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Results and analyses of margin to cladding failure
and prefailure axial expansion of metallic fuel are re-
ported for Transient Reactor Test Facility in-pile tran-
sient overpower tests M2 through M7. These include
the first such tests on binary and ternary alloy fuel of
the Integral Fast Reactor concept and fuel burnups to
10 at. %. The fuel was tested at full coolant flow and
subjected to an exponential power rise on an 8-s period
until either incipient or actual cladding failure was
achieved. Objectives, designs, and methods are de-
scribed with emphasis on developments unique (o
metal fuel safety testing. Test results include the fol-
lowing: (a) temperature, flow, and pressure data; (b)
fuel motion diagnostic data from the fast neutron
hodoscope; and (c) test remains described by both de-
structive and nondestructive posttest examination. The
resulting M-series data base for cladding failure thresh-
old and prefailure fuel expansion is presented. The na-
ture of the observed cladding failure and resultant fuel
dispersals is described. Simple models of cladding fail-
ures and prefailure axial expansions are presented and
compared with experimental results.

I. INTRODUCTION

Acceptable safety-related behavior and perfor-
mance of modern metal fuel is a key element in the de-
velopment of the Integral Fast Reactor (IFR) concept,
an innovative liquid-metal reactor (LMR) design.! For
the IFR concept to be successful, it is necessary that
metal fuel itself demonstrate a high level of inherent or
passive safety that extends well beyond normal oper-
ating conditions.
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To help meet this need, a series of experiments was
performed at the Transient Reactor Test Facility
(TREAT) between 1984 and 1987. The aim of these ex-
periments (designated tests M2 through M7) was the
study of cladding failure threshold and other safety-re-
lated fuel behavior during simulated transient over-
power (TOP) accidents.

The data needs specifically addressed by these tests
are as follows:

1. determination of margin to failure and identi-
fication of underlying mechanisms

2. assessment of prefailure axial expansion as a
potentially significant prefailure reactivity re-
moval mechanism

3. preliminary assessment of postfailure events,
i.e., behavior of disrupted fuel and coolant.

Overpower testing in the TREAT reactor draws on
>20 yr experience in transient safety testing in flow-
ing sodium loops and allows for controlled transient
overheating of whole fuel pins by fission in a near-
prototypic thermal and hydraulic environment. For the
IFR experiments, preirradiated fuel was tested. Each
test pin in this series was subjected to similar over-
power conditions in a simulated TOP accident, i.e.,
full coolant flow and an exponential power rise on an
8-s period. Attention was centered on the time domain
of cladding failure threshold. Particular requirements
included stopping the power transient on the brink of
failure for some pins and just after failure for others.
To meet programmatic needs, it was important to test
many pins quickly, despite the limited availability of

‘test hardware and of TREAT reactor time. Thus, the

concept of testing two (or more) pins simultaneously,
with separate and possibly different hydraulic environ-
ments for each pin, was actively pursued.
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Il. THE TEST FUEL

Many of the positive safety-related aspects of
metallic fuel performance during both normal and off-
normal conditions follow from design attributes com-
mon to all modern metal fuel types.'? These include
(a) efficient heat transfer to coolant through high-con-
ductivity fuel and a sodium bond between fuel and
cladding, and (b) a high tolerance for fuel swelling and
efficient release of fission gas to the pin plenum. The
M-series tests extended existing fuel performance stud-
ies into far off-normal TOP conditions. It was impor-
tant to test many fuel and cladding combinations
relevant to the IFR concept with a wide a range of fuel
burnups in order to distinguish features of fuel-specific
safety-related fuel performance from those that are
common to all modern metal fuel types.

The source of the irradiated fuel tested in M-series
is the Experimental Breeder Reactor II (EBR-II), the
metal-fueled fast reactor prototype operated by Ar-
gonne National Laboratory (ANL). Due to early avail-
ability of irradiated fuel and because it had been
well-characterized, initial tests (M2, M3, and M4) in
the series used EBR-II driver fuel made of a binary al-
loy of uranium and fissium (U-Fs). (Fissium is a mix-
ture of metals representing an equilibrium composition
of fission products after reprocessing.) Later tests (M35,
M6, and M7) used IFR-type fuel that had been preir-
radiated in EBR-II, as appropriate test pins became
available. Reference fuel for the IFR concept uses ura-
nium, plutonium, and zirconium in ternary (U-Pu-Zr)
and binary (U-Zr) compositions. Nominal design di-
mensions of all M-series test pins are listed in Table 1.

In all cases, the preirradiation in EBR-II was in-
tended to mimic the temperatures and restructuring of
full-length (~1-m-long) fuel. The EBR-II fuel pin en-
vironment includes a 34-cm active core height, an
average-to-peak axial power ratio of 0.92, and a cool-
ant temperature rise of ~100 K commencing from a
nominal 644 K value at the inlet. Irradiation power
levels for the IFR-type pins in EBR-II were ~36 to
40 kW/m axial peak. This power level is significantly
higher than the ~25 kW/m axial peak power in the ir-
radiation of the U-Fs fuel. In comparison, a 40 kW/m
peak power level, 630 K inlet temperature, and 150 K
coolant temperature rise are assumed to be nominal
values for an IFR-type fast reactor throughout this
paper.

A considerable amount of restructuring takes place
during irradiation of all modern metal fuel, which in-
fluences both fuel morphology and thermal proper-
ties.2™* During the first several atom percent of
burnup, the fuel swells by as much as 50% of its orig-
inal size until it makes contact with the cladding. The
liquid sodium bond originally surrounding the fuel slug
is displaced into the pin’s gas plenum. Much of the fuel
volume increase is comprised of gas-filled pores, but
interconnection of pores leads to both release of fission
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TABLE I

Nominal Design Parameters of M-Series Test Pins

U-Fs IFR-Type
Fuel
Length (mm) 343 343
Diameter of slug (mm) 3.30 4.32
Mass (g) 52 78

Radial smear density (%)
(to cladding inner
diameter) 75 72.5

Bond sodium
Initial height above fuel
(mm) ~28 6.35

Total volume (cm?) ~1.3 2.0
Gas plenum

Length above sodium (mm) 193 246

Volume (initial) (cm?) 2.2 5.0
Cladding

Outside diameter (mm) 4.42 5.84

Inside diameter (mm) 3.81 5.08

Thickness (mm) 0.30 0.38

gas to the plenum and infiltration of the porosity net-
work by liquid bond sodium. Pressure in the plenum
is influenced principally by fission gas release from
fuel. After swelled fuel contacts the cladding, there is
little further swelling and total fuel volume remains ap-
proximately constant with increasing burnup. How-
ever, further burnup leads to the accumulation of solid
and liquid fission products at a rate of ~1 vol%/at.%
of burnup, which tends to further reduce pore volumes
filled with gas.

