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EXPERIENCE RELATED TO THE SAFETY OF
ADVANCED LMFBR FUEL ELEMENTS

by

Jerry F. Kerrisk

ABSTRACT

Experiments and experience relative to the safety of advanced
fuel elements for the liquid metal fast breeder reactor are reviewed.
The design and operating parameters and some of the unique
features of advanced fuel elements are discussed briefly. Transient
and steady state overpower operation and loss of sodium bond tests
and experience are discussed in detail. Areas where information is
lacking are also mentioned.

1. INTRODUCTION

The U.S. Energy Research and Development Ad-
ministration is expanding its program For develop-
ment of advanced breeder fuel systems, to develop
fuel and core materials that will permit introduction
of fuel systems having peak burnup capabilities of
150 000 MWd/T and doubling times of 10 yr or less,
by the mid-1980's.1 Primary emphasis in the
advanced fuel program is on uranium-plutonium
carbide and uranium-plutonium nitride fuel for the
liquid metal fast breeder reactor (LMFBR). Some
safety experiments have been performed on ad-
vanced LMFBR fuel elements, but a coordinated
safety program for advanced fuels is just beginning.
This report reviews experiments and other ex-
perience related to advanced LMFBR fuel element
safety during irradiation. Although much of this
work was not designed as safety experiments, it can
provide some insight for future planning. The vast
amount of work on safety of uranium-plutonium ox-
ide fuel elements for the LMFBR was not reviewed.
For a recent summary of that work, see Ref. 2.

2. ADVANCED FUEL ELEMENT DESIGN
AND OPERATION

The safety of an advanced fuel element will de-
pend on the nature of the initiating accident and t he

response of the specific fuel element design to the ac-
cident conditions.

2.! General Design and Operating Parameters

A number of fuel element design parameters es-
pecially fuel material, fuel-cladding bond, and clad-
ding material, are being investigated in the ad-
vanced fuel steady state irradiation program.3"'"1 The
fuel materials of interest are (U, Pu)C. both as a
single-phase monocarbide and with up to about 25
vol9f (U,Pu)2Cri> and (U,Pu)N. The Pu:(U + Pu)
ratio is in the range from 0.15 to 0.25.

Elements with two types of fuel-cladding bond are
being irradiated. Helium-bonded elements have
helium gas as the thermal bond.'1 The initial
diametral gap between the fuel and the cladding is
usually <0.3 mm, so that fuel-cladding mechanical
interaction occurs during irradiation, owing to fuel
swelling. Fuel centerline temperatures are 1400-
20(K)°C initially, but they drop during irradiation as
the gap closes and better thermal contact is ob-
'ained. Sodium-bonded elements have liquid
sodium as »he thermal bond.' The initial diametral
gap is normaly 0.3-0.8 mm: this is large enough to
allow fuel swelling without fuel cladding contact
during the life of the element. The large gap is possi-
ble because liquid sodium's high thermal conduc-
tivity results in very small temperature drops across

1



the gap. Fuel centerline temperatures are normally
<1200°C.

Some sodium-bonded elements also have fuel
fragment restraints or shroud tubes,4'6 which are
perforated, <0.1-mm-wall tubes that fit around the
fuel with an approximately 0.05-mm diametral gap.
These tubes are designed to keep fragments of crack-
ed fuel pellets from shifting inside the cladding and
causing fuel-cladding mechanical interaction during
irradiation. Shroud tubes with a high melting point
(tantalum) and a low melting point (:U6 stainless
steel) have been used. Irradiation experiments now
being designed use shroud tubes of the same
material as the cladding.

Most advanced fuel element irradiations have in-
volved solution-annealed 304 or 316 stainless steel or
Incoloy 800 cladding.5 Clad tubing thicknesses in
helium-bonded elements have been greater than
those in sodium-bonded elements to accommodate
the expected fuel-cladding mechanical interaction.
Present irradiations involve 20^ cold-worked 316
stainless steel cladding. In future, high-strength
alloys with a higher nickel content than 316 stainless
steel will be investigated.

Many other parameters also have been varied in
steady state irradiation experiments.3 Table I lists
some of the important ones and the values in-
vestigated. There are no plans at this time to extend
values beyond those shown, except for fuel element
diameter and fuel column length. Diameters as large
as 10 mm are being considered for irradiation soon."
Fuel column lengths are limited by the 340-mm core
height of EBR-II, where most of the irradiations
have taken place. Longer fuel columns, more
prototypical of commercial application, can be
irradiated in the Fast Flux Test Facility (FFTF)
when it becomes available.

TABLE I

ADVANCED FUEL ELEMENT
DESIGN PARAMETERS

Fuel Density (% Theoret)
Fuel Column Length (mm)
Element o.d. (mm)
Diametral Gap (mm)
Cladding Thickness (mm)
Linear Power (kW/m)
Peak Cladding Temp (°C)
Specific Power (W/g U + Pu)

Helium-Bonded

77-99
330-350
6.8-8
<0.4
0.22-0.8
.'8-96
550-650
100-250

Sodium-Bonded

88-99
130-350
6.5-8
0.25-0.85
0.250.55
40-130
550-700
100-300

2.2 Unique Features of Advanced Fuel Elements

The design differences between advanced IVr!
elements and oxide fuel elements can influence the
causes or outcome of accidents. The important
differences and their saft-ty implications are discuss
ed below.

2.2.1 Fuel Thermal V. •nductivity. Both carbide
and nitride fuels have high thermal conductivities
compared to oxide fuel. At lr>00°(\ d'.l 'ulOj has a
thermal conductivity of about 2 W/mK." whereas
both (U,Pu)C and (U.P'ON have conductivities of
about 20 W/mK.SU0 Thi* high thermal conductivity
results in low fuel centerline temperatures in ad-
vanced fuel elements of the diameters and spwiiic
powers now undergoing steady state testing 1'eak
specific powers of 400-iiOO W/g d ' + Pi.) are ul-
timately conceivable vi'ith advanced fuels.'1 A
design limit for oxide luel elements i> the linear

power that would melt the center nf the fuel.
Helium-bonded advanced fuel elements now heinj:
tested operate with fuel centerline temperatures
>500°C below the fuel solidus temperature, sodium-
bonded elements operate with fuel centerline
temperatures >1000°C below the fuel soiidus
temperature. The high fuel thermal conductivity
may lead to severer molten fuel-coolant interaction
(MFCI) with advanced fuels than with oxides if it
leads to faster energy transfer from the molten luel
to sodium following contact. The fuel'." ability to lose
heat rapidly will also influence temperature depen-
dent reactivity coefficients (such as the Doppler
coefficient) during transients. '-

2.2.2 Fuel Heat Capacity. The neat capacity of
(U,Pu)C and (U.Pu)N fuels"-10 is about 7(1', that of
(U.Pu)O-j.14 This lower heat capacity means higher
fuel temperatures during transients, hut it i> offset
by the fuels' ability to lose heat faster than oxide fuel
can. This difference can also influence MFCI and
temperature dependent reactivity coelfic icnts '-

2.2.3 Fuel Chemistry. Advanced luel chemistry
differs from that of oxide fuel, and. indeed, the two
primary advanced fuel candidates. (I'.PulC and
(U,Pu)N, themselves, differ in chemistry. Most im-
plications of these differences will show up in the
steady state irradiation behavior, but the various
chemical forms of fission products present during ac-
cidents and the postaccident situation in which
molten fuel might react with other materials must
be considered.

2.2.4 Fuel Mechanical Properties. Little is
known about the mechanical properties of advanced



fuels.15 Quantities such as fuel swelling rate, frac-
ture strength, and creep rate are very important for
predicting steady state irradiation performance and
can he significant in determining failure thresholds
during accidents when fuel-cladding mechanical in-
teractions exist. The low operating temperatures of
advanced fuels, particularly sodium-bonded
elements, produce much lower thermal creep rates
than those of oxide fuels.

2.2.5 Nitride Decomposition. At high
temperature, (U,Pu)N fuel can decompose into
uranium and plutonium metal and nitrogen gas.16'18

Decomposition is suppressed by a sufficiently high
nitrogen overpressure, but it is possible if fuel
temperatures exceed 25(X)°C. If decomposition oc-
curs, compatibility between decomposed fuel and
cladding during continued irradiation, or. in worse
circumstances. MFCI. can be strongly influenced.
Nitrogen gas formed by decomposition may provide
an added fuel dispersal mechanism during severe ac-
cidents.

2.2.(1 Sodium Bond. The sodium bond in some
advanced fuel elements presenis unique safety
problems. These problems stem mainly from the fact
that liquid sodium in the gap between fuel and clad-
ding keeps the gap's thermal conductance very high,
but if it is replaced by gas from the plenum above
the sodium bond or by sodium vapor, the thermal
conductance is reduced by about an order of
magnitude. Thus, severe fuel overheating and possi-
ble melting 'i>r nifide den impositions can occur if
enough of the sodium bond is voided Conditions
such as voids initially present in the sodium bond or
caused by holdup of released fission gas, hond boil-
ing and ejection due to transient overheating, or loss
of the bond sodium from the element to the coolant
through a cladding defect can cause partial or com-
plete bond loss. Also, the possibility of a critical
bond buhble size, above which the bond will be com-
pletely voided, must be considered.19--" Sodium
bond differences in sealed and vented elements (if
vented elements are used) must also be considered.

2.2.7 Shroud Tubes. The shroud tubes 4f i in
some sodium-bonded elements can affect their
response to transients. More significantly, if a
stainless steel shroud tuhe melts after sodium hond
loss, the disposition of the molten stainless steel
affects the element's continued irradiation behavior.

2.2.8 Fission Gas Retention. Advanced fuels,
both (U.Pu)C and (t'.Pu)N. release less of the fis-
sion gas generated during irradiation than do oxide

fuels. Typical releases range from <l-4Ot5? from ad-
vanced fuels with 3-10 at.^J burnups5 compared to
50- 100'f from oxide fuels with burnups in the same
range.21 The manner and rate of release of retained
fission gas when the fuel is heated only slightly
above normal operating temperature (during mild
overpower transients) can affect the continued
irradiation of the fuel element after the transient.
The behavior of retained fission gas during severe
overpower transients (when the fuel is nearly or ac-
tually melted) can significantly affect the outcome
of the accident. High gas retention may provide a
built-in fuel dispersal mechanism during severe ac-
cidents. Any accident that raises fuel temperatures
above the normal operating range can increase fis-
sion gas release.

2.2.9 Thermal Time Constant. The thermal time
constants of advanced fuel elements are much
shorter than those of oxide fuel elements as a direct
result of advanced fuels' higher thermal conductivi-
ty and of the sodium bond when it is present.
Typical time constants are 0.5 and 0.8-1.5 s for
sodium- and helium-bonded advanced fuel
elements, respectively, and 2 to 4 s for oxide
elements.* The short time constants of advanced
fuel elements have implications for their behavior
during transients and for coupling of reactivity
changes to fuel element temperature changes.12

They also indicate that the coolant temperature will
follow reactor power and flow variations more rapid-
ly, implying severer thermal stresses in the advanced
fuel reactor core structural components.

2.2.10 Large Diameter. Typical oxide fuel ele-
ment diameters are <6 mm: present irradiations in-
volve 8-mm-o.d. (clad) advanced fuel elements, but
studies indicate that lQ-mm diameters may be
optimum.' The safety implications of larger
diameter elements are unclear.

3. ADVANCED FUEL ELEMENT SAFETY
EXPERIENCE

Little safety work has been done specifically for
the advanced LMFBR fuel program. Even so,
related experiments and experience bear on the safe-
tv of advanced fuels.

*Time constants estimated for a step increase in fuel
element power generation. They represent the time
required for 63'7 of the additional power to occur as
heat flux to the coolant.



3.1 Introduction TABLE II

Fuel element accidents can be classified by many
methods such as initiating conditions, severity, or
outcome of the accident. Here, they are ordered by
initiating conditions as this is generally how safety
experiments are planned. Table II lists a series of
possible initiating conditions for accidents, broadly
broken into reactor-initiated and element-initiated
accidents. Reactor-initiated accidents are essential-
ly independent of fuel element design. Element-
initiated accidents are started by some defect in the
element or peculiarity in its behavior, and generally
depend greatly on its design.

