas

and substituting into Eq. 2.1 gives

- w(AP)
P, = Cj RT =+ (2.2)

If T is held constant, the hydraulic power is proportional to the factor
in parentheses. Then the equivalent number of GCFR rods is found by

Ph (facility)
P, (required by one GCFR rod)

Equivalent No. GCFR rods =

In some cases, it was of interest to know the pumping capacity when
the gas was changed, for instance, changing a facility design for CO2
to He cooling without changing the blowers. In these transformations it
was assumed that the blowers were constant volumetric-rate pumps and
could deliver the same pumping power. Therefore, using Eq. 2.2 to
equate the pumping power with the original (subscript) and substitute

(subscript 2) coolant gases,

wz(AP)2 ) wy (AP)l .

My By M By

(2.3)



Pressure drop through the core is

2
ap =L BL Yo |
D ,2 P
At 2g

If the geometry of the elements is not changed and T is held constant,

then

AP (2.4)

where K. is a proportionality constant defined as follows:

1
Ac 2g

where f = friction coefficient
L = channel length
D = channel diameter
A = channel cross-sectional flow area

g = conversion constant

and R and T have been previously defined, Kl can be found from the

initial conditions:

. P, (AP))
1 wz
1
and
2
(AP). = K, >
2 1 p, °



Then it is found that

w, (AP)2 = W, (AP)l

from the solution of Eq. 2.3, whereupon

2/3
- (fz) il
2 T1\p My
1/3 2/3
(AP) P—2 M—z) .
1\p, M)

By selecting the new gas and its pressure at the conditions required,

1/3

£
|

and

(&p),

compatible flow and AP conditions could be derived.
2.2, TEST-SECTION SPACE

The test-section space capacity was evaluated by the cross-sectional
area only. A separate evaluation of test-section length was not carried

out since in most facilities a reasonable length of 2 to 3 ft is available.
The cross-sectional area of the free area of the test-section hole

was computed and then this value was divided by the cross-sectional area

of a GCFR rod plus its associated coolant flow area (i.e., the area of

a unit cell around a rod) to determine the equivalent number of rods for

the test section.

2.3. HEAT TRANSFER CAPACITY

The heat transfered to the cooling gas is

q=wcC, AT,



where q = heat rate to gas

a
L]

heat capacitance at constant pressure
AT

temperature rise across the test section

The maximum temperature limits of all the facilities are higher than
the required coolant temperatures for testing GCFR rods. If it is
assumed that Cp and AT are constant and limited by materials, the heat
removal capability depends on how much gas can be pumped through the

core. From Eq. 2.4 this is seen to be

w? = K, P(AP),

where fuel element geometry and T are not changed.

Thus, it is seen that

1/2
q =[Ki/2 c, (AT)] [P(AP)] (2.5)
1
and =
. P, (AP)) |2
_ g (facility) |2 1
Equivalent No. GCFR rods 2 (one GCFR rod) P2 (Apz)

where subscripts 1 and 2 refer to the facility and GCFR, respectively.

The facilities listed in the original table, Table 4400-1 of Ref. 1,
were evaluated on the above basis and compared. The results were tabulated
as shown in Table 2.1. The table readily shows any imbalance in the
facility design with respect to GCFR testing. The most limiting capa-
bility of each facility is footnoted in the table. Also, this evaluation
is based on an advanced 1000 MW(e) GCFR, and generally less capacity
would be required for early testing for a demonstration GCFR. This
evaluation pertains only to the heat power characteristics and not to
other important problems, such as time to reach burnup and fast fluence

goals.

10



TABLE 2.1

COMPARISON OF IRRADIATION FACILITIES
FOR GCFR FUEL DEVELOPMENT TESTING

Facility
Identification

Coolant
Pressure
(atm)

Heat
Sink
Capacity

(rod) (rod)

Pumping
Capacity

Test

Section Space

Capacity
(rod)

Heat
Transfer

Capacity
(rod) -

Gas-Cooled Fast
Breeder Reactor,
GCFR (per rod)

Oak Ridge Re-
search Reactor,
ORR Loop 1

Test Reactor
BR-2 Mol Bel-
gium-gas loop,
BR-2GL

Advanced Test
Reactor-gas
loop, ’
ATR-GCL

Plutonium Re-
cycle Test
Reactor-gas
loop, PRTR-GL

Fast-Flux Test
Facility-gas
loop 1, FFTF-
cL1(b)

Fast-Flux Test
Facility-gas
loo , FFTF-
GL2%b§

Gas-Cooled -
Fast Breeder
Reactor Expe-
riment, GCFRE

85.0 He

40 He

60 CO

20 He

34 CO

68 He

68 He

68 He

1.0 1.0

1.5 0.72

6.253) | 9.5

15@) 80

12.5 5(@)

50 26(2)
4.3

7.5

- 80(a)

1.0

0.98

15

51

16

45

8.8

205

1.0
0.28()

11

30

8.3

47

9.2

151

(a)

Most limiting capability of facility.

(b)

The characteristics of these loops are based on requirements to test
GCFR fuel elements in the FFIF as described in Ref. 3.
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3. TASK B - CORE DESIGN

The title of this task has been changed from 'Core Development"
by direction of AEC. Work formerly included on surveillance of relevant

LMFBR fuel work has been moved to Task C and is reported in Section 4.

3.1. FUEL-ROD CONCEPT EVALUATION

In the prior reports (Refs. 1,2) the main fuel-rod concepts were
discussed and recommendations were made for the selection of a reference
fuel-rod concept and an alternative, or backup, concept. The manifolded
fuel rod was selected as the reference concept for further detailed GCFR
system study and experimental work. The fuel-cladding-interacting fuel
rod, which employs a relatively strong cladding as a sealed can, was

selected as the alternative.

Analysis work on creep collapse of cladding which applies to the
alternative fuel rod concept has been summarized (Ref. 3). Future analysis
and design effort will emphasize the development of an analytical model
of the mechanical behavior of the reference GCFR fuel rod under irradia-

tion and fuel swelling conditions.

During the operating lifetime of the fuel rods, the nonpressure-
equalized design is subject to an applied pressure differential that
tends to cause creep collapse of the cladding. The CRECOL computer code
was developed as a design tool for predicting the creep deformation of
fuel cladding under reactor operation conditions. Since the pressure-
balanced, manifolded fuel rod has been selected as the reference concept,
a lower-priority has been placed on the sealed rod as a backup concept
and continued development of CRECOL, and further work is being postponed.
A status report on CRECOL that describes its current configuration was

completed during this period.
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3.2, FUEL-ROD BEHAVIOR MODEL

The analytical model of the mechanical behavior of the GCFR fuel
element presently in use at GGA (BRITL) considers the interaction of a
swelling fuel with a metallic cladding. Creep strains of the cladding
and of the fuel, which is considered to be cracked radially due to thermal
stresses, are calculated using a visco-elastic approach; the radial cracks
in the fuel are allowed to close as a result of subsequent swelling and
creep. When BRITL was written, some of the material properties necessary
for the calculation were unknown, and assumptions were necessary to solve
the problem. Most of these unknown data are now or shortly will be
available. Also, new properties in the fast-reactor environment have
been discovered. To allow inclusion of the new data, BRITL is being

altered to make it as general as possible.

Work has been initiated on the alteration of the model. It is
planned to include calculations of fuel swelling, fuel creep, cladding
creep, and cumulative exhaustion of cladding ductility as subroutines
to the main program. Also, cladding swelling, which has not been con-

sidered previously, will be included.

A number of fuel swelling models have been described in the liter-
ature. These models usually consider that fuel swelling is a function
of temperature, burnup, porosity, and local hydrostatic stress. It is
planned to investigate the effect of the different swelling models on

the calculated fuel-element behavior using the new program.

Little data are presently available on creep of (Pu,U)O7. However,
examples of the variables that probably affect creep and that can be
considered in the new BRITL program when data become available are
temperature, stress, fission rate, and porosity. Similarly, the effects
of important variables on cladding swelling, creep, and ductility can

be considered.
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4, TASK C - FUELS AND MATERTALS DEVELOPMENT

During the present quarter, surveillance was carried out in a number
of selected areas. A review of fuel-rod performance under irradiation
is continuing, and the objectives of this review and the experiments
being evaluated for application to GCFR are discussed. A preliminary
review of the creep of oxide fuels has indicated no reliable basis for
estimating the irradiation behavior of mixed oxide fuels. A study of
annealing or irradiation-induced swelling of cladding and structural
materials was made, which indicated the conditions under which annealing
may be feasible on GCFR cladding and core materials. Also, a survey of

information available on transient fuel-rod behavior has been initiated.

Fission gas analyses were performed on three sealed (Pu,U)Oz—fueled
rods irradiated in ORR thermal flux to exposures ranging from 47,000 to
59,000 MWd/Te, and the end-of-life gas pressures internal to the rods

have been calculated.

Fabrication of the instrumented manifolded type (Pu,U)O2 fuel rod for
the ORR 04P9 capsule irradiation test has been completed. The startup of
04P9 irradiation to a goal burnup of 50,000 MWd/Te is now scheduled for
October 17, 1969.

As a prelude to first fast-flux irradiations under the GCFR program,
design modifications of a standard B-7 EBR-II subassembly to allow irradia-

tion of (Pu,U)OZ—fueled GCFR rods are being examined.
Check-out test runs of the out-of-pile thermal cycling rig at

linear heat generation ratings of 12 kW/ft are continuing and plans

are being formulated for a test program employing this rig.
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4.1. REVIEW OF LMFBR FUEL WORK

Since the requirements for the GCFR fuel-rod design have a great
deal in common with those for the Liquid Metal Fast Breeder Reactor
(LMFBR), a continuing review of results of LMFBR work, as well as of

other relevant work, is an essential part of this GCFR task.

The criterion for admissibility of data from this surveillance
program is the relation of the data to the design parameters and operating
conditions for the GCFR. The primary sources of information are the
USAEC and U.K. LMFBR fuel and materials development and irradiations
programs. In general, the GCFR fuel-element design parameters and
core conditions are in the same range as the LMFBR. A major difference
is that the maximum cladding surface temperature of the GCFR may be approxi-
mately 700 C to 800 C, compared with approximately 650 C to 700 C for the
LMFBR. The only other essential difference is the use of pressurized (approxi-
mately 1000 to 1250 psi) inert helium gas instead of liquid sodium as the

coolant.

Because the pressure difference across the cladding is minimized,
the commonality of the GCFR with the LMFBR is increased further with the
use of the manifolded pressure-equalizing fuel-rod design for the GCFR.
The pressure difference in the GCFR fuel rod remains at a low value
throughout its lifetime, whereas an internal pressure buildup occurs

in the sealed-can LMFBR designs.

Information from the LMFBR and other programs that would be ideal
for the GCFR would be a completely rational basis for design of the
fuel rod. Since this ideal is unlikely to be realized on a practical
time scale, a more empirical approach is necessary. This approach

consists of:

1. Analyzing as many test results as possible where the

parameters are in the range of interest for the GCFR
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2. Endeavoring to construct rational bases for interpolating

or extrapolating the observed results to GCFR conditions.
Specifically, the items of particular interest include:

1. General behavior of oxide fuels
2. General behavior of cladding materials in fast-flux tests
and information on the behavior mechanisms
3. Establishment of failure criteria
4., Effects on fuel-rod swelling at GCFR conditions of:
a. Fuel-cladding gap
b. Burnup
c. Fuel density
d. Fuel composition
e. Fabrication method
f. Linear heat generation rate
g. Cladding temperature
5. Dependence of fuel-rod failure on:
a. Cladding temperature
b. Cladding strain
c. Cladding material
d. Burnup
e. Cladding fast neutron nvt.
6. Contribution to total fuel-rod swelling of:
a. Internal gas pressure
b. Fuel swelling
c. Cladding swelling
7. Information on fuel-rod behavior under cyclic pressure and
temperature conditions
8. Information on fuel-rod bundles where the rods are subjected
to external constraints, such as spacers and holders
9. Fuel-rod behavior under nuclear transients and loss-of-coolant

excursions
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Experimental knowledge of these items would contribute toward a rational

basis for designing GCFR fuel elements.

4,1.1. Thermal Versus Fast-Flux Testing and Interpretation of Results

Facilities for testing fuel elements in a fast-neutron flux are
very limited and data have been obtained only in unpressurized fuel-rod
environments and with fuel rods operating at cladding OD surface tem-
peratures less than or equal to 650 C. Thermal reactor irradiations
at design cladding temperatures are more readily available and do provide
for the use of instrumentation, but application of the results to GCFR
has specific limitations. The high-fission cross section of the plutonium
and enriched uranium causes self-shielding, which leads to nonuniform heat
generation within the fuel, especially during the early life of the fuel.
This is accompanied by a preferential burnup at the fuel periphery and
an atypical temperature gradient across the fuel. The results of self-
shielding also cause differences in fuel swelling rates (Ref. 1) and the
distribution of the fission products. Another important difference is that
the fast-neutron damage (embrittlement and swelling) to the cladding cannot
be duplicated. A tentative model has been developed to interpret some

aspects of thermal-flux tests of fast-reactor fuel rods (Ref. 2).

4.1.2. Fast-Flux Tests

Insofar as it was possible, the fast-flux irradiation data selected
were from those experiments in which the cladding surface temperatures
and the linear heat-generation ratings in the fuel rods were in the range
of GCFR operating conditions. Although the data have some value in

guiding the GCFR program, there are limitations, as follows:
1. The maximum cladding surface temperatures in LMFBR fuel-rod

irradiation tests are generally well below the GCFR maximums
(less than 600 C as compared with 700 C to 800 C for GCFR)
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and even below the LMFBR maximums (650 C to 700 C). Further,
since the fast-flux tests have all been uninstrumented, there
is a considerable amount of uncertainty in the accuracy of the

temperatures reported.

2. The combination of the desired burnups (ranging from 50,000 to
100,000 MDd/Te) coupled with the required cladding exposures
(approximately 1 x 1023 to 3 x 1023 nvt) has never been achieved

simultaneously in any of the LMFBR fuel-rod irradiation tests. This

combination of exposures in fuel-rod proof tests is required

for both the GCFR and the LMFBR fuel-rod development programs

before a reliable fuel-rod design can be assured.

3. Few, if any, LMFBR fuel-rod irradiation tests have included the
fuel-cladding interface time-temperature history required to
simulate actual GCFR or LMFBR conditions that would reveal the

extent of fuel-cladding chemical interactions.

Table 4.1 lists the experiments from which data were selected.
The experiments are primarily single-rod tests performed in the Experimental
Breeder Reactor-II (EBR-II) and the Dounreay Fast Reactor (DFR), but some
data from 77-rod bundle tests performed in DFR are also included. Insofar
as was possible, a distinction was made between the rod behavior in fueled

regions and in plenum and blanket regions.