Such fuel restructuring is directly relevant to the is-
sues studied in the M-series tests. Fuel swelling, in-
filtration of porosity by sodium, and accumulation of
solid and liquid fission products strongly influence fuel
thermal conductivity and onset of fuel melting. Gas
retention within the fuel supplies a potential driving
mechanism for prefailure elongation, whereas gas re-
lease from the fuel adds to an internal pin pressure that
drives cladding failure. If the temperature is sustained
at abnormally high levels, close contact between fuel
and cladding can lead to the formation of low-
temperature molten phases that can damage and even-
tually penetrate the cladding.

Restructuring also differs somewhat among various
metal fuel types. Sample fuel cross sections from irra-
diated pins similar to some of those tested in M-series
are shown in Fig. 1. In IFR ternary fuel, a three-zone
radial structure develops that includes multiple irreg-
ularities, separations, and cracks. Irregularities in fuel-
cladding gap closure are also noted at low burnup.
These zones represent a migration of both zirconium
and porosity toward the outside and some buildup of
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U-5Fs PIN
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U-10Zr PIN

TYPE 316 STAINLESS STEEL
CLADDING

HT9 CLADDING

0.34 at.%

7.9 at.%

U-19 Pu-10Zr PIN

D9 CLADDING

2 at.%

6 at.%

10 at.%

Fig. 1. Representative midplane cross sections of untested siblings to M-series test fuel.

heavy metal concentration midradius. Both IFR binary
and U-Fs fuels restructure more uniformly.

Fission gas release from metallic fuel scems to de-
pend strongly on fuel temperature during irradiation,’
emphasizing the importance of irradiation power level
and fuel thermal conductivity. (Gas residing within
large fuel pores is considered to be released from the
fuel matrix.) Due to their higher irradiation power
level, IFR-type test fuel typically retained a much
smaller concentration of gas in the fuel matrix than did
U-Fs test fuel.

Table I lists compositions and summarizes average
characteristics of irradiated M-series test fuel based on
measurements of fuel swelling, sodium logging within
porosity, and plenum pressurization.z‘4 The effect of
NUCLEAR TECHNOLOGY
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restructuring on thermal conductivity can be large. The
burnup dependence of thermal conductivity shown in
Table II was calculated by a model that estimates ef-
fects of both gas-filled and sodium-logged porosity and
is normalized to agree with available measurements on
U-Fs fuel b8

lll. FACILITIES AND TEST HARDWARE

lILA. Major Facilities

The TREAT reactor, located at the ANL-West site
within the Idaho National Engineering Laboratory, is
a uranium- and graphite-fueled reactor with a near-
thermal neutron spectrum. A cutaway view is shown in
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TABLE Il

Approximate Pretest Characteristics of Irradiated

Peak irradiation power level (kW/m)

Measured gas retention as generated in the indicated
burnup (at.%)

Burnup when swelling saturates (at.%)

Measured axial swelling (% of original height)

Swelled fuel volume (% of total fuel volume)

0 at.% (fresh)
2 at.%
10 at.%

Melting point (K)
Solidus
Liquidus

Measured gas plenum pressure at room temperature
at the indicated peak burnup (MPa)
0 at.% (fresh)
5 at.%
10 at.%

Measured sodium infiltration (% of total fuel volume)

Thermal conductivity at 1000 K (W/cm -K) average burnup

M-Series Fuel
Fuel Alloy (composition wt%)
=
U-19Pu-10Zr U-10Zr U-5Fs
| P ——
38 38 25
2
~0.5 ~0.5
1 1 2
2to03 8to9 4to5
28
29 32
8 13 6
0.40
.23 0.34
~8.15 ~0.21 ~0.20
~0.20 ~0.30 ~0.33
1283
0 1508
igfs 1678 1373
0.10
.10 0.10
(2) 3 2.3 2.5
5.1 5.1 6.0
V| I

Fig. 2. Fast-operating computer-operated control rods
provide the capability of a wide range of power tran-
sients appropriate for reactor safety studies. A forced-
air cooling system provides a limited heat rejection

it

i

/

/

Fig. 2. TREAT reactor cutaway showing test vehicle at the
centerline. The fast neutron hodoscope slot and de-
tectors are shown to the left.
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ower levels. However, in the high-
power transient mode most common!y us(-;cl Iflur s\%;ejtly
testing, the reactor heats up {lear]y agi:alt)e_;ltlca ly. fe
adiabatic core heating con_trit_)ut_es s:gmf!cap‘l y to sa’e
operation, it also results 1n_l1m1ts to transient energy
deposition due to both maximum a}llo\}'able (fore[ lc:in-
peratures and large negative reactivity t'e:f:d bzlu,k. n .t 1€
M-series tests, transient energy deposition 1n the l'.est
fuel was limited to the equivalent of several tens of sec-
ull-power operafioin. _

Ond?\/l(:)fstr cxr?eriment? performed in "I;REAT require
the use of the fast neutron hodoscopc_, also :shown in
Fig. 2. The TREAT hodoscope is a diagnostic system
that looks through a slot in the TREAT core to COll.l‘
mate and detect fast neutrons produced b’y fissions in
the test fuel. Analysis of this data results in a test f_uel
motion history in two dimensions with data collection
at submillisecond to millisecond time intcrvals.'F{ast
neutrons from the test fuel can generally be distin-
guished from the dominant background of therr_nal
neutrons from TREAT by their energy. In M-series,
the hodoscope was used in conjunction with a full-
slotted core (core slots both in front of and behind the
test loop hardware). Such a configuration reduces the
maximum energy deposition but minimizes back-
ground and provides the highest possible accuracy in
fuel motion detection.

