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WASHOUT TESTING OF MIXED OXIDE

CERAMIC CORE

INTRODUCTION

This report describes the tests that
were run in an out-of-reactor loop to
determine if some fuels were better
than others in resisting core washout.
In most cases the fuel material had
been previously irradiated in the PRTR.

Fuel elements presently used in
the Plutonium Recycle Test Reactor
(PRTR) consist almost entirely of
U0, or mixed U0,-Pud, cores with Zirca-
loy-2 cladding. Many different fab-
rication techniques and starting core
material have been used in the manu-
facture of these fuel elements. Besides
the differences in percentage of Pu0,
(0%, 0.48 wt%, 0.75 wt%, 1.0 wt%, 2.0 wt%
and 4.0 wt%) in the core, the core
material can be processed either by sin-
tering or arc fusing, and then prepared
by physically mixing or by pneumati-
cally-mechanically impacting particles
{"Nupac" process). Finally, the core
material can be brought to a high den-
sity within the cladding either by
swaging, impacting, or vibrational com-

pacting (""Vipac'" process).

SUMMARY

The washout of core material follow-
ing a fuel element failure was evaluated
in the Irradiated Rupture Prototype
(IRP) Loop. The irradiated elements
were defected with a long slit and
placed in a shielded test section
which was connected directly to the
loop. The water in the loop was then

heated, and the test was run for

FUEL ELEMENTS

several weeks. The release of core
material was determined by weighing

the fuel element, by visual inspection,
and by continuous measurements of
activity levels in different portions
of the loop.

The five ceramic core fuel rods
tested in the IRP were selected to
compare different fabrication procedures
and core material with the amount of
core washout. The first fuel element
was fabricated by physical mixture -
Vipac process, and released 1 g of core
material. The second fuel element,
with a physical mixture-swaged core,
had no core washout, while the third
fuel rod, prepared by the Nupac-Vipac
process,.released 7 g of core, primarily
during thermal cycling. A fourth
Nupac-swaged rod lost core material
only after external vibration was
applied to the test section. A
fifth rod tested had an unirradiated
core, typical of a PRTR short core
element, fabricated by Vipac-Nupac,
and it lost a total of 84 g during

24 days of testing. From the tests,

it was observed that
® Swaged elements tend to be more

resistant to washout than Vipac
elements

® The amount of core material washed
out depends on the amount of vibra-
tion present

e In general, core washout without
externally applied vibration tends
to be small even with large defects

in the cladding.



DISCUSSION

DESCRIPTION OF EQUIPMENT

The tests were performed in the
Irradiated Rupture Prototype (IRP),
an out-of-reactor recirculating water

loop.(l)

A schematic diagram of the
A full-

flow filter with a 2 u pore size re-

loop is shown in Figure 1.

tained the bulk of the washed out core
material. With the use of radiation
instruments, the filter was also
used as a monitoring location for
following the rate and amount of

The fuel rods to be

tested were loaded into a cask

core release.

under water, and the cask was used as

FIGURE 1.
(IRP) Loop
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the test section for the loop by
connecting it directly to the loop.
The cask was oriented vertically when
attached to the IRP rather than
horizontally as it is in Figure 1.
Operating conditions of the loop were
315 °C, 1700 psi and with a maximum
flow rate of 30 gpm. The loop proper
was enclosed in a 1 foot thick
concrete shielding wall with the
instrument panel located outside of

the enclosure,

MATERIALS

The fuel pieces for these tests

were individual sections of Zircaloy-2
clad rods of about 0.57 in. OD, 12 in.

Irradiated Rupture Prototype



long, and with clad thicknesses of 0.030
in. Four of the rods were from 19-rod
cluster elements fabricated by Ceramics
Research and Development for use in the
PRTR. After irradiation in PRTR, the
elements or individual rods were sent
to Radiometallurgy, where a 12 in.
section was cut from the rod for IRP
testing. The core material in the

ends of the rods were removed and a
"Lee" type mechanical seal (Figure 2)
was used to cap the ends and to pro-

vide a centering device for the rod
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when in the test cask. The elements
were defected with a slit in the
cladding down to the core. Usually,
the slit was 6 in. long by 1/16 in.
wide. The first test used a slit only
1 1/2 in. long, but it was later in-
creased to 6 in. The remaining rod
tested was unirradiated, but was of
the same size and had the same defect
geometry.