The severity of accidents initiated by these con-
ditions can cover a wide range. Mild transients, such
as normal operational transients (startup, shut-
down, load change, or scram), or off-normal tran-
sients terminated by the plant protective system will
occur relatively frequently." Very severe accidents
such as a design basis accident can also be initiated
by loss of flow or overpower transients.23 The
element defects can be minor ones such as small
bubbles in a sodium bond with little or no effect, or
severer ones such as a complete loss of sodium bond
or a flow perturbation from fission gas release. Some
conditions such as failure propagation and MFCI de-
pend on prior failure of elements.

Although there are many potential initiating con-
ditions for accidents, the ensuing sequences of
events are often similar. Certain mechanisms or
phenomena will be important in many different ac-
cident sequences. Table III lists a series of
phenomena which may be important during various
stages of accidents. Because of the nature of most of
the experimental safety work applicable to advanced
fuel elements, the emphasis of this review is on ele-
ment failure phenomena.

INITIATING CONDITIONS FOR
REACTOR ACCIDENTS

Reactor Initiated

Transient or Steady State Overpower

Transient Loss of Coolant
Slow-Pump Coastdown
Rapid-Subassembly Blockage or Pipe Rupture
Gas Bubbles in the Coolant

Element Initiated

Steady State Overpower
Entire Element or Subasscmbly
Individual Fuci Pellets

Loss of Coolant
Fission Gas Release from an Adjacent Element
Coolant Flow Channel Blockage
Flow Restriction from Element Swelling or Bowing

Loss of Sodium Bond
Partial-Gas Bubbles in the Bond
Complete-Loss Through a Cladding Failure

MFCI

Failure Propagation
Element to Element
Subasscmbly to Subassembiy

Other Element Defects

3.2 Transient Overpower Operation

Transient overpower operation of a fuel element
generally results from accidental reactivity inser-
tion. Postulated transients range from slow, mild
ones that are terminated by the plant protective
system to rapid, high-power ones that disrupt the
core. The outcome depends greatly on the transient's
severity. Mild transients mav result in little or no

change in the fuel element and thus allow continued
steady state irradiation. As the transient severity in-
creases, many possible problems arise, such as
sodium bond boiling and ejection, increased fission
gas release, fuel melting, cladding melting, molten
fuel-coolant interaction, and movement of fuel, clad-
ding, and coolant after failure.



TABLE III

ACCIDENT SEQUENCE PHENOMENA

Element Failure Phenomena

Element Response to Operational Transients or
Those Terminated by the Plant Protective System-
Failure Probability

Failure Mechanism

Failure Threshold-Significant Parameters

Coherence of Failures

Release uf Gas
Rate of Release
Mechanical and Thermal Effects of Release

Release of Molten Fuel
Flow Blockage
Molten Fuel-Coolant Interaction

Behavior of Failed Elements During Continued
Irradiation

Coolant Phenomena

Location and Timing of Boiling Initiation

Local Blockage
Crossfiow
Local Boiling

Expulsion and Reentry

Severe Accident Phenomena

Fuel Movement

Fission Product Release and Transport

Reactions of Molten Fuel with Reactor Components

Postaccident Heat Rcmova!

3.2.1 Series UL Tests. The Series UL tests were a
joint effort of Los Alamos Scientific Laboratory
(LASL) and Gulf United Nuclear Fuels Corporation
(CtUNF) to determine how irradiation affected the
failure thresholds of helium- and sodium-bonded

<U,Pu)C fuel elements24'25 Table IV describes the
elements tested. They are similar to advanced
LMFBR fuel elements now under steady state
irradiation, except that the peak linear power of the
two irradiated ones (UL-3 and 4) during their steady
state irradiation was only about half the present 80-
to 85-kW/m range of interest. Also the fuel density of
the helium-bonded elements is higher than that now
considered viable for high burnup performance.3

The tests were performed in the TREAT reactor.
Each test involved a single element in a static cap-
sule. No thermal neutron filter was used. Instrumen-
tation consisted of thermocouples outside the ele-
ment cladding at the top, axial rnidplane, and bot-
tom of the fuel column. The thermocouples had un-
grounded junctions and thus relatively slow response
times.

Table V lists some of the Series UL test results.
The power transient shape for each test was
nominally the same; a computer-controlied flattop
transient with a rapid power increase, a constant
power hold for about 1.4 s, and a rapid drop. Owing
to the lack of a thermal neutron filter and the
relatively high fuel enrichment, there was a severe
radial power variation in the fuel. The calculated
surface: centerline power generation ratio was ap-
proximately 6. Besides being atypical of a fast reac-
tor, this flux depression also complicates
temperature calculations in the fuel element during
the transient.

The Series UL tests are still being evaluated, so
this discussion should be considered preliminary.
Test UL-1 was designed to melt the fuel center.
Calculations indicate that the fuel just reached the
solidus temperature. The only examination as yet
has been radiography of the element in its inner cap-
sule. The transient caused some fuel pellet cracking,
but no other significant differences have been
observed. It is assumed that this element did not
fail.

Test UL-2 was designed to produce boiling and
ejection of the bond sodium, followed by fuel
melting. The thermocouple output gave no indica-
tion of bond boiling or ejection. Although the un-
grounded junction thermocouples outside the clad-
ding responded relatively slowly, the reduced heat
transfer associated with bond ejection should have
been observable. The calculated peak bond
temperature was 1040°C, about 100°C above the
boiling temperature of the sodium bond in the ele-
ment. It is thought that bond ejection did not occur,
and that if any bond boiling occurred it was confined
to a very short time during the peak temperatures in
the bond region, essentially at the end of the tran-
sient. As bond ejection did not occur, the peak fuel



TABLE IV

SERIES UL TEST ELEMENTS

UL-1 UL-2 UL-3

Fuel Element No.*

Fuel Material6

Fuel o.d. (mm)

Fuel Density (% Theor )

Smear Density (% Theor )

Bond Material

Diametral Bond Thickness (mm)

Cladding Material5

Cladding Thickness (mm)

Cladding o.d. (mm)

Fuel Column Length (mm)

Burnup (at.%)

aNumbers reassigned by GUNF. Old numbers shown in parentheses.

Uranium enriched to 60% in U. Fuel was pressed and sintered pellets.
CA11 cladding was solution annealed.
dIrradiated in EBR-U at 36 kW/m in subassembly X-055.

263U38A) 264(146A) 265(138)

90vol%(U0.s$Puo.is)C+ 10vol%(U0.gsPu0.i5>i

TABLE V

SERIES UL TRANSIENT
OVERPOWER TEST RESULTS

UL-4

266(146)

6.25

98-99

90

He

0.25

316 SS

0.56

7.62

349 + 3

0

6.09

98-99

77

Na

0.77

304 SS

0.38

7.62

349 ±3

0

6.25

98-99

90

He

0.25

316 SS

0.56

7.62

349 ± 3

3.56d

6.09

98-99

77

Na

0.77

304 SS

0.38

7.62

349+ 3

3.62d

UL-l" UL-2 UL-3

aThis test was preceded by two calibration transients involving the same capsule.

UL-4

Reactor Energy (MWs)
Peak Reactor Power (MW)
Fission Energy (J/g fuel)
Peak Fission Power (kW/m)

Initial Element Temp. (°C)
Peak Fuel Temp. (°C)

Peak Cladding Temp. (°C)

159
106
912

239
260

2300
850

161.5
104
967

233
260

1500

1000

157

101.5
866
221
260

1700-2200
800-900

156
101

891

217
260

1400
950



temperatures must have been much lower than an-
ticipated. The peak fuel temperature in Table V was
calculated assuming that the sodium bond remained
liquid during the transient. The only examination as
yet is radiography of the element in its innev capsule.
No significant changes were seen, not even fuel
cracking. It is assumed that this element did not fail.

Test i'L-."< was to duplicate UL-1 with an
irradiated element. Total energy deposition and
Iieak linear power were .r>-7r. below the l'L-1 values.
The calculated peak fuel temperature in Table V is
uncertain owing to the uncertainty in the fuel-
cladding heat transfer coefficient after 3.56 af.'i
burnup. This element failed hecause of the tran-
sient. A perturbation in the thermocouple
temperatures starting at about 4..ris probably
resulted from gas blanketing of the hermocouples
for a short time after element failure and releas of
fission ga*. At 4..") s. the transient was essentially
complete. Examination showed fission gas outside
the element. Three axial cracks were visible in the
cladding, all in the lower half of the fuel column. The
largest, near the bottom, was FA) mm long. No fuel
was lost through the cladding cracks. Profilometry
before and after the transient showed similar clad-
ding ovalities, the posttransient ones being
sosr.cwhat larger. The fuel column length increased
O.ti'- owing to the transient, mostly from the upward
expansion of the top pellet. Flux peaking at the ends
of the fuel column and the unrestrained condition of
the top caused higher temperatures and higher fis-
sion gas release in the top pellet No signs of high fis-
sion gas release were seen in radiographs of the bot-
tom pellet which was restrained by the fuel column
above it. The cladding cracks were mostly in-
tergranular. Further postirradiation data or analyses
are not yet available.

Test UL-4 was to duplicate UL-2 with an
irradiated element. The total energy1 deposition and
peak linear power were 7-8', below the UL-2 values,
so the peak fuel and cladding temperatures were also
slightly lower. This element did not fail. The fuel
pellets were already cracked as a result of the EBR-II
irradiation. Radiography showed additional crack-
ing and pellet movement as a result of the transient,
but no other significant changes were observed in the
fuel region. The fuel column length increased 3r<
relatively uniformly over its entire length. No hold-
down spring was used in the sodium-bonded
elements. A sodium plug about 75 mm long and con-
taining about 80'; of the sodium in the element was
found in the element plenum after the transient. The
bottom of the plug was about 65 mm above the top of
the upper insulator pellet. Fission gas samples were
taken both above and belov the plug. Above, the gas

was 4.(5'; fission gas (krypton and xenon) and 95.4' <
helium: below, it was 98.6'; fission gas and l.'.Vi
helium. It appears that retained fission gas released
during the transient displaced the bond sodium up
into the plenum. This must have occurred either late
in the transient or after the transient as the ther-
mocouple temperatures showed no perturbations
that would indicate cutoff of heat transfer from the
fuel. The plenum temperature where the sodium
plug was found was over 200°C at the start of the
transient and remained above the melting point of
sodium (97.8°C) for over 2 h after the transient.
Therefore, the sodium did not freeze on being dis-
placed into the plenum, but stayed in place as a
molten plug for at least 2 h. Calculations indicate
that surface tension forces were adequate to stabilize
the molten sodium in the plenum. A preliminary
conclusion of the examination is that all the features
observed in the postirradiation metallography could
be accounted for by steady state irradiation alone.
Further data and analyses are not yet available.

3.2.2 Battelle Columbus Laboratory Nitride
Tests. Battelle Columbus Laboratory (BCD has run
overpower tests on (U.Pu)N fuel elements29"31 to
investigate nitride fuel behavior under overpower
conditions that would boil the sodium bond.32 Table
VI describes the elements. They are like current
LMFBR advanced fuel elements except that the fuel
column <s only 1/5 as long as normal EBR-II
elements. The tests were run in TREAT using a
static capsule which contained two longitudinally
stacked elements. The elements had different heat
sink sleeves, so the power generation in the lower ele-
ment was -~85'J of that in the upper. No thermal
neutron filter was used. Temperatures were
measured at six locations on the upper element and
three on the lower by thermocouples attached to the
cladding.