Many test support operations involving highly ra-
dioactive irradiated fuel pins and their posttest remains

capability at low p
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need to be performed in a hot-cell environment. The
Hot Fuel Examination Facility (HFEF) at ANL-West
provided in-cell facilities to assemble and disassemble
experiments on irradiated fuel. Nondestructive radiog-
raphy and profilometry of test fuel were also performed
both pre- and posttest at HFEF. Destructive examina-
tion of M-series remains, including both failed and un-
failed pins, was undertaken at the Alpha Gamma Hot
Cell Facility at ANL-East (Illinois).

OUTLET -
INSTRUMENTATION ——————

TEST TRAIN OUTER WALL

INSTRUMENTATION —=| /5
LOOP WALL

BEHAVIOR OF METALLIC FUEL IN TREAT TESTS
lll.B. M-Series Test Hardware

The sodium loop used in TREAT for ANL’s LMR
safety experiments in recent years has been the Mark-
I vehicle.!® Figure 3 shows the Mark-III loop as
configured for the M-series tests. It is an elongated
loop of thick-walled stainless steel pipe through which
liquid sodium is circulated by an electromagnetic
pump. Two parallel legs of the loop are 3.5 m long

3
FUEL PIN WITHOUT
WIRE-WRAP
DIMPLE IN
FLOWTUBE —
TREAT
CORE
i | T~ TEST
FLOWTUBE FUEL
THERMOCOUPLES |
|
FUEL PIN WITH WIRE-WRAP
LOOP
TEST SECTION —=
FLOWTUBE o
PUMP
SHIELD TUBE

INLET

S

Fig. 3. Mark-III integral sodium loop as configured for M-series testing of two or three pins at one time.
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with center-to-center separation of ~0.1 m. The entire
system is housed in a long rectangular container of
10- X 20-cm cross-section dimensions designed to oc-
cupy the space of two TREAT fuel assemblies at the
center of the reactor (see Fig. 2). The Mark-III vehi-
cle is intended to have generic utility in testing a wide
variety of test fuel types and bundles. A removable test
train in one leg of the loop contains an instrumented
test fuel configuration that is designed to meet specific
program requirements. This test leg also includes an
extension that serves as a gas plenum and provides the
entrance through which the test train is inserted into
the loop. The other leg of the loop includes a small
annular linear induction pump to drive the sodium
coolant. In operation, sodium flows upward past the
test fuel. Thermal-hydraulic conditions in the loop are
measured by three permanent-magnet flowmeters, two
pressure transducers, and numerous thermocouples.

In the specific test trains used in the M-series, each
pin was located in a separate stainless steel flowtube,
with the division of total loop sodium flow into the
flowtubes chosen to achieve the particular objectives
for each pin. This division was achieved by properly
sized orifices installed near the entrance to each flow-
tube. The lateral separation of test pins was as wide as
possible to minimize the neutron shielding of one pin
by another and to enhance the ability of the hodoscope
to resolve test pins as individual entities. The number
of pins per test was determined principally by the bore
diameter of the Mark-III sodium loop. As shown in
Fig. 3, three small-diameter U-Fs fuel pins were in-
cluded in tests M2, M3, and M4; two IFR-type pins
were included in tests M5, M6, and M7.

Coolant temperatures at the outlet and along the
fuel zone were measured using thermocouples intrin-
sically attached to the outer surface of each flowtube.
The flowtubes were made as thin as possible (<0.5 mm)
so that the test fuel and the flowtube-mounted ther-
mocouples would be as closely thermally coupled as
possible. The flowtubes were isolated from each other
and the rest of the test hardware by a shield tube
placed around each flowtube with low-conductivity in-
ert gas in between. The shield tube prevents large
amounts of debris released from one failed flowtube
from damaging an adjacent flowtube. So far, these
protective features of the shield tubes were not needed
in the four M-series tests performed where fuel pins
failed. Flowtube breach occurred in only a single in-
stance and was scarcely detectable.

The ability to reuse expensive and slow-to-build
test hardware contributed to the timely performance of
the test program. All six M-series experiments were
performed in only two test loops. Test trains were re-
used following the two experiments where the test fuel
did not fail. However, because debris from failed fuel
remained largely confined to the removable test train,
loops could be reused even after pin failures. Hardware
performance demonstrated a high degree of reliability;
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however, some problems did occur in hydraulically
seating test trains in loops that had been used several
times. These problems were attributed to debris accu-
mulation in the loop sodium, but all seating difficulties
were resolved in advance of experiment performance.

Although the principal instrument of nuclear diag-
nostics at TREAT is the fast neutron hodoscope, at-
tempts were also made to detect release and transport
of fission products from failed fuel. During later tests,
fission products from failed fuel that were transported
to the loop cover gas region were measured by a devel-
opmental fission product detection system (FPDS). A
horizontal collimator passes through the concrete re-
actor biological shield and selects a region of the loop
1.5 m above the center of the core. Depending on the
vertical placement of the loop, the FPDS can observe
either the uppermost part of the sodium or the gas
space above it. Detectors are situated outside the con-
crete shield. Presently, the ability to detect radioactive
fission products and delayed neutrons is very limited
and, because of an unfavorable signal-to-background
ratio, no measurements can be made until after the
TREAT power transient is over.

lll.C. Hardware Development During M-Series

During the test program, a number of design im-
provements were made to better adapt test train hard-
ware to experiment needs and to observed behavior of
metal fuel.

In the area of test fuel support, early tests (M2,
M3, and M4) used wire-wrapped pins directly in
smooth flowtubes. Metal fuel pins are mechanically
weak at high temperature, and a single wire-wrapped
pin in a smooth flowtube provides poor support
against distortion. It was believed that this method of
support permitted pin bowing and flexing that caused
both hard-to-explain temperature oscillations at high
temperature, and hard-to-analyze irregularities or
periodicities in the measured axial temperature rise at
all temperatures. To alleviate these problems in M5,
M6, and M7, test pin wire-wraps, which had provided
spacing and support during the EBR-II preirradiation,
were removed. Pin support was provided instead by
dimples in the flowtube spaced at ~10-cm axial and
120-deg azimuthal increments. While this new mount-
ing scheme did not provide a coolant flow and contact
pattern prototypical of a wire-wrapped pin in a large
bundle, it was intended to provide the test fuel with a
commensurate level of resistance to warping and dis-
tortion. Improvements resulting from this new mount-
ing scheme were noted, but some irregularities and
high-temperature oscillations remained in M5 and M6
data. These remaining problems were attributed to the
fuel pins not being sufficiently centered. Consequently,
in M7 the axial spacing between supporting dimples
was decreased while the dimple depth was increased to
provide the greatest possible centering consistent with
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a minimal clearance needed to insert test pins within
the tube. These modifications significantly reduced ob-
served temperature anomalies in M7. Figure 4 shows
the effect of the improved pin-support methods on
temperature measurements made along the test pin
flowtube.