The first two tests were made with
fuel rods exposed to 5000 and 4100

MWd/ton, with mixed oxide cores of

Zircaloy-2 Rod Cladding

Core
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U02—1/2 wt$ Pu0, prepared by physical
mixture. One was compacted vibra-
tionally and the other by swaging.(z’s)
The third and fourth tests used fuel
rods irradiated to 1890 and 224 MWd/ton,
having mixed oxide cores of U0, -

1 wt% PuO,, prepared by Nupac, and
compacted by vibration and swaging.
The fifth test used a fuel rod with a
mixed oxide core containing UO, -

Z wt% Pu0,, prepared by Nupac, and
Vipac compacted. This rod was packed
to 9.39 g/cm3 or 85.6% of theoretical
density. The core fuel particle size
consisted of 55% - 6 + 10, 12.5% -

20 + 35, 12.5% - 35 + 65, and 20% -
200 mesh sizes. The mesh sizes of uo,
used in the other Vipac rods was 65% +
6 + 10, 20% - 20 + 60, and 15% - 200.
The swaged rod had uo, particle sizes
of 50% - 20 + 65, 30% - 65 + 200 and
20% - 200. Generally, the Pqu used
in all rods was -325 mesh. The theo-
retical density of the Vipac rods was
greater than 85%; the swage rods were
87 to 90% of theoretical density.

EXPERIMENTAL PROCEDURES

The following procedures were used
for testing the elements. After de-
fecting the elements in Radiometallurgy,
they were weighed, photographed, and
sent to 242-BAL Building where they
were unloaded under water and loaded
into the IRP cask. The cask was
connected to the loop, and both cask
and loop were flushed and filled with
demineralized water adjusted to a pH
of 10 with LiOH. The loop water was
then heated to 300 °C, an average
nominal surface temperature of the

Zircaloy-2 cladding in-reactor, and
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the water flow maintained at 13 fps
past the test element. A standard
cycle was used on all tests. This
cycle consisted of reducing the loop
temperature from 300 to 40 °C and
back after 1, 3, 7, 14 and 24 days
operation to simulate reactor shutdowns.
Starting with the fourth test, the
loop was also thermal cycled from
300 to 270 °C and back every 3 hr
to simulate unsteady power operation.
After completing the fourth test,
the test section was vibrated from
36 to 96 cps to approach the vibra-
tion of a PRTR process tube which has
a 16.5 cps first mode, 51.6 cps
second frequency, and about 120 cps
third mode.(4) The fuel rod in the
fifth test was not subject to induced
vibration since the test section was
vibrating, (due to the flowing water)
at a desired frequency and amplitude.
Radiation detection probes, located
near the filter, were used to monitor
the core release during a test. Fre-
quent discharges and weight measurements
were made with the unirradiated fuel
element to determine core loss during
the test.

EXPERIMENTAL RESULTS

Test Number 1

The first rod tested was from a sec-
tion of fuel element No. 5119, a Vipac-
physical mixture, UO2 - 1/2 wt% Pqu
core irradiated to about 5000 MWd/ton.
The rod was originally defected with a
slit 1 1/2 in. long by 1/16 in. wide
(Figure 3a). Some filter activity
increase (80 mR/hr) was noted during

the 3 hr heating period to reach 300 °C



and during the first day up a total
of 280 mR/hr.

was noted during the 3 1/2 week period

No further increase

comprising the remainder of the test.
Weight measurements under water, both
before and after the test, failed to
show any weight loss; in fact, a weight
increase was noted which was probably

caused by water logging. A picture of
the element after testing is shown in

Figure 3b.

Because of the absence of significant
washout with the 1 1/2 in. long slit,
it was decided to increase the slit
length to 6 in. and rerun the element.
The element was returned to Radiometal-

lurgy, and the original slit was in-
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corporated into the 6 in. long slit.
When testing was resumed in the IRP,
an activity increase of 100 mR/hr was
detected during the first 3 hr, when
the water was being heated to 300 °C.
Neither constant temperature operation
or thermal cycling during the 3 1/2
week test caused additional activity

release. Welght measurements showed

1 g had been lost from the fuel ele-
ment. (Figure 4)

It can be estimated from the
activity-weight loss relationship from
the second part of the test that about
3 g was lost during the first part of

the test.

(a) Before Testing

(b) After Testing

FIGURE 3.

Fuel Rod HNo.

5119, Vipac-

Physical Mixzture, Before and After

Testing im IRP
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(a) Before Testing

(b) After Testing

FIGURE 4.

Physical Mixture,

Testing in IRP

Test Number 2

The second rod was from a section
of fuel element No. 5164, which had a
swaged-physical mixture core contain-
ing UO2 1/2 wt% PuO2 irradiated to
about 4100 MWd/ton.

difference between this test and the

The essential

preceding test was the method of final
fabrication (swaged versus Nupac).
Testing in the IRP for the 3 1/2
week period at 300 °C, 13 fps, and
1600 psi resulted in an extremely small
amount of release of core material.
Filter activity readings increased
only 25 mR/hr. This occurred during
the first 2 hr (the heating period)
of the test, and did not show any
change after that time even during
thermal cycling. Pictures of the fuel
rod before and after testing (Figure 5)
show the core material has not been
washed out. Weight measurements of

the element did not indicate any core

Fuel Rod No. §119, Vipac-
Be fore and After

loss; this swaged rod released a
smaller amount of activity to the IRP
loop system than did the Vipac element.
The possible reasons can be seen by
comparing Figures 4 and 5. The Vipac
element (Figure 4) has a core with a
great deal of void area between granules,
which would make it easier to wash out
any loose fine core material, while
the swaged rod (Figure 5) appears to
have a more compact ceramic core with

less surface area exposed to the water.

Test Number 3

Rods used in Tests 3 and 4 were in-
tended to differ from those used in
Tests 1 and 2 only by having the core
material prepared by the Nupac process
rather than by physical mixture. The
actual rods tested differed also by
having core material containing 1 wt}%
PuOZ, and lower in-reactor exposures

than those previously tested. The
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(a) Before Testing

(b) After Testing

FIGURE §.

Fuel Rod Fo.

5164, Swaged-

Physical Mixture, Before and After

Testing in IRP

rod used for Test 3 was part of fuel
element No.
for about 1890 MWd/ton in the PRTR.

The UO2 -1 wtd Pu02 core was compacted
The defect

long by 1/16 in. wide.

5233, which was exposed

by the Vipac process.

was again 6 in.
As detected by filter activity

increase, IRP testing caused some

core loss primarily during the initial

heating of the loop water and during

The

reason for core release during thermal

the next two thermal cycles.

cycling (while somewhat uncertain)

was most likely associated with (1) con-
tractions and expansions of core
material and cladding which could re-
lease fine material, and (2) differ-
ences in the properties of the water.
A total of 250 mR/hr was released
during the first three thermal cycles
(Figure 6). Later thermal cycles
failed to release more activity. Com-
parisons of pictures of the rod
(Figure 7) before and after testing
show that part of the core, next to
the defect, had been washed out during

testing. Weight measurements showed

7 g were missing as a result of the

test.
Test Number 4

This fuel rod was from element
No. 5203, fabricated by swage-Nupac
with a UO2 1 wt$% PuO2 core, and
irradiated to 224 MWd/ton in the PRTR.
In addition to the standard temperature
cycles from 300 to 40 °C, additional
cycling from 300 to 270 °C every 3 hr

was initiated to simulate unsteady

power operation. IRP testing failed
to release any core material during
two weeks of testing, including three
temperature cycles to 40 °C. Weight-
loss measurements in air did not show
any loss. Since previous elements

had released activity during the first
part of the tests only, it was decided
to terminate this particular test and
to start vibration of the test section
at near PRTR conditions. Because the
fuel element was not too radiocactive
(could be handled by use of long tongs),

it was removed from the lead filled
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Rod No. 5233, Vipac-Nupac During
Testing in IRP

(a) Before Testing

(b) After Testing

FIGURE 7.

Fuel Rod WNo.

5233,

Vipac-

Nupac, Before and After Testing in

IRP

cask and placed in another unshielded
vertical test section to allow easier
induced vibration. After four days
testing wi{h external vibration, the
element lost 38 g. The vibrations
consisted of one day at each of the

following conditions:

Frequency Amplitude Acceleration Velocity

(cycles/ (in.-peak (g's, 32.2ft/ (in./
sec) to peak) sec? peak) sec. peak)
36 0.0014 0.09 0.16
55 0.0013 0.26 0.23
75 0.0009 0.26 0.21
96 0.0021 0.95 0.65
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" Period,

d An additional three days testing at
55 cycles/sec with a 0.0013 peak-to-
peak amplitude resulted in an additional
The
core washout can be seen by comparison

. 27.5 g loss from the element.

of the rod during various stages of
testing (Figure 8). It appears quite
significant that core loss was noted
only when vibration was applied to

the system.

(a)

(b)

FIGURE 8.
Nupac, (a)
Vibration,

Period

Fuel Rod Wo.
Be fore Testing,
(¢) After first Vibration
(d) After second Vibration
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Test Number 5

An unirradiated section of a high
power density fuel rod used for this
test had a core of UO,-2 wt% Pul,
fabricated by Vipac-Nupac. Because
activity measurements could not be
used to determine core washout for
this test, the element was discharged

from the test section and weighed

5203, Swage-
(b) Before
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during some of the cooling cycles.

The temperature in the loop was cycled
to 270 °C every 3 hr in addition to
the four cycles to 40 °C. It was in-
tended to externally vibrate the test
section, but vibration measurements
showed considerable vibration already
present (55 cycles/sec at a 0.0005 in.
peak-to-peak displacement); no further
After

the element lost

induced vibration was used.
seven days testing,
59 g of core material; after 14 days
the total was 77 g loss; and after
24 days, the total loss was 86 g. The
entire core weight prior to testing

of the core

was 351 g, so about 25%

was washed out. Pictures of the rod
after testing (Figure 9) strikingly
resemble the other Vipac fabricated,
irradiated elements (Figures 3 and 6).
Large granules of perhaps -6 +10 mesh
of which 55%
was composed,

slit.

material, of the core
can be seen under the
It appears that the fine material
around the larger granules has been

washed away, leaving the larger parti-

cles. Had defect opening been larger
than the largest particle used in the
core, more of the core probably would

have been washed out.

DISCUSSION OF RESULTS

The IRP tests are out-of-reactor

tests with previously irradiated fuel

FIGURE 9.
Element,

Testing in 7rp
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elements. It is questionable whether
the results obtained in out-of-reactor
tests can be used to predict pattern
of failure in a reactor under actual
operation. This could be resolved

by testing identical elements both
in-reactor and out-of-reactor to compare
results. Obviously, several large
differences exist between power pro-
ducing elements and isothermal out-of-
reactor elements in terms of core
temperatures, thermal gradients, and
results of water penetration through
defects in the cladding. In-reactor
fuel elements would probably produce
some steam from the water that had
access to the core. The formation of
steam could create considerably more
core washout (depending on where it
was being formed), or it could cause
less washout if it blocked off water
which could physically wash out part
The

overall effect of temperature differences

of a cracked and loose core.

when comparing in-reactor and out-of-
reactor tests is still undecided.

The size of the defect used in the
out-of-reactor tests, 6 in. long by
1/16 in. wide was thought to be the
worst condition that could occur in-
reactor, but the recent failure in
the PRTR FERTF produced a defect that
was considerably worse than those
used in the out-of-reactor tests.

That defect was the full width of

Unirradiated Short Core
Uo -2 wt% U0

Core, After

2
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the fuel rod (0.6 in.) in places and
extended to 3 in. in length; however,
the artifical slit defect at least
seems to be in the right prospective
of size.

Other conditions in the out-of-
reactor tests, including water temper-
ature, flow velocity, water pH and
conductivity, loop pressure, fuel
material, and operating times, were
designed to duplicate in-reactor
conditions.

Even though differences do exist
between in-reactor and out-of-reactor
washout tests, out-of-reactor tests
may produce results very similar to in-
reactor tests. Several washout tests
have been run in the FERTF with swaged
and vibrationally compacted Uo, core
elements that were defected with longi-
tudinal slits.(s) The first FERTF wash-
out test used a swaged element preirra-
diated to 2440 MWd/ton; it showed no
evidence of swelling, negligent wash-
out, and no water logging after 23
days operation, including 3 pressuri-
zations and 10 power cycles. The ele-
ment was originally defected with a
0.63 in. long slit which was later
increased to 3 in. A second swage
compacted UO2 element defected with a
6.5 in. long slit operated for 16 days
with no evidence of fuel washout, water
logging, or fuel rod swelling visible
under water. The element was preirra-
diated to 3270 MWd/ton and was operated
at a maximum tube power of 1157 kW.
There were no activity bursts in
either element during power level in-
creases, and steady state activity re-
lease rates showed a strong power de-

pendence. A determination of fission

product ratios in the coolant established
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the release mode to be primarily
(6)

A vibrationally-compacted UO2
element preirradiated to 1770 MWd/ton
with a 3 in. long slit was tested for
22 days in the FLRTF. Underwater ex-

diffusion.

amination in the PRTR basin after
exposure showed no evidence of fuel
washout, waterlogging, or of fuel rod
swelling. The slit width had increased,
however, from 0.02 in. to 0.05 in. at
the widest point. The steady state
activity release was more than from

a correspondingly long slit in the
swaged rods, and indicated that fission
gas release is greater from vibration-
ally-compacted elements, apparently
because of the lower bulk density.(s)
The slit in this element was increased
to a total length of 4 in., and it

was reirradiated in the FERTF for an
additional 8 days. Again, no evidence
of fuel washout, waterlogging, or of
fuel swelling was noted. The steady
state activity release rate during this
time was comparable to the release

rate from the 6.5 in. long slit in

the swaged element.

The out-of-reactor IRP tests showed
the swagc-compacted elements to be
more resistant to washout than the
vibrationally-compacted elements. The
swage-compacted elements used in Tests
2 and 4 showed no weight loss until
external vibration was used. The vi-
brationally compacted elements used in
Tests 1 and 3 gave weight losses of
1 to 4 g and 7 g, respectively. These
weight losses in out-of-reactor tests
are difficult to understand when a
similar element in the FERTF apparently
experienced no washout. Visual exam-

ination of the core material in the




IRP test element (Figure 7) shows that
considerably more than 7 g could have
been washed out. Two other differences
that may have contributed to higher
losses in the IRP were the use of a
mixed oxide core (UOZ—PuOZ) rather

than straight UG, and the use of a
wider slit in IRP tests (0.065 in.
rather than 0.02 in.). The

ure 7) appears to have most

core (Fig-
of the
larger

fines removed, (leaving the

mesh particles) but whether they have
been removed from the outer circumfer-
element or

The

ence all the way around the
just under the slit is not known.
swaged elements from Tests 2 and 4

have a core with a more uniform appear-

ance, and the fines were seemingly in

12

place before the applied external vibra-

In both the IRP and FERTF tests

with swaged elements, the core is not

tions.

out.
relative importance of the

washed

The
amount of vibration, which may exist
in the system,
IRP tests with induced vibrations up
to amplitudes of 0.002 in. and frequen-
cies up to 96 cycles/sec caused very
substantial core washout of a swaged
core that had not released any core
The

unirradiated element used in Test 5

until vibrations were applied.

had a slightly smaller end fitting
(to give a larger flow annulus) on
the downstream end to prevent large
particle wedging between the end

This
difference in end fitting size appar-

fitting and test section pipe.

ently allowed the test element to
vibrate, with substantial core loss
as a result.

None of the tests in the IRP indi-

cated further oxidation of the core

should not be overlooked.
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to some higher oxide. No color

change of the core or no clad swelling
was visually detected. Analytical
procedures were not used to confirm

oxidation to a higher state.

FUTURE TESTS

The future planned program for
evaluation of ceramic core washout
studies involves testing of a large
number of both irradiated and unirra-
diated fuel samples to determine if
some fuels are more resistant to wash-
out than others, and to determine
the needed changes for improving wash-
out resistance.

One test that should be performed
involves an irradiated pelletized
core fuel element for comparison with
the unsintered starting core material
used in the PRTR.
of U.S. Reactors have used pelletized
uo,,
a base for comparing washout tests.

The effect of PuO2
U0, must be evaluated with irradiated

Since the majority
this fuel type might be used as
addition to the

elements, including PuO, contents of
2 and 4 wt%. Swaged and vibration
compacted U0, core elements should
be tested for comparison with Puo,
additions to the core. Material from
new fuel processes, such as the salt
cycle process for reclaiming the
PuO2 in an irradiated element, should
be

to

evaluated. New types of elements
be tested include:
EBWR rods

Wire enriched rods

Thoria-Pqu core rods
Water tube test element.

The studies could be augmented by
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including test rods irradiated at
rod powers more typical of current
and future power reactors, and which
are greater than those now reached in
the PRTR.

The above fuel types {and others)
should also be tested with unirradiated
rods.
of

® Particle sizes

Testing would determine effect

fabrication variables such as

@ Particle shape

® Oxygen to uranium ratio

® Particle density

® Particle size distribution

® Vibration frequency.

Several unirradiated rods could be
tested at the same time to reduce the
time required. Initially, most tests
would be run without external vibration;
however, to determine vibration resis-
tance, vibrations might be applied
during the latter part of the test.

For better understanding of the
comparison of IRP tests and FERTF tests,
similar irradiated and defected test
specimens should be run in both the
FERTF and the IRP at nearly identical
conditions. Possibly, special Vipac
elements with mixed oxide cores could
be fabricated and irradiated for this
purpose. The rods could be irradiated
together and the same device used for
defecting both elements. The same
temperature and pressure cycling
would be used in each, and water
samples would be taken to compare
radioisotopes in each system.

The addition of a second loop at
242-B for washout studies of unirra-

diated fuel rods has been started.

BNWL-295

This should greatly increase the quan-
tity of fuel rods tested.
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