The first test was in June 1971, but analysis of the
reactor power and energy data, temperature data,
and neutron radiographs indicated that the desired
conditions were not achieved. The same capsule and
elements were subjected to a second transient in
March 1972. Table VII lists some of the results. The
transients were relatively long, computer-controlled,
flattop transients. The calculated surface: cer'erline
power generation ratio in the fuel was approximately
4. This is less severe than those in the Series UL tests
because the nitride elements contained natural
uranium. The thermocouple temperatures from the
first transient gave no indication of sodium bond
boiling. This was confirmed by temperature
calculations. Neutron radiography was the only ex-
amination after the first transient. Some pellet



TABLE VI

BCL NITRIDE TEST ELEMENT DESIGN

Fuel Material2 (U0.8Puo.2 )N
Fuel o.d (mm) 5.72
Fuel Density (% Theor ) 93-95
Smear Density (% Theor ) 75-77
Bond Material Sodium
Diametral Bond Thickness (mm) 0.64
Cladding Material 304 SS
Cladding Thickness (mm) 0.51
Cladding o.d. (mm) 7.37
Fuel Column Length (mm) 65
Burnup (at.%) 0

Natural uranium. Fuel was pressed anil sintered pellets.

The plenum over the sodium bond was pressurized to 3.5 a' m
at 25"C during fabrication.

movement was observed in the top element. During
the second transient, sodium hond boiling war. es-
timated to have started at 12-i:> s in the upper ele-
ment, and to have continued throughout the tran-
sient. The calculated fuel surface temperature at
that time was i:W)-170°C above the local 1090T
sodium bond boiling temperature. The thermocou-
ple response to the sodium bond boiling was not as
great as anticipated.

There was only minimal postirradiation examina-
tion of these elements.1'- Neutron radiographs
indicated no significant damage, although the fuel

TABLE VII

BCL NITRIDE ELEMENT
TRANSIENT OVERPOWER TEST RESULTS3

Reactor Energy (MWs)
Peak Reactor Power (MW!
Transient Duration (s)
Energy Deposition (J/g fuel)c

Peak Power (kW/m)
Initial Element Temp. (°C)
Peak Fuel Temp. <°C)
Peak Cladding Temp. ("C>
Sodium Bond Boiling

June 1971
Transient

1180
65

~ 1 8
8600

164
120

1440
1025
None

March 1972
Transient

1450
98

- 1 5
10 600

247
120

1815
1210

At 1213s
into transient

' Results given for upper clement only.

This test was preceded by two calibration transients.

Calculated from other data presented.

pellet displacements suggested cladding deforma-
tion. The elements were removed from the capsule,
and visual examination revealed no cladding
damage. Cladding diameters were within O.OH mm of
the initial diameter. The upper element was cut
open, and the pellets were examined visually. They
were cracked but not melted. No metallography was
done.

S.2.3 Atomics International UC Tests. Atomics
International (Al) ran a series of transient overpower
tests on sodium-bonded UC elements'1" ' to
examine the entire spectrum of events that occur
during nuclear transient heating of fuel elements.
Phase I covered sodium-honded VC elements up to
the onset of fuel melt ing, •u"!l Phase II examined
similar elements during last and slow transients that
melted the fuel.'" ;!T Phase III. to study unbonded
(gas-bonded) uranium carbide and oxide elements
during fuel-melting transients, was never carried

The fuel elements for these tests were similar to
the Hallatn Nuclear Power Facility, Core 11 fuel.
Table VIII describes the two elements apiece tested
in Phases I and II. They differ significantly from pre-
sent advanced LMFBR fuel elements (seeTable IV).
In particular, the diameter is much larger; the fuel is
cast, as opposed to pressed and sintered pellets, and
contains no plutonium; the sodium bond is thicker;
and the fuel column is short.

The tests were run in TREAT using single
elements in static capsules. No thermal neutron
filter was used. Phase I instrumentation included a
central fuel thermocouple, two thermocouples in the
sodium bond, a coolant thermocouple in the gap
hetween the cladding and heat sink, and a pressure
transducer that measured the pressure in the fuel
element plenum above the sodium bond. The ther-
mocouples were all at t!ie axial midplane of the fuel.
The Phase II tests used a central and a midradius
fuel thermocouple and two element sodium bond
thermocouples, all at the axial midplane of the fuel;
an element sodium bond thermocouple at the bot-
tom of the fuel; coolant thermocouples at the top,
midplane, and bottom of the fuel; and a pressure
transducer like that for Phase I. The fuel ther-
mocouples were sodium-bonded to the fuel to give a
short response time.

The transients were unshaped ones, initiated and
controlled by TREAT reactivity. Table IX lists the
test parameters, including an estimate of the power
pulse width at half-maximum. Each test transient
was preceded by at least one calibration transient.
The Phase I and Phase II Capsule 1 tests used
similar transients, forming a series of increasing
total energy and peak power, and decreasing pulse



TABLE VIII

AI UC TEST ELEMENTS

Fuel Material3

Uranium Enrichment (%)
Fuel o.d. (mm)
Fuel Density (% Theor.)
Smear Density (% Theor.)
Bond Material5

Diametral Bond Thickness (mm)
Cladding Material
Cladding Thickness (mm)
Cladding o.d. (mm)
Fuel Column Length (mm)
Burnup (at.%)

Phase 1

UC
3.68

22.1
~100

88
Sodium

1.52
304 SS

0.25
24.2

152.4
0

Phase II

UC
4.9

21.6
~100

88
Sodium

1.52
304 SS

0.51
24.2

152.4
0

Hypostoichiometric UC (4.6 wt% C) arc-cast into a single slug.

The plenum pressure over the bond was 1 aim (25°C).

width at half-maximum. The Phase II Capsule 2 test
used a long, low-power transient. Neutronic
calculations indicated a fuel surface-.centerline
power generation ratio of about 2 to 2.5. Comparison
of calculated and measured fuel temperatures, es-

pecially in the Phase II calibration transients, in-
dicated that the actual ratio was less than
calculated.

The Phase I Capsule 1 test involved a peak fuel
temperature just above 1500°C. This took the fuel
through the range where any free uranium (the fuel
was hypostoichiometric) would melt, but not to the
UC melting point 2500-2560°C. A thermal arrest in
the fuel centerline temperature at about 1100°C cor-
responded to the 1133°C uranium melting point.
The bond thermocouples gave no indication of
sodium bond boiling. Posttransient examination
showed the cladding above the fuel slug to be
collapsed. The collapse apparently occurred during
the pretransient sodium melting when cooiant
sodium (outside the cladding) melted at the bottom
before melting at the top. Post transient
metallography showed some fuel cracks, but they
were attributed to the sectioning. There was no ap-
parent change in the fuel microstructure.

The Phase I Capsule 2 test involved a peak fuel
temperature of 2315°C. A thermal arrest was evident
in the fuel temperature at about 1100°C during this
transient also. Anomalous behavior of the fuel
centerline thermocouple near its maximum may
have been caused by free uranium. The sodium bond
boiled at approximately 980°C, which corresponds
to the boiling point at the 2.2-atm pretransient
plenum pressure. The bond thermocouple

TABLE IX

AI UC TRANSIENT OVERPOWER TEST RESULTS

Phase 1 Phase II

Reactor Energy (MWs)
Transient Width at 1/2 Power (s)
Maximum Reactor Power (MW)
Energy Deposition (J/g fuel)
Peak Power (kW/m)
Initial Element Temp. (°C)
Peak Fuel Temp. (°C)
Peak Cladding Temp. (°C)
Sodium Bond Boiling
Peak Pressure (atm)c

Capsule 1"

181
L

260
425

3145
370

1515
~75O

No
~3.5

Capsule 2b

293
- 1 / 2

615
690

7440
370

2315
~95O
Yes

~3.5

Capsule l b

525
~l/4
1560
1350

19 500
370

3600
~95Od

Yes
~17

Capsule 2b

598
~ 1 0

55.8
1535

705
370

2500
~95O
Yes

-3 .5

8Capsule given two preliminary calibration transients.

Capsule given one preliminary calibration transient.

""Initial pressure was 2.2 atm at 370°C.

Calculated peak cladding temp before fuel-cladding contact. Peak cladding temp after contact was not estimated.



temperatures were interpreted to indicate bond boil-
ing, bond voiding, and quenching as cold sodium
from above the fuel reentered the bond area. Ex-
amination of the internal cladding surface above the
fuel showed that sodium had splashed up into this
region. The lack of high plenum pressures from
sodium bond boiling was explained by the cooler
sodium above the fuel having quenched any sodium
vapor formed. The fuel had many microcracks. This
type of cracking was not seen in the Phase I Capsule
1 fuel. It was attributed to thermal stresses resulting
from the transient. The UC microstructure did not
change because of the transient (there was no indica-
tion of melting), but much less free uranium was
visible, because of solution of free uranium in the UC
during the transient.

The Phase II Capsule 1 test involved a peak fuel
temperature of 3600°C, well above the UC melting
point. The sequence of events deduced from the
thermocouple temperatures was (1) sodium bond
boiling and voiding, (2) central fuel melting, (3) sur-
face fuel melting and fuel-cladding contact, (4) clad-
ding melting, (5) mixing of the molten fuel and clad-
ding with the stagnant coolant sodium, and (6) -•
dispersal of the fuel, cladding, and sodium mixture
by rapid vaporization of the coolant sodium. The
sodium bond boiled and voided early in the transient
(1/2 s) at about 980°C. At this point, only about half
the total energy had been deposited. Peak fuel
temperatures occurred at the completion of the
energy deposition ( Is ) . The molten fuel and clad-
ding and the coolant sodium did not interact until
about 2 s into the transient, one full second after
completion of the energy deposition. This interac-
tion was signaled by coolant tl °rmocouple
temperature oscillations and pressure pulses with a
maximum of about 17 atm. An x-radiograph and
visual examination of the sectioned capsule showed
considerable fuel dispersal, especially up into the
top of the capsule. No sodium was found in the lower
part of the capsule; rather, it was frozen on the sur-
faces of the heat sink and upper sections of the cap-
sule, along with part of the fuel and cladding.
Metallography of the fuel and cladding residue
showed significant interaction and a dendritic struc-
ture formed during resolidification. Possibly, part of
the fuel did not melt completely.

The Phase II Capsule 2 test gave a peak fuel
temperature of 25OO°C, just at the UC melting point.
This was a long, low-power transient compared to
the previous three. System temperatures rose slowly.
Sodium bond boiling started at the fuel axial
midplane at about 12 s (when 35% of the energy
deposition was complete). The sodium bond ther-
mocouple at the bottom of the fuel seemed to level

off about 200°C below the midplane bond ther-
mocouple until 16 s, when it rapidly rose to the same
temperature as at the midplane. It is postulated that
the boiling in the upper half of the sodium bond ex-
panded into the lower half between 12 and 16 s.
Sodium bond thermocouples continued to indicate
relatively constant 900-950°C temperatures until
40 s, well after the end of the transient. At 12-16 s
(when bond boiling started), the coolant thermocou-
ple at the axial midplane dropped about 100°C in-
dicating reduced heat transfer to the coolant. This
was attributed to the bond boiling. Also, an increase
in the rate of fuel temperature rise at about 14 s
could be ascribed to bond boiling. The element
pressure increased about 1.4 atm between 12 and
16 s. A significant drop in the rate of fuel
temperature increase at 16 s (2250°C) was taken to
indicate melting of the central fuel region. Examina-
tion indicated no gross fuel melting, although the
fuel and bond thermocouples were fused to the fuel.
There was no apparent change in the fuel
microstructure. This fact seemed to be at variance
with the thermocouple data, but it was explained by
the similarity of the cooling cycles during the tran-
sient and the initial casting process.

3.2.4 Argonne National Laboratory PuC Tests.
Argonne National Laboratory (ANL) ran three tran-
sient overpower tests on helium-bonded elements,
containing vibratorily compacted PuC fuel38"40 to
determine the behavior of unirradiated fuel during
abnormal reactor operation. The elements (Table X)
were similar to those undergoing ateady state
irradiation in various reactors,39 but different from
present LMFBR design. The fuel, a powder, was
vibratorily compacted into the clad tubing. Helium
filled the free volume between fuel particles, but did
not act as a thermal bond in the same sense as it
does for fuel pellets. The elements were smaller in
diameter than present advanced fuel designs, and
the cladding on C-40 and C-41 was atypical.