Attention was also given to reducing uncertainties
in the measurement of coolant flow past each test pin.
The combined sodium flow rate during a test is mea-
sured by calibrated permanent-magnet flowmeters at
the inlet and outlet of the test section as well as in the
pump leg of the loop. In the initial M-series tests, flow
division among test pins was inferred on the basis of
symmetry and separate hydraulic measurements per-
formed out-of-pile. However, beginning with M3, two
miniature permanent-magnet flowmeters were also lo-
cated near the inlet of each individual flowtube. Al-
though the absolute sensitivities of these flowmeters
were not determined, both were identical in design and
layout so that the ratio of their output signals was used
to determine the ratio of flow rates in the two tubes.

iV. TEST DESIGN AND TECHNIQUES

IV.A. General Features

The design of all M-series tests had a number of
general features in common. Low-power, nondestruc-
tive operation verified equipment performance as well
as the neutronic coupling of the test fuel to the TREAT
reactor. The subsequent overpower transient was de-
signed to generate thermal conditions in test fuel that
mimic fuel overheated under fast reactor conditions.
Finally, the overpower transient was terminated quickly
enough to preserve conditions that existed at the peak of
the overpower. Preliminary discussions of M-series test
design and techniques have already been reported.'!!2

Heat balance transients, run at constant power and
flow rate, were performed before each overpower tran-
sient to provide an integrated check of the thermal-hy-
draulic operation of the entire experiment system
including the reactor, test fuel, and sodium loop. How-
ever, a key measurement made during the heat balance
was a coolant temperature rise from inlet to outlet un-
der true stcady-state conditions. This temperature rise
provided a direct, in situ measurement of each test
pin’s P/F ratio of test fuel power P to coolant flow rate
F, bypassing uncertainties in the reactor to test fuel
power coupling, division of flow between flowtubes,
etc.

For example, Fig. 5 shows the power history, to-
tal coolant flow rate, and temperature rise past a ter-
nary fuel pin measured at different axial elevations
during an M7 heat balance. The results are typical of
heat balances performed in the test series. The various
thermocouples attached to the flowtube above the ac-
tive fuel height (X/L > 1) agree closely and can be used
to determine a whole-pin temperature rise midway
VOL. 92
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through the power transient. In this example, the tem-
perature rise achieved was ~141 K (or a P/F ratio of
0.94 times an assumed nominal value of 150 K) at a re-
actor power of ~46 MW and at a total coolant flow
rate of ~162 cm?/s.

In the analysis of M-series overpower transients,
the P/F ratio is the most important single parameter
that can be used as a measure of the severity of test
conditions. The key phenomena controlling safety is-
sues (see Sec. VI) are either driven by or are closely
correlated with peak coolant temperature, and the ther-
mal response of a fuel pin is sufficiently fast that cool-
ant temperatures are very close to steady-state values
determined by P/F. Unfortunately, rapidly changing
temperatures during overpower transients preclude
direct measurements of P/F, as described above for
heat balances.

However, because the operating conditions of the
heat balance and ensuing overpower transient were in
many respects identical, a straightforward proportion-
ing technique was used to extrapolate P/F measure-
ments made in a heat balance to P/F levels achieved
during the subsequent overpower transient. Specifi-
cally, the overpower P/F was obtained by multiplying
the measured P/F in the heat balance by the appropri-
ate ratio of measured reactor power (final to heat bal-
ance) and the appropriate ratio of measured flow rate
(heat'balance to final).

All peak overpower levels reported here were ob-
tained in this manner. Based on the consistency of
measured temperature rises, the accuracy of these de-
terminations is believed to be ~5% in the earlier tests
(M2, M3, and M4), improving somewhat in later tests
(M5, M6, and M7). This same technique also enabled
the peak P/F values obtained in each overpower tran-
sient to be fine-tuned just before the test by appropri-
ate adjustments of the applied flow rate or reactor
power transient. Finally, once the coolant flow rate
past a test pin is determined, the P/F measurement in
the heat balance also determines the pin-average power
coupling of the reactor to the test fuel (see Sec. IV.B).

In performing the final overpower transients, all
test fuel in this series was subjected to similar over-
power conditions: full coolant flow and an exponen-
tial power rise on an 8-s period. The 8-s period was
chosen as the slowest transient possible that would
commence from near-nominal power and carry through
to cladding failure within the energy deposition limi-
tations of the TREAT reactor. A high system pressure
=4 atm prevented coolant boiling prior to cladding
failure. Baseline thermal conditions in the test fuel
were referenced to conditions assumed to be nominal
in a fast reactor. These include a peak linear power rat-
ing of 40 kW/m (12 kW/ft), an inlet temperature of
630K, and a 150K coolant temperature rise. The
power transient was rapidly terminated on detection of
cladding breach or, by using previously measured fail-
ure thresholds, just prior to failure.
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Fig. 5. Data obtained during performance of a typical M-series heat balance (M7) used to determine test pin P/F ratio and

power coupling.

In terminating the final overpower transient,
quenching the fuel at incipient failure or immediately
after failure was important to preserve the state of the
fuel at that instant for posttest examination. Due to the
high conductivity of the metal fuel, such quenching oc-
curred essentially on reactor power shutdown.

Sudden measurable changes in coolant flow pro-
vide the fastest and most reliable indicators of pin fail-
ures. Therefore, a system was designed in which a
sudden and substantial decrease in the total sodium
DEC. 1990
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flow rate measured at the inlet (characteristic of cool-
ant channel pressurization on pin failure) induced an
electronic device called the shutdown signal generator
to output a signal that triggered reactor shutdown. Fig-
ure 6 illustrates how the shutdown system worked
using data from test M6 as an example. Note that the
system was sufficiently sensitive to detect failure in
only one flowtube. The shutdown signal was sent
within ~10 ms of pin failure, and the reactor power
began to decrease less than ~50 ms later.
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Fig. 6. Operation of the shutdown signal generator during M6.