4.1.3. Thermal Fast~Flux Tests\

Even though thermal-flux tests have limited value for developing
fast-reactor fuel rods because cladding embrittlement and swelling effects
and fuel thermal gradients and burnup effects cannot be adequately sim-
ulated, there is some valuable information to be gained from the results

of the key thermal-flux test data selected for this report:
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Table 4,1

FAST-FLUX IRRADIATION TEST RESULTS

Normalized Conditions

0.325

Fuel [ T Significant Features or Results
Test Tota1(3) | Fuel- Fuel Thick- :::- g?:d ':::1 HH:;‘S
Test Reactor | Fluence | Fuel- |Cladding Stoi- | Cladding ness/ jPre- | yo (0D Temp Temp. | Burnup % F.G.
Code| Identifi- | and | Status/ | rod |Thermal | Composi- Geome-| chiom- P |Compo-{ 0D | treat-lier)| (c) (¢} |(atom-3) |e0(in.}20/0% | aL | a¥% | Rel. | Condition
No.| cation Position] Goal Type | Bond tion sr.p, 1%s.0. try | etry (in.) [Jsiti {in,) |ment o
’ UK ATOMIC ENERGY AUTHORITY
22 (c) « ~10 | 545 4.8 - 5.5 £0.0017 N1} to [o0.332 No failures
77-rod DFR [ ~1x10 Sealed He 85% O, 75-82 |Vand | NA 0.002 M6 | 0.015/ | . .5 }o.
' R s wtin | can 15% Pua P, A 0.007" 0.230 |and (peak)  fP.A; |13 for]st :;;.].sas[w
bly cladding 2 for P.A cf) 'v tt; '~l.5 er str;in in
for ¥ CM rods is
0.009 0.06% evidence that
6.1 - 7.0§v; QW St, CW reduces
2| 1B 75% W0, v and u316 575 (peak) 0.003  0.24% rod swelling
FeA 615 64 - 7.3] 0000 [ Stors
MK I 25% Puo. vV and M316 .4 -7.3}0. .
a ! 2 P,A (peak) V,PLA; o
o
3 v.166 85% UOZ 85.3 v 3]5&” 0.015/ | CW 10.6 640 5.8 0.65 0.1 1.425 Intact
15% Pu0, 0.230
4 v.162 84.7 v 316L Y] 13.2 610 5.1 0.3 0.157 | 0.758 Intact
5| v.1eR o 12.8 | 580 7. 0.63 [o0.242|1.508} 71 Intact
6} v.035 82.3 st 9.83 | 590 5.2 0.39 |0.05 |0.83 Intact
7| v.o32 82.5 ST 9.67 | 536 6.9 0.52 [0.18 |1.224 Intact
8 { v.039 82.6 o 10.15 | 590 5.7 0.42 0.14 |o0.982 Intact
9 | v.03m 82.6 '] 0.0 | 600 7.5 0.76 {0.17 |1.638] & Intact
10 vars 82.1 ST 10.2 | 570 6.7 0.6 0.07 |1.274 Intact
n | aas 72.4 | P,A o 9.88 | 540 5.8 0.14 }0.035|0.215 Intact
12 | AISIR 72.4 "] 9.44 { 600 7.7 0.5 0.046 |1.048 | 44 Intact
13 | Aass 72.9 (2] 1.1 | 580 7.0 1.3 0.025 | 2.642 Intact
u| van 83.2 v g&. mr® | 9.36 | 625 2.9 0.25 }0.05 |0.55 Intact
15 | vame 83.2 Nim, o 9.25 | 620 5.8 0.25 0.50 Intact
80A
16 | v.233 83.3 316L o 12.88 | 540 6.0 0.56 |0.014]1.137 Intact
17 | v.259 79.3 '] 12.1 | 400 6.0 0.65 {0.05 [1.355| 78 Intact
18 | v.258 81.6 0.025/ jeu 23.4 | 580 6.0 0.85 j0.14 [1.849] 92 Intact
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TABLE 4.1 (continued)
: Normalized Conditions
Test Totalh)l Fuel Fuel TFuel c']r:?:::g Heat [Max. [Max. | Heavy Significant Features or Results
Test Reactor |Fluence | Fuel- |Cladding Stoi- Fladding ness/ [Pre- Rat- 8‘])":.' ;uel Bﬁf‘:; TE.
Code |Identifi- and Status/ rod |Thermal  |Composi- Geome- | chiom- | Gap Compo- 0D [treat- ‘"9f ) (c)"" ?" Katom-3) | 80(in.N20/02 | al aV% | Rel. |Condition
No. { cation Position | Goal Type Bond tion $T.0.|% 5.0 try Jetry |({in.) sition | (in.) jment JUKW/Tt ()
UK ATOMIC ENERGY AUTHORITY (continued)
19 v.024 | DFR Sealed| He 85% 0, 793 | v | o.002, 6L | 0.015/ | st 9.2 | 680 7. 1.0 1.4 13.438 | 36 Failed
can 15% Pu. 0.007 0.230
2 for P,A
20 v.021 8.7 | v sT 1.7 | 625 8.1 1.7 1.14 {4.607 | 45 Failed
21 V.035R 82.3 | v T 9.55 | 600 6.9 0.7 0.025}1.429 ;g/ Failed
2 A.153R 72.9 | P,A o 10.77 | 600 9.1 1.7 0.02 {3.448 Failed
GENERAL ELECTRIC
23 2k |eBr-11 4E2(o.2010%  sealed He (u-20pu)0, | 96.7 | 94.8 P 1.98 | 0.003 Inc. | 0.015/ | sT 16.1 | 540 p200 6.3 0.053 L 50 Fatled
X606 MKA can 800 | 0.250
2 26 lesr-11 ac2lls.s5x10%2 95.5 |92.9| p |2.00 [o0.002- | 3erss 6.4 | 540 7.6 Irradiation continuing
X605 MKA | 0.006
2% Fon  |EBR-11 4c2ls.5x10%2 9.1 foa9 | P |1.98 |o0.002- | %6ss 16.4 | s40 7.9 [0.002 | 0.92 {o0.a42x
X605 MKA 0.006
26 Fn |eBR-11 4€2ls.2x102%/ 96.3 | 92.6 ] p |2.00 [0.0034 | 347ss| 0.010/ 16.1 | 600 5.8 |o0.0022| 0.88 lo.028 |2.571 | s0 6ood
X606 MkA o . 22 0.250 in.
x10’
27 F20 [EBR-II 4c2 5.5x10%2 95.7 | s4.0 2.03 | 0.0018- 17.2 | s40 7.6 Failed cracked from one| 5 Failed
XG05 MKA 0.0045 pnd to the other
8 F2p 52351'1«::2 s 2x1022 955 |oas | p |2.00 |o0.0030 1.7 | s00 3.6 | 0.0013] 0.52 [0.029 |[1.868 | 32 Good
X
29 F2Q EZS;I'I'K:EZ .2x1022 96.2 | 96.7] » |2.00 |o.0002 15.8 | 590 Jez00 6.0 |[0.0023]| 0.92 [0.032 |2.767 | 47 Good
X
30 F2R  |EBR-1T 4C2J5.5x10%2 95.3 {95.2| p |2.00 }|o0.000 - 15.8 | 590 7.6 |o0.0084} 1.12 |o.519%
X605 MKA 0.002
N F2s  |esr-11 4e2e.2x10%2 97.1 | 96.7| p |2.00 |o.0002 0.030/ 16.4 | s70 6.3 [0.0043]| 1.715 [0.014 [3.868 | 55 Good
‘ XGO6 MKA 0.250
32 F2T  |EBR-1I 4c2J5.5x1022 96.1 | 94.6 2.00 }o0.00) - 0.015/ 16.4 | 620 7.9 |o.0043] 1.3 Jo0.533%
XGO5 MKA 0.006 0.250
33 Fu |EBRIL de2 4. 2x1022 89.6 |87.0| p ]1.58 |o0.003 16.3 | 580 5.9 lo.00t { 0.4 [o.i7 [1.2848f 63 Good
in.
3 Fov  |EBR-11 4c2%.5x10%2 89.5 [ 8.8 p |[1.99 }0.002- | 31655 16.3 | 580 7.5 Irradiation continuing
X605 MKA 0.006
35 Fow  EBR-11 462 Jo 20102 M 838 | v 11.9 34755 15.8 | 570 5.1 0.0001{ 0.48 [0.003 [1.251 | s8 Good
XGO6 MKA in
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TABLE 4,1 (continued)

Fuel Claddin Normalized Conditions
- Test Tota1 (@) Fuel Fue] Thick- Heat | Max. |Max. Heavy Significant Features or Results
Test Reactor | Fluence |Fuel- | Cladding Stoi- | Cladding ness/ | Pre- | pat- | Clad. |Fuer Metal
Code | Identifi4 and Status/ | rod | Thermal | Composi- Geome- | chiom- |  Gap Compo- | 0D treat- | ing | 0D Temp| Temp. { Burnup zr.e.l
No. | cation | Position | Goal Type Bond tion % T.0.| %5.0.] try Jetry (in.) [sition | (in.) |[ment j(kw/et) (c) | (c) | (atom-%) | aD(in.)|aD/DX Al |avx Rel. | Condition
GENERAL ELECTRIC (continued)
- T T T T
36 F2x EBR-II 4C2 S.SxIOH Sealed! He (u-zovu)oz N 84.0 P 1.9 316ss | 0.015/ ST 14.1 570 7.5 Irradiation continuing
X605 MKA can 0.002 - 0.25%
kY FoY  |esr-11 ag2) 421022 Mm |89 ] v 1) 4. | 550 5.0 |o.om |o.4 Jo.006 [0.9n] s6 Good
%GOG MKA in.
3 F22  |eBR-11 de2|4.2x10%2 8.3 |er2 | p 1.99 | 0.0020 14.4 | 580 5.8 |o0.0006 | 0.64 Jo.011 {1.006] 58 Good
X506 MKA ‘ in.
02 F40  |EBR-I1 2F1{3.1x10%2 8.2 |86.8 | »p 2.00 Inc. 17.20] 550 3.7 |o.0008 | 0.3z Jo.8x 52 Failed
X011 MKA 800
) FaE  [esr-11 271 3.1x10%2 89.9 |81.3 36 18.21] 550 3.7
X011 MKA 2
“ FAF EBR-IT 2F1] 3.1x10 89.3 |83 | p 2.00 Inc. 18.21] s50 3.7 " 0.8% " fatled
X011 MKA 800
a5 FoA  les-11 70| 3.6x10%% wejo, |95.7 |ea.z | » 0.002 | 3a7ss 6 | es0 |1s00 5.4 Mo PIE Report
X603 MKA
PR
% ro8  lesr-11 781] 3.6x10%% .1 |o2s 0.001 6 | es0 fiso0 | 0.8 Irradiation continuing
Xe04 WA | g 541022 goal :
4 Foc  |esr-11 701 3.6x102% .2 |97 0.002 s | es50 |1500 5.4 Mo PIE Report
X603 MKA § 4 97022
s Foo  |esr-11 781) 3.6x610%2 95.9 | 93.2 0.004 6 | eso fis00 | 108 Irradiation continuing
X604 MA § g 5,102 goal
4 FOE  |eBR-1r 7M1} 2.910%2 97.1 | 93.6 0.002 6 | es0 |1s00 5.4 No PIE Report
X602 MKA
56 FA  [eBR-T1 4e2)4.2x10% 95.5 |0 2.00 | o.0025 15.5} sso |[2200 5.8 | 0.004 | 0.56 [-0.033]2.063] 49 Good
X606 WA | 0,10 .
57 #28  |ese-11 4c2) 4.2410%2 9.0 | 94.6 0.0026 | 316ss 15.5] s80 |2200 6.0 )o0.007 | 0.68 [+0.026]2.106] 48 Good
X606 WA | o102
8 F2C  |eBR-I1 4c2| 5.5x10%%/ .7 |9 0.002 - | nc. 16.1| 580 | 2200 7.6 |o.002 | 0.5 Good
X605 A | ¢ 1022 0.005
59 F20  |esr.11 aczf 5.5x10% %.5 | 9.9 0.002 - | 34788 16.1| 580 | 2200 7.8 Irradiatfon continuing
X605 WA § 6,1 0.006
60 F2E |esr-11 ae2f 4.200022 9.5 |44 0.0032 | 316ss 15.8| 530 2200 6.1 {0.0021 | 0.84 [e0.022}2.319] 50 | Good
X606 MKA | o022
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TABLE 4.1 (continued)
Fuel Cladding NormaTized Conditions
Test Total (a) Fuel Fuel Thick- Heat Max. Max. Heavy Significant “eatures or Results
Test Reactor Fluence | Fuel- [Cladding Stoi- | Cladding ness/ (Pre- Rat- [Clad. {Fuel Hetal
‘Code | Identifi-{ . and Status/ Thermal Compos - Geome- | chiom-| Gap Compo~ | 0D treat- | ing |00 Temp|Temp. | Burnup [1 F.G.
No. | cation Position] Goal Type Bond tion %7.0.] 5.0} try |etry (in.) {sition| (in.) [ment Hkw/ft}| (C) (C) {atom %) | aD(in.)|s0/0% AL | avy Rel. iCondition
- NUMEC
At| A | EBReIr 4c3] 3.4x10% | seated  he w, 8971|8685 p |1.989 | 0.002- |36 | 0.015/ 12-14 | 550 a4 [o.0037 [o.54 Intact
X017 can 0.0022 0.250
A-2 A-2 (l.l-Z(JI’u)O2 90.19 | 88.99 2.000 | 0.00095 - 0.030/ 0.00142 |0.50 Intact
0.00225 0.250
A-3 A-3 90.31 | 87.60 1.974 | 0.00185 - 0.015/ 0.00157 |0.62 Intact
0.00215 0.250
A-4 A-4 82.75 | 80.51 1.956 | 0.0018 - 0.00132 |0.52 Intact
0.002
A-5 A-5 90.12 | 87.59 1.989 | 0.00175 - 0.00201 (0.79 Intact
0.00205
A-6 A-6 88.29 | 87.33 0.0011 10.00144 |0.57 Intact
A-7 A-7 83.99 | 81.64 1.992 | 0.0017 - [0.00139 |0.55 Intact
0.00205
A-8 A-8 83.55 | 80.99 1.998 | 0.0011 - 10.00209 |0.82 Intact
0.0022
A-9 A-9 - 89.59 | 87.16 2,000 | 0.00105 -] Hast. 0.00072 |0.29 Intact
0.002 X
A-1Q A-10 82.38 | 79.93 1.940 | 0.002 - ne6L 0.00139 |0.55 Intact
0.00215
A-11 A-11 89.90 | 87.30 1.974 | 0.0021 316L 0.00149 10.59 Intact
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TABLE 4.1 (continued)

Fue) Cladding Normalized Conditions
Test Total () Fuel Fuel Thick- Heat [Max. [Max. THeavy Significant Features or Results
Test | Reactor | Fluence [Fuel- |Cladding Stoi- |Cladding ness/ |Pre- | Rat- [Clad. |Fuel | Hetal e
Code |Identifi- and Status/ | rod |Thermal Composi- Geome- | chiom- Gap - | 00 treat-[ 1ng 0D Temp Temp. Burnup i -8
No. | cation Position | Goal Type Bond tion 2T7.0.| £5.0 | try |etry (in.) |sition |(in.) [ment [(KW/ft}]| (C) (c) | (atom %) jaD(in.} jaD/0% oL | ave Rel. | Condition
ARGONNE MATIONAL LABORATORY
-3 SOv-3 EBR-II 2F1 ~2.3!102§/ Sealed He (U-zwu)oz 83.1 v 2.00 304sS | 0.021/ 21.4 540 3.7 0.00121 0.4 Intact
X011 NKA | 3.5x10%2 [can 0.296
-7 SQv-7 85.1 304sS | 0.021/ 21.3 540 3.6 0.0012| 0.4 61 Intact
0.296
-10 { HOV-10 84.8 Hast- | 0.016/ 22.8 550 3.5 0.8 Failed
X 0.296
-15 | HOV-15 79.8 Hast- |0.016/ 21.4 550 s 0.0008{ 0.27 82 Intact
X .
-4 HOY-4 80.0 Hast- 10.016/ 22.9 550 3.6 Failed
X 0.0296

(@)pyactions of fluence in EBR-11 with energles >0.111 Me¥ are
(D)O.N for row 2, 0.73 for row 4, and 0.33 for row 7.

¥V = ¥ibrationally compacted;
P,A = Pellet, Annular.

MA = Not available,

() o . solution-treated, 20 min 1050 C.

{®) oy = Cord worked, 208 or 305.

(316 = s1ightly moditied.

9) FMT = Fully heat-treated ST 1080 deg 3 min, + 700 deg 16 hr.
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1. Several thermal irradiations have been exposed to high burnups
(up to 148,000 MWd/Te) where fuel swelling effects (though

different from those in a fast flux) are known to be significant.

2, Instrumented tests have been performed in which the temperatures
and pressures and fission-product releases have actually been
measured, rather than calculated as in the fast-flux tests.
(Some instrumented tests have been performed in the DFR but

none in fast-reactor tests in the United States.)

3. Programmed cyclic conditions of power and pressure have been
imposed on some thermal-flux tests, whereas no such fast-flux

test results are as yet available.

4. Screening-type tests, such as fuel-cladding compatibility
studies or fuel-rod concept studies, can be performed under

conditions where the temperatures and pressures can be measured.

5. The detrimental effects of thermal aging on cladding properties
can, to a fair degree, be differentiated from the detrimental

effects of high exposure to fast-neutron.

6. Operating experience in the Advanced Gas Cooled Reactor (AGR)
is of interest to the GCFR program because fuel-rod cladding
temperatures are similar and surface roughening is employed to
improve heat transfer in the gas coolant. Further, the collapsing
stress on the cladding of sealed-rod designs is comparable in

the two reactor systems.