The tests were performed in TREAT in static cap-
sules with an inert gas surrounding the elements. No
thermal neutron filter was used. Each element had
three thermocouples attached to the cladding. Table
X summarizes the results. Both C-40 and C-41 were
intact, but the 304 stainless steel cladding of F-9 fail-
ed because of extensive melting. The failure was not
violent. Metallography of F-9 showed a molten
phase that had interacted with the cladding. The
PuC fuel was hypostoichiometric (3.5 wt% C), so it
was postulated that it contained molten plutonium
above 900°C, and that a low-melting plutonium-iron
eutectic formed when the molten plutonium con-
tacted the stainless steel cladding. The cladding
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TABLE X

ANL PuC TEST ELEMENTS AND RESULTS

Fuel Element No.
Fuel Material*
Fuel Density (%Theor )
Smear Density (% Theor )
Bond Material
Cladding Material
Cladding Thickness (mm)
Cladding o.d. (mm)
Fuel Column Length (mm)
TREAT Reactor Energy (MWs)
Maximum Cladding Temp (°C)
Posttransient Condition

C-40

Hy
~95
~80
Helium
Nb-1 wt% Zr

0.23
4.45

60
13.2

900
Unfailed

C41
postoichiometric PuC—

~95
~80

Helium
Nb-1 wt% Zr

U.23
4.45

60
21.2

1210
Unfailed

F-9

~95
~80

Helium
304 SS

0.23
4.45

60
29.2

1435
Failed

aFuel powder was vibr&torily compacted into the clad tubing.

temperatures during the transient indicated that
failure occurred approximately 2.7 » after molten
plutonium touched the cladding. Cladding
temperatures were 987-1377°C at failure.

3.2.5 EBR-II Metal Fuel Tests. There have been
many transient overpower tests of EBR-II driver fuel
elements41"44 to study failure mode and threshold,
effect of prior irradiation on failure thresholds, post-
failure movement of fuel and coolant, and sodium
expulsion and reentry. These tests are not reviewed
in the same detail as the ceramic fuel tests, because
the metal fuel elements differ so from advanced fuel
elements that few behavior similarities can be ex-
pected. However, the behavior of the EBR-II fuel
element sodium bond may provide useful informa-
tion.

Table XI describes the EBR-II fuel element.45

The metal alloy fuel melts at 1000-1100° C, and this
fact influences much of the overpower behavior. The
element diameter and sodium bond thickness are
less than those of current advanced fuel elements. A
further difference is the gas plenum volume. Most
advanced fuel elements have a plenum volume: fuel
volume ratio of about 1. The EBR-II element ratio is
about an order of magnitude smaller. This difference
could influence sodium bond behavior during bond
overheating.

The overpower tests of EBR-II metal fuel elements
have been run in TREAT under a large variety of
conditions. Capsules with inert gas, stagnant
sodium, and flowing sodium around single or multi-
ple fuel elements have been used. Thermal neutron
filters have not been used, but axial power profiles
have been shaped by using absorbers. Instrumenta-

tion has included pressure transducers, flow meters,
and thermocouples in the fuel, at the fuel-cladding
interface, on the cladding, and in the coolant.

Two failure mechanisms for these elements have
been identified. The first involves formation of a
low-melting iron-uranium eutectic at the fuel-
cladding interface. Failure was correlated with the
interface temperatures reached during overpower
transients in tests with inert gas and stagnant
sodium surrounding the elements. Tests with flow-
ing sodium seemed to allow interface temperatures
above the approximately 1000° C limit observed in
the nonflowing systems without failure. The second
failure mechanism, observed mainly in the flowing

TABLE XI

EBR-II METAL FUEL ELEMENT DESIGN

Fuel Material
Fuel o.d. (mm)
Fuel Density (% Theor )
Smear Density (% Theor )
Bond Material
Diametral Bond Thickness (mm)
Cladding Material
Gadding Thickness (mm)
Cladding o.d. (mm)
Fuel Column Length (mm)

Uraniuma-5 wt% FissiumD

3.66
100

85
Sodium

0.3
304 SS

0.23
4.42

361

aUranium enrichment varied from 0.7% (natural) to 9% in various
tests.

Fissium is a mixture of elements that simulate fission products
in the amount expected in EBR-II fuel after it reaches its equil-
ibrium composition through pyrometallurgical refining.
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sodium tests, was large internal element pressure at-
tributed to vaporization of the bond sodium.
Upward fuel movement during transients (detected
by the neutron hodoscope) was also attributed to
sodium bond vaporization. This movement can
relieve some of the pressure in the fuel region. It
seemed effective in tests of single, elements
(surrounded by six dummy elements that did not
contain fuel) in flowing sodium, but in two tests of
seven-element clusters, failure occurred despite up-
ward fuel movement.

After element failure in the flowing sodium
systems, fuel movement varied with environment. In
two single-element tests, fuel froze on the test sec-
tion wall and there was no appreciable secondary
fuel movement. In two tests of seven-element
clusters, fuel was transported out of the test section
into other parts of the loop. The difference was
ascribed to the relatively cold surroundings in the
single-element tests. Fuel expelled from the central
element of a cluster or from the inside of the six outer
elements in multiple-element tests had no cold wall
on which to solidify.

3.2.6 Discussion. Although a number of transient
overpower experiments relate to advanced LMFBR
fuel elements, there is little directly applicable infor-
mation. The important question of what the failure
thresholds in advanced fuel elements are can be
answered only very preliminarily. However, some in-
sight can be gained about failure mechanisms and
important parameters in transient overpower tests.

Most of the experimental work relates to sodium-
bonded elements. The sodium-bonded elements in
the Series UL and BCL Nitride tests did not fail.
One can infer from the lack of cladding deformation
that three of the four AI UC test elements (Phase I
Capsules 1 and 2, and Phase II Capsule 2) did not
fail either. The only failed sodium-bonded elements
are the AI UC Phase R Capsule 1 element and a
number of metal elements. The failure mechanism
postulated for the failed AI UC element (Sec. 3.2.3)
may be applicable to advanced LMFBR fuel
elements, but caution should be exercised in making
this extrapolation in light of the different failure
mechanisms observed for EBR-II metal fuel
elements in static capsule tests and in tests with
flowing coolant (Sec. 3.2.5). The failed AI UC ele-
ment was subjected to such gross overpower that it
hardly represents a failure threshold: it was more
like a severe accident. The moderate pressures
measured indicate that severe MFCI did not occur.
This is one of the few experiments that relate to ad-
vanced fuel MFCI (Sec. 3.5.2). Of the two failure
mechanisms postulated for EBR-II metal fuel
elements, fuel-cladding eutectic formation does not

apply. The high internal pressures generated by
sodium bond vaporization in the EBR-II elements
may be related to their small plenum volume, and
may not occur in advanced fuel elements whose
plenum: fuel volume ratio is near 1. This follows
from the low pressures observed in the AI UC tests in
which the plenum: fuel volume ratio was also ap-
proximately 1. A large plenum may provide a cooler
region where vaporized sodium can recondense
before creating significant pressure buildup.

Three other significant tests are the AI UC Phase I
Capsule 2 and Phase II Capsule 2 tests and BCL
Nitride tests (second transient) in which the sodium
bond boiled but the elements remained intact. The
AI UC Phase II Capsule 2 test in which the bond
boiled for over 20 s without cladding failure requires
particular discussion. Attempts to model sodium
bond boiling have assumed bond ejection and gas
blanketing of the fuel.46 Possibly, some type of
refluxing action continues to supply liquid sodium to
the bond region during boiling. If so, complete bond
ejection and dryout of the bond region may require a
long time or very high fuel temperatures. Such
things as bond gap thickness (which in advanced
fuel elements is only 1/2 to 1/6 of that in the AI UC
elements) may determine how bond boiling
progresses. A modeling effort would be a very useful
complement to the tests.

These experiments give different answers to the
question of when sodium bond boiling starts. The AI
UC tests indicate that boiling occurred when the
bond sodium reached its boiling point. In the BCL
Nitride test, the bond was about 100°C above the
sodium boiling point when boiling started. In test
UL-2, the peak bond temperature was about 100°C
above the sodium boiling point but there was no in-
dication of boiling. The Series UL and BCL Nitride
tests indicate superheat in the bond sodium,
whereas the AI UC tests indicate essentially none.
This disagreement could be due to material
differences, element differences (the AI UC test
elements had much thicker sodium bonds), or errors
in temperature calculations. This question is cer-
tainly important enough to be pursued in future
testing.

Another mechanism that can lead to consequences
like those of sodium bond boiling is bond displace-
ment by released fission gas, as in test UL-4. Bond
displacement can occur during relatively mild over-
power transients that merely raise the fuel
temperature above its normal operating range.
Further overpower tests on irradiated sodium-
bonded elements in a flowing sodium loop may be
needed to determine the stability of a molten sodium
plug in a fuel element plenum when flow vibrations
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are present. A fuel holddown spring may also affect
the stability of sodium displaced into the plenum.

The significant parameters in sodium-bonded fuel
element failure are not apparent from these data.
Total energy deposition is not a useful parameter, as
energy deposition rates and capsule designs varied
tremendously throughout the tests. In the BCL
Nitride tests, > 10 000 J/g of fuel were deposited in
the second transient without element failure,
whereas gross failure occurred in the AIUC Phase II
Capsule 1 test with only 1350 J/g of fuel deposited.
This difference was due to the BCL capsule which
had a very large heat sink thermally bonded to the
fuel element; the heat sink absorbed most of the
energy generated in the fuel. Perhaps the most
meaningful failure threshold parameter during tran-
sient overpower is peak fuel temperature. Table XII
lists the overpower transient tests on sodium-bonded
ceramic fuels in order of decreasing calculated peak
fuel temperature. For unirradiated elements, the
failure threshold appears to be in the fuel-melting
region. A more specific parameter may be the
amount of fuel that melts.47 The one test of an
irradiated element exhibited a further phenomenon,
release of retained fission gas. The failure threshold
of irradiated elements will undoubtedly be a func-

tion of burnup, probably lowering with increasing
burnup. The behavior of nitride fuel heated above
2500° C may also affect failure thresholds of nitride
fuel elements.

The two Series UL tests of helium-bonded
elements provide some information about failure
thresholds. The UL-3 element failed near the end of
the transient, thus providing a reasonable failure
threshold estimate for irradiated helium-bonded
elements of that design. Unfortunately, the peak fuel
temperature is in doubt owing to uncertainty about
the fuel-cladding heat transfer coefficeint. The ax-
ially cracked cladding implies that internal pressure
on the cladding probably caused failure. Differential
thermal expansion of the fuel and cladding, released
fission gas, or fuel swelling may have caused the in-
ternal pressure. During steady state irradiation of
helium-bonded elements, fuel swelling leads to
mechanical interaction between fuel and cladding.5

If mechanical contact was established with the
steady state temperature gradient in the element,
the overpower transient would produce higher fuel
temperatures relative to the cladding, greater fuel
thermal expansion, and thus greater mechanical in-
teraction. Fission gas released during the transient
may also have contributed to the internal pressure

TABLE XII

TRANSIENT OVERPOWER TESTS ON SODIUM-BONDED CERAMIC FUELS
(ordered by peak fuel temperature)

Peak Fuel
Temp

Test

AI UC Phase II Capsule 1 3600

AI UC Phase II Capsule 2 2500

AI UC Phase I Capsule 2 2315

BCL Nitride, 2nd Transient

AI UC Phase I Capsule 1

UL-2

UL-4

1815

1515

1500

1400

Remarks

Gross destruction of element.

Extensive sodium bond boiling,
probable fuel melting, element unfailed.

Sodium bond boiling, possible fuel
melting, element unfailed.

Sodium bond boiling, element unfailed.

Element unfailed.

Element unfailed.