IV.B. Power Coupling of the Test Fuel to the Reactor

Before the test conditions of any experiment can be
S€t or any posttest analysis can take place, an accurate
determination must be made of the coupling of power
generated within the test fuel to the power generated
by the TREAT reactor. Determinations must be made
on a whole-pin basis as well as radial and axial distri-
butions within a fuel pin. A complicating aspect of
M-series testing was the significant variation of power
coupling among the various test pins due to differences
in initial fissile content, wide ranges of test pin burnup,
and significant morphological changes in the fuel with
that burnup. A variety of techniques, both experimen-
tal and analytical, employing considerable redundancy
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and cross checking were used to determine the power
couplings in the M-series. Fundamental estimates made
use of specially performed calibration experiments with
fresh fuel and flux monitor wires {0 measure an axially
dependent power coupling to fresh fuel, These were
supplemented by analyses to estimate the radial distri-
butions and the neutronic effects of burnup and swell-
ing. Independently, an in situ technique, based on the
coolant temperature rise measured during a heat bal-
ance, determined pin-average power coupling by mul-
tiplying measured P/F ratio (see Sec. 1V.A) by the
known coolant flow rate and dividing by known reac-
tor power.
Statistical errors in the various fundamental cali-
bration measurements total ~4t0 5% in estimating a
NUCLEAR TECHNOLOGY
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pin-average power coupling. However, calculated ef-
fects of burnup and restructuring on power coupling
can be large (of order 5 to 15%) and of opposite signs.
The accuracy of such calculations depends on the ac-
curacy of the irradiated pin characterization. System-
atic errors are potentially large and difficult to estimate.
Based on estimates of the precision of the various el-
ements needed in its calculation, the precision of the in
situ determination of pin-average power coupling is
similar to that obtained from fundamental estimates,
~5%, but there is less potential for serious systematic
error. Agreement between heat balance and fundamen-
tal pin-average power coupling estimates was generally
good. (Exceptions arose where knowledge of pin re-
structuring was questionable.)

Thus, for purposes of subsequent analysis, both
the pin-average power coupling and primary measure-
ments of test pin P/F were taken from temperature rise
measurements made during the heat balances. All
other features of power coupling, such as in-pin power
distributions, were taken from fundamental measure-
ments and calculations.

IV.C. Enhancement of Power and Flow Rate

Strong radial self-shielding of the TREAT thermal
neutron flux by the test fuel causes a disproportionate
fraction of power to be generated near the fuel surface
with a surface-to-center ratio calculated to be ~3 to 1.
In contrast, power generation in a fast reactor is spa-
tially uniform over a radial cross section of a fuel
pin. To generate radial temperature gradients during
M-series TREAT transients that are prototypical of
those that would be generated in a fast reactor, it is
necessary to increase the net power generation of the
TREAT test relative to that of the fast reactor refer-
ence. Under the quasi-steady-state conditions that
characterize these transients, the TREAT power in-
crease is an enhancement factor that depends on the
details of the radial power dependence and test fuel
thermal conductivity. For M-series test fuel, this en-
hancement factor ranges from ~1.25 to 1.40. How-
ever, it is also important to maintain a prototypical
coolant temperature rise at any axial location, so the
coolant flow rate should be increased by precisely the
same enhancement factor. Thus, a prototypical power-
to-flow ratio is maintained. Finally, the additional heat
(~25 to 40%) generated within the test fuel in TREAT
causes a corresponding increase in the temperature gra-
dient across the cladding. This temperature increase
was compensated by a decrease in coolant inlet temper-
ature (~30 to 50 K).

In a transient simulation where power rises stead-
ily, it was merely necessary to appropriately lower
coolant inlet temperature and increase the coolant flow
rate from fast reactor reference values by the appropri-
ate enhancement factor. The benefits achieved by this
technique result in significant improvement in the pro-
VOL. 92
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totypicality of computed fuel and cladding temperature
of the M-series tests. Figure 7 shows that with test con-
dition enhancements, calculations of peak test fuel
melting (which are typical of all M-series tests) show
close correspondence to a fast reactor prototype case.
Without enhancement, such correspondence is only ap-
proximate. As described in Sec. V.A, later M-series
tests imposed enhanced rather than nominal prototyp-
ical conditions.

IV.D. Analysis Methods

Most of the phenomena under study in M-series
are either directly driven or strongly influenced by tran-
sient thermal conditions produced in the tests. The
small number of thermocouples on flowtube walls and
at the ends of the test section necessitated significant
analysis to fill in details of fuel, cladding, and coolant
temperatures. Thus, a primary aim of test analysis is
to obtain as accurate a thermal history of each test as
possible on the basis of input power and coolant flow.

Emphasis is also placed on providing reasonable
baseline estimates of thermal conditions achieved near
the cladding failure threshold. Results of these calcu-
lations then provide primary thermal input for fuel
performance analyses of prefailure fuel expansion,
cladding damage, and failure.

The thermal-hydraulic analyses reported here used
the COBRA-PI code.'® Historically, COBRA-PI has
been used extensively in analysis of TREAT in-pile ex-
periments because of its ability to explicitly model pin
bundle geometry in small-scale experiments. In this
context its use has been limited, however, to intact
(fixed) geometry and single-phase coolant flow. For
M-series, the analysis incorporates detailed description
of the fuel pin, flowing coolant, and flowtube.

The COBRA-PI fuel pin model contains multiple
radial and axial nodes. Azimuthal uniformity is as-
sumed in the present M-series model. All thermal prop-
erties are temperature dependent with a melting
transition computed in the fuel on the basis of input
solidus and liquidus temperatures. Fuel properties, in-
cluding melting temperatures, may also be input with
radial dependence. Because of the fuel’s sodium bond-
ing, fuel and cladding are assumed to be in good ther-
mal contact. The computed fuel/cladding interface
temperature is used as a basis for assessing the forma-
tion of the low melting point eutectic (see Sec. VI.B).
Formation of this low-temperature molten phase un-
der accident conditions at high temperatures is not re-
flected in this primary thermal analysis, but it is treated
in a separate auxiliary calculation.