Table 4.2 shows the results of tests of the experiments from which data

were selected.
4.2. CREEP BEHAVIOR OF OXIDE FUELS

To rationally design fuel elements for fast reactors, a thorough

knowledge of the creep behavior of the fuel material under service
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Table 4.2

THERMAL-FLUX IRRADIATION TEST RESULTS

Fuel Claddin Normalized Conditions s ; Resul
Test | Time Fuel- Fuel Thick- Heat | Max. |Max. |Heavy gnificant Features or Results
Test Reactor of Fuel- | Cladding Stoi- | Cladding A n&s)s/ tPre- liht- &ljag. ;uel B?‘etal ¥inal |% F.G.
c Identifi-| and Irrad. rod | Thermal Composi- Geome- | chiom- Gap ompo- reat- | ing emg Temn. purnup 6ap | Ret
o":e cation Position | (hr) Type Bond tion | 2 T.0.{%5S.0.) try [etry (in.) Jsition | (in.) | ment j(kw/ft)|i(c) | (C) Katom g)aD (in.}p0/0%) sl | av% Y"‘-? Condition
_ GENERAL ELECTRIC ’
65 | E-1-E-1  [Hyd.Ravbit N2 | seated| he vo 9.7 [9a7 | KD | 2.00 W | o.oisy | sf) [ 20 | s 9.3 [0.0002 [0.09 |a.4 [4.567
can . 20 Pul, 0.218
66 E-1-F-1 94.7 9.6 [ 2.00 20/28 345 8.5 k0.0002 {0.9 [4.2 [4.367
67 | e2.cc1 |V Raft a5 85 » 2.00 | 0.0032 s | s10 12.8 k0.0002 [0.9 |6.1 |6.263] 0 | 85 | Good
6 | e-2-c2 9 95 P 2.00 | 0.0037 25 | s70 12.87 0.0002 [0.9 8.0 [8.173] o | 83 | sood
69 E-2-D-1 vo 90 87.5 p 2.00 0.0024/ | 316 0.014/ 17/25 565 2250 13.7 [0.0005 {0.27 |8.3 [8.473]0.001 pP6/86 Good
25 Pqu . 0.0029 0.182
10 | E-2-0-2 92 883 | p 1.9 | 0.0022/ 0.014/ 17/25 | 565 14.3 }0.0005 |0.27 [4.5 |4.6670.001 [B2/91 | Good
0.0035 0.182
e Pand | 1.98 0.218 25 | 595 13.55 | 0.0011/ (0.447 Annular pellets
A %/%0 |88 [0a 0.0012 0,48 solid pellets
23 E-5-B-1 Std.Pool 86 84 P 2.00 0.0032/ | 347 0.015/ 23.5 | 685 14.5 1.2 (4.7 |4.867 0 Fuel-cladding
position 0.0037 0.250 chemical inter-
action
23.5 | 685 14.5 0.7 |3.0 }3.165 ] Interaction
78 | E-5-B-2 . ] 84 v 1.999 g.gg/ to depth of
° 10.002/0.003
. in.
OAK RIDGE NATIONAL LABORATORY
T 1 1 TPres-
s.’,:: Mode of Failure Cause of Failure
' @) i)
79 ElA ETR 5500 Sealed He Ul)z 94.9 L4 2.002 | 0.006 304SS 0.020/ | ST 16,4 700 0.55 | Axial fracture Impure fuel and overpower
can Nominally 0.751 operation
80 E4 10,000 93.8 P 2.002 17('“ 700 0.87 | Axial fracture Same as above
8 | es 12,140 9.8 P.A | 2.0%8 15.2(4 700 1.1 | oidmot fait | eeeaeaeao--
82 E8 n2,550 94.6 2.027 12.9(d) 870 1. Circumferential Impure fuel and overpower
fracture operation
83 01C-4 mlll LAk ] 96.0 2;003 8.8 | 870 1.4 Cladding depression Chipped fuel pellet
84 0884 . 4130 R 95.6 [<2.002 8.8 | 870 1.7 Cladding depression Groove in fuel pellets
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TABLE 4.2 {continued)

Fuel Cladding [ “Normalized Conditions
. Test Time Fuel- Fuel Thick- Heat Max. Pras- | Heavy Significant Features or Results
Test Reactor of Fuel- |Cladding Stoi- [Cladding ness/ | Pre- |Rat- géag sure Bl:‘etal
Code | Identifi- and Irrad. rod {Thermal Composi- Geom- | chiom-{ Gap Compo- (0] treat- |Ing enps rnup i
No.| cation | Position]| (he) | Type | Bond tion | 2 T.0. |x 5.0, [etry {etry | (in) |sition| (in.) | ment |(kW/ft)| (c) | (psi) fatom x)  Mode of Failure Cause of Failure
_ OAK RIDGE NATIONAL LABORATORY (continued)
85 02-5 ORR 4050 | Sealed He uo, 96.0 P,A | 2.002 | 0.006 30485 | 0.020/ ST 8.8 | 870 1.8 Capillary tube Faulty tube weld
can nominally 0.751 fracture
86 07-5 l 4050 ‘ ‘ 95.9 1 2.002 l ‘ l 8.8 870 1.7 Cladding depression Fracture and collapse
of pellet
GULF GENERAL ATOMIC
';::i Significant Features or Results
87 | P4A1-1 ORR-P4 650 Sealed He UO2 ~90 < 85 P.A 2.005 | 0.0018 Hast.- | 0.0091/ ST 18/ 760/ Temp. Specimens collapsed, negligible fuel support
GA-1 can X 0.379 21.7 (810 )
88 | P4A1-2 650 ~90 2.005 | 0.0028 0.0092/ 18/ 760/ 0.9
GA-2 ) 0.378 21.7 810
89 | P481-1 800 ~ 90 2,006 | 0.001/ 0.014/ 18/ 760- Good condition; collapse in region of thin
GA-4 0.0025 0.342 16.2 785/ cladding, negligible fuel support
680
90 {PpaB2-2 800 Sealed ~90 2.006 | 0.0008/ 0.010 - 18/ 760- 0.55
GA-5 can 0.0023 0.020/ 16.2 720/
tapered 0.334 - 680
clad- 0.352
ding
91 | P4B3-1 1340 | Flex Na ~ 95 P 2.005 | 0.017 304ss |0.010/ 14.7 | 660 0.68
6A-6 can 0.375 Slight creep deformation
92 | PaB3-2 1340 | Sealed He ~ 90 P,A ]2.003 |0.0036 (Hast.- [0.015/ 12.1 | 660 0.69
GA-7 can X 0.343
93 | paBA-1 2000 | Flex Na ~95 P 2.0032 0.015 304sS |0.010/ 13.5/ | 705/ 1.0
wA-8 can 0.375 15.1 [ 755 Good collapse stability
94 | PaBA-2 2000 | Seal He ~90 P 2.00321 0.0036  Hast.- |0.015/ 1n.4 650/ 1.07
GA-9 can,P X 0.343 12.6 720
95 | 04P5-1 ORR-04 2200 Sealed P,A 2.0039 | 0.0035 Hast.- 14.0 7no 1.34 Some cladding deformation under thermocouple
GA-10 can,PP X par- used to monitor cladding 0.D. temperature
tially
96 | 04P5-2 2200 Seated 2.002 |0.0035 Surface 16.2 812 1.46 Good collapse stability
GA-11 can,PP rough-
ened
97 |04P6-1 1100 Sealed 88002-12 1.98/ |(0.0033 15 no 0.67 Good collapse stability
GA-12 can PuO. 1.99
2
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TABLE 4.2 {continued)
Fuel Cladding Normalized Conditions
- Test Time Fuel Fuel Thick- Heat [Max. |Max. | Reavy
Test Reactor of Fuel- | Cladding Stoi- | Cladding ness/ pre- | Rat- |[Clad. [Fuel } Metal
Code | Identifi- | and Irrad. rod | Thermal | Composi- Geom- (chiom-| Gap  |Compo- | 0D  |treat- ] ing 0D TempiTemp. | Burnup Significant Features or Results
No. | cation Position| (hr) Type Bond tion |2 7T.0. | %5.0.[etry |etry (in.) [sition | (in.) | ment [(W/ft)] (C) [ (C) |(atom %)
GULF GENERAL ATOMIC (continued)
98 | o4r6-2 ORR-04 1100 |Sealed He 880,-12 ~90 |<8 | P,A |1.98/ | 0.0033 |Surface| 0.015/ | ST 18 812 0.1 Collapsed into oval shape, negligitle fuel
GA-13 can PO, 1.99 rough- | 0.343 support; cladding failed under thermocoupie
s ened band, negligible fuel support
99 | 04pP6-3 1100  [Sealed 0.0033 18 838 o.n
GA-14 can,PP
100 03P7-1 ~ 8800 Sealed wz 2.002 0.0025 {Hast.- | 0.020/ 7.4 760 2.05 fue) rod intact
GA-15 goal can X 0.353
10 03P7-2 ~ 8800 8800,-12 1.98/ | 0.0034 |Hast.- | 0.020/ 7.4 | 760 2.05 Fuel rod fajled; fuel structure indicated
GA-16 goal Puo. 1.99 X 0.353 overtemperature operation
2
102 | 04p8-1 ~1%,000 ~ 90 316ss { 0.025/ 16 SHP 5.0 Good collapse stability, no swelling
6A-17 goal 0.357
103 04pP8-2 ~ 11,000 0.002 Hast.- | 0.015/ 16 700 6.3 Good collapse stability, no swelling
GA-18 goat X 0.343
104 04P8-3 . ~11,000 |Sealed 0.003 0.015/ 16 700 6.3 Good collapse stability, no swelling
GA-19 goal can,PP 0.343
105 GAL-1 ORR [ ORR Loop | ~ 4 Sealed u)z 2.003 0.003 Hast.- | 0.015/ 16 812 Hegli- Leak developed at location where thermo-
Exp 16 total j{can X 0.343 pible couple was attached to the cladding

(A « ot avatiable.

®) p « petlet,
A = Anmular,
¥V = Vibrationally compacted.

(e)g7 » solution-treated.
(9)pesign conditions were 8.8 ki/ft max, 3.8 KW/ft avg.

(e

PP = Prepressurized rod (externa) pressure 800 to
1000 psi in capsules, 300 psi in loop).

(')Telpentun swung from 560 C to 660 C during each

reactor cycle,



conditions is necessary. Presently, knowledge of this aspect of fuel behavior
is incomplete. This is partly because of the large number of variables that
influence the in-pile creep of fuel materials. The pertinent variables have
been classified as environmental or materials variables (Ref. 3). The environ-
mental variables include temperature, stress, atmosphere, and fission rate.
Among the variables of the materials are density, grain size and microstructure,
stoichiometry, purity, U to Pu ratio, and fission-product concentrations

and distributions (burnup).

Extensive studies of the out-of-pile creep of UO2 have been performed
over the last ten years, and the behavior is fairly well characterized.
On the other hand, few quantitative results have yet been reported for
the creep of (U,Pu)02. However, work has been initiated at Battelle-
Columbus, Battelle Northwest Laboratory, and General Electric (San Jose)

to obtain creep values for (U,Pu)Oz.

Knowledge of the influence of fission on the creep behavior of oxide
fuels is in a preliminary state. Data are being reported, but it is too
early to draw conclusions, except that enhancement probably occurs and the
use of out-of-pile results at temperatures below about 1000 C to 1200 C may

be misleading.

The state of knowledge of the creep of oxide fuel materials is

reviewed and some of the work presently in progress is discussed.

4.2.1. Creep of Unirradiated UOj

4,2,1.1. Stoichiometric UO2. The laboratory creep data on UO2 have

recently been reviewed by Clauer, Seltzer, and Wilcox (Ref. 4). There-
fore, only a brief summary will be given here. Most of the creep data
on polycrystalline, stoichiometric UO2 may be described by two distinct
empirical expressions, which suggest the operation of two distinct
controlling creep mechanisms. At low stresses (less than 1000 to 10,000
psi) the creep rate of polycrystalline, stoichiometric UO2 may be
described by the equation
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€ =A —g exp -(Q/RT), (4.1)
D

where is the grain size
is the stress

is the heat of activation, =~90,000 cal/mole

> O a o9

is a constant

This equation has the same form as that derived by Herring (Ref. 5) and
Nabarro (Ref. 6) for creep by the stress directed flow of vacancies. A
similar equation can be derived for creep due to grain boundary deform-~

ation.

At higher stresses the creep of polycrystalline, stoichiometric

U02 may be described by an equation of the form

€ =8 On.exp - (Q/RT), 4.2)

where n = 4 or 5. This type of creep equation is characteristic of a
process controlled by the diffusion limited motion of dislocations (climb

or nonconservative motion of jogs).

Battelle Memorial Institute-Columbus (BMI) investigators have
recently presented their "agreed-on' values for the constants in Egs.
4,1 and 4.2 (Ref. 7). The values are

8.6 x 10°% in.%/hr-1b
87,000 cal/mole

-10 '
5.13 x 10 sq in./hr-1b

1

& O
1 1

An analysis of the stress at which the creep mechanism changes from
that described in Eq. 4.1 to that described in Eq. 4.2 has been performed
(Ref. 4). It was concluded that the transition stress could be described by

_ a1
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where ¢ is 2.37 1b/in. and d is the grain size. The transition stress
appeared to be independent of temperature. There were significant
uncertainties and inconsistencies involved in the derivation of Eq. 4.3.
However, it probably represents the best available estimate of the

transition stress.

4.2.1.2. Nonstoichiometric U02. The results described previously were

obtained on stoichiometric U02; however, it is well established that
deviations from stoichiometry have a profound influence on the creep

rate of U02. The creep rate is enhanced by about two orders of magni-

tude in going from UO2 g to UO2 15 (Ref. 8). The dependence of creep rate
of UO2+X on stoichiometry can be expressed as € O x, from x = 0.02 to
0.15. The activation energy for creep of nonstoichiometric UO2 is 55.7
kcal/mole from UOZ.OZ to UOZ.OS and 63 kcal/mole for U02.l6' These

activation energies appear to be significantly lower than those for

stoichiometric U02.

4,2.1.3. Effects of Impurity Doping. The creep properties of UO, con-

2
taining various impurities have been studied (Refs. 9,10). The results

are of interest in assessing the influence of solid fission products on
the creep behavior of oxide fuels. 1In general it was found that soluble
impurities depressed the creep rate, perhaps by a solid-solution strength-
ening effect, and the insoluble inpurity (SiOZ) enhanced the creep rate.
The activation energies for all of the doped specimens were somewhat

higher than those for pure U02.

4,2,1.4., Effect of Porosity. Very little information has been reported

on the effect of density on the creep of UO Battelle Memorial Institute-

Columbus has reported that the creep rate fgr densities less than 957 of
theoretical is proportional to the square of the porosity (Ref. 7). This
is based on very limited data and should be regarded as a tentative con-
clusion. No dependence of creep rate on porosity has been observed in the

range 957 to 98% of theoretical density (Ref. 4).
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4,2,2. Creep of (U,Pu)0s

No detailed studies of the creep behavior of mixed oxides have
been reported. However, work is in progress at several sites. Pre-
liminary results reported by workers at BNWL indicate that the creep
rate, at 1400 C of U02—25 wt-% Puo2 at 80% of theoretical density (ID), in
bending is about the same as that for UO2 in compression (Ref. 3). The
experimental value of the stress exponent was 1.6 and the activation
energy was 64,000 cal/mole. These results are preliminary and should
be used with caution until more work has been completed. This program

has been delayed due to the difficulties encountered in fabricating

dense creep specimens of the mixed oxides.
Preliminary results on creep of mixed oxides are expected at General
Electric Company (San Jose)(Ref. 11), and at BMI (Ref. 12) in the near

future.

4,2.3. Fission Effects on Creep

4.2.3.1. Radiation Enhancement of Creep. Enhancement of creep during

fissioning was first reported for uranium by Konobeevsky, Provdyuk, and
Kutaitsev (Ref. 13) in 1955. Since then the effect has been verified in
several investigations (Refs. 14, 15, 16). A workable theory of radiation-
enhanced creep, based on agglomeration of the point defects formed in
fission spikes in such a manner as to partially relax the elastic component
of the applied stress, has been presented by Hesketh (Ref. 17). Recently,

enhanced creep has been reported during proton-induced fission of

thorium (Ref. 18). The creep rate was independent of temperature (0 C to

200 C) and approximately proportional to the fission rate (2.7 x 10ll

to 5 x 10ll f/cc-sec).

Data on the effect of fission on the creep of oxide fuels are scarce.

Work on the effect of irradiation on creep of U0, at Harwell (Ref. 19)

2
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and at Karlsruhe (Ref. 20) has recently been reported. The Harwell

workers reported an enhancement of 104 in the creep of UO2 at 1100 C

due to a fission rate of 7.5 x 1012 f/cc-sec. This compares with an
enhancement of 10 for UC under the same conditions. The Karlsruhe in-
vestigators considered the possible mechanisms of radiation enhanced

creep and concluded that the experimental observations could be explained
by the effects of fission-fragment-generated thermal spikes. Enhanced
creep by increased point defect concentrations and viscous flow of
amorphous regions (due to fission product segregation) were also thought

to have an effect. The results of the analysis are summarized in Fig. 4.1.
The data on the in-pile creep of U02, estimated from changes in structure
and density of canned porous U02, fall well within the band designated
"thermal spikes'. The width of the band represents the range of available
fission rates. It was concluded that the creep of UO2 is strongly enhanced
by irradiation below 1200 C and that the radiation creep rate is independent
of temperature and directly proportional to the fission rate. It was also
concluded that under fast reactor conditions the creep rate would be at
least equal to the liner swelling rate due to the solid and condensed

gaseous fission products.

Wilson, Walowit, and Anno (Ref. 21) have described a model for radia-
tion-enhanced creep. In their model, complete annealing of the volume of
material within thermal spikes is assumed. Thus, recovery occurs very
rapidly and steady-state creep is never established. Very good agreement
is reported and fitting in-pile creep results on UC to out-of-pile tran-
sient creep measurements. However, the proposed mechanism is somewhat

speculative and over simplified,and the agreement may be fortuitous.

Work on in-pile creep of UO2 and (U,Pu)O2 is in progress at several
sites, and more results should be available soon. Experimental diffi-
culties involved in measuring in-pile creep are great,and the uncertain-

ties in the data are large. Consequently, it will probably be quite some
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Fig. 4.1. Schematic representation of Karlsruhe work on enhanced creep
(adapted from Ref. 20)
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time before adequate understanding of the effects of irradiation on the
creep of oxide fuels is attained. One of the most serious difficulties
with in-pile creep measurement is in analyzing the effect of the large
temperature gradients on the results. Bend tests on thin specimens are
being performed at BNWL to minimize this problem. However, strain will
not be directly read out in these experiments, and there will be consider-
able uncertainty in correcting for transient creep. The in-pile creep
experiments in progress are at fission rates at least an order of magni-
tude below those that will be encountered in a fast breeder reactor.
This is a serious, although necessary, shortcoming. The influence of
radiation on creep is due to a complex combination of factors and it is
not at all clear that extrapolation of data can be made with confidence

over a wide range of experimental or service conditions.