Bond displacement by fission gas
release, element unfailed.
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on the cladding, especially if it was trapped in the
fuel region. Fission gas flow around and through the
fuel to the plenum in a helium-bonded element may
be slow enough to trap in the fuel region most of the
gas released during a rapid transient.48 The fact that
the UL-3 element contained 98-99% theoretical den-
sity fuel (not now considered useable for helium-
bortded elements)3 and that it was irradiated at a
low, 40- to 45-kW/m linear power may indicate that
its failure threshold differs from that of present ele-
ment designs. In particular, use of low, 80-85%
theoretical density fuel may raise the failure
threshold. The results of the UL-1 unirradiated
helium-bonded element test substantiate the
generally accepted belief that the failure threshold of
unirradiated elements is higher than that of
irradiated elements of the same design.47

The ANL PuC helium-bonded element tests are
difficult to compare with the UL tests because of
differences in fuel composition and element and cap-
sule design. There is no evidence that the uranium-
plutonium carbide fuel (monocarbide or monocar-
bide plus some sesquicarbide) now used in advanced
fuel elements will release molten metal at high
temperature. Uranium-plutonium nitride decom-
poses into nitrogen gas and metal, but only at very
high terrperatures (>2500°C), and the decomposi-
tion is suppressed by nitrogen overpressure (Sec.
2.2.5). Thus the failure mechanism of the F-9 ele-
ment does not seem probable in carbide fuel
elements, and for nitride fuel elements such high
temperatures are required that other failure
mechanisms may be important. The F-9 element
failed at very low reactor energy (see Table X)
because of the capsule design. The element was ther-
mally isolated in the capsule, so essentially all the
energy generated during the transient went to heat
the element.

There is little information about postfailure move-
ment of fuel, cladding, and coolant following severe
overpower transients on advanced fuel elements.
The EBR-II metal fuel element tests indicate that
the element environment is very important in deter-
mining postfailure movement. Because the static
capsule environment of the AIUC Phase II Capsule
1 test bears little resemblance to that of an rperating
subassembly, the disposition of the dispersed fuel is
also atypical. Severe overpower transients on
clusters of advanced fuel elements in a flowing
sodium system will be required to understand post-
failure movement.

3.3 Steady State Overpower Operation

Steady state overpower operation of all the fuel
elements in a core can result from reactor overpower
operation, but reactor instrumentation is designed
to prevent it. Individual subassemblies or elements
can also operate at overpower conditions while the
reactor is operating normally, because of loading
errors (a subassembly or element containing high-
enrichment fuel loaded into a low-enrichment posi-
tion in the core). Part of a single element can also
operate in an overpower condition owing to mis-
loading of individual fuel pellets (high-enrichment
pellet(s) loaded into an element destined for a low-
enrichment position in the core). Overpower opera-
tion of single elements or a few pellets in an element
would be very difficult to detect.

Overpower operation resulting from such loading
errors is generally <150% of normal power, but it can
occur for a significant part of the element life. The
immediate results are higher fuel (and, to a smaller
extent, cladding) temperatures, and greater clad-
ding heat flux. Higher fuel temperatures can in-
crease fuel swelling and fission gas release from the
fuel and melt the fuel, given very high overpower
conditions. Advanced fuel element peak fuel
temperatures are we'll below the fuel melting point
during normal operation, so fuel melting is no
problem during mild overpower operation. The ul-
timate consequences of steady state overpower
operation are mainly reduced element life and the
effects on adjacent elements or subassemblies.

No safety-oriented steady state overpower
irradiations have been performed on advanced fuel
elements, but during irradiation testing, some
elements have been irradiated at peak linear powers
above the 80-85 kW/m of present, and 100 kW/m of
probable future, interest. Three sodium-bonded
elements of uranium-plutonium carbide fuel and
LMFBR design have been irradiated at 130 kW/m,
and six sodium-bonded elements of uranium-
plutonium nitride fuel, also of LMFBR design, have
been irradiated at 110 to 120 kW/m, all as encap-
sulated tests in EBR-II.549 The three carbide
elements had failed when examined at about 3.6
at.'r burnup. An interim examination at about 2.7
at.% bumup indicated that they probably had failed
already. Only one has been completely examined. It
had failed most severely as determined from
radiographs. The cladding, and possibly the fuel,
had melted, owing to blanketing of the cladding by
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fission gas released to the sodium annulus between
the cladding and the capsule wall after initial clad-
ding failure. This mechanism for progression from
initial to severe failure in encapsulated elements has
been described, with substantiating evidence,
elsewhere49 and has been observed in many failed
elements. Two of the sodium-bonded nitride
elements (110 kW/m) had failed at 5.6 at.% burnup,
and four (110 to 120 kW/m), at approximately 2.7
at.'i burnup. Only three of these elements have been
completely examined. Melted cladding was observed
in one and severely cracked cladding in others. The
failure severity was again attributed to gas
blanketing.

GUNF irradiated a series of sodium- and helium-
bonded elements with uranium-plutonium carbide
fuel and LMFBR design in the thermal flux General
Electric Test Reactor (GETR) as part of a loss-of-
sodium bond test.50-51 These tests are discussed in
more detail later (Sec. 3.4.1), but they are of some
interest here as the elements operated at a nominal
peak linear power of 150 kW/m. Two of the elements
had good sodium bonds; one was irradiated for 1 h,
the other for 24 h. The elements showed little or no
change due to the irradiation. Four helium-bonded
elements with diametral gaps of 0.15, 0.25, 0.38, and
0.51 mm were also irradiated for 1 h. The two
smaller gaps are typical of LMFBR design; the
larger ones are not. None of the elements failed, but
cracking, grain growth, and fuel restructuring were
observed in all four. There were a few indications of
fuel melting in the element with the 0.38-mm gap
and many in the element with the 0.51-mm gap.

A number of encapsulated advanced fuel helium-
bonded elements of LMFBR design have been
irradiated in EBR-II at peak linear powers of 90-100
kW/m.5 Both nitride and carbide fuel have been
tested. Few of these elements have been examined
yet, and some are still being irradiated. One
uranium-plutonium carbide fuel element which
operated at about 90 kW/m reached a goal of 11 at.r;
burnup without failure, and three uranium-
plutonium nitride elements operating near 100
kW/m have reached 6 at.rr burnup without failing.
There were no significant behaviov differences from
elements operating at lower linear power.

Assessment of steady state overpower operation of
advanced fuel elements indicates that neither
helium- nor sodium-bonded LMFBR elements of
current design have severe problems (such as fuel
melting on startup) below 150 kW/m. The GUNF
tests in GETR showed this to be true. Overpower
operation's effect on the lifetime of both helium- and
sodium-bonded elements is uncertain. Although
high-powered sodium-bonded elements generally
failed at low bumup, some 80- to 90-kW/m sodium-

bonded elements also have failed at similar burnups.
The actual failure mechanism has not been es-
tablished, largely because the progression from in-
itial to severe failure in the encapsulated tests
destroyed any indications of the initial failure. When
one or more initial failure mechanisms have been es-
tablished for steady state operation, the effect of
overpower operation can be assessed.

There are no data on how overpower operation
affects adjacent elements. All the high-power EBR-
II elements discussed above were irradiated in A-19
subassemblies that provide separate coolant flow
tubes for each element, effectively isolating them
from each other.

3.4 Loss of Sodium Bond

Partial or complete loss of sodium bond from an
advanced fuel element leads to fuel overheating
(Sec. 2.2.6). Liquid sodium in the bond provides a
high thermal conductance path from the fuel to the
cladding. However, if liquid sodium is replaced by
sodium vapor or gas from the plenum above the
bond, the thermal conductance of the bond region
drops by about an order of magnitude and the im-
mediate consequence is fuel overheating. A partial
bond loss such as a bubble in the bond may produce
only local overheating with increased fuel swelling
and fission gas release. A large bubble or complete
bond loss could lead to fuel melting (or nitride
decomposition).

Small gas bubbles may be present in a sodium
bond at fabrication. Bond bubble and shrinkage void
detection (by eddy current techniques) is sensitive
enough to detect bubbles larger than about 1 mm.52

Fortunately, bubbles this size or smaller affect fuel
temperatures only minimally. During irradition, fis-
sion gas released from the fuel normally makes its
way to the plenum, but it can be held up in relatively
stable gas bubbles in the bond.51'54 Gas bubbles
trapped under the edges of offset pellets can be par-
ticularly stable. Thus, although a sodium bond may
be free of gas bubbles at fabrication, they can form
during irradiation. As the fuel surface covered by a
bubble increases, the fuel temperature near the bub-
ble increases. Bubbles can reach a size (critical bub-
ble size) at which the fuel surface in contact with li-
quid sodium next to the bubble is above the local
sodium boiling temperature. Possibly, when this
happens the bubble grows and voids the entire
bond.19-20 No direct experimental confirmation of
this mechanism is available.

A number of things can cause complete loss of
sodium bond. Bond sodium boiling and ejection can
occur during an overpower or loss-of-flow transient.
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These situations are not discussed here, as they are
covered in Sees. 3.2 and 3.5.1. A likely cause of bond
loss is ejection of bond sodium through a cladding
failure into the coolant.55 Bond loss could occur
slowly over hours or days or rapidly within a few
seconds depending mainly on the size of the cladding
failure and secondarily on the pressure inside the
element. Sodium from the entire fuel column length
or any part of it can be lost, depending on the axial
location of the cladding failure. Complete sodium
bond loss over some axial fuel length without prior
cladding failure is also possible if a critical bond
bubble size is reached or the bond is displaced by
released fission gas (Sec. 3.2.1). Whether bond
sodium displaced up into the plenum remains there
or can return to the bond while the element is
operating must be determined experimentally (Sec.
3.2.6).

All sodium-bonded elements tested to date have
been sealed e lements , the c ladding was
pressuretight. Elements in which the plenum can
release gas to the reactor coolant or cover gas
through a top vent have been proposed.56 Plenum
pressure would remain low throughout the life of a
vented element. Behavior of the sodium bond in a
vented element could depend on the specific vent
design, particularly during accidents involving
sodium bond vaporization.

There are two different time scales for concern
about loss of the sodium bond. Events that occur
during and shortly after bond loss, such as fission gas
release from the fuel, fuel melting, or MFCI, could
lead to failure propagation to adjacent elements.
The long-term behavior of a fuel element following
bond loss is also important, as a commercial
LMFBR will probably not shut down for each fuel
element failure. Assuming that the short-term
behavior is benign (fuel melting, slumping to con-
tart the cladding, and resolidification), the element
must survive an additional few atomic per cent
burnup until the next scheduled refueling. Chemical
interactions between the once-molten fuel and the
cladding could be important in the long run, es-
pecially if shroud tubes melted after the bond loss.

3.4.1 GUNF GETR Tests.' GUNF irradiated
elements with uranium-plutonium carbide fuel50*1

to study the fuel's short-time behavior with both
helium and sodium thermal bonds and at very high
heat flux and linear power and to determine whether

'The elements from these tests were examined at
I. AS. . The author reviewed the data on Tile; some of
the conclusions presented in this section were made
by :he author.

typical advanced fuel e'ement designs have any heat
transfer limitations. Table XIII describes the 12
elements tested. The first four, 210-213, were similar
but had increasing helium bond thicknesses. Only
the 210 and 211 bond thicknesses (0.15 and 0.25 mm)
are typical of present advanced fuel elements. These
elements were irradiated to define the thermal
design limits of helium-bonded elements. The
remaining eight elements (214-221) had good, and
various types of defective, sodium bonds. Elements
214 and 215 had good sodium bonds. Approximately
25'r of the fuel column length of element 216 was un-
bonded, and 217 was SÔ r unbonded. Element 218
contained adequate sodium, but without the bond-
ing treatment used to remove voids; eddy current
inspection before irradiation showed voids up to 3
mm wide by 20 mm long. Elements 219 and 220
simulated sodium bond loss early in life by having
helium as the thermal bond. Element 221 simulated
sodium bond loss after some burnup by reduced
bond thickness (to account for fuel swelling) and by
having a helium-25rf argon mixture as the thermal
bond. Retained fission gas in the fuel was not
simulated by this test. All the elements are generally
similar to present advanced LMFBR fuel elements
except for the intentional defects and design
variations noted above, and for the fuel column
length of only 100 mm.

All the irradiations were performed in the GETR
Trail Cable Facility. GETR is a thermal reactor, and
the Trail Cable Facility is outside the core so power
generation in the elements was asymmetric. Radial
and circumferential variation of power generation in
the fuel was not estimated. Each element was
irradiated individually in an uninstrumented cap-
sule. No thermal neutron filters were used. The
nominal peak linear power of the elements was 150
kW/m with an axial peak: average power generation
ratio of 1.5. The cladding heat flux was ap-
proximately 600 W/cm2. Table XIII lists the
irradiation time of each element.

There are a few comments which are common to
the irradiation behavior of all or most of the
elements. There were no cladding failures. The fuel
pellets were generally cracked after irradiation, and
the fuel showed grain growth and porosity
redistribution.

The four helium-bonded elements. 210-213,
behaved very much as predicted.50 The calculated
beginning-nf-life fuel centerline temperatures were
1670. 2005, 2375. and >248O°C for elements 210,211,
212. and 213. respectively. The fuel solidus
temperature is approximately 235(>°C; the liquidus
temperature. 248O°(V" No fuel melting was shown
by radiography or metallography of 210 and 211.
There were a few indications (if fuel melting in 212
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TABLE XIII

GUNF CETR TEST ELEMENTS

Fuel Element No.
p i # _ | fcj^»—^«1B

Fuel Material
Fuel o.d. (mm)
Fuel Density
(%Thror)

Smear Density
(KTheor)

Bond Material
Diametral Bond
Thickness (mm)

Cladding Material1*
Cladding Thickness (mm)
Cladding o.d. (mm)
Fuel Column
Length (mm)

Irradiation Time

210

7.625
98.4

94.8

He
0.1S

316 SS
0.38
8.S3

100.1

l h

211 212

—MC • 12 Vuiw tvi2li3 —
7.625 7.625

98.4

92.1

He
0.25

316 SS
0.38
8.64

100.1

l h

98.4

89.4

He
0.38

316 SS
0.38
8.76

100.1

l h

213

7.625
98.4

86.6

He
0.51

316 SS
0.38
8.89

100.1

l h

214

7.625
97.6

80.8

Na
0.76

304 SS
0.38
9.14

98.6

l h

215

7.625
97.6

80.8

Na
0.76

304 SS
0.38
9.14

99.3

24 h

216

7.625
97.6

80.8

Nac

0.76

304 SS
0.38
9.14

98.6

i h

217 218
1 m\j + 11 VtJr

7.625
97.6

80.8

Nad

0.76

304 SS
0.38
9.14

98.6

l h

7.623
97.6

80.8

Nae

0.76

304 SS
0.38
9.14

98.3

l h

219

7.623
97.6

80.8

He
0.76

304 SS
0.38

.9.14
98.6

5min

220

7.623
97.6

80.8

He
0.76

304 SS
0.38
9.14

98.6

5min

2Z1

7.623
97.6

91.3

He-25%Ar
0.25

304 SS
0.38
8.64

98.6

5min

*M «(U 0 . i s Puo.n )t Uranium enriched to 93% in*** V; Fuel was pressed and sintered pellets.

All cladding was solution-annealed.
C25% unbonded.
d 50% unbonded.
eA*loaded bubbles and voids in the bond.



and numerous signs in 213. There was one area of
possible fuel-cladding interaction or melted cladding
on the cladding i.d. of element 213. The interaction
involved <0.03 mir. oi .he 0.38-mm cladding
thickness. Alpha autoradiographs of sections from
212 and 2iii showed high « activity areas, generally
at the fuel-cladding interface or at pellet-pellet in-
terfaces near melted regions. This could be
associated with uranium-plutonium redistribution
caused by melting. Profilometry of all four elements
showed cladding deformation in the form of
ovalities. Cladding ovalities are probably due to
nonaxisymmetric pressure of pieces of fuel on the
cladding and they are categorized by the difference
between maximum and minimum diameter at a
given axial plane. The maximum ovalities of
elements 210, 211, and 212 were 0.05-0.1 mm, but
213 showed one large (0.2-mm) ovality and many
smaller ones. Element 213 was noticeably bowed
after irradiation.

Elements 214 and 215, which had good sodium
bonds, performed well. Most fuel pellets from 214
were intact. The cladding of 215 showed some car-
bur iza t ion , about 0.03 mm deep . The e
autoradiographs of sections from both elements were
uniform.

Elements 216 and 217, various lengths of whose
fuel columns were unbonded, behaved similarly.
The bond sodium collected at the bottom of each ele-
ment, leaving the top of the fuel column essentially
without sodium. Fuel melting was apparent in the
upper half of 216 and the upper two-thirds of 217. A
fuel-cladding interaction or cladding melting oc-
curred on the cladding i.d. of element 217 to a depth
of 0.06 mm out of the 0.38-mm cladding thickness.
Profilometry of both elements showed 0.1- to 0.15-
mm maximum ovalities, particularly in the upper
parts where fuel had melted. Alpha autoradiographs
of sections from both elements showed areas of high
activity, particularly where fuel had melted.
M'croprobe examination of s section from 216 in-
dicated cladding carburization, and that the fuel
grain boundaries tended to contain more plutonium
and less uranium than the grains. The latter fact
may relate to the observation that this fuel generally
contained sesquicarbide in the grain boundaries
between monocarbide grains. Thermodynamic
calculations indicate that for (U,Pu)C in equili-
brium with (U,Pu)jC:), the plutonium content is
higher and the uranium content lower in the ses-
quicarbide phase."18

Element 218, which had large voids in its sodium
bond, looked like the two elements with good sodium
bonds after irradiation.

Elements 219 and 220 simulated complete bond
loss at the beginning of life. Both showed signs of

fuel melting over the entire fuel co'umn length. Ele-
ment 221, which simulated a complete bond loss
later in life by a smaller gap and lower conductivity
plenum gas, showed possible fuel melting. Element
219 showed one small area of interaction where
molten fuel had apparently touched the cladding.
The penetration was 0.04 mm of the 0.38-mm clad-
ding thickness. Sections from all three elements
showed areas of high activity in a autoradiographs.
Microprobe examination of a section from 219 show-
ed inhomogeneities in the uranium and plutonium
content of the fuel in the melted regions and a layer
of high plutonium content on the cladding i.d. next
to melted fuel. No penetration into the cladding was
observed. Cladding ovalities up to 0.1 mm were seen
in the three elements.

3.4.2 Data From Steady State Irradiation
Tests. Many sodium-bonded fuel elements have
been irradiated in steady state irradiation tests.
These have included uranium-plutonium carbide
and nitride elements in the advanced fuel program
and uranium carbide elements in the Large Sodium
Graphite Reactor program. This section discusses
some observations which are pertinent to sodium
bond loss, made during the irradiation and
postirradiation examination of some of these
elements, in this section evidence for gas bubbles in
the sodium bonds of some advanced fuel elements
during irradiation is described. In addition, in-
dications of bond loss from two singly clad advanced
fuel elements is discussed. Information about the
loss of sodium bonds from a number of sodium bond-
ed UC elements is presented, and finally,
postirradiation examination data from a severely
failed advanced fuel element are mentioned with
respect to the long term irradiation behavior follow-
ing sodium bond loss.

Metallographic sections from a number of encap-
sulated advanced fuel elements, irradiated in EBR-
II, have shown asymmetric areas of high grain boun-
dary swelling or of depleted fission product activity
in [i-y autoradiographs.s It has been postulated that
both result from relatively stable gas bubbles in the
sodium bond during irradiation. Table XIV lists the
parameters of six of these elements. They are
generally typical of present sodium-bonded ad-
vanced fuel test elements, except that none have
shroud tubes. Heat transfer calculations were per-
formed for an element, part of whose sodium bond
was replaced by a gas bubble. The shapes of the
high-temperature fuel areas under the bubbles com-
pared well with those of the high swelling areas
shown by postirradiation examinations. This agree-
ment is reasonable if one assumes that grain boun-
dary swelling occurs above some critical
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TABLE XIV

DESIGN AND IRRADIATION PARAMETERS OF ADVANCED FUEL
ELEMENTS SHOWING EVIDENCE OF BOND BUBBLES

Fuel Element No.
Fuel Material*
Fuel o.d. (mm)
Fuel Density (% Theor )
Smear Density (% Theor )
Bond Material
Diametral Bond Thickness (mm)
Cladding Material1"
Cladding Thickness (mm)
Cladding o.d. (mm)
Fuel Column Length (mm)
Peak Linear Power (kW/m)
Burnup (at.%)

U191
MC

6.15
92
73

Na
0.76

304 SS
0.41
7.72

343
84

4.50

U194
MC + 10% M2C3

6.07
98
76

Na
0.84

304 SS
0.42
7.75

343
81

4.64

U195
MC+ 10%M2C3

6.07
98
76

Na
0.84

304 SS
0.42
7.75

343
83

4.94

K36B
MC

6.73
90
81

Na
0.38

316 SS
0.26
7.62

343
82

5.85

WfcF
MC* + 5

6.37
94
78

Na
0.64

316 SS
0.31
7.62

241
83

5.82

5%M2C3

B2-2
MN

6.47
94
81

Na
0.51

316 SS
0.52
8.01

254
93

5.48

M = < l !o.«P uo.is ) o r <Uo.s!>uo.3>. puel is pressed and sintered pellets.

All cladding was solution-annealed except W8F which was 20% cold-worked.

temperature. Then, the boundary between regions of
high and low swelling should parallel isotherms in
the fuel. Such evidence has been found in at least 10
advanced fuel element sections. Bubbles covering as
much as 120° of the fuel surface have been iden-
tified. If voids or bubbles of this size had been pre-
sent at fabrication, they would have been detected
easily. Therefore, they probably result from fission
gas accumulated during irradiation, particularly un-
der the edges of offset pellets.54 Although gas
bubbles in sodium bonds cause higher fuel operating
temperatures and greater fuel swelling, there is no
known correlation between bubbles and element
failure.

Two unshrouded fuel elements from the "U5100
Singly Clad Carbide Experiment" have been return-
ed to LASL for examination.552 Table XV describes
the elements and their EBR-I1 irradiation. Element
U248 failure at 3.1 at.'7 burnup was indicated at
EBR-II by release of bond sodium containing fission
products into the reactor coolant. Activity release
was slow, occurring over 2 days. The reactor was
shut down during most of this time.59 The failed
element was identified by a 4-g weight loss; about
the weight of the sodium originally loaded uuo it.
The failure point was about 75 mm below the top of
the 'i4(Vmm-long fuel column; this was the only
cladding failure. When the element was sectioned for
metallography, no sodium was found in the bond
region, either above or below the failure. A specific
attempt was made to detect sodium below the fuel

column, around the lower insulator pellet and bot-
tom end plug, but none was found. The fuel above
the failure point exhibited grain boundary swelling
not seen in that below the failure. No fuel melting
was indicated. It has been postulated that the ele-
ment operated at power for some time after the
sodium in the bond above the failure was lost, but
that the bond sodium below the failure was lost dur-
ing the cooling period in the reactor or later.52 No
mechanism for the loss of sodium below the failure
point has been proposed.

TABLE XV

U246 AND U248 ELEMENT DESIGN

Fuel Element No.
Fuel Material3

Fuel o.d. (mm)
Fuel Density (% Theor.)
Smear Density (% Theor.)
Bond Material
Diametral Bond Thickness (mm)
Cladding Material1"
Cladding Thickness (mm)
Cladding o.d. (mm)
Fuel Column Length (mm)
Peak Linear Power (kW/m)c

Burnup (at.%)

U246
— (U0 J 5Puo l

6.71
93
82

Na
0.43

316 SS
0.37
7.87

340
109

3.1

U248
S)C —

6.33
93
73

Na
0.81

316 SS
0.37
7.87

340
109

3.1

aFue! was pressed and sintered pellets.