Axially, the M-series analysis extends the full
length of a fuel pin, including both fuel and gas ple-
num regions with multiple axial nodes. The coolant
channel geometry is axially uniform, assumes a pin
centered in the flowtube, and models single radial
nodes of turbulent flow thermally connected to both
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Fig. 7. Typical extent of fuel melting computed in a TREAT ex

reactor prototype.

the pin cladding and a well-insulated flowtube. The
wire-wraps or dimples used to support the pin within
the flowtube are not modeled.

The fuel performance calculations of prefailure ax-
ial expansion and cladding failure were performed by
a specially written routine, the Extrusion and Penetra-
tion (EXP) model that is auxiliary to the COBRA-P]
code. Development and application of the EXP rou-
tine was based on modeling concepts described in Sec.
VI. Logical flow of the analysis is such that transient
temperatures calculated by COBRA-PI provide the
driving input for the EXP, but the EXP calculations
do not influence COBRA-PI. The combined program
for metal fuel performance analysis is termed COBRA /
EXP.

V. PERFORMANCE OF THE OVERPOWER TRANSIENTS

V.A. Test Performance and Event Sequence

Brief preliminary descriptions of individual M-
series tests and their results have already been re-
ported.'*'® Table III summarizes overpower testing of
metal fuel in the TREAT M-series to date. Nineteen
pins were tested, five to beyond cladding failure. In
four of the tests (M2, M4, M6, and M?7), the power
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periment with and without enhancement compared to a fast

transient was terminated by experimental indications
of a test pin failure. In the M3 failure, thresholds de-
termined previously in M2 were used to achieve over-
power conditions that came just short of failure in
all three test pins. The first test of IFR-type fuel, M5
was performed under the unusually stringent practical
requirement that the test train hardware be reusable
after the test. Since M5 was the first test of a new fuel
type, the power transient was terminated at a conser-
vatively low preset power level to avoid pin failure. In-
itial results from this overpower transient indicated
that the test fuel had not melted extensively nor been
brought near the failure threshold. The fuel was sub-
sequently subjected to a second power transient with
a coolant flow rate reduced by 22%.

The initial tests in the program, M2 and M3, were
performed at flow rate and inlet coolant temperatures
near nominal for a fast reactor. Beginning with M4,
test conditions were enhanced (flow rate increased and
inlet temperature lowered) to provide a better match of
test fuel temperature to temperature generated in a fast
reactor (see Sec. IV.C). (Because it was performed with
a reduced flow rate, the second overpower transient
performed in M5 was the only instance among the lat-
ter tests without enhanced conditions.)

Using M7 as an example, Figs. 8 and 9 illustrate
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TABLE III
Overpower Testing of Metal Fuel in TREAT M-Series
Fuel Burnup
Test (composition wt%) Cladding (at.%) Date
M2 U-5Fs Type 316 stainless steel 0.3 March 1985
U-5Fs Type 316 stainless steel 4.4
U-5Fs Type 316 stainless steel 7.9
M3 U-5Fs Type 316 stainless steel 0.3 April 1985
U-5Fs Type 316 stainless steel 4.4
U-5Fs Type 316 stainless steel 7.9
M4 U-5Fs Type 316 stainless steel 0.0 January 1986
U-5Fs Type 316 stainless steel 2.4
U-5Fs Type 316 stainless steel 7.9
M35 U-19 Pu-10 Zr D9 0.8 August 1986
U-19Pu-107Zr D9 1.9
M6 U-19Pu-10Zr D9 1.9 February 1987
U-19 Pu-10Zr D9 5.3
M7 U-19Pu-10Zr D9 9.8 October 1987
U-10Zr HT9 2.9

typical overpower test performance and event sequence
when a pin failed. Figure 8 shows the axial peak power
densities applied to both test fuel pins, the resulting
temperature transient measured on the outside of both
flowtubes, and the flow perturbation generated by the
failure of one of the test pins. The efficient heat trans-
fer in metal fuel systems causes flowtube temperatures
to closely follow applied fission power with time delays
of <1 s. Prior to failure, measured flowtube temper-
atures closely followed adjacent coolant temperatures,
and the indicated peak values on Fig. 8 (~1100 to
1200 K) were typical of these experiments and corre-
spond closely to peak values of coolant temperatures.
A sudden jump in flowtube temperature (to values in-
dicative of coolant boiling at loop pressures of ~4 atm)
coincident with the sudden reversal of inlet coolant
flow marked the cladding failure of the ternary pin.
The subsequent rapid power shutdown was prear-
ranged and was triggered by the detection of sudden in-
let flow reversal (as described in Sec. IV.A). The
smooth response of the intact pin’s flowtube temper-
ature verifies that one pin’s failure has a minimal in-
fluence on the other. Also coincident (but not shown
in Fig. 8) are spikes in loop pressure transducer
readings.

The transient hodographs shown in Fig. 9 describe
the above sequence of events from the viewpoint of
fuel motion measured by the fast neutron hodoscope.
Measured fuel density, averaged over the indicated
time intervals, is displayed on the two-dimensional
grid. (The scale is greatly expanded horizontally. Ac-
tual pixel dimensions are ~6 mm horizontal X 34 mm
NUCLEAR TECHNOLOGY
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vertical.) Note that the resolution is sufficient to eas-
ily distinguish the fuel columns of both M7 test pins.
On Fig. 9, prefailure axial expansion is seen in both
test pins as an increase of fuel density near the top and
above the fuel column to hodographs a through d. The
eventual failure of the ternary pin is seen dramatically
in hodographs d through g by sudden fuel gains ex-
tending to great distances above the original fuel col-
umn (with corresponding losses from the remainder of
the pin). The timing of this event is in good agreement
with the test instrumentation, shown in Fig. 8.

V.B. Computed and Measured Heating

Comprehensive thermal-hydraulic analyses of all
overpower experiments were performed with the
COBRA-PI code as described in Sec. IV.D. Reactor
power, measured flow rates, and measured inlet tem-
perature were input to the computation. All computa-
tions assumed intact geometry and are useful only
before cladding failure. The analyses accounted for
different pin-to-reactor power coupling, thermal con-
ductivities, and melting points of different fuel types.
Nonuniform radial distributions of fuel constituents
based on measurements were included for ternary fuel
but did not have a large effect on computed results.