4.,2.3.2, Effect of Fission Products on Creep. Work is in progress at

BMI to determine the effect of fission products on the creep behavior
of UO2 and (U,Pu)O2 (Ref. 22). This study involves laboratory testing
of material irradiated at low temperatures to ensure a uniform micro-
structure and uniform distribution of fission products. No results have

been reported.
4.2,4, Summary

The creep behavior of unirradiated UO2 is reasonably well established
as a function of most pertinent variables. No reliable creep data have

been reported for (U,Pu)Oz.

In-pile creep data on oxide fuels are scarce. However, the data
that are available indicate that the creep rate below about 1000 C or
1200 C is enhanced during irradiation at fission rates near lO13 f/cec-sec.
The dependence of in-pile creep on temperature and fission rate is not
clearly established. However, there is reason to believe that the creep
rate in the region where enhancement occurs will be approximately in-

dependent of temperature and strongly, perhaps linearly, dependent on
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fission rate. The available evidence suggests that the use of out-of-pile
creep rates in design calculations for the cool outer rim of fuel is

probably invalid.

4.3, ANNEALING OF RADIATION-INDUCED SWELLING IN FAST REACTOR STRUCTURAL
MATERTAL*

Stainless steel exposed to fast neutron fluences at temperatures
between 300 C and 650 C will swell. The swelling becomes of practical
importance (about 0.1%) at fluences of lO22 n/sq.cm and can amount to
several percent at 5 to 10 x 1022 n/sq cm. The swelling is caused by
the formation of voids in the material. Several workers have shown that
the voids can be removed by postirradiation annealing (Refs. 23-27).

It is therefore conceivable that some of the engineering problems asso-
ciated with the radiation-induced swelling of fast reactor structural
components could be reduced by periodic annealing to recover the original
dimensions. In this section, reported observations on the annealing of
voids are reviewed, and estimates of the times and temperatures that

might be required for such an annealing treatment are made.

4.3.1. Summary of Reported Observations

All reported work on the annealing of radiation-induced voids in
stainless steel has involved 304 or 316 stainless steel irradiated in
the EBR-II or the DFR at temperatures between 370 C and 540 C. Observa-
tions have been made by transmission electron microscopy, and total void
volumes have been estimated from the numbers and sizes of the voids.
Most postirradiation annealing treatments were for 1 hr at temperatures
between 450 C and 1200 C, but one treatment was for times up to 100 hr at
700 C¢ (Ref. 23). The reported data are giveh in Table 4.3. Sometimes
the total void volume was not given directly but could be calculated

from reported data on void sizes and distributions.

*This work was initiated under private funds and utility participa-
tion in the GCFR Program. Some of the data obtained from that work are
included here because they are of interest in an overall discussion of
applicable materials developments.
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TABLE 4.3
SUMMARY OF REPORTED DATA ON THE ANNEALING OF RADIATION-INDUCED VOIDS IN STAINLESS STEEL

Radiation Fast Postirra- Annealing Annealing Ratio of Total Void
Reference Temperature Fluence diation Void Time Temp Vol to Original
Number Material Reactor (®) (n/sq cm) = Diameter (A) (hr) (C) Void Vol
23 304L  EBR-II 430 1.4 x 1022 ~120 1 475 1.0
1 600 0.72
1-100 700 (See Fig. 4.2)
1 800 0.28
1 900 0
370 0.8 x 1022 67-187 1 700 0
472 0.9 x 1022 <300 1 800 0
2% 304L  EBR-II 421 4.8 x 1022 ~200 1 650 1.0
25 304 EBR-TT 538 1.4 x 10%2 160240 1 593 1.0
1 648 1.0
1 704 1.0
1 760 1.0
1 816 0.26
1 871 0
26 M316L  DFR 360 6.5 x 10%2 210 1 700 1.0
| 1 900 0
500 7.8 x 1022 1140 1 900 Grain boundary
1 1100 zone depleted,
1 1200 but large voids

still present.
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VOID VOLUME/AS-IRRADIATED VOID VOLUME

I.

0.8

0.

0.6

0.4

2

O 600 C
700 C ANNEALING CURVE
o (MEAN VOID DIAMETER ~120 A)
A 800 C
| (. x9%0cC | L \ \ L

.2

ANNEAL ING TIME (HR)

Fig. 4.2. Total void volume in type 304 stainless steel irradiated to 1.4 x 1022 n/sq cm at 430 C, as a

function of annealing time at 700 C (data taken from Ref. 23)



In general, annealing reduces the void concentration, with the
smaller voids disappearing first. The larger voids are removed much
more slowly, and occasionally some growth of the larger voids takes
place. An example of the change in void size distribution produced
by annealing is given in Fig. 4.3. At the highest temperatures voids
are completely removed, with the possible exception of some small pores

in the grain boundaries that are attributed to residual helium.

For void diameters less than approximately 300 A, annealing is
virtually complete in 1 hr at 900 C. The void volumes are plotted as
a function of annealing temperature for 1 hr anneals in Fig. 4.4. The
annealing behavior of one sample containing much larger voids (1100 A
diameter) was quite different., Annealing to temperatures as high as
1200 C did not remove the voids, except in the vicinity of grain bound-
aries. Away from the grain boundaries the mean void size increased
during annealing. Also, the annealing of a sample containing only small
voids (maximum diameter 187 A) was completed at a significantly lower

temperature (700 C) than for the bulk of the samples.

The dependence of the total void volume on the time of annealing
at 700 C is shown in Fig. 4.2 for a sample containing voids in the 67 A
to 300 A range. The void volume decreases approximately linearly with

the logarithm of the annealing time.

4.3.2, Kinetics of Annealing

Studies of annealing of voids taking place by the migration of
vacancies to sinks, such as a free surface or a grain boundary, have
been performed by Volin and Balluffi (Ref. 28). Under these conditions,
the diameter of all voids decreases, with small voids shrinking fastest.
The total void volume decreases during annealing. The observations of
the annealing of radiation-induced voids do not fit this model because

coarsening of the larger voids is often observed (Refs. 23, 25, 26).
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Fig. 4.3. Effect of annealing on void size distribution in 304 stainless
steel irradiated to 1.4 x 1022 n/sq cm at 430 C (taken from Ref.23)
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Fig. 4.4. Total void volume in irradiated and annealed types 304 and 316 stainless steel as a function
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A second possibility is the migration of vacancies from small voids to

larger voids, causing shrinkage of the former and growth of the latter.
This process is analogous to the "ripening' of precipitate particles in
a two-phase alloy, which is analyzed in detail by Lifshitz and Slyozov
(Ref. 29). 1In such a process the total volume occupied by the voids is
conserved,which is inconsistent with observations, as can be seen from
Fig. 4.4. Also, the distribution of void sizes predicted by this model
does not fit the observed distributions. Thus, it is probable that the
annealing of radiation-induced voids involves both annealing to sinks

and ripening, with some voids growing at the expense of smaller voids

and some vacancies being lost to grain boundaries.

Because void annealing apparently involves at least two simultaneous
processes, it is not feasible to fit the data to a simple model. To make
reasonable extrapolations for time and temperature dependence, the next
best procedure is to use an empirical approach and scale the annealing

rates according to an apparent activation energy.

For an annealing process involving a single activation energy E,

the times ty and t, for an annealing-dependent property to reach the

2
same value at temperatures T1 and T2 are related:
t
2 1 2

where K is Boltzmann's constant. This relationship holds regardless

of the order of reaction and the value of the pre-exponential term
(frequency factor) in the annealing equation. It is also valid where
there is a broad distribution of frequency factors, as in the case of

a diffusion-controlled annealing process involving diffusion jumps over

a range of distances.

The data shown in Figure 4.2 (Ref. 23) can be analyzed in this way
by comparing the total void volumes reached in 1 hr at 600 C, 800 C, and

900 C with the time-dependent annealing curve at 700 C. The data were
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found to be in fair agreement with an effective activation energy of

2.3 eV, Since the rate-controlling process in void annealing is likely
to be the emission of vacancies from voids and their migration to sinks,
the effective activation energy would be expected to be that for self-
diffusion. There do not appear to be any data for diffusion of the
constituent elements in y-stainless steel, but the activation energies
for the diffusion of iron and nickel in y-iron are reported to be 2.1
and 2.8 eV, respectively (Ref. 30). Thus, a value of 2.3 eV for the

effective activation energy for void annealing is reasonable.

Figure 4.5 shows calculated curves for void annealing, based on
the data in Ref. 23, which are extrapolated using Eq. 4.4 and an activa-
tion energy of 2.3 eV. The data were derived from an as-irradiated
range of void diameters of approximately 67 A to 300 A, and other
results for voids in this size range are in general agreement (Fig. 4.4).
However, results showing the difficulty of fully annealing 1100-A-diameter
voids at 1200 C indicate that if voids grow much bigger than 300 A
during irradiation, there is a possibility that annealing the swelling
will be much more difficult. Similarly, the annealing of smaller voids
(for example, the sample with voids in the range 67 A to 187 A, Fig. 4.4.)

will be accomplished in shorter times or at lower temperatures.

4.3.3. Limitations on Annealing as a Means of Controlling Swelling

There are two main limitations on the use of periodic annealing to
control swelling of fast reactor components. The first concerns the
size of voids in the irradiated material. As mentioned above, it is
easier to anneal small voids than large voids, and voids larger than
approximately 300 A in diameter may not be annealable in the time-
temperature zones indicated in Fig. 4.5, Until experimental annealing
data become available for void sizes between approximately 300 A and
1100 A, it is not possible to estimate the size where voids become
unannealable under practicable conditions. However, it is possible

to estimate roughly the irradiation conditions for which voids should
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be less than approximately 300 A in diameter. There are not enough
results to define the variation of the void size distribution with
irradiation temperature, and data on the mean size of voids as a function
of fluence and temperature show a great deal of scatter. Typical results
taken from Ref. 26 are shown in Fig. 4.6. This figure shows a general
increase in mean void diameter with increasing temperature, and little,
if any, dependence on neutron fluence. Because the annealing of samples
with voids of mean diamter 210 A is completed at the same temperature

as for samples with voids of maximum diameter 300 A (Fig. 4.4), it is
possible to estimate that irradiation at temperatures below approximately
450 C will produce annealable voids. (See Fig. 4.6). Without more data
on void sizes and annealing behavior, it is impossible to say whether

voids produced at higher temperatures are likely to anneal.

A second limitation on the use of annealing to control swelling
concerns the state of stress in the component, If the voids are large, an
applied tensile stress will tend to make them grow. However, for most
of the void sizes encountered in practice, the applied tensile stress
required to make them grow to an appreciable extent is quite high. Even
for void diameters of 300 A, a tensile stress of 25,000 psi would be needed
to cause extensive void growth. A more important effect of stress is
the possibility of creep deformation during annealing. Because of the
extremely low ductility of highly irradiated stainless steels under
creep conditions (typically about 1%), a stress high enough to cause a
significant creep strain would create a risk of fracture during anneal-
ing. Even if the creep strain were not high enough to cause fracture,
any extensive dislocation motion during annealing might sweep voids
to grain boundaries, where their residual helium would further reduce
the ductility during subsequent irradiation. Thus, it is important that
the stress level in any component be too low to allow any plastic flow
during annealing. In components operating in a temperature gradient,
the void sizes may differ in different places. Thus, there is a possibi-
lity that during annealing,recovery of the original dimensions may
occur faster in some places than in others. The possibility of generating

internal stresses during annealing must therefore be taken into account.
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4.3.4, Summary and Conclusions

1.

Periodic annealing may be a feasible way of recovering the
original dimensions in fast-reactor structural components that

have experienced radiation-induced swelling.

Where the swelling is caused by voids less than approximately
300 A in diameter, annealing is wvirtually complete in 1 hr

at 800 C to 900 C, or in 100 hr at 700 C.

Small voids are removed rapidly during annealing, while large
voids take longer and may temporarily increase in diameter. Voids

1100 A in diameter do not fully anneal in 1 hr at 1200 C.

The process of void annealing involves both the migration of
vacancies from voids to sinks and that from smaller voids to
larger voids. Because of this complexity, there is no simple
model that can be used to describe fully the kinetics of anneal-
ing. Empirically, the annealing data for material containing

67 A to 300 A diameter voids established as a function of time

at 700 C can be scaled to other temperatures according to an

effective activation energy of 2.3 eV, thus providing a tenta-
tive basis for extrapolating the annealing curves to other times

and temperatures.

The annealing curves should be valid for material containing
voids up to approximately 300 A diameter, which corresponds
roughly to irradiation temperatures up to 450 C. Annealing of
larger voids may be more difficult, while annealing of samples
containing no voids larger than 150 A to 200 A may be completed

in shorter times or at lower temperatures.

To prevent possible fracture during annealing or increased
embrittlement, annealing should only be performed on components

whose stress level is not high enough to allow appreciable
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plastic flow during annealing. The possibility of generating

internal stresses during annealing must be taken into account.

7. More experimental work is needed to define the distributions
and sizes of voids as a function of temperature, fluence, and
annealing treatment before the predictions can be put on a

firmer footing.

4.4, TRANSIENTS

During this reporting period a survey of available information on
transient fuel rod behavior pertinent to the GCFR is being started.
Initially this task will focus on determining whether enough information
is available to establish failure criteria. Conceivable transients,
including both neutronic excursions and loss of coolant accidents, will
be reviewed and their time constants established. Work will be initiated
to develop a descriptive model on fuel-rod behavior under the transient de-
fined. This model development will be coordinated with similar programs at
other facilities. As a result of this work, a definition will be made of
additional experimental information required for the model development

program.
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4,5, TASK C - IRRADIATION TEST PROGRAM (IN-PILE AND OUT-OF-PILE TESTS)

4.5.1. Introduction

The fuel-element development program for the GCFR includes the
irradiation testing of fuel rods under test conditions established
in design studies of demonstration GCFR plants and large GCFR plants.
Thermal flux and fast flux tests are included in the program. The
thermal flux irradiation program is a joint effort of Gulf General
5" and (Pu,U)Oz—fueled
rods in the ORR poolside facility (Refs. 31, 32). Data from short-term

Atomic and ORNL, with irradiations performed on UO

screening tests and high-burnup irradiations will be used to select the
most promising fuel-rod concepts, design features, and parameters to

be incorporated in future loop irradiations and fast-flux capsule tests.
Design of a multirod fast-flux (EBR-II) capsule test is currently underway.
Data on irradiation tests to date, tests underway, and tests being planned
are summarized in Table 4.4. Information on the manifolded fuel rods,

on the fast-flux tests to be conducted in EBR-II, and on the parameters

to be tested during FY/0 is also presented.

4.5,2, Irradiation Capsule 04P8

Fission gas analyses were performed on (Pu,U)O2 fueled rods irradiated
in ORR capsule 04P8 to exposures ranging from 47,000 to 59,000 MWd/Te
at linear power generation ratings from 13.2 to 15.5 kW/ft and cladding

o.d. surface temperatures from 610 C to 685 C. The results of the fission

gas analysis are given in Table 4.5.

The results of the postirradiation visual examination, dimensional
measurements, and gamma scanning of the 04P8 fuel rods were previously

reported (Ref. 33). Additional postirradiation examination will include:

1. Void volume measurements interval to the fuel rods to provide
information regarding the swelling of the (Pu,U)O2 fuel (no

external rod swelling was observed (Ref. 33).
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TABLE 4.4

SUMMARY OF GCFR IRRADIATIONS ¢
Fuel Claddin Condttions
Test Schedule of Fuel-Clad. Fuel-Cladding Thickness Heat pax. Cladding Burnup
Identifica- | Test Reactor Irrad. Thermal Stoichiometry Gap Rating Temnerature | (MWD/tonne)
tion and Position {hr} Fuel-rod Type | Bond Composition | % TU*] Geometry {o/m) {in,) Composition {in.} {k/ft) | f e 1
Gulf General Atomic—Oak Ridge National Laboratory GCFR Development-Program Thermal-flux Irradiation Tests Completed
P4-Al GA-1 ORR-P4& 650 Sealed can He uo2 ~90 P.A(b) 2.005 0.0018 Hastelloy-X 0.0091/0.379 | 18/21.7 760 Specimens collapsed; negl. fuel support
GA-2 ORR-P4 650 Sealed can He uoz ~90 P.A 2.005 0.0028 Hastelloy-X 0.0092/0.378 | 18/21.7 760 3,400
P4-B2 GA-4 ORR-P4 800 Sealed can He ll)z ~90 P.A 2.006 0.001/0.0025 { Hastelloy-X 0.0%4/0.342 {18/16.2 7607673 Good condition; collapse in region of
thin cladding; negligible fuel support
GA-5 ORR-P4 800 Sealed can, He UOZ ~90 P,A 2.006 0.0008/0.0023 | Hastelloy-X 0.010-0.020/ | 18/16.2 760/565 4,500
tapered 0.334-0.352
cladding
P4-B3 GA-6 ORR-P4 1,340 Flex-can Na ll)2 ~95 4 2.005 0.017 304 SS 0.010/0.375 | 14.7 650 5,600 S1tght creep deformation
GA-7 ORR-P4 1,340 Sealed can He qu ~90 P.A 2.003 0.0036 Hastelloy-X 0.015/0.343 121 650 5,700
P4-B4 GA-8 ORR-P4 2,000 Flex-can (¢ Na uo5 -95 | P 2.0032 0.015 304 SS 0.010/0.375 |13.5/15.4 700/N15 8,300 6ood collapse stability
GA-9 ORR-P4 2,000 Sealed can,PP’ He uoz ~90 P 2.0032 0.0036 Hastelloy-X 0.015/0.343 [11.4/12.§4 650/715 8,800
04-P5 GA-10 ORR-04 2,200 Sealed can,PP He wo; ~90 P.A 2.0039 0.0035 Hast.-X partially [0.015/0.343 70 11,000 Some cladding deformation under
surface-roughened thermocouvrle used to monitor tempera-
ture of 00
GA-11 ORR-04 2,200 Sealed can,PP uoz ~9%0 P.A 2.002 0.0035 Hast.-X partially [0.015/0.343 [16.2 812 12,000 Good collapse stability
surface-roughened
GAL-1 ORR ORR Loop ~4 Sealed can He LI)2 ~90 P.A 2.003 0.003 Hast.-X partially ]0.015/0.343 (16 812 -10
Exp 16 total surface-roughened
04-P6 GA-12 ORR-04 1,100 Sealed can 88 ll)z—lZ ~90 P.A 1.98/1.99 0.0033 Hast.-X partially |0.015/0.343 (15 7o 4,200 Good cellanse stability
Pano surface-roughened
GA-13 ORR-04 1,100 Sealed can He 88 z—lZ ~90 P.A 1.98/1.99 0.0033 Hast.-X partially |0.015/0.343 [18 812 4,800 Collapsed into oval shape; negligible
Pul. surface-roughened fuel support
GA-14 ORR-04 1,100 Sealed can,PP He 88 2—12 ~90 P.A 1.98/1.99 0.0033 Hast.-X partially [0.015/0.343 {18 838 4,800 Cladding failed under thermocouple
Pud; surface-roughened band; negligible fuel support
03-P7 GA-15| ORR-03 ~7,800 Sealed can He o, ~90 | P,A 2.002 0.0025 Hastelloy-X 0.020/0.353 6.8 750 ~16,000 Irradiation discontfnued at 16,000
MiD/ tonne
GA-16 | ORR-03 ~7,800 Sealed can He 88 U0p-12 | ~90 | P,A 1.98/1.99 | 0.0034 Hastelloy-X 0.020/0.353 8.2 750 ~16,000 Fission-product leak detected in rod
04-P8 GA-17 | ORR-04  [~11,000 Sealed can tie salo2 | ~90 | P 1.98/1.99 | 0.002 316 S5 0.024/0.355 [13.2 s10¢d) ~47,000
P
- fuel-rod specimens all in excellent con-
GA-18 ORR-04 ~11,000 Sealed can He 88 W12 ~90 P,A 1.98/1.99 0.003 Hastelloy-X 0.015/0.343 | 15.5 700 59,000 dition; little, if any, deform. cbserved
GA-19 ORR-04 ~11,000 Sealed can,PP He 88 U012 ~90 P.A 1.98/1.99 0.003 Hastelloy-X 0.015/0.343 | 15.5 700 ~59,000
Pul,
Gulf General Atomic GCFR Development-Prooram Irradiation Tests Planned
Thermal-flux Tests
04-P9 ORR ~11,000 Manifolded to He 88 Y012 ~90 P.A ~1.98 -0.003- 316 SS 0.024/0.355 {15 700 >50,000 Fission-product emission at top of fuel
external PuOZ 0.004 rod and top of fission-product trap will
plenum be monitored; instrumented rod and trap;
rod external pressure ~950 psi, internal
pressure ~1000 psi under normal operat-
ing conditions.
Fast-flux Tests
F-1 Sub- €BR-11 ~10,000 | Manifolded to|  He 850,15 T 0| p.a ~1.98 ~0.002- 316 S5 00/10 12-16 | 700-800 >50,000 | MNot instrumented; ambient pressure
zssenﬂ‘ ext'nl plenum P“oz 0.003 ~1.15
7 rods .
F-2 Sub- EBR-II | ~10,000 to | Manifolded to| e 8 U0,-15 | ~% | P, A ~1.98 -0.002- 316 55 00/10 12-16 | T80 | 0000 | Mot tnstrunented, ambient pressure.
assemb) 20,000 ext'nl plenum PuO v(e) 0.003 Hast.-X (sealed ~1.15 Some sealed rods with M?h-stnngth
(7 rods) | and sealed cany 2 can only) cladding may also be included.

(')S-ur density was less than or equal to 85% of theoretical.

b Pellet, annular.
Clpp = Prepressurized rod (external pressure 800 to 1000 psi {n capsules, 300 psi in loop.
“’qu;eratun swing on this rod was from 560 C to 660 C during each reactor cycle.

(®yibratory

compacted.



TABLE 4,5

GAS CONTENT OF FUEL RODS IN CAPSULE 04P8 BASED ON

MASS SPECTROGRAPHIC ANALYSIS

Total Gas Content

Helium
Pressure
ST, Gas C iti
Fuel- Before as (omig;; ion
Rod Irradiation . vo_—#

Specimen (psia) He Kr Xe N2+C0 H.O A H2
GA-17 14.7 4.9 7.5 85.6 0.42 0.11 1.4 0.08
GA-18 14.7 3.8 7.7 87.4 0.16 0.17 0.39 0,22
GA-19 260.0 47.7 4.2 47.9 0.06 0.02 0.01 0.15

(prepressur-
ized)

Isotopic Analysis of Kr and Xe
(vol-7)

Fuel-rod specimen

Isotope GA-17 GA-18
Kr-83 15.17 14.36
Kr-84 28.76 29.36
Kr-85 7.26 7.34
Kr-86 48.81 48,9
Xe-130 0.07 0.09
Xe-131 12.51 11.87
Xe-132 19.35 19.02
Xe-134 28,25 27.72
Xe-136 39.82 41.30

GA-19

14.31
29.36

7.27
49,06

0.09
11.69
18.98
27.77
41.47
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2. Burnup analysis and neutron dosimetry wire analysis

3. Metallography on representative sections and microprobe

analysis where the requirement is indicated
4. Analysis of fission product distribution on the plenums

5. Cladding mechanical property tests to evaluate the amount of
degradation associated with fuel-cladding interaction and

neutron irradiation

During the quarter, additional postirradiation data were received

from ORNL, which give the composition of the gases released from fuel

rods GA-17, GA-18, and GA-19 of Capsule 04P8 when they were punctured.
Previously, data on the pressure-volume measurements of these gases
had been received. These data were analyzed to determine the internal

pressure of the rods after irradiation.
Assuming the ideal gas law to be applicable,

pv = (nHe + Oyr + Oxe + nother) RT

where

p = total pressure
= void or gas volume in rods
n = number of moles of gas

and subscripts refer to gas elements.

n n
Kr + nXe + othe;\
nHe nHe nHe ‘/

Then pv = Moo RT 1+

The ratios (nKr/nHe> R (nXe/n'He> , and (nother/nﬂe)are provided

from the composition analysis data. The absolute value of n,. was

obtained from the conditions at the time the rods were fabricated, assembled,
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and sealed since negligible He is generated during irradiation. When
the initial number of moles of He in the above equation are included,

_ Po Vo “kr "Xe notheé\
PV = + +

RT {1 +

RT e "He “xe /

where the subscripts 1 and 0 refer to the end of irradiation and time of

sealing the rods just before irradiation, respectively.

Then, it is found that

v n n
(l + nKr Xe other

Thus, the final internal gas pressure can be obtained provided that the
initial and final void or gas volumes are the same or are known. With
the assumption that vo/vl = 1.0, Py was computed and subsequently divided

into the pv values measured at the end of irradiation to find v As

1
a test of the assumption the final values of void or gas volume determined
in this way are compared in Table 4.6 with the initial values computed

from preirradiation fuel characterigation and dimensional measurements.

Since the initial and final void volumes agree within a few percent,
as assumed above, the calculated fission gas pressures at the end of
life (at room temperature, 295K) by the method outlined above are correct
and are shown in Table 4.6. Also shown is the pressure at 436 K,
the temperature of the plenum estimated for the design calculations.
The actual operating pressures at the end of irradiation were greater
than the values at 436 K since one-half, one-half, and one-third of the
void volumes in the GA-17, GA-18, and GA-19 fuel rods, respectively, were in
the fuel at higher than plenum temperatures. However, detailed infor-
mation on the temperature and void distributions in the fuel is needed

before these incremental additions can be found.

54



TABLE 4.6

FUEL ROD INTERNAL PRESSURE AND VOID VOLUMES

IN CAPSULE 04P8

Void Volumes

Calec from ORNL Calc. from GGA

Final Internal

Composition and Gas Preirradiation Av Fuel-Rod Pressure
Fuel Vol Measurements data (Initial-Final) (psia)
Rod No. (cc) (ce) ) at 295 K at 436 K
GA-17 1,200 1.219 1.56 277 410
GA-18 1.187 1.223 2.94 498 736
GA-19 2.160 2.136 -1.125 688 1018
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4,5.3. Chemical Analyses of (Pu,U)O2 Fuel Used in Irradiation Capsules
04P6, 03P7, and 04P8.

Because anomalies have occurred (Refs. 33, 34) in the irradiation
behavior of these (Pu,U)O2 fueled rods and because ORNL postirradiation

analyses of the 04P6 fuel indicated presence of ThO,, BMI, the fabrica-

2,
tor of the fuel pellets, was requested to perform complete analyses

of the PuO2 starting material and sintered control pellets. The results

of the analyses shed no light on the anomalies in fuel-rod behavior

observed and show that no significant amount of ThO, was present in

2
either the starting material or the finished pellets.

The control history specimen of PuO2 (Lot A82) was analyzed for
plutonium content by two different techniques. First, a known amount of

PuO2 was dissolved in Hn03—HF and diluted to a specific volume,and a

number of volumetric samples were taken from this solution and dried.
The alpha activity from the dry residue indicated that the PuO2 (Lot A82)

was essentially 100% PuQ, based on the expected activity from Pu~239,

2

Pu-240, Pu-241, and Pu-242. The presence of ThO2 in the PuO2 would

have been indicated by a gross lowering of the alpha activity per unit
weight. Second, specimens of Pqu (Lot A82) were dissolved in HC1 and
examined by spetrophotometric techniques. 1In this process, the plutonium
in solution is reduced to Pu+3 ions and the spectral absorbance of the
final solution compared to a standard curve. Again, the characteristics
of the solution (Pu+3) indicated that the oxide powder was 100% Pu02.
From the results of these two determinations, it was reasonable to assume
that the PuO, starting material was fairly pure Pu02, certainly with

2

no appreciable ThO2 content.

The control history specimens of the mixed oxides, U02—12wt—% Pu02,

as available from Gulf General Atomic fuel assemblies 04P6, 04P7, and
04P8 were also analyzed for ThO2 and PuO2 by wet chemical and laser micro-
probe techniques. In the wet chemical process, triplicate specimens

taken from a single M-~14 pellet representative of all material used in
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04P8 (GA-17, GA-18, and GA-19) loading were dissolved in HNO,-HF and passed

over a Dowex ion exchange column. This removed the plutoniui from the
solution. The plutonium was then stripped from the column and titrated
with a standard cerium ammonium sulfate solution. The results showed

a plutonium (Pu not Pu02) concentration of 11.0, 11.1 and 11.5 wt-%
(average 11.2 wt-7%) as compared to 10.63 wt-7 theoretical for U

P
0.88 "0.12
The results seem to be consistent, but at this time it is not

©1.98°
known whether the higher than expected level is due to the procedure

or to the composition. It is reported that most analyses of this type

at BMI on mixed oxide fuel material have been biased toward the high side.
If it is a valid compositional analysis, the plutonium content will be
high by 5.35%. Uranium values were also determined for these samples.
Again, a consistent but high value was found (85.4, 84.7, and 84.5 wt-% as
compared to 77.63 wt-7 theoretical). Obviously, the uranium values,

which are approximately 9.3 wt-7Z higher than expected, are biased more
than the plutonium figures. If both figures were high to the same rela-

tive extent, then perhaps they could be adjusted downward so that

U + Pu would total to 88.26 wt-%.

Sintered control specimens from capsules 04P6 and 03P7 and from
sintering runs M-12 and M-14 of capsule 04P8 were laser probed along
with sintered specimens of PuO2 and Th02. In this technique, a laser
beam burns out a crater (25 to 40 um in diameter) from the exterior of
the pellet. Five positions were probed for each pellet, three along
the length of the pellet and one on each end face. From the pure ThO2
pellet, identification lines were detected at 3188, 3601, 4020, 4381,
and 4391 A. The PuO2 spectrum for our range showed only one line at
4019 A and others toward the high end of the range, which were too high
for positive identification studies. 1In the mixed oxide specimens, only
the uranium spectrum plus the line at 4019 A were detectable; other
lines present were attributed to minor impurities. The intensity ratio of
the strongest uranium line to the plutonium line was approximately the
same for all laser shots with the mixed oxides, all having 12 wt-% PuO,.

2

Since IU to I . was essentially constant, this would further attest to

PU
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the homogeneity achieved during mechanical blending. The results of
the laser microprobe indicated the absence of ThO2 and the excellent

homogeneity in the mixed oxide U02—12 wt-% PuO2 sintered material.

Based on both studies, those with PuO2 (Lot A82) and those with
U02—12 wt-7% Pu02,

ThO2 was in the material fabricated at BMI, and the mixed oxide material

produced at BMI was U02—12 wt-7% PuO2 and of excellent homogeneity.

from the three capsule loadings, no significant

4,5.4. Irradiation Capsule 04P9

Capsule 04P9 scheduled for irradiation in the ORR will contain
one manifolded (Pu—U)OZ-fueled rod, which will be irradiated to 50,000
MWd/Te burnup at a linear heat-generation rate of 15 kW/ft and at a
maximum cladding outer surface temperature of 700 C. The objectives
of the irradiation have been discussed previously (Ref. 35). Evaluation
of the charcoal fission-product trap is one of the objectives of the
test and preirradiation evaluation accomplished during this period is
described in Sections 4.5.4.2 and 4.5.4.3. The fuel rod will contain
a fission-product trap which will operate with an outer surface tempera-
ture of approximately 300 C. The design layout of the fuel-rod
specimen is shown in Fig. 4.7 and a schematic of the fission-product-
trap monitoring system is shown in Fig. 4.8. A layout of the capsule
design is shown in Fig. 4.9. The planned test conditions for capsule

04P9 are given in Table 4.7.

4.5.4.1._Fabrication. Fabrication of the fuel rod for 04P9

capsule has been completed. The fuel data and assembly details for the
fuel rod are given in Table 4.8. The 04P9 fuel-rod encapsulation and
preirradiation equipment and test procedure checkouts are proceeding

at ORNL.

4.5.4.2, Experimental Studies. Laboratory experiments related to

the release of noble gases are continuing. Two basic parameters are

being measured: (1) the adsorption coefficient K for krypton and xenon
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TABLE 4.7

PLANNED IRRADIATION TEST CONDITIONS FOR CAPSULE 04P9

Rod specimen .

Cladding material
Cladding o.d., in.
Cladding thickness, in..
Cladding o.d./i.d.
Bond-gap fluid .

Cladding o.d. surface temperature, C .

Fuel .
Fuel smear density, Z TD .

Linear power generation (max), kW/ft. .

Burnup exposure, MWd/Te. . . . . . .

External pressure, psig

Initial internal trap pressure, hot,
psig .

End-of-1life internal trap pressure,
hot, psig. . . . .

Trap temperature surface, C

Pressure differential trap wall, psi .

Number of power (temperature) cycles .

Number of pressure cycles.

GA-20

316 SS

0.355

0.024

1.156

Helium

700 + 0, - 25

[88 U (97 enr)-12 Pu]O2
<85

15+2

>50,000 (15 x 1020 £/cc)
950+25

1000+25

100025

300£50

50, nominal; not to exceed 300

100 standard (700 C - 300 C ~»
700 C); 6 nonstandard (700 C -~
¥ + 700 C)

20 standard (1000 psig = 100
psig - 1000 psig); 9 non-
standard (1000 psig » x -+
1000 psig)
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CAPSULE 04P9 FUEL ROD LOADING DATA

TABLE 4,8

Fuel Cladding| Pellet Smear
TPek&ft Pellet Pellet Pellet | Pellet |Cladding Diametral Density Deunsity
ype' ’ and Pellet Oxygen-to~Metal wt U wt U-235wt| Pu wt | length 1.4, od. 1.d. Gap (g/ec)/ (g/cc)/
Position |Identification Ratio (g) (g) () (g) (in.) (n.) | (dn.) | (in.) (in.) X T 5D
Axial Gap - - - - - -— (]ilz)é - - - - - -
uIp X - - - - - .187 - .3015 - - - -
usP 6 ") 2.0038 e -- -~ .32 -~ Yoo | -- - -- --
UBP 5 13 2.0038 - - - - .3273 - 23013 - - - -
Usp & 12 2.0038 - - - - 23273 - .3014 - - - -
UBP 3 1 2.0038 - - - - .3285 - .3014 - - - -
UBP 2 9 2.0038 - - - - .3218 - 23013 - - - -
usp 1 8 2.0028 - - - - .3275 - .3014 - - - -~
Totals - - - - - - 1.9588 - - - - - -
Usp 8.3 No £d 2.005 -- - - -- .1480 - .3012 - - - -
USP 14.9 16 2.004 - - - - .1618 - .3012 - - - -
Totals - - - - -- - .3098 - - - - - -
FP 32 29 - 3.330 | 2.5934].2334 23634 | ,2952/2945( .06 .3013 .3045 .0032 91.8/10.80 | 9.47/ 865
FP 31 3 1.983 3.056 | 2.3558| .2120 +3335 | .2760 .06 .3013 .3045 .0032 9.89/90.07 | 9.27/ 846
FP 30 38 1.9925 3.254 | 2.5084 | .2257 .3551| .2969/2985! .06 .3013 +3045 .0032 9.76/88.9 9.16/ 830
Fp 29 12 1.983 3.069 | 2.3658| .2129 .3349 | .2763/2766| .06 .3005 23045 .0040 9.96/90.7 9.30/ 849
FP 28 25 1.9925 3.247 | 2.5031] .2252 .3543 | ,2953/2958{ .06 .2998 .3045 .0047 9.91/90.3 9.20/ 838
FP 27 11 1.983 3.337 2.5724 | .2315 L3641 | .2963/2978| .06 .3007 .3045 .0038 10.07/91.7 9.41/ 859
FP 26 4 1.983 3.036 | 2.3404| .2106 .3313| .2731 .06 .3004 .3045 .0041 9.79/89.16 | 9.31/ 850
P 25 H 1.983 3.064 | 2.3620| .2126 L3343 2759 .06 .3006 3045 .0039 9.97/90.8 9.30/ 849
P 24 6 1.983 3.073 | 2.3689] .2132 +3353| .2765 .06 .3006 .3045 .0039 9.97/90.8 9.31/ 850
Fp 23 7 1.983 3.061 | 2.3597 ) .2124 233401 L2774 .06 .3004 .3045 L0041 9.91/90.26 | 9.24/ 844
Fp 22 8 1.983 3.053 | 2.3535(,2118 .3331 .2763 .06 .3006 3045 .0039 9.92/90.35 | 9.26/ 846
FP 21 10 1.983 3.021 | 2.3288| .2096 .3296 1 2747 .06 .3006 .3045 .0039 9.87/89.89 | 9.21/ 841
FP 20 24 1.9925 3,253 | 2.5077| .2257 23547 | .2930/2957| .06 .2998 L3045 .0047 9.97/90.8 9.25/ 842
FP 19 17 1.984 3.289 | 2.7645| .1588 12497 | .2985/2997| .06 .3004 .3045 L0041 9.86/89.8 9.21/ 84l
Fp 18 18 1.984 3.536 | 2.7258] ,2453 .3858 .315&/3;92 .06 .3007 3045 .0038 9.94/90.5 9.29/ 848
Fp 17 30 1.9925 3.221 | 2.4830} .2235 .3515| .2932/2937| .06 3004 .3045 .0041 9.87/89.9 9.19/ 837
FP 16 31 1.9925 3.205 | 2.4707{ .2224 L3497 ,2916/2929| .06 .3006 .3045 .0039 9.84/89.6 9.19/ 837
FP 15 33 1.9925 3.258 | 2.5115| .2260 L3555 .2944/2947} .06 .3006 -3045 .0039 9.98/90.3 9.27/ 844
FP 14 34 1.9925 3.264 | 2.5161| ,2264 L3562 .2944/2946{ .p6 .3005 .3045 L0040 9.96/90.7 9.28/ 845
FP 13 36 1.9925 3.035 | 2.3396[ .2105 L3312} ,2776/2786 .06 .3003 .3045 .0042 9.80/89.3 9.14/ 832
FP 12 37 1.9925 3.233 | 2.4923] ,2243 .3528§ .2937/2941( .06 .3008 .3045 .0037 9.88/90.0 $.22/ 840
FP 11 35 1.9925 3.104 } 2.3928} ,2155 L3387 .2828/2829| .06 .3007 .3045 .0038 9.86/89.8 9.19/ 837
FP 10 14 1.983 3.044 | 2.3466{ ,2112 L3322 .2768/2770 .06 .3007 .3045 .0038 9.85/89.7 9.20/ 84p
FP 9 15 1,983 3.040 | 2.3435( .2109 L3317 ,2740/2774( .06 .3007 -3045 .0038 9.88/90.0 9.24/ 844
FP 8 16 1.983 2.985 | 2.3011{ ,2071 »3257| .2733/2746| .06 .3007 .3045 .0038 9.78/89.1 9.13/ 834
Fp 7 32 1.9925 3.233 | 2.4923| .2243 .3528| .293542940( .06 .3009 3045 .0036 9.86/89.8 9.22/ 839
FP 6 26 1.9925 3.251 | 2.5061} ,2255 .3547] .294042945{ .06 .2998 .3045 .0047 9.99/91.0 9.25/ 842
Fp 5 27 1.9925 3.256 { 2.5099| ,2259 .35537 ,2960/2961| .06 .2997 .3045 0048 9.93/90.4 9.21/ 840
FP 4 28 1.9925 3.224 | 2.4853) 2237 .3518| .2975/2959| .06 .2998 .3045 .0047 9.82/89.4 9.05/ 824
FP 3 21 1.9925 3.239 | 2.4969] .2247 .3534 .2959/2963 .06 .2995 +3045 .0050 9.89/90.1 9.16/ 834
Fp 2 20 1.9925 3.232 | 2.4915| 2242 .3527| .294542948; .06 .3006 .3045 .0039 9.84/89.6 9.19/ 837
FP 1 19 1.984 3.264 | 2.5007| .2250 23539 .2968/2975] .06 .3007 .3045 .0038 9.79/89.1 9.14/ 835
Totals - - L01.7b7 78.435 |7.059 (11.1026} 9.2398 — - -— -— - -
LSP 14,9 9 2,004 - - - - L1624 - .3012 - - - -
LSP 8,3 67 2.005 - - - - .1599 - .3012 - - .- -
Totals - — - - - - .3223 - - - - - -
L8P 22 - -- - - - 187 - .3015 - - - -
LI x b S - — | asr - | L3015 - - - -
(.)Defined as
VUIP = upper insulator pellet Al,0
UBP = upper blanket pellet depl%tzd uo
USP 8.3 = upper suppressor pellet 8.3% enrichod 0,
USP 14.9 = upper suppressor pellet 14.9X enriched UO.
FP = fuel pellet 12.4 Pu0,-87.6 U0y (9% emrichid)
LSP 14.9 = lower suppressor pellet 14.9% enriched U0,
LSP 8.3 = lower suppressor pellet 8.3% enriched U0,
LBP = lower blanket psllet depleted U0,
LIP = lower

insulator pellet AIZOJ
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on activated carbon and (2) the diffusion coefficient D12 for the gas
pairs Kr-He and Xe-He. These data provide input to computer calculations
(see Section 4.5.4.3) for estimation of diffusion delay times and there-
fore fission product release fractions from a manifolded and vented

fuel specimen,such as the 04P9. The comparison of the actual in-pile
performance of 04P9 with the estimated fission product release fractions
will then be used to determine the design release fractions for the GCFR

fuel element.

The adsorption coefficient experiments are complete and are reported

in two previous GCFR quarterly reports (Refs. 33, 35).

Additional tests are underway using a new rig comprised of a 72-in.-
long diffusion tube, as compared to the previous rig which used a 19.7-in.-

long tube.

In the last quarterly report (Ref. 33) experimental data on the

interdiffusion coefficient for Kr in He, (D were given. An anomalous

120

departure of D from the expected linear dependence on inverse pressure

12
was reported. (See Fig. 4.11 of Ref. 33.) Diffusion coefficients
measured at 1000 psi He were observed to be about 20% higher than anti-
cipated. Experimental work performed during the current quarter was

aimed at determining the nature and cause of this behavior.

Preliminary causal theories were based on possible experimental
artifacts, such as convection, or ion chamber design. One theory was
that the Kr-He source mixture was not uniformly mixed at the higher
pressures (the usual technique is to add Kr tracer and back fill with
He to the desired pressure). Accordingly, run No. 18 was initiated
after the Kr and He in the source tube were well mixed by thermal cycling

(six times over a period of 2 hr).

Run 18 is a repeat of earlier experiments under the same conditions
(runs 1 and 13) except that the source chamber was thermally cycled

several times to ensure that the Kr was homogeneously mixed with the He
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before opening the valve to initiate the diffusion experiment. The
diffusion coefficient (D = 0.01156 sq cm/sec) for the SLIDER calcu-
lation of run No. 18 was obtained from the plot of diffusion coefficient
versus pressure reported previously (Ref. 33). Excellent agreement of
the experimental curve and points calculated using SLIDER was found as
shown for run 18 in Fig. 4.10. This result shows that nonmixing was

not responsible for the deviation of the measured diffusion coefficients

from a linear relation with inverse pressure as previously reported.

Another explanation was that the test rig was operated in the
upright position, and convective flow (which may be more important at
higher pressures) could decrease apparent delay times. Runs 19 and 20,
therefore, were performed with most of the void space filled with a
1/4-in.-diam metal rod extending the entire length of the diffusion
tube to minimize convection loops in the tube. Although the purpose
of the rod was to inhibit convection, the effects of geometry and con-
vection are not clearly separable in the analysis of the experiment with
the SLIDER computer program because it is one-dimensional. In this
case, however, the length of the rod was 15.75 in.,compared to the tube
inside diameter of 0.31 in.,and the entrance and exit effects should
therefore be negligible and geometric and convection effects separable.
The diffusion coefficient for the SLIDER calculation was selected from
the D vs P curve provided by earlier experiments (Ref. 33) and then
corrected by the ratio of the flow areas in the open and rod-filled
tubes. The comparisons of the experimentally measured and SLIDER computed
curves are shown as run 19 (1 atm) and run 20 (69 atm) in Fig. 4.10.

The agreement between the computed and experimental curves is satisfactory.
It is assumed that the geometric effects (end effects) other than the

flow area reduction are negligible, and the results indicate that thermal
convection cannot account for the divergence of the diffusion coefficient

from a linear inverse pressure proportionality.

In a third explanation, anomalies in the ion chamber response

versus Kr concentration and He pressure are assumed. It was theorized
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Fig. 4.10. Plot of ratio of Kr concentration in the ion chamber (of diffusion experiment rig) to that in
the chamber after equilibrium has been reached as a function of time for runs 18-20



that the ion current may not be linear with Kr concentration due to ion
pair recombination or other possible effects (since this chamber was
specially designed and fabricated for these tests). Accordingly, a
complete calibration of the ion chamber was performed. The data are
given in Figs. 4.11 through 4.15. Figures 4.11 through 4.14 show that
the ion chamber response is essentially linear with Kr concentration,
while Fig. 4.15 shows that He pressure causes a nonlinear increase in
ion current. This nonlinear effect has been observed previously and
should not alter the results of the diffusion tests because the ion
current data are reported in relation to the final equilibrium ion
current, that is, C/Cmax' Furthermore, since each test is run at a
specific, constant pressure, the nonlinearity should have no bearing on

the outcome of the experimental data.

Although the above results tend to rule out experimental artifacts
caused by erratic ion chamber behavior, there still remains doubt as to
the validity of the analytic approach for a static system whose ion
chamber volume constitutes a major fraction of the total volume. Accord-
ingly, tests have been initiated using a 6-ft-long diffusion tube. It
is anticipated that volume effects of the ion chamber should be negligible
in the tube with the longer diffusion path. Moreover, the 6-ft apparatus
is positioned horizontally, thereby minimizing convective flow. These

tests are underway and the results will be reported in the next quarterly.

4.5.4.3. Analysis of Kr Diffusion Experiments. Analysis of the Kr

diffusion experiments is being conducted using the SLIDER computer program.
In the previous quarterly report (Ref. 33) the results of analyses of
diffusion of Kr in gas-filled tubes were reported. In the current report
period, diffusion of Kr in tubes partially filled with fuel pellets,
blanket pellets, and charcoal traps was analyzed using a stepwise
procedure. First diffusion coefficient results from the He filled

tubes were compared with the results of other investigators and with
theoretical equations in the literature. These coefficients were then
applied to the gas-filled regions of tubes, which, in addition, contained

regions loaded with metal pellets simulating either fuel or blanket pellets
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and permitted determination of the diffusion coefficients in these
regions. TFinally, all of the data previously obtained were applied to
tubes also containing charcoal traps, which allowed determination of the
effectiveness of the trap on the diffusion process. Results of the
diffusion experiments and the computer simulation of each group of

experiments are shown in Figs. 4.16 through 4.18.

The results obtained from the analysis of gas-filled tubes were
previously reported (Ref. 33). Values found were in good agreement with
theoretical equations and slightly higher than measurements at atmospheric
pressure made by other investigators. A deviation from the expected
inverse proportionality of the diffusion coefficient with pressure

was noted at pressures above 15 atm and amounted to 20% at 70 atm.

Analytical results from runs 5 through 8 are reported in Table 4.9.
In the analysis of these runs, with tubes partially filled with fuel or
blanket pellets or both,the diffusion coefficients in the gas-filled
tube regions were those determined in the analysis of the earlier
runs. By analysis of runs 6 through 8, the effective diffusion coefficient
through the blanket regions and pellet-can gap was determined, and,
in the analysis of run 5, the effective diffusion coefficient through
the combined central fuel-pellet hole and fuel-pellet-can gap was
found. Run 5 contained both blanket and fuel pellets, so the diffusion
coefficient for the blanket region determined in run 6 was used in the

analysis of run 5.

Since SLIDER is a one-dimensional program, the effective diffusion

coefficient De in the hole and annular gap may be expressed

Dm
De =G—— ,
where Dm is the molecular diffusion coefficient (gas-filled tube) and G
is a geometrical factor which simulates the two-dimensional effects.

The flow area ratio of the open to partially blocked tube (AR) may be

76



LL

A EXPERIMENTAL
1.0 | O SLIDER CODE
0.8

g

L 0.6}

S
0.4 |-

0.2 -
0
102

I AND 13

TIME (SEC)

e’

A ®,

RUN NUMBER

16

14 AND 15

a)

Fig. 4.16. Plot of ratio of Kr concentration in the ion chamber (of diffusion experiment rig) to that in
the chamber after equilibrium has been reached as a function of time for runs 1, 3, and 13-17



8L

Fig.

C(T)/C(o0)
(o]

& EXPERIMENTAL
O SLIDER CODE

RUN NUMBER

4
2
0
103 10 10
TIME (SEC)
4.17. Plot of ratio of Kr concentration in the ion chamber (of diffusion experiment rig) to that in

the chamber after equilibrium has been reached as a function of time for runs 5-8




6L

C{T)/C(o0)
o
o

Fig. 4.18.

RUN NUMBER

& EXPERIMENTAL
O SLIDER CODE

TIME (SEC)

Plot of ratio of Kr concentration in the ion chamber (of diffusion experiment rig) to that in
the chamber after equilibrium has been reached as a function of time for rumns 2, 4, and 9-12



TABLE 4.9

EFFECTIVE Kr-He DIFFUSION COEFFICIENTS IN
FUEL AND BLANKET REGIONS

(a) Area Geom. Geom. /
Run Region of Pressure D(R) Ratio, Factor, Area,
No. Interest (atm) (sq cm/sec) AR G G/AR
5 Fuel 1.0 6.80 x 1072 21.0 9.78  0.465
6 Blanket 1.0 1.55 x 10_2 77.0 42.9 0.556
7 Blanket 11.0-11.2 1.45 x 10-3 77.0 41.3 0.535
8 Blanket 66.0-69.5 2.94 x 10-4 77.0 33.25 0.433
(a)

D(R) - Effective diffusion coefficient in the region of interest.
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separated from G, leaving a second geometry factor G/AR not based on
area (e.g., the longer flow path associated with the convergence and
divergence of the current paths at the entrace and exit to the partially
blocked region and the longer path caused by the offset from pellet-to-
pellet in the gap). As shown in the table this second factor seems to

be approximately 0.5 regardless of whether the regions are occupied

by fuel or blanket pellets, even though the area ratios are quite different.
Also, there appears to be a slight pressure dependence among the G/AR
values derived for the blanket region that may be related to relative
dimensions of the mean-free-path between molecular collisions and the
channel (i.e., wall effects). On the other hand, the overall dependence
of De on pressure is essentially the same as that found in the gas-filled

tube runs.

Analytical results from runs 2, 4, 9, 10, 11 and 12 bases on an

equivalent volume model of the charcoal trap are shown in Table 4.10.

The equivalent volume model of the trap is based on a heuristic
approach. Since the charcoal adsorbs Kr molecules in the gas phase
of the trap, the effect of the trap is to reduce the concentration
of Kr in the trap region of the diffusion path. An added volume in
the diffusion path at the same location as the trap will simulate the
same qualitative relationships. Since the mean-free-path between
molecular collisions is very small compared to the dimensions of the
system, even in the charcoal bed, access to the equivalent volume region
in the model or the charcoal in the experiment are approximately equal.
Only the volume of the model must be adjusted to match the trap adsorp-

tion.
Using this model, the SLIDER code was used to compute (1) the time

of arrival of the concentration front at the detector and (2) the correct

concentration-front shape.
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TABLE 4,10
CHARCOAL TRAP PERFORMANCE

Effective
Diffusion(a) Equilvalent Other
Run  Pressure Coefficient Volume/ Diffusion
No. (atm) - (sq cm/sec) Trap Volume Regions
2 1.0 3.70 x 1071 9.67 Empty
4 10.8 3,43 x 1072 4.59 Empty
10 1.0 3.70 x 107t 6.56 Blanket
11 11.2 3.47 x 1072 6.31 Blanket
12 35.0 1.20 x 1072 2.50 Blanket
9 69.5 5.33 x 1073 2.00 Blanket

(a)

The effective diffusion coefficient in the charcoal trap

was taken to be

Dm
| -
De TP °*
where
Dm = molecular diffusion coefficient (from previous experiments)
T = tortuosity factor = 1.8
P = pressure
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Other analytical approaches have been tried but have failed.

These include:
1. Use of a simple effective diffusion coefficient for the trap region

2. The treatment of the trap as a homogeneous region with an effec-
tive diffusion coefficient and a boundary solution factor to

simulate adsorption in the bed

3. The use of a negative source (sink) to simulate adsorption in

the trap

4, The use of an effective decay constant to simulate the decreased

gas phase concentration caused by adsorption
The results from these approaches were unsatisfactory.

Considering the equivalent volume model, it is only possible in a one-
dimensional program such as SLIDER to change the volume by changing the
length. However, changing length also changes the diffusion path length,
whereas a change in the cross-sectional area is what is desired. For
this reason the equivalent volume model may be considered an equivalent
length model, and the results obtained may only be considered to be empirical.
The performance of a trap of different diameter probably cannot be
predicted from these results. An equivalent volume model using the
FIPER-2 code may produce more generally useful results since it is a

two-dimensional program.

The results given in Table 4.10 and those previously reported
(Refs. 33, 35) are applicable to the GA-20 fuel rod being installed
in capsule 04P9. Revised release fractions can now be calculated for
Kr isotopes and for Xe everywhere except in the trap,where Xe adsorption
has not been measured., Additional experiments and aﬁalyses will be

defined to provide this information

83



4.5.5. Fast Flux Irradiation

The detailed analysis of several configurations of the B-7 core
subassembly is continuing. Each capsule will contain one (Pu,U)OZ—fueled
rod clad in 316 stainless steel, which will simulate a manifolded rod
operating at nominal GCFR demonstration plant conditions: an average burnup
of approximately 50,000 MWd/Te, heat generation rates of approximately

15 kW/ft, and a maximum cladding temperature of 650 C to 750 C.
A test program is being arranged to provide the most efficient use of

reactor test space, while providing a reasonable parametric evaluation

of anticipated GCFR conditionms.

The standard B-7 core subassembly was chosen as a design basis because
it provided space within each capsule for a thermal barrier to raise
cladding temperatures. The configurations to be examined are the standard
materials irradiation subassembly with individual capsules touching,
the wire-wrapped capsules, and a shroud tube configuration, as in the
A-19 core subassembly. The first is the most preferable and the last the
least because progressively less internal space in the capsule is avail-
able. The detailed analysis is being carried out on the standard
materials subassembly and the wire-wrapped capsule subassembly (Figs. 4.19a
and 4.19b) using a 0.300-in. o.d. cladding. Radial temperature distribu-
tion calculations, taking into account the axial flux and coolant tempera-
ture variations, indicate that peak clad temperatures of up to 800 C

can be achieved in the 62.5 MW core in row 7 of the EBR-II core with

a somewhat lower cladding temperature for the wire wrap capsule subassembly
because of a thinner thermal barrier. These calculations are not in their

final form, but the peak temperatures indicated are not expected to change

significantly.

The annular mixed-oxide fuel pellet will be surrounded by 316 stainless
steel cladding using an He fuel-~cladding bond. The cladding will have
a 0.020-in. Na bond to the thermal barrier i.d. The thermal barrier will
be a relatively thick tube of 304 stainless steel with deep radial slots

to eliminate thermally induced circumferential stresses. Zircaloy is
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Fig. 4.19a. Illustration of the standard materials irradiation B-7 sub-
assembly design with individual capsules touching
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Fig. 4.19b. Illustration of wire-wrapped capsule design for B-7 subassembly
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another thermal barrier candidate and offers the advantage of about 107%
less thermal conductivity, and several successful GGA irradiations in the
ORR have used these thermal barriers. The initial design effort will use
304 stainless steel rather than Zircaloy, which has about one-half the

coefficient of expansion of 304 stainless steel. Other forms of thermal
barrier were considered that would have the advantage of being thinner;

however, these forms would have required a development program or would
have used materials with an uncertain irradiation behavior. Another

0.020 Na bond will be located between the thermal barrier o.d. and the
capsﬁle i.d. The general axial layout of the capsule is shown in Fig. 4.20
and is not expected to vary significantly in the three radial configura-
tions under consideration. Circumferential hot-spot calculations have

not been done in detail; however, preliminary examination of the standard
B-7 core subassembly at the capsule o.d. indicates only a 26 F tempera-

ture variation. If this 26 F variation is not exceeded in the more detailed
calculations the standard design should be satisfactory, and there should

be no significant hot-spot effect on an adjacent subassembly.

Preliminary discussions have been held with Atomics International
to consider a cooperative effort in which two 50 kW/ft carbide rods would
be irradiated to about 20,000 MWd/Te. The effect of 2 rods with this
rating on the subassemblies under consideration will have to await the
conclusion of the detailed calculations in mid-September. It is planned
to submit a letter requesting approval in principal for EBR-II irradiation
of the seven fuel rods in the B-7 capsule subassembly during the latter

part of September.
Preliminary physics analysis of the experimental subassembly to be
irradiated in the EBR-II facility has been made. Fig. 4.21 is a plan view

of this 91-subassembly core (Ref. 36).

4.5.5.1. Linear Rating. If gamma heating is neglected, the linear

rating A may be calculated as.a function of position by use of the formula

A(r,z) = 26.97 R Y o, () £ (r,2) k/ft
i
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where R
Py.

f;= fission rate in isotope i (f/g-sec x 1013)

fuel pin radium (cm)

density of isotope i (g/cc)

This formula is based upon the suggested value (Ref. 36) of 3.55 x 1010

f/W-sec. 1In all calculations, the density p was assumed to be 85% of

theoretical and the isotopic distribution is shown in Table 4.11.

TABLE 4.11
ISOTOPIC DISTRIBUTION OF URANIUM AND PLUTONIUM

Uranium Plutonium
U-235 0.93 Pu-239 0.886
U-238  0.07 Pu-240 0.099

Pu-241 0.014
Pu-242 0.001

The fission of the minor Pu isotopes was approximated by increasing the
Pu-239 density by a factor
> .
- . g
i Yyt
739
Y239 ¢

where y = isotopic abundance
0f= one group microscopic fission cross section averaged

over a GCFR spectrum

and the summation extends over the four Pu isotopes. For the composition

listed above, this factor is 1.052.

The appropriate values of f(r,o) for various core positions are listed

in Table 4.12, a revision of the values given in Table V of Ref. 36.
Figures 4.22 through 4.25 present A(r,0) as a function of power level, pin

size, and azimuthal location for rows 4 through 7. Figure 4.26 is a plot

of )\(r,o)max as a function of core radius for a typical B-19 core subassembly
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TABLE 4,12

RADIAL FISSION DISTRIBUTIONS AT REACTOR MIDPLANE
FOR THE 91 SUBASSEMBLY CORE WITH A DEPLETED RADIAL BLANKET
(FISSIONS PER GRAM-SECOND OF ISOTOPE AT 50 MW)

DISTANCE

PIN NEAREST CORE

PIN IN CENTER

PIN FARTHEST FROM

REACTOR CENTER-  GRID CENTERLINE OF SUBASSEMBLY CORE CENTERLINE
LINE 10 CENTER-  ROSTTION MAXIMUM PIN AVERAGE PIN MINIMUM PIN
SUBASSEMBLY .  SECTOR  U-235 U-238 Pu-239 U-235 U-238_ Pu-239 U-235 U-238 Pu-239
(cM) LETTER  X10-13 x10-12 X10-13 x10-13 x10-12 x10-13 x10-13 X10-12 x10-13
0.0 1Nl 0.926 0.642 1.120 0,926 0.642 1.120 0.921 0.625 1.114
5.89 2n1 0,917 0.604 1.108 0.909 0.594 1.098 0.898 0.615 1,086
10,21 3N2 0.900 0.602 1.090 0.883 0,609 1.069 0.859 0.574 1,033
11,78 3N 0.888 0,611 1.076 0,869 0.594 1.049 0,841 0,553 1.010
15,59 &N2 0.852 0.569 1,026 0.815 0.529 0,980 0,773 0.502 0.930
15,59 4N3 0.852 0,569 1.026 0,815 0.529 0.980 0,773 0,502 0.930
17.68 4N1 0.817 0.530 0,982 0.780 0,506 0.942 0.741 0.482 0.889
20,41 5N3 0.777 0,504 0.936 0,732 0.476 0,877 0.684 0.432 0.811
21.25 5N2 0.761 0.496 0,917 0.716 0,462 0.855 0,669 0.419 0,795
21,25 SN 0.761 0,496 0.917 0,716 0.462 0.855 0.669 0,419 0.795
23,57 5NL 0.714 0.460 0,852 0.669 0,421 0.795 0,622 0.372 0.732
25,69 683 0.679 0,429 0.803 0.625 0.373 0,738 0.569 0.294 0.663
25.69 6N 0,679 0.429 0,803 0,625 0,373 0.738 0.569 0,294 0.663
27.00 6N2 0.648 0,400 0.765 0,595 0.332 0.700 0.542 0,238 0.622
27.00 6N5 0.648 0,400 0.765 0.595 0,332 0.700 0.542 0.238 0.622
29,46 6N1 0.589 0.321 0.688 0.539 0,237 0,617 0.482 0,151 0.536
30.62 7N 0.572 0.295 0.663 0,509 0,188 0.575 0,440 0,113 0.479
31.18 7N3 0.557 0,269 0.638 0.495 0.174 0.552 0.424 0.102 0.463
31.18 N5 0.557 0.269 0.638 0.495 0,174 0,552 0.424 0.102 0.463
32,81 7N2 0.513 0.197 0,576 0.449 0,123 0,495 0,380 0,072 0.411
32.81 7N6 0.513 0.197 0.576 0.449 0,123 0.495 0.380 0,072 0,411
35.36 7N 0.436 0.113 0.479 0,376 0.071 0.404 0,321 0,047 0.339
35.84 8N 0.433 0,109 0,478 0.362 0,065 0,390 0,303 0.041 0,315
35,84 8NS5 0.433 0,109 0.478 0,362 0,065 0,390 0.303 0,041 0.315
36.80 8N3 0.405 0,087 0,444 0,338 0,052 0.356 0.282 0,035 0,288
36.80 8N6 0.405 0.087 0,444 0,338 0.052 0.356 0,282 0,035 0.288
38,64 8N2 0.351 0,059 0.370 0.296 0,039 0,305 0.246 0,026 0.253
38.64 8N7 0.351 0.059 0,370 0.296 0,039 0.305 0.246 0.026 0.253
41,25 8N1 0.285 0,036 0.298 0,239 0,025 0,244 0,200 0,007 0.198
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Fig. 4.22. (Pu,U)0y fuel rod linear heat rating as a function of EBR-II
reactor power level rod size, and azimuthal location in row 4
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Fig. 4.23. (Pu,U)0y - fuel rod linear heat rating as a function of EBR-II
reactor power level, rod size, and azimuthal location in row 5
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Fig. 4.24. (Pu,U)02 fuel rod linear head rating as a function of EBR-II
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Fig. 4.25.(Pu,U)0, fuel rod linear heat rating as a function of EBR-II

reactor power level, rod size, and azimuthal location in row 7
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Fig. 4.26. Maximum (Pu,U)0; fuel rod linear rating at the EBR-II core
centerline for a rod with a cladding o.d. of "0.27 in. and an o.d./
id. of 1.15 and 15% Pu-85% U fuel as a function of EBR-II reactor
power level and row position
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containing GCFR fuel (i.e., 0.85U02-0.15 Pqu). Figure 4,27 depicts the
dependence of linear rating upon Pu content; the insensitivity exists
because the fission cross section of this highly enriched U is approximately
equal to that of Pu. The linear ratings given on these curves are maximum
values, i.e., at the core centerline in the pin nearest the center of

the core. They may be converted to average values by division by the

the axial peak-to-average or the flux tilt across the row.

The increase in linear rating due to gamma heating may be estimated
from Fig.1l7 of Ref. 36. 1In row 7, the inner blanket row (where it would be
expected that the contribution of gamma heating would be largest), the
heat deposition is 6.75 W/g U or, in terms of equivalent fissions, 0.03734
X 1013 f/g-sec. It is apparent from Table 4.12 that this will increase the

linear rating by approximately 6.5% at the maximum pin centerline.

4.5.5.2. Flux Tilt Across Row 7. The magnitude of the flux tilt across the

subassembly was estimated as follows:

1. The published fission rates (Table 4.12) imply a max-to-average
flux of approximately 1.16. This value, based upon a depleted
blanket element adjacent to the core, overestimates the tilt in a

heavily fueled experimental subassembly.

2. A 33-group transport theory problem was run in which it was assumed
that a ring of experimental subassemblies enclosed the core. The
calculated flux tilt was 1.08. This is an underestimate of the
actual tilt because the depression caused by the depleted blanket

elements 1In row 7 adjacent to the experiment was not accounted for.
These results therefore imply that

1,08 < flux tilt < 1.16 ,

i.e., the tilt is within acceptable bounds.

99



REACTOR POWER, 62.5 MW

RATING (kW/FT)

18.

17.

16.

15.

13.

12.

11.

10.

75

50

25

00

75

50

00

.75

.50

.25

REACTOR POWER, 50 MW

r—1 1 T T T T T T 1

14— —
13—

12—

1MN—

10

N1

OO O
N =t ot
(e S ]

]
it nou

Lt [ [ | | /|

0.25 0.26 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.35
FUEL RADIUS (CM)

I I | I | I l [ | | J
0.197 0.204 0.2126 0.2204 0.228 0.236 0.244 0.252 0.260 0.268 0.276

FUEL DIAMETER (IN.)
I | I | I | I I l | I
0.226 0.235 0.244 0.253 0.2622 0.2744 0.2806 0.29 0.299 0.308 0.317
1.15 X FUEL DIAMETER (IN.)

Fig. 4.27. (Pu,U)0p fuel rod linear rating in row 7 of EBR-II reactor
for several plutonium concentrations as a function of EBR-II
reactor power level, rod size, and azimuthal location
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4,5.5.3, Reactivity Perturbation. The reactivity addition to the core was

estimated by running a IDF similar to the case mentioned above except that
blanket elements replaced the experimental ring. The loss in reactivity
was 0.03378 Ak, and, since there are 36 elements in row 7, it follows that

one experimental subassembly will increase the system eigenvalue by
approximately 0.00094 Ak, a negligible amount.

4.5,5.4. Future Studies. Future analyses, based upon a specific sub-
assembly position, will be oriented towards the elimination of approxima-
tions as well as the determination of the fine detail of the in-capsule

flux. 1In particular:

1. The gross flux shape across the experimental subassembly will be
calculated using a hexagonal mesh, two-dimensional diffusion

theory code.
2. The gamma heating will be calculated by use of the PATH code.

3. The fine detail of the in-capsule flux will be computed using two-

dimensional transport theory.
4.6. THERMAL-CYCLING RIG

The thermal cycling rig is in the check out phase to verify that powver
and pressure can be cycled on a simulated fuel rod over expected ranges for
the GCFR. The check out continued at higher power levels during this
quarter. Previously (Ref. 33) the rig was run successfully at 10 kW/ft
with cladding temperatures of about 615 C. Several changes were made for
the 12 kW/ft run; the heater length was increased to decrease the axial
temperéture gradient mnear the rod center, the heater diameter was increased
to maintain a constant heat flux on the heater surface as in previous
runs, the UO2 was increased to accommodate the larger heater and the cladding
to heat sink gap was decreased to 0.003 in. to keep cladding temperature in

the desired range at the higher heat flux.
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The first run was made at a reduced power level of 4 kW/ft for 24 hr
that was then raised to 12.1 kW/ft,resulting in cladding temperatures of
480 C to 600 C for the four thermocouples at 90-deg circumferential posi-
tions at the cladding midlength. The test terminated after 2.8 hr at 12.1 kW/ft

Upon disassembly it was found that a tungsten heater burnout had occured
at the connection to the lower molybdenum connector. This was believed
to have been caused by the extended heater connection operating in a

portion of the heat sink that was not adequately cooled. Whisker growth

was noted on the heater after the relatively short time at full power.

The heater length was decreased to its oroginal value and Pt washers
were placed at each threaded end connection between the W and Mo to serve
as a braze to decrease resistance in the threaded joint. In normal opera-
tion this point should operate below the melting temperature of Pt, but
in case of increased resistance the ohmic heating would cause the Pt to
melt and form a brazed joint. The second run was started and as power was
increased excessive heating at 6.1 kW/ft of the top Mo connector where it
passed through a rubber O-ring was noted. Cladding temperatures were 370 C,
370 C, and 330 C. The test was discontinued and examination indicated a
failure in electrical insulation in the normally low-temperature region,

allowing possible shorting-out to the pressure chamber.

Another sample is being set up with improved end electrical insulation
which can withstand higher temperatures, and a somewhat smaller heater
will be used to avoid whisker growth on the W, allowing shorting out to
the UO2 pellet i.d. The experiment capabilities of the thermal cycling rig
are well enough known to plan a program of experimental work for the next

quarter.
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5. TASK D - REACTOR PHYSICS PROGRAM

5.1. INTRODUCTION

5.1.1. Purpose of the Program

Considerable effort is being expended on the experimental verification
of neutronic calculations on fast spectrum reactors. There are at least
a dozen large, fast critical assemblies planned or in operation in the USA,
the USSR, and Europe. Most of this critical experiment work, however, is
being performed in sodium-cooled reactor programs; hence, the systems
considered and results obtained differ considerably from that suitable
for the GCFR concept. And, while the applicable data from past, clean,
fast critical experiments of the GODIVA type can be used to some extent to
verify computational methods and high-energy cross sections for the GCFR
program, there are unique characteristics and problems associated with the
GCFR that require critical experiment verification. For example, the sub-
stitutions of helium for liquid metal coolants lead to considerably different
reactivity coefficients, and the GCFR fuel 1is characterized by particularly
high ratios of fertile to fissile material. .In addition, methods for dealing
with the reactivity changes induced by steam or water entry into the GCFR

core need to be verified.

So that these different characteristics may be understood and the key
reactor physics parameters verified, a detailed GCFR critical experiment
program is being planned. This program includes a core mock-up of the
reactor experiment, determination of the effect of water entry into the
core, determination of reactivity coefficients and control-rod worth as a
function of position in the core, and Doppler coefficient and reactivity

worth measurements.
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It had been determined earlier, however, that it would be possible
to perform a series of simple, low cost, critical experiments and obtain
data of immediate use to the overall GCFR project. These critical experi~
ments would provide an initial check on calculational methods used in
GCFR studies and the results obtained therefrom (such as conversion ratio,
critical volume, etc.) and provide an integral check on cross sections,

particularly cross sections for plutonium and the resonance poison materials

hafnium, gadolinium,and dysprosium.

These experiments were performed at BNWL's Critical Mass Facility at
Hanford, Washington, and consisted of the measurement of the critical mass
and volume of bare cubical plutonium-fueled assemblies. In the experi-
ments, conducted in 1967 and reported in Ref. 1, fuel which was a homo-
geneous mixture of plutonium-dioxide polystyrene with a 5 to 1 H to Pu
ratio was used. The neutron spectrum of this system corresponds to that
of a partially-flooded GCFR. These experiments were also conducted as
part of the BNWL Critical Mass Facility's continuing program for the measure-
ment of the critical mass and volume of plutonium fuel over the full range

of densities and H to Pu ratios that can occur in reprocessing plants.

It was determined during these experiments that it should be feasible
to produce plutonium fuel with a 1 to 1,H to Pu ratio. Results of critical
assembly measurements with this fuel would considerably extend the range
and usefulness of the data obtained from the 5 to 1 program; thus, an

experimental program using this fuel was planned.

5.1.2. Experimental Program Description

The following experimental program was planned for the 1 to 1,H to Pu

ratio, plutonium-~fueled assemblies:

1. Measurement of the critical mass and size of an unclad, near-cube

shape plutonium fuel with a 1 to 1,H to Pu ratio.
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2. Measurement of the critical size and mass of an unclad, plutonium-
fueled assembly of 1 to 1,H to Pu ratio with a base size suitable

for the resonance-poison plates (e.g., 12 in. x 18 in.).

3. Measurement of the critical size and mass of an unclad plutonium-
fueled assembly of 1 to 1,H to Pu ratio containing layers of
resonance-poison plates. (The number of poison layers added to

be limited by the fuel available for criticality.):

a. with Gadolinium-oxide plates
b. with Hafnium-oxide plates

c. with Dysprosium-oxide plates.

4. Measurement of the fission ratios for Pu-239 and U-235 in the
unclad 1 to 1,H to Pu assembly (item 1), and flux distribution
measurements in this unclad assembly and at least one of the

poisoned systems.
5.1.3. Summary

Considerable difficulty was encountered in manufacturing plutonium
fuel with a 1 to 1,H to Pu ratio, and only about 60 kg were finally produced
for the experiments. Preliminary calculations had indicated that about
100 kg of this fuel would be required for criticality of an unclad cube
at this H to Pu ratio. To overcome this problem a "driver" region of
5 to 1,H to Pu fuel, which was available at the BNWL Critical Mass Facility,
was used to produce a critical system for the measurements. The experiments,
with the exception of the fission ratio and flux distribution measurements,

have been completed and an analysis of the results is underway.

Severe radiation and heating problems were encountered with the 1 to 1
fuel with the result that it was not found possible to perform the fission
ratio and flux measurements because these experiments require considerable

irradiation time in the critical assembly. It is planned that several
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alternative experiments of interest in the GCFR program will be performed
in place of these measurements. These alternative experiments were not
included in the initial experimental program because of budget and time
limitations. The choice of the particular experiments will be made after

the analysis of the completed measurements.

5.2. EXPERIMENTAL PROGRAM

5.2.1. Facility Description

The critical experiments were conducted in a large plutonium handling
glove box within a heavi}y shielded cell at BNWL (Ref. 2). The critical
arrays, in the form of rectangular prisms, were assembled by the Remote
Split-Table Machine (RSTM) (Ref. 3) shown in Fig. 5.1 of Ref. 1. The RSTM
consists of two table halves, one movable and one stationary. Together
the table halves form a surface 30 in. wide, 42 in. (24 in. and 18 in.)
long, and 20 in. above the floor level. Both table halves are covered by
a 12-in.~thick, low-density aluminum honeycomb material (p = 0.037 g/cc),
and the fuel assemblies were stacked on a 1/16-in.-thick aluminum plate
resting on this honeycomb material. Thus, the effects of end reflection
on the critical mass due to the supporting table were minimized. The
table halves have a steel framework supporting the horizontally operated
control rods. These control rods operate as movable reflectors and consist

of a slab of polystyrene attached to a movable steel rod.

The movable half of the table rides horizontally on two 1.5-in.-diam
steel shafts driven by a l-hp direct curreat motor, Criticality of the fuel
assemblies is achieved by bringing the two table halves together. The
speed at which the faces are brought together is reduced automatically

as the tables close.

The fuel assemblies themselves are contained and supported by thin
aluminum braces at all four corners, attached to the base by magnetic
clamps. In addition, one or two horizontal braces of thin aluminum are

also attached to the vertical supports by magnetic clamps to ensure uniform
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stacking of the fuel assemblies.

The experimental setup was simple and flexible, allowing changes in
the program with relative ease. There are, however, definite limitations
to this type of experiment. Since no equipment was available for reactivity
worth measurements by small sample oscillation techniques and since the
basic measurement that could be performed was that of the height of a
critical assembly, the worth of the poison materials had to be measured
by introducing a large quantity of the material into the system. Addition
of a large quantity produced inhomogeneities in the critical assembly and
considerably complicated the analysis of the results, which were obtained
using the one-dimensional transport codes available. The unpoisoned systems,

however, were more easily amenable to analysis.

5.2.2. Fuel Element Design

The fuel used for the previous experiments (5 to 1,H to Pu ratio) had
been formed as coated compacts of a homogeneous mixture of plutonium-
dioxide and polystyrene powder, with the mixture being adjusted to give a
5 to 1,H to Pu ratio. The polystyrene served as a binder for the fuel
and the means to produce the required H to Pu ratio. The fuel was pressed
into 2-in. x 2-in. x 1l-in. compacts and hand stacked on the RSTM to
form the critical assembly. Polystyrene was chosen as the matrix material
because of its excellent molding properties at the high temperatureé and
pressures used in forming the compacts and its stability under alpha irra-
diation from the radioactive plutonium. However, polystyrene starts to
soften at about 90 C, which placed an upper limit on the temperatures that
could be allowed in these assemblies. The heat 1s generated internally

by alpha decay in the plutonium.

It was not possible to use polystyrene as the matrix material in the
1 to 1,H to Pu fuel compacts. This was mainly due to the higher heat
generation in the plﬁtonium. In addition, the 1 to 1,H to Pu ratio require-
ment resulted in the use of too little polystyrene for it to serve as a

useful binder. After some experimentation it was found that the unmoderated
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PuO2 could be sufficiently compacted to form a useful fuel block.
Further mechanical strength and contamination control was provided by a
relatively thick layer of a special, temperature-resistant polyvinyl

chloride tape surrounding the PuO, fuel compact. The H to Pu ratio was

provided by water absorbed on thezPuO2 fuel particles and by the hydrogen
in the tape coating. The actual H to Pu ratio resulting from this
manufacturing procedure was measured as 0.62 to 1. A summary of the fuel
compact data is provided in Table 5.1. These data are based on measure-

ments of 20 individual fuel compacts.

5.2.3. Experimental Results

The results of the critical assembly measurements are summarized in
Table 5.2. The quoted experimental errors include uncertainties in fuel

compact data as well as uncertainties in the critical height measurement.

In addition to the critical assembly data summarized in Table 5.2,
measurements were performed to evaluate various experimental corrections,
such as temperature and coating thickness effects and reproducibility.

As indicated in the table, these corrections have been included in the

experimental results.

The resonance poison material was the same as that used in the 5 to 1
experiments reported in Ref. 1. The poison material, hafnium, gadolinium,
and dysprosium in the form of powdered oxides was compacted in 20-mil-thick
stainless steel containers. Data on these poison containers are summarized
in Table 5.3.

5.2.4, Experimental Procedure

The fuel compacts were hand-stacked on the RSTM table halves with
the table faces fully open. Initially, a configuration that was well
below critical was stacked. Aluminum braces were used to ensure uniform

stacking. When considered necessary, thermocouples were added between
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TABLE 5.1

PuO2 FUEL. DESCRIPTION

AVERAGE DIMENSIONS AND WEIGHTS

Fuel block with cladding 2.169 in. x 2.169 in. x 1.606 in.
Fuel block with cladding and stacking 2.183 in. x 2.183 in. x 1.609 in.
voids
Fuel block without cladding 2.020 in. x 2.020 in. x 1.501 in.
PuOy per fuel block 660.836 + 2,714 g
(including 0.014 wt-7% Hy0)
Pu per fuel block 581.454 + 2,388 g
Cladding material per block 24.5 + 0.3 g

ISOTOPIC COMPOSITION OF PLUTONIUM (wt-%)

Pu-238 0.232 * 0.020
Pu-239 75,228 % 0.305
Pu-240 18.354 + 0.219
Pu-241 5.048 + 0.191

Pu-242 1.138 + 0.170

COMPOSITION OF CLADDING MATERIAL (wt-%)

45,62
0.30
6.08

48.00

O m = O

PuO, PARTICLE SIZE (mm)

2
Maximum 0.0450
Mean 0.0083
Minimum 0.0025
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TABLE 5.2
BARE PuO, EXPERTMENTAL DATA‘®)

2
Driver Region(b) PuO2 Region(b)
Experiment Base Height Mass Base Height Mass
Number Description of Critical Assembly (cm) (cm) (kg Pu) (cm) (cm) | (kg Pu)
18-000-003 | 7 layers driver 31,26x30.96 | 27.16 57.9+0.29| 33.27x33.27| 9.76 |49.3%+0.28
fuel plus 2,35 layers Pqu
18-000-004 | 7-2/3 layers driver fuel fol- 31.26x30,96 | 29.96 63.63+0.31 | 33.27x33.27| 9.44 |47.9+0.28
lowed by 1 layer PuOp 1-1/32-in.
Al plate,and 1.28 layers PuO2
18-000-005 | 8-1/3 layers driver fuel fol- 31.26x30.96 32.44(C) 69.3+0.34} 33.27x33.27} 8.84 |45.040.26
lowed by 1 layer PuO3, 1 layer
Dy203, and 1.15 layers PuO2
18-000-006 | 8-1/3 layers driver fuel fol- 31.26x30.96 32.44(C) 69.3+0.34 | 33.27x33.27| 8.84 |45.0+0.26
lowed by 1 layer Pu0O9, 1 layer
Gd203, and 1.15 layers PuO2
18-000-007 | 8-1/3 layers driver fuel fol- 31.26x30.96 32.44(C) 69.3+0,34 | 33,27x33.27| 8.87 [45.240.26
lowed by 1 layer PuOjp, 1 layer
Hf0, and 1.16 layers PuO2
18-000-008 | 8-1/3 layers driver fuel plus 31.26x30.96 | 32.44 69.3+0.34} 33,27x33,27| 7.83 [40.2+0.24
1.92 layers PuO2

(a)
(b)
(e)

From BNWL Critical Mass Facility (Ref. 2)

Data corrected to a central core temperature of 60 C.

Quoted height does not include poison plate layer thickness.



TABLE 5.3

RESONANCE POISON DATA

Parameters Gd203 HfO2 Dy203
Size of container (in.) 6 x 6 x 0.25 6 x 6 x 0.25 6 x 6 x 0.25
Average mass of oxide 203.8 593.2 333.6
powder in container
(g)
Average density of oxide 1.38 4.02 2.26

powder in container

(g/cc)
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fuel compact layers to monitor the temperature of the assembly during the
experiment. After personnel had left the area and the room was sealed,

the table faces were brought together by remote methods. A polyethylene
reflector control rod was positioned next to the stationary face during

and after the closure. The fuel compacts were stacked so that the faces

of the assembly, which come in contact when the table halves are closed,
projected slightly (less than 1/8 in.) over the table-half edges. This
ensures positive contact on closure and good reproducibility during repeated
closures because the two faces were pushed tightly together and matched

exactly on reclosure.

After closure, the multiplication of the assembly was measured, using
three proportional neutron counters with scaling circuits. Spontanious
fission, primarily from Pu-240, provided the required neutron source. Two
multiplication measurements were made during each closure, one with the
reflector rod in place and one with the reflector rod removed. A current
plot of inverse multiplication versus height was maintained during the
experiment, and the height required for criticality was estimated after
each closure. The amount of fuel added during the next stacking was

half, or less than the estimate required for criticality.

After the measurements had been made, the fuel stacks were separated
and further fuel additions were made. The complete procedure was then
repeated until criticality was achieved with the reflector control rod
in position. The height of the unclad system for criticality without
the reflector control rod was then obtained by extrapolation of the inverse
multiplication curve for the unclad system parallel to the reflector

inverse multiplication curve.

Because criticality often required less than a complete layer of 1/2 in.
high fuel compacts and because there is always some small deviation in
the results of the three neutron detectors, a least squares analysis of
the inverse neutron multiplication data was used to obtain the critical

dimensions.
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5.2.5. Analysis of Experiments

A summary of the results of the analysis is presented in Table 5.4.
In addition to the calculation of the 1 to 1,H to Pu critical assemblies,
three other critical experiments are being reevaluated using the current
Pu-239 cross-section data sets of interest. These experiments are the
15 to 1 and 5 to 1,H to Pu critical assemblies measured at the BNWL
Critical Mass Facility and at the Los Alamos Plutonium Metal Sphere.
When combined with the 1 to 1,H to Pu experiments, the results of this
analysis should yield a good integral check on Pu~239 cross-section data
over the energy range of interest in the GCFR. The three Pu-239
evaluated cross-section data sets used in the analysis are summarized in

Table 5.5.
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TABLE 5.4
SUMMARY OF CRITICAL ASSEMBLY ANALYSIS RESULTS

Calculational Summary

Calculated kegf Using 94.2394

System Cross Section Data
JEZEBEL Pu-metal sphere 1.0141
1 to 1,H to Pu assembly 18-000-003 1.0358
5 to 1,H to Pu assembly 0.9985
15 to 1,H to Pu assembly 1.0210

Pu-239 Data Set Intercomparison Calculations

Calculated k

eff

System Description 94,2394 94.2396 94.2398
JEZEBEL, 12.568-cm-diam
Pu sphere (2) 1.0141 1.0038 0,9822
34.04-cm-diam 1 to 1,H to Pu
sphere (b) , 1.000 0.9944  0.9750
38.98-cm-diam 5 to 1, H to Pu
sphere (b) 1.000 1.0052  0.9854
(a)Actual, measured critical assembly.
(b)The diametersof these systems were chosen to give k £ 1.0

with 94.2394. e
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TABLE 5.5

Pu-239 CROSS SECTION DATA SET SUMMARY DESCRIPTION

Data Set Label

Description

94,2394

94,2396

94.2398

The evaluated data set of Drake and Dyos as
compiled in Ref.4 was combined with a
resolved resonance parameter set given in
Ref. 5 and White's (Ref. 6) high energy data.

Data taken from an evaluation by Schmidt
et al. in Ref. 7, including resonance parameters.

2-D scattering arrays were taken from Ref, 7
and the 1-D arrays (Of, o, 0, etc,)

and resonance parameters were evaluated from
various sources, including the latest ORNL
and RPI "a" measurements.
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