Cladding was solution-annealed,

'irradiated in EBR-II in subassembly XI56.
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The top four pellets from unfailed element U246
were displaced upward into the plenum as shown by
radiographs taken when the subassembly was dis-
assembled to remove element U248. These elements
had no holddown device on top of the fuel, so the fuel
could move upward once the bond sodium melted.
At no time was the element inverted while the
sodium was molten. The fuel in all metallographic
sections showed grain boundary swelling, and it was
almost touching the cladding. Special burnup and 7-
scan measurements of the displaced pellets, to deter-
mine how long they operated above the core, gave in-
conclusive results. It has been suggested that this
element operated at power for some time with no
sodium in the bond region.52 Sodium was present
before irradiation (as shown by radiographs and
eddy current tests), and some was found around the
fuel during postirradiation sectioning. This may be
an example of fission gas bubbles in the sodium
bond reaching critical size and voiding the entire
bond.19-20 The upward pellet displacement could
have occurred during the bond voiding.

Examination of elements U246 and U248 is still in
progress, so the above comments and conclusions are
preliminary.

GUNF ran a series of four test element
irradiations in the GETR to demonstrate sodium-
bonded advanced fuel elements performance at high
burnup.60* Table XVI lists the element parameters.
The elements are similar to present advanced fuel
elements. The irradiations were carried out in the
GETR V-RAFT facilities in instrumented capsules.
Six thermocouples were attached to the cladding of
each element. Radiography and metallography of
element 125 showed fuel melting attributed to
sodium bond loss. Cladding penetration was 0.05
mm of the 0.38-mm total thickness where molten
fuel touched it. The other elements showed no fuel
melting. Fission gas release from element 125 was
much higher than that from its companion elements
(see Table XVI). This release was attributed to the
fuel melting. In spite of the fuel melting, the clad-
ding did not fail, as no fission gas was found outside
the element. Element 125 may also be an example of
fission gas bubbles in the sodium bond reaching
critical size and voiding the entire bond. No in-
dications of when bond voiding and fuel melting oc-
curred were reported.

Two encapsulated fuel elements being irradiated
in the Materials Test Reactor as part of the AI Large

*The elements from this test were examined at
LASL. The author reviewed the data on file. Some of
the conclusions presented about those elements are
the author's.

Sodium Graphite Reactor program lost their sodium
bonds during normal steady state irradiation.61"6n

The elements had 12.7-mm-diam by 460-mm-long
cast UC fuel slugs, sodium-bonded to 14.3-mm-o.d.
by 0.25-mm-thick 304 stainless steel cladding.They
were operating at approximatley 120 kW/m, and
were at 17 000-18 000 MWd/MTU (-2 at.?; burnup)
when they failed. Bond loss was indicated by in-
creased central fuel thermocouple output which
went off-scale (1200°Cl for both elements. The
elements operated for 8-12 h after initial bond loss
indications. Peak fuel centerline temperatures were
calculated to be above 1700°C after bond loss. Ex-
amination indicated that one element (NAA-81-2)
completely lost its sodium bond and the other
(NAA-81-4) was unbonded over the upper 200 mm of
its fuel column. There was no central fuel melting,
but the UC and tantalum central thermocouple well
interacted. Gross fuel swelling was observed; fuel
density decreased 3 to 22^r. An attempt was made to
locate the cladding failure in NAA-81-2. A leak was
located in the upper end plug weld, but no other
leaks were found. It was postulated that a leak near
the lower end plug weld allowed the bond sodium to
be lost into the capsule.

Another series of UC elements that AI tested as
part of the Large Sodium Graphite Reactor program
also showed signs of sodium bond loss during steady
state irradiation.61'66 The multielement capsules,
EXP-NRX-85-1, 2, and 3, were irradiated in the
NRX Reactor at Chalk River, Canada. Each had
12.4-mm-diam by 63.5-mm-long cast UC fuel slugs,
sodium-bonded to 14.3-mm-o.d. by 0.3-mm-thick
304 stainless steel or Nb-lci Zr cladding. The fuel
ranged from hypostoichiometric in some elements to
hyperstoichiometric in others. The elements were
designed to operate at approximately 120 kW/m, but
burnup da^a show they operated at 145-150 kW/m.
Burnup of all elements was approximately 2 at.r;.
The cladding of the four elements in the EXP-NRX-
1 capsule, and four of the six elements in the EXP-
NRX-3 capsule failed. Results from the other cap-
sule were not reported. The two unfailed elements in
E X P - N R X - 3 were the only ones wi th
hyperstoichiometric fuel and Nb-1% Zr cladding. It
was postulated that the sodium bond boiled from the
region between the fuel and cladding and condensed
in the relatively cold plenum above the fuel in all the
elements, because of the higher than expected
operating power. NaK coolant from outside all the
failed elements mixed with the bond sodium to form
an alloy that was liquid at room temperature. This
alloy was found in the bond region. In one unfailed
element from EXP-NRX-3, bond sodium was found
frozen to the top end cap, indicating sodium transfer
out of the bond. All elements showed excessive fuel
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TABLE XVI

DESIGN AND IRRADIATION PARAMETERS OF GUNF ELEMENTS 125 TO 128

Fuel Element No.
Fuel Material3

Fuel o.d. (mm)
Fuel Density (% Theor )
Smear Density (% Theor )
Bond Material
Diametral Bond Thickness (mm)
Cladding Material1"
Cladding Thickness (mm)
Cladding o.d. (mm)
Fuel Column Length (mm)
Peak Linear Power (kW/m)
Burnup (at.%)
Fission Gas Release (%)

125
MC

6.10
93
74

Na
0.76

lncoloy 800
0.38
7.62

340
82

5.0
35

126
MC

6.10
93
74

Na
0.76

304 SS
0.38
7.62

340
82

5.1
12

127 128

6.10
97
77

Na
0.76

Incoloy 800
0.38
7.62

340
82

4.9
3

6.10
97
77

Na
0.76

304 SS
0.38
7.62

340
82

5.2

5

aM = (U0.is Pu0 ,j)-, Uranium enriched to 40% in " 5 U-, Fuel was pressed and sintered pellets.

Cladding was solution-annealed.

swelling and high fission gas release with up to 30%
density decreases. The experiment was designed for
peak fuel temperatures of 1000-1200°C. Actual
temperatures as high as 1400°C were calculated if
the sodium bond iemained, and temperatures over
1700°C were estimated if the bond was lost. The high
fuel swelling and gas release were attributed to these
high temperatures. Metallography gave evidence of
molten uranium (in the hypostoichiometric fuel)
near the centerline of some fuel slugs. The UC did
not melt. Cladding failure was ascribed to the gross
fuel swelling. No estimate of when the initial bond
loss occurred or how long the elements may have
operated in an unbonded condition was made.

A severely failed encapsulated fuel element (K-
49), irradiated in EBR-II, has been examined at
LASL.49 (See also Sec. 3.3.) The cladding had
melted in several areas owing to gas bubbles between
cladding and capsule. Cladding components (Fe, Cr,
Ni) were dispersed throughout the fuel. Fuel melting
may have occurred also. The cladding and fuel mix-
ture contacted the 304 stainless steel capsule wall in
several places when it was hot enough to deform into
the shape of the capsule wall. Microprobe examina-
tion of these areas showed no penetration of
plutonium or uranium into the wall. No capsule wall
melting was seen. This element was at 3.6 at/V bur-
nup when examined, but indications of failure were
seen in a neutron radiograph taken at about 2.7 at.r;
burnup.52 The cladding probably melted between

2.7 and 3.6 at.Tr burnup, but it cannot be established
exactly how long the element operated thereafter.

3.4.3 EBR-II Metal Fuel Tests. Loss of sodium
bond tests have been conduted on EBR-II driver fuel
elements67"70 to provide guidance for analysis of
elements that have no sodium bond between fuel
and cladding or lose the bond on reactor startup.
The elements were like those used for the transient
overpower tests (see Sec. 3.2.5 and Table XI), except
that the sodium bond was replaced by argon.

Two tests were run in TREAT using the Mark I in-
tegral sodium loop with flowing sodium coolant.67"69

The single element in each test was surrounded by
six dummy elements at the same element spacing
used in EBR-II. No thermal neutron filter was used,
but the axial power was shaped by absorbers.
Instrumentation included coolant inlet flow and
pressure measurement, and coolant inlet and outlet
temperature measurement.

Both tests used TREAT flattop transients. In test
ID-RP-1, a peak linear power of 36 kW/m was
sustained for 6.9 s; in test ID-RP-2, 57 kW/m for
6.2 s. The peak linear power of an element in EBR-II
is approximately 32 kW/m. The sequence of fuel
melting, slumping of molten fuel to contact the clad-
ding, and resolidification of the fuel occurred. Peak
fuel temperatures were calculated to be ap-
proximately 1100°C. No cladding failures were
found, and the cladding dimensions were still within
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the EBR-II specification after the tests. Fuel slum-
ping and prominent voids in the fuel were found.
The molten fuel reacted with the cladding in both
elements.

The calculated coolant outlet temperatures rose
sharply after molten fuel touched the cladding; the
measured temperatures did not. The model deficien-
cy that caused this difference was thought to be the
assumed coherent slumping of the entire fuel column
length.

Another loop test with a partially bonded
element70 confirmed calculations that, in the more
realistic case of incomplete sodium loss, the metal
fuel would not melt upon loss of a large part of the
bond. Further, in this case, partial sodium loss did
not cause failure through generation of high local
pressures from vaporization of the sodium remaining
in the bond.

3.4.4 Discussion. Experimental information
about the consequences of sodium bond loss covers a
useful range of accident conditions. At the mild end
of the range, evidence of small gas bubbles in the
sodium bonds of advanced fuel elements is availat le
from steady state irradiations (Sec. 3.4.2). In all
probability, these bubbles contain fission gas,
released from the fuel, which accumulates during
irradiation. Although bond bubbles raise local fuel
temperatures which, in turn, increase local fuel
swelling and fission gas release, sodium-bonded fuel
element failure has not yet been related to their
presence.

Shroud tubes may affect the existence and conse-
quences of small gas bubbles in a sodium bond (Sec.
2.2.7). Shroud tubes keep the fuel pellets aligned
and prevent individual pellets or pieces of pellets
from moving about in the large gaps in sodium-
bonded elements. Thus, they should provide few
locations (such as under offset pellets) for fission gas
to collect during irradiation. Although the incidence
of bond bubbles in shrouded elements should be low,
their consequences may be great. Gas bubbles
collecting between the shroud tube and the cladding
can cause melting of the shroud tube, and molten
tube material (usually stainless steel) can form low-
melting eutectics with the fuel. Although this se-
quence may not present a short-term problem, an in-
teraction between any shroud and fuel eutectic and
the cladding could reduce the life of the element. No
postirradiation examinations of sodium-bonded
elements with shroud tubes have been performed, so
there is no experimental evidence to substantiate or
refute these speculations.

Whether a large enough gas bubble in a sodium
bond can become unstable and grow to void the en-

tire bond by local sodium boiling is difficult to say.
Preliminary examination of element U246 and the
GUNF and EXP-NRX irradiations indicates that
this may have happened (Sec. 3.4.?.). Further
analysis of U246 may supply more information, but
additional testing, particularly out-of-pile ex-
periments, is needed.

In two sodium-bonded fuel elements that failed
(U248 and NAA-81-2), the sodium bond was lost
below any known failure point as well as above (see
Sec. 3.4.2). In both cases, attempts were made to
find a lower failure point but none was found. There
are mechanisms by which a small failure can plug, so
one cannot state absolutely that lower failure points
did not exist in these elements. The question of
whether sodium bond loss can occur below a clad-
ding failure deserves investigation.

For severer accidents, such as complete sodium
bond loss, there are enough experimental data to in-
dicate that an element's short-term behavior may be
no problem. A qualitative understanding of the
behavior following bond loss is available from the
GUNF GETR tests and the EBR-II metal fuel tests
of unirradiated elements. The sequence of events in-
itiated by reduced thermal conductance of the bond
region is fuel melting, fuel slumping out to contact
the cladding and reestablish high thermal conduc-
tance, and resolidification of the fuel. Too little
quantitative understanding of element behavior is
available to model and predict fuel, cladding, and
coolant temperatures following bond loss. In par-
ticular, fuel-cladding interface heat transfer coef-
ficients upon contact by molten and later solid fuel
are not known. Instrumented tests will be necessary
to determine this parameter.

Much less information is available about the
behavior of irradiated elements following sodium
bond loss. The results from the UC elements and
U248 suggest that after sufficient burnup, the fuel
may not melt (see Sec. 3.4.2). The irradiated fuel
swells out to contact the cladding during
overheating. Apparently the bond loss from these
elements was very slow, allowing enough time for
fuel swelling. A knowledge of the kinetics of fuel
swelling as a function of temperature would be re-
quired to determine whether there is enough time for
the fuel to swell and prevent melting during a rapid
bond loss. Bond loss experiments on irradiated
elements or out-of-pile tests on irradiated fuel swell-
ing kinetics are needed to resolve this question.

There is no experimental information about
sodium bond loss in nitride fuel elements. Much can
be inferred from the similarities of nitride and car-
bide properties, but if the nitride fuel reaches high
enough temperatures to allow decomposition,
significant behavior differences can be expected.

22



There is little information about the long-term
irradiation behavior of sodium-bonded elements
following bond loss. Melting and dispersal of clad-
ding throughout the fuel, and contact of the possibly
molten fuel-cladding mixture v.-ith the capsule wall
in the K-49 fuel element simulates what might occur
following bond loss in a sodium-bonded element
with a shroud tube (see Sec. 3.4.2). The lack of at-
tack on the capsule wall is promising, but, unfor-
tunately, it is not known how long the fuel-cladding
mixture contacted the capsule wall. To establish
how bond loss affects element lifetime, irradiation
tests which simulate bond loss with carbide and
nitride fuel, with and without shroud tubes, and
with various types of cladding will be required.

3.5 Other Safety Aspects

Many other aspects of advanced fuel elements re-
quire safety research, but essentially no work has
been done. Three important areas are loss of coolant
accidents, molten fuel-coolant interaction, and
failure propagation.

3.5.1 Loss of Coolant. Loss of coolant or loss of
flow is usually considered the most probable major
accident that can happen to a fuel element. This
generic class covers a large variety of specific ac-
cidents. Loss of electric power to the sodium pumps
causes a relatively slow flow coastdown (~10-s) for
the entire core.22 Blockage of a subassembly inlet or
an element flow channel can cause local loss of
coolant 71 in ~1 s or less. A third postulated loss of
coolant accident, blanketing of an element by fis"ion
gas released from a cladding failure in an adjacent
element, '2 can occur in milliseconds. The severity of
loss of flow accidents also ranges widely. Very mild
flow perturbation followed by reactor scram is a
high-probability accident covered by the plant
protective system. Loss of flow can also be assumed
to initiate design basis accidents.

Loss of flow represents loss of element cooling
capacity. In many postulated loss of flow accidents,
the fuel power generation remains approximately
constant for some time (up to a few seconds), follow-
ed by a reactor scram.22 The fuel centerline
temperatures drop after the scram, but the coolant
and cladding temperatures continue to rise for some
time, depending on the actual variation of power and
flow with time. The net result of this transient is
that the peak fuel temperatures are essentially un-
affected, but fuel surface, cladding, bond, and
coolant temperatures rise above their normal
operating range.

Many of the consequences of a loss of flow acci-
dent with advanced fuel elements will resemble
those with oxide fuel elements. In particular, the
cladding and coolant overheating will be similar, but
probably severer owing to the shorter thermal time
constants of advanced fuel elements which allow
faster heat transfer during transients. Larger and
faster coolant temperature variations in an ad-
vanced fuel core compared to an oxide fuel core can
also cause greater thermal stresses in core structural
components. Sodium-bonded elements will cause
more concern than helium-bonded elements because
of their very short thermal time constants. The bond
behavior in sodium-bonded elements will be critical
in determining the outcome of an accident.
Questions, such as whether the bond sodium or
coolant sodium will boil first and how much
superheat will be required, must be answered for a
number of element conditions such as beginning and
end of life.

Unfortunately, there have been no loss of flow
tests of advanced fuel elements, probably because of
the greater complexity and expense of tests using a
controlled flow coolant. There have been many loss
of flow tests with oxide elements.2 Some information
about postfailure fuel relocation in advanced fuel
elements might be obtained from these oxide tests,
but little of the failure threshold and failure
mechanism data would be applicable.

3.5.2 MFCI. Vapor explosions in various systems
have been studied.73-74 For the LMFBR, the
possibility of a vapor explosion initiated by MFCI or
a molten cladding-coolant interaction is particularly
important. Although molten oxide fuel and sodium
coolant interaction has been studied, the basic
energy transfer mechanisms and rates are still
uncertain.73 Many mechanisms for rapid transfer of
energy from molten fuel to the sodium have been
proposed. These include various fragmentation and
entrapment mechanisms for generating a high sur-
face area in the fuel, and postulated high sodium
superheat with homogeneous nucleation of the
sodium.

Essentially no experimental data on MFCI in ad-
vanced fuels are available. Their complexity makes
it difficult to determine whether the mechanisms
that operate with oxide fuel apply to advanced fuels.
The most significant difference between oxide and
advanced fuels is probably the latter's much higher
thermal conductivity (see Sec. 2.2.1). If heat transfer
through the fuel is a rate-controlling step in MFCI,74

advanced fuels may exhibit higher energy transfer
rates than oxide fuels, and thus severer MFCI. If a
vapor film between the molten fuel and liquid
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sodium controls heat transfer rates, the thermal con-
diuiivity difference may be inconsequential. If
fragmentation is important in MFCI, the different
mechanical properties of oxide and advanced fuels
may also cause different behavior.75

MFCI has been investigated by dropping molten
UC into liquid sodium, but no useful data were
obtained owing to experimental difficulties. The AI
UC Phase II Capsule 1 transient overpower test (Sec.
3.2.3) was far from an optimum test for MFCI, so the
fact that only moderate pressures were observed in
the capsule after fuel melting cannot be used as
more than an indication about advanced fuel MFCI.
The only conclusion that can be drawn is that MFCI
experiments with advanced fuels are needed to es-
tablish whether it is a significant problem.

3.5.3 Failure Propagation. The question of
whether failures or accidents in an LMFBR can
propagate from element to element or subassembly
to subassembly has been studied extensively. Within
a subassembly, the basic question is whether initial-
ly small local faults can grow to affect the entire sub-
assembly. Mechanisms proposed for element-to-
element failure propagation77 include fission gas
release to cause gas blanketing or mechanical
damage to adjacent elements, and fuel release to
cause local coolant blockage or, if molten, MFCI.
Propagation of failures from one subassembly to the
next involves breaching of subassembly duct walls.
Both mechanical and thermal loading can be
involved.78

Although there has been no failure propagation
work on advanced fuels, some of the experimental
and analytical investigations are applicable. In par-
ticular, work that is independent of fuel element
design, such as the hydrodynamics of flow blockages
and gas blanketing, is of direct use for advanced fuel
elements. Features that can affect failure propaga-
tion in advanced fuel elements are the high fuel ther-
mal conductivity, sodium bond, and low fission gas
release of the fuel.

4. SUMMARY

Experiments and experience relative to the safety
of advanced LMFBR fuel elements have been
reviewed. The design and operating parameters and
some of the unique features of advanced fuel
elements were discussed briefly. Transient and
steady state overpower operation, and loss of sodium
bond tests and experience were discussed in detail.
Areas where information was lacking were also men-
tioned. The following sections summarize the major
conclusions of the report.

4.1 Transient Overpower Operation of Sodium-
Bonded Elements

Significant Parameters. The most significant
parameters in sodium-bonded element failure are
probably maximum fuel temperatures and the
amount of molten fuel produced. Others, such as the
amount of retained fission gas, may be important for
irradiated elements.

Failure Thresholds. Failure thresholds have not
been established, but a lower limit of some fuel-
melting may be inferred. Other mechanisms such as
fission gas release may set failure thresholds for
irradiated elements.

Failure Mechanisms. One failure mechanism
was deduced for a gross overpower test in a static
capsule, (AI UC Phase II, Capsule 1 test); but as the
EBR-II metal fuel element tests show, failure
mechanisms in static capsules and in flowing sodium
coolant may differ. There is no indication that
sodium bond vaporization causes high pressures in
elements. Vaporized sodium seems to condense in
the element plenum. Fission gas release may be
significant in irradiated elements.

Sodium Bond Boiling and Ejection. Two
different tests indicate essentially no superheat (AI
UC tests) and approximately a 100°C superheat
(BCL Nitride tests) at the start of boiling. Tests of
elements with large bond gaps (AI UC tests) indicate
that bond ejection and dryout of the bond region do
not occur immediately after bond boiling begins.
These phenomena may depend on the bond gap size.

Bond Ejection by Fission Gas. Release of retain-
ed fission gas has displaced the sodium bond up into
the element plenum in one test (Series UL test UL-
4).

Postfailure Fuel Movement. The disposition of
fuel and cladding after a gross failure has been deter-
mined in a static capsule test (AI UC Phase II, Cap-
sule 1). On the basis of observations from EBR-II
metal fuel element tests, different patterns will
probably occur in tests with a flowing sodium
coolant and a heated environment.

4.2 Transient Overpower Operation of Helium-
Bonded Elements

Significant Parameters. The most significant
failure parameters are probably maximum fuel
temperatures or the amount of molten fuel produced
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in helium-bonded elements. The amount of retained
fission gas may be important for irradiated
elements.

Failure Thresholds. The failure threshold of an
irradiated element of a particular design has been
estimated (Series UL test UL-3). An unirradiated
element of the same design did not fail during a
similar transient (Series UL test UL-1).

Failure Mechanism. Failure of an irradiated ele-
ment (Series UL test UL-3) was probably by clad-
ding rupture due to either differential expansion of
the fuel and cladding, fission gas release, or fuel
swelling.

4.3 Steady State Overpower Operation

Linear Power Limits. No short-term severe
problems such as fuel melting on startup have been
observed in sodium- or helium-bonded elements of
current design at 150-kW/m linear power. Higher
limits may exist, depending on element design. No
data are available on limits in sodium-bonded
elements with shroud tubes.

Effect on Lifetime. The effect of overpower opera-
tion on element lifetime is unknown.

4.4 Loss of Sodium Bond

Small Gas Bubbles. The effects of small gas
bubbles in sodium bonds have often been observed.
The bubbles are probably caused by accumulation of
fission gas during irradiation. Although bond
bubbles cause higher fuel temperatures and thus
greater fuel swelling and fission gas release, small
bubbles have not been identified as contributing to
element failure. There are no data on the incidence
or consequences of gas bubbles in the bonds of
elements with shroud tubes.

Critical Bubble Size. Whether a sufficiently large
gas bubble in a sodium bond can grow and void the
entire bond by local sodium boiling is not known.
The results of some steady state irradiations (U246,
GUNF, and EXP-NRX experiments) may be inter-
pre'H to indicate that it can.

Complete Bond Loss. The sequence of events
following complete sodium bond loss is qualitatively
understood. Quantitative understanding in terms of
modeling and predicting fuel, cladding, and coolant
temperatures requires knowledge of the contact heat

transfer coefficient between molten and later
resolidified fuel and cladding, and knowledge of the
behavior and kinetics of fission gas release and fuel
swelling in irradiated elements. The fuel has not
melted after bond loss in a number of irradiated
elements.

Continued Irradiation after Bond LOBS. The
data are insufficient to tell whether continued
irradiation of a fuel element after bond loss could
cause safety problems. In one element in which a
fuel-cladding mixture contacted the capsule wall for
some time, no interactions were observed.

4.5 Other Safety Aspects

There is no significant experimental information
on other aspects of advanced fuel element safety
such as loss of coolant accidents, molten fuel-coolant
interactions, and failure propagation.
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