V.B.1. Flowtube and Coolant Temperature Rise

Due to the high thermal conductivity of metal fuel
and the relative slowness of the power transient, cal-
culations indicate that the time dependence of the cool-
ant temperature rise is very sensitive to the transient
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Fig. 8. Selected test results from M7 test instrumentation illustrating a typical event sequence associated with fuel pin failure.

power generation within the test fuel. Also, since the
flowtube is thin and surrounded by insulating low-
conductivity gas, the coolant temperature closely
matches the temperature measured on the outside of
the adjacent flowtube. Good agreement between the
measured and computed temperature rise along the test
pin flowtubes thus provides a measure of validation of
the thermal-hydraulic analysis and thermal time re-
sponse of the system as a whole.

Figure 8 shows such a comparison for thermo-
couple locations above the fuel in M7. This good
agreement is typical in M-series when comparing a
computed whole-pin temperature rise with the ther-
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mocouples located axially above the fuel. By design,
thermocouples at these higher locations allow a max-
imum of time for the heat released by the test pin to be
distributed radially and azimuthally within the coolant,
thereby providing the most significant comparison with
calculations.

V.B.2. Fuel Melting

All M-series overpower transients caused extensive
melting in the test fuel amounting to approximately
one-half the fuel inventory at peak power (even without
considering the possibility of low-temperature molten

NUCLEAR TECHNOLOGY

VOL. 92 DEC. 1990



'2d02s0pOY UOINAU I58) oY) £q LJA UT PAAISSqO UOTIOW [3N] JUISULI], '§ "SI

339

BEHAVIOR OF METALLIC FUEL IN TREAT TESTS

Bauer et al.

{B) (3 {0 (P) () (Q (e)
LZL'le OL9le'6L G948l OL Z€6LL  LE6GLL OL LSL°LL LSL°L1 OL €99°LL 6SPLL OL LSELL €S1°LL OL LSO°LL €200l Ol Z86'8 (s) aniIL
816°0¢ 512581 8Ll oLLLL 80v°LL [A AR €056 (s) IWIL IDVHIAY
274
ve
o m o|lm |~ - | | 1 o|m W - e| B | | s|m n - alm m -
.| m s |m 1K -|m M| e ¢ | m B e o m | | == m - YAAE 3N ] N -
min .| H - | N H| - =|m |- |0 [ ] L3N] N - ll.!o
| s @ M= o/H| M|« o|m| [m|e olH| M =m| [W|e 0Z [=[m] -~
ulm = m |- o/ m| W= =|m| |H= o | M| |H nim| (W OO E ¥ a0
s m o lm H - o |m 10 m|m H = o M- (M =|m|- |l 8l (m|m|- |l e —
o= "= B - Bm H - o - B | m = alm o - m|w|.|H - — .
e LJ L) = uw | AL K Blm || - | | ol (a|m| - IRl - ...Ioor
I m - - = m| - - His-(H - m=| | lu..h a/n|- |- =t .
== 5= B - = = - LI IR (IS sw=|.| = m| |H - VL (m|m|-|H - z.l.-oow
(] - - | - H|e| - || - w| s - |ME - m |- | .= o - e o - —
|® - 00¢
-] e o | = [ ] 5| - m o] = | - m - N_. - = W
- - - - * L ] - - — v
ml- .
= i i oo ol = oovnSb
- - a L p—t . @
=i : .- g ﬁ 00'G
= 9 B- 009
== v - 00°L
== Al » Z > SLL
& s
) N
m -
N

DEC. 1990

VOL. 92

NUCLEAR TECHNOLOGY



Bauer et al.

phases at the fuel/cladding interface; see Sec. VI). The
same thermal analyses that computed flowtube and
coolant temperatures also computed fuel melting and
temperature fields deep within the fuel pin. These in-
ternal temperatures were not accessible to direct mea-
surement. However, experimental estimates of the
maximum extent of melting were made during posttest
microexamination of cross sections from test pins that
did not fail. Agreement between these measurements
and the calculations was generally good. The computed
presence and amount of molten fuel provide key input
to models describing prefailure axial expansion and
cladding failure, and reasonable agreement of calcu-
lated maximum extent of melting with measurements
validates their use in evaluating fuel performance con-
cepts and models.

As a typical example, Fig. 10 shows computed melt
profiles at peak power for M7 test pins. Measured soli-
dus radii are included for the pin that remained intact.
Note that the calculated solidus radii are quite sensitive
to the input values of thermal conductivity and the
many changes brought about by restructuring (see Ta-
ble II). The agreement between measured and calcu-
lated solidus radii is quite reasonable.

V.C. Peak Overpower Conditions and
Fuel Performance Summary

A comprehensive summary of key overpower test
results is given in Table IV. Peak overpower levels and
summary indicators of fuel performance are reported.
In every case, some axial expansion of the test fuel was
observed before failure with the peak values shown in

1 T T T
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0 R 4 R R
0 0.2 0.4 0.6 0.8 1
AXIAL HEIGHT, Z/Z,
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Fig. 10. Calculated maximum extent of fuel melting in M7
compared to posttest measurements made at se-
lected axial locations in the intact pin as indicated
by the dots.
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the table. However, at low burnup, IFR-type fuel
showed considerably less expansion than U-Fs fuel.
Test pins were usually subjected to overpower condi-
tions exceeding 4 times norninal. Pin failure was not
observed to occur significantly below this overpower
level. Calculations with a model designed to predict
cladding failure indicated that those pins that remained
intact were nevertheless brought quite close to failure.
The calculated values of peak pin pressures are also in-
dicated. All failure sites were located at the fuel top.

As outlined in Sec. IV.A, the reported overpower
levels are the peak values of the P/F ratio obtained di-
rectly by extrapolation from the steady-state coolant
temperature rises measured in heat balances, and they
carry an uncertainty of 3 to 5%. Reported overpower
levels signify peak thermal conditions (temperatures,
amount of melting, pressures, etc.) appropriate to a
fast reactor. As discussed in Secs. IV.C and V.A, this
correspondence is better in later tests where test con-
ditions were enhanced relative to nominal.

Details of observed fuel performance are discussed
in Sec. VI, which emphasizes the underlying phenom-
ena, mechanisms, and ingredients needed for computa-
tional models. In particular, mechanisms and models
of cladding failure threshold and prefailure fuel expan-
sion are proposed, described, and critically evaluated.
Some preliminary versions of these M-series fuel per-
formance results have already been reported. 12131820

VI. FUEL PERFORMANCE RESULTS AND ANALYSIS

VI.A. Prefailure Fuel Expansion

Fuel expansion measurements were based primarily
on transient data from the hodoscope as well as on a
comparison of data from hodoscope pre- and posttest
static scans. Because fuel density can be very nonuni-
form near the fuel top, there is uncertainty of ~1% in
the peak expansions given in Table IV, a significant
quantity when the expansion is small. Concentrating
on preirradiated test fuel, there is no indication of any
shrinkage, and measured expansions tend to be signifi-
cant in excess of ~1% that might be attributed to a
purely thermal expansion. Good agreement between
transient and posttest scan data implies that peak ex-
pansions persisted during cooldown. Expansions be-
yond pretest lengths are also evident in the posttest
radiographs of intact pins shown in Fig. 11. The be-
havior of the single fresh pin tested ran counter to sev-
eral of these trends and is discussed later.

It is also important to verify that the measured ex-
pansions extend over a significant portion of the fuel
and are not simply an end effect of localized phenom-
ena taking place near the fuel top. Basically, posttest
density distribution measurements from all intact pins
indicate fuel density reductions over the top half of the
fuel, reflecting roughly the entire axial range where fuel
melted during the transient. Examples are shown in
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TABLE IV
Peak Overpower Conditions and Fuel Performance Summary
Axial Peak Peak Calculated Failure Peak Maximum Axial
Fuel/ Burnup Overpower Threshold Pressure Expansion
Cladding (at.%) (Normalized?) (Normalized?®) (MPa) (%)
U-19 Pu-10 Zr/ 0.8° 4.3 (3.4) 5.1 (4.6) 1(1) 1 (1)
D9 steel 1.9° 4.3 (3.9 5.1 (4.6) 33) 2 (0.5)
1.9 4.4 4.6 3 2to3
5.3 4.4° 4.5 10 3
9.8 4.0¢ 4.4 19 3
U-10 Zr/HT9 steel 2.9 4.8 4.4 6 2to4
U-5Fs/Type 316 Fresh 3.8 4.3 0.6 44
stainless steel 0.3 4.1 4.7 0.6 to 0.8 16
0.3 4.1 4.8 0.6 to 0.8 18
2.4 4.1¢ 4.4 2t06 7
4.4 4.2¢ 4.5 7t09 ¢
4.4 4.0 4.4 7t09 4
4.4 3.8 4.3 7t09 4
7.9 4.1°¢ 3.6t0 4.0 17 to 20 3
7.9 34 3.6t0 4.0 17 to 23 4

*Relative to nominal conditions in a fast reactor: peak linear power of 40 kW/m, 630 K inlet, and 150 K coolant temper-

ature rise.

®Indicates M5 test pins; values in parentheses are from the first overpower transient.

‘Indicates cladding failure occurred.

dExpansion may have been caused by localized sodium bond boiling (see Sec. VI).

¢Data ambiguous.

Fig. 12 from low-burnup U-Fs fuel that expanded by
a total of 16 to 18%,

In comparing data from different fuel types, max-
imum prefailure expansion of the U-Fs test fuel shows
large expansions at low burnup that decrease rapidly
with increasing burnup. By contrast, prefailure axial
expansion of IFR-type fuel showed much weaker
burnup dependence with large values at low burnup
conspicuously absent.

In irradiated fuel, the mechanism underlying mea-
sured axial expansion is believed to be fission gas that
is initially confined within solid fuel, but freed to ex-
pand when fuel melts. Posttest examination of test pins
that remained intact all show large bubbles. These are
not typical of normal as-irradiated fuel but are indica-
tive of extensive fuel melting, bubble coalescence, and
expansion at much higher temperatures. A striking ex-
ample of this behavior is shown in Fig. 13, which
shows a vertical section from one of the low-burnup
U-Fs pin described in Fig. 12. By contrast, in IFR-type
fuel that expanded axially by only a few percent, fewer
bubbles are found than in Fig. 13, but still more than
in an untested sibling. Figure 14 shows a radial section
of a ternary fuel pin that did not fail. Large bubbles
are found at all axial locations where fuel had melted.
Contrast should be made with untested ternary fuel
shown in Fig. 1.
NUCLEAR TECHNOLOGY
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Postulating expanding fission gas as the driving
mechanism, the following elements are needed to
quantify the particular amount of axial expansion:

1. the amount of molten fuel

2. the concentration of gas made available to ex-
pand when fuel melts

3. initial size of gas bubbles (initial surface tension
~ effects?)

4. the magnitude of the pin plenum pressure resist-
ing expansion.

Axial expansion occurs when fission gas present in
molten fuel expands until its pressure equals that of the
pin plenum. The onset of fuel expansion coincides with
significant fuel melting. Due to surface tension effects
in the solid state, the initial volume occupied by fission
gas depends on the initial bubble size. Small bubbles
in the solid state indicate that gas is initially dissolved
or packed within a very small volume and held by sur-
face tension. If bubbles in the solid state are initially
large, surface tension plays no role and fission gas is
in equilibrium with plenum pressure.

During transient fuel heatup, individual bubbles
expand in an attempt to maintain equilibrium of the in-
ternal pressure with the pin plenum pressure and the
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Fig. 12. Measured and computed posttest fuel mass distri-
bution in low-burnup U-Fs fuel tested in M2 and
M3.

bubble surface tension. While fuel is solid, bubble ex-
pansion rates are severely limited by various diffusion
and creep processes.>?! Bubble coalescence is also ex-
tremely slow. At heating rates typical of M-series, ex-
pansion of solid fuel is computed to be negligibly
small. However, once fuel melts, both expansion and
coalescence are assumed to be sufficiently rapid that
available fission gas expands instantly to equilibrium,
regardless of initial bubble size (without any effect of
surface tension). Thus, net expansion includes the ef-
NUCLEAR TECHNOLOGY
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Fig. 13. Vertical section taken near the top of the M2 test
pin described in Fig. 12.

fects of both bubble thermal expansion and, in the case
of initially small bubbles, elimination of