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Pulse irradiation tests of rock-like oxide fuel
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Abstract

Pulse irradiation tests of special oxide fuel designed for plutonium disposal, called rock-like oxide (ROX), have been
conducted in the Nuclear Safety Research Reactor (NSRR) to investigate the transient behavior of ROX fuel under
reactivity initiated accident (RIA) conditions. An uranium free ROX, (Zr,Y)0,-MgAl,0,~Pu0,, is proposed for once-
through use of Pu in light water reactors. However, because of smaller negative Doppler and void reactivity coefficients
in the ROX fuel, higher peak fuel enthalpies are expected under RIAs than for UO, fuel. Thus, the tests of simulated
ROX, in which Pu was replaced by U for easier realization, were conducted to a peak fuel enthalpy of 0.96 kJ g=' (230
cal g 1), which is above current Japanese safety limits for UO,. The transient behavior of the simulated ROX fuel was
quite different from that of UO,, because of its different thermo-physical properties. Fuel failure was associated with
fuel melting at peak fuel enthalpies of 1.63 kJ g=! (390 cal g7!) to 2.22 kJ g~! (530 cal g~!). Significant mechanical energy
generation, the reason for the limit, however, was not observed. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

On the disposal use of plutonium derived from nu-
clear weapons or reactors, rock-like oxide (ROX) fuels
have been proposed from the viewpoints of proliferation
resistivity environmental safety and economy [1-5]. To
provide a database for the transient behavior in light
water reactors, the behavior of ROX fuel during reac-
tivity initiated accident (RIA) conditions is being studied
in the Nuclear Safety Research Reactor (NSRR) at Ja-
pan Atomic Energy Research Institute (JAERI). Three
pulse irradiation tests of fresh ROX fuel rods have been
performed. The objectives of this study are; (1) to un-
derstand the fundamental behavior of ROX fuel under
RIA conditions, (2) to evaluate the thresholds in terms
of the peak fuel enthalpies, modes, and consequences of
fuel rod failure. The pulse irradiation was performed in
a container-type capsule under a stagnant water cooling
condition at atmospheric pressure and ambient tem-
perature. Simulation calculations by FRAP-T6 code
were also conducted to estimate the fuel temperature,
fuel melt fraction, etc., which could not be measured in
the tests.
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This paper presents findings obtained from the ex-
perimental results of the pulse irradiation tests of ROX
fuel, post-irradiation examinations (PIEs), and FRAP-
T6 calculations.

2. Experimental procedure

The NSRR is a ‘TRIGA-Annular Core Pulse Reac-
tor (ACPR)’, utilizing uranium-zirconium hydride
(U-ZrH) fuel-moderator elements. The reactor has a dry
experimental cavity of 22 c¢cm in inner diameter pene-
trating the core center. The configuration of the NSRR
is illustrated in Fig. 1. The test fuel rod contained in an
experimental capsule, shown in Fig. 2, is installed in the
experimental cavity and exposed to a high pulsed neu-
tron flux simulating RIA conditions. The capsule is a
sealed container of about 200 mm in outer diameter and
about 1230 mm in height. A maximum reactivity inser-
tion of 3.36% Ak ($4.6) from zero power is allowed to
produce peak reactor power of 21,000 MW, reactor
energy release of 108 MW, the full width at half maxi-
mum of about 4.4 ms. The pulsing power traces in 3.36%
Ak ($4.6) test are illustrated in Fig. 3. Specifications of
ROX fuel used in the pulse tests are shown in Table 1.
The ROX fuel pellet contains 25.4 mol% of UQO,, 26.8
mol% of yttria stabilized zirconia (YSZ) and 47.8 mol%
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Fig. 1. Configuration of the NSSR.

of spinel (MgAL,O,4). Spinel is added to have larger
thermal conductivity and U is used as Pu simulation in
the tests. Uranium was enriched to about 20% in U-235.
Spinel and YSZ powders were mixed with UO, powders,
pelletized and sintered at around 2020 K in reducing gas.
The compound was in thermodynamical equilibrium
and the porosity measured was below around 10%.
Measured and estimated thermo-physical properties of
the ROX fuel are shown in Table 2 [6,7]. The ROX fuel
has lower density (1/2 of UQO,), larger specific heat (2/1
of UO,), and lower melting temperature (~2200 K). The
test fuel rods consisted of a ROX pellet stack about
135 mm long with 14 pellets in the middle surrounded by
the Zry-4 cladding, with an upper structure and a bottom
structure welded to the cladding, making 279 mm long
test fuel rod. The primary specifications of the test rods
are the current Japanese 17 x 17 PWR Type-B rod.
During a pulse irradiation tests, cladding surface tem-
perature at three elevations, coolant water temperature,
capsule internal pressure, pellet—stack/cladding axial
elongation, cladding hoop strain and water column
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Fig. 2. Experimental capsule of the ROX fuel rod for pulse
irradiation in the NSSR.
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Table 1
Specifications of ROX fuel rod used in the pulse irradiation
tests

Pellet

Material UO,:YSZ:MgAlL,O4

Composition (mol%) 25.4:26.8:47.8
(YSZ=7Zr0,:Y,0; =0.812:0.188)

Diameter (mm) 8.05

Length (mm) 9

Enrichment 20% U-235

Cladding

Material Zry-4

Outer diameter (mm) 9.5

Wall thickness (mm) 0.64

Element

Overall length (mm) 279

Fuel stack length (mm) 135

P/C-gap (um) 85

Filled gas He at 0.1 MPa

Table 2

Primary thermo-physical properties of ROX and fresh UO, fuel

Ttems ROX Fresh UO,

Pellet density 6 10

(g em™)

Specific heat 0.7 (770 K) 0.3 (770 K)

Jg'K™ 0.8 (1270 K) 0.3 (1270 K)

Melting temp. (K) 2200 3110

Thermal conductivity 4.3 (770 K) 4.4 (770 K)

(Wm™ K1) 3.0 (1270 K) 3.0 (1270 K)

Coefficient of linear 1.0x 10°° 1.2x107°

thermal expansion
(K™

movement to trace the transient behavior is measured.
The test rod contained in the capsule was irradiated by
natural pulse operation at reactivity insertions of 1.97%
Ak ($2.7), 2.74% Ak (83.75) and 3.29% Ak ($4.5). The
peak fuel enthalpies were 1.00 kJ g~ (240 cal g*!), 1.63
kJ ¢! (390 cal g'), and 2.22 kJ g~' (530 cal g!), re-
spectively. The pulse irradiation conditions are sum-
marized in Table 3.

3. Experimental and analytical results
3.1. Fuel rod failure

The appearance of the test rods irradiated in the three
tests is shown in Fig. 4. The test fuel rod irradiated at a
peak fuel enthalpy of 1.00 kJ g~! in Test 943-1, showed
partial oxidation of the cladding surface in the pellet
stack region. The one in Test 943-2, did not cause the
fuel rod failure though the complete oxidation, slight
bulge and bow of the cladding were observed. Cladding

Table 3

Pulse irradiation conditions of the ROX fuel tests

Test no. 943-1 943-2 943-3

Inserted reactivity (% Ak) 1.97 2.74 3.29

Energy deposition kI g™ 1.42 2.39 2.60
(cal g7')  (340) (570) (620)

Peak fuel enthalpy  (kJ g!) 1.00 1.63 2.22

(cal g™!)  (240) (390)  (530)

failure occurred in the third Test 943-3 at the peak fuel
enthalpy of 2.22 kJ g~!. The cladding did not show the
extended embrittlement due to heavy oxidation or
thinning of molten cladding, which caused cladding
failure of UO, fuel rod. The cladding rupture opening
was located in the lower part of the fuel stack and
considerable amount of the fragmented fuel (about 70%)
was dispersed into the water. However, the pressure
spike was not observed and the water column movement
sensor indicated minor vibration, suggesting that the
mechanical energy generation due to molten-fuel/water
interaction was not significant in this test.

3.2. Cladding surface temperature

Fig. 5 shows the transient histories of the cladding
surface temperature measured during the pulse irradia-
tion Tests 943-1-943-3. The thermocouple attached to
the cladding at midheight of the fuel stack in Test 943-1
showed a temperature increase up to about 870 K. The
local oxidation of the post pulse cladding and this
thermocouple data suggest that departure from nucleate
boiling (DNB) occurred locally in this test. In the Test
943-3, the cladding temperature reached about 1770 K
which is lower than its melting point (~2120 K), and
dropped rapidly to about 1070 K due to decrease of heat
capacity by fuel dispersion.

3.3. Fuel rod deformation

Fig. 6 shows the transient histories of the pellet stack
and the cladding axial elongation in the second Test 943-
2. Cladding peak elongation was 0.8 mm (0.6% of the
initial stack length) and 4.2 mm (3.1%) which suggested
pellet cladding mechanical interaction (PCMI). Fig. 7
shows the profile of cladding residual hoop strain mea-
sured by the post test examination. It should be noted
that the test fuel did not fail in Test 943-2 with 1.5% of
residual strain at maximum. The Test 943-3 cladding
bulging was measured at 4% of diameter around the
cladding rupture opening.

3.4. Microstructure

The cross-sectional views of the three test rods are
shown in Fig. 8. In the first Test 943-1, many small
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Fig. 4. The appearance of the test rods irradiated in the pulse Tests 943-1-943-3.

radial cracks are seen mostly in the outer region of the Test 943-3, at the peak fuel enthalpy of 2.22 kJ g7!,
fuel, generated by the pulse irradiation, while the mic- most of the fuel appears to have melted and a large
ro-structure did not change. As the peak fuel enthalpy amount of the pellets were ejected. A considerable
increased in the second Test 943-2, the fuel became very pellet/cladding chemical interaction (PCCI) layer was
porous, a central void was formed, and the micro- observed, which likely contributed to the cladding
structure changed due to the fuel melting. In the third burst.
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Fig. 5. Transient histories of the cladding surface temperature
at midheight of fuel stack measured during the pulse irradiation Fig. 6. Transient histories of the pellet and cladding axial
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Fig. 7. Profile of cladding residual hoop strain measured by the
post-test examination.

3.5. FRAP-T6 analysis

The fuel rod behavior during the pulse irradiation in
the NSRR was simulated with the FRAP-T6 code [§],
which was developed for the thermal and mechanical
analysis of the transient behavior of U(Pu)O, fuel rods,
and was modified for the NSRR tests [9,10]. The ther-
mo-physical properties of ROX fuel were installed in

Pulse Irradiated in Test 943-1
(240 cal/g, polished)

Pulse Irradiated in Test 943-2
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Fig. 9. Fuel pellet temperature histories calculated by the
FRAP-T6.

FRAP-T6 for the ROX test simulation to estimate the
fuel temperature, which was not directly measured in
the in-pile test. For reference to a comparison with
fresh UO, fuel behavior, the simulation calculation of
UO, fuel was also executed with the condition of a

Pulse Irradiated in Test 943-3
(530 cal/g, polished)

ROX-Zry chemical
Interaction layer

Fig. 8. Cross-sections of the ROX fuel for the pulse tests. It shows central void form due to the fuel melting in Test 943-2 and PCCI in

Test 943-3.
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Fig. 10. Cladding surface temperature histories calculated by
the FRAP-T6.

peak fuel enthalpy at 1.00 kJ g~!. Figs. 9 and 10 illus-
trate the fuel pellet and the cladding surface tempera-
ture histories calculated by the FRAP-T6. In the ROX
fuel test at 1.00 kJ g~!', peak fuel temperature is esti-
mated to have been about 1870 K, which increased the
cladding temperature to about 1020 K at the peak. In
the ROX fuel test at 1.63 kJ g~!, the fuel temperature is
expected to reach its melting point of 2200 K, while the
cladding temperature remained about 1470 K, far be-
low its melting point of 2120 K. In this simulation,
about 15% of the ROX fuel is predicted to have
reached the liquid phase. At the higher fuel enthalpy of
2.22 kJ g7!, the ROX fuel is predicted to be more than
50% molten, though the cladding temperature remains
lower than its melting point (~2120 K). On the other

Table 4

hand, in the fresh UO, fuel test at 1.00 kJ g~!, the
cladding temperature is predicted to have reached its
melting point of 2120 K, causing cladding failure due to
extensive oxidation embrittlement and thinning by re-
location of molten cladding.

FRAP-T6 simulation of the tests shows reasonable
agreement with the test results, suggesting that the
models for UO, are applicable to the ROX fuel.

4. Summary and discussion

Transient behavior of ROX fuel under RIA condi-
tions is compared with that of UO, fuel in Table 4. At
the same fuel enthalpy, the ROX fuel and its cladding
temperature is lower than those of UO, fuel rod due to
larger specific heat of ROX fuel, resulting in DNB
threshold enthalpy to be about 1.00 kJ g~! (the one of
UO, is 0.46 kJ g~! [11]). Failure of UO, fuel rods occurs
due to the extended cladding embrittlement by heavy
oxidation and thinning as a consequence of cladding
melting at a peak fuel enthalpy of 0.89 kJ g~' [11]. On the
other hand, the ROX fuel rod did not fail at the peak fuel
enthalpy of 1.63 kJ g~!, even though partial fuel melting
(~15%) was observed. The lower melting temperature of
the ROX (~2200 K) compared to UO, (~3110 K) kept
the cladding temperature lower than its melting point
and prevented thermal failure of the cladding which oc-
curs at peak fuel enthalpies above 0.89 kJ g~! in UO, fuel
rod. ROX fuel failure occurred at the peak fuel enthalpy
of 2.22 kJ g7!. In spite of the cladding rupture and fuel
dispersion of about 70%, mechanical energy generation
due to molten-fuel/water interaction was not observed.
These pulse irradiation tests indicated that the ROX fuel
behavior and its failure mechanisms under RIA condi-
tions were quite different from those of UO, and the
safety limits could be higher for the ROX fuel. However,

Comparison of fresh ROX and UO, fuel behavior under RIA conditions

Peak fuel enthalpy  Fresh UO, fuel rod

Fresh ROX fuel rod

Transient behavior for fuel rod

kJ g '(cal g")

Peak clad. Peak pellet Peak clad. Peak pellet
temp. (K) temp. (K) temp. (K) temp. (K)
0.46-0.50(110-120)  370-970 1470 UO, DNB threshold (UO, cladding oxidation)
0.89(212) 2120 2770 UO; failure threshold (UO, cladding brittle-
ness)
1.00(240) 870 ~1770 ROX DNB threshold (ROX cladding oxida-
tion)
1.17(280) >2120 3110 UOQO, pellet partial melting (UO, cladding
melting)
1.36(325) >2120 3110 UO, mechanical energy generation
1.63(390) 1470 ~2200 ROX pellet partial melting (pellet melt fraction
(~15%)
2.22(530) 1770 ~2200 ROX failure without mechanical energy gener-

ation (pellet melt fraction (~55%)
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the failure condition could be different for irradiated
ROX fuel due to fission gases accumulated in the fuel.
The fission gas pressure released by fuel melting could
cause greater fuel dispersion, resulting in significant
mechanical energy generation for irradiated fuel.

5. Conclusions

The ROX fuel behavior under the simulated RIA
conditions beyond the current safety limit was studied
in the NSRR pulse irradiation tests. The short fuel
segments with YSZ-MgAl,0,~UO, fuel pellets in the
17 x 17 PWR type design were subjected to the sim-
ulated RIA conditions at peak fuel enthalpies of 1.00,
1.63 and 2.22 kJ g7'. Cladding rupture and consid-
erable fuel dispersion occurred at the peak fuel enth-
alpy of 2.22 kJ g! (fuel melt fraction ~55%). These
pulse irradiation tests indicated that the ROX fuel
behavior and its failure mechanisms under RIA con-
ditions were quite different from those of UO, and the
safety limits could be higher for the ROX fuel. This
result, however, suggested that ROX fuel rod failure
could occur at lower enthalpies for irradiated ROX
fuel because fission gas release could cause higher rod
pressure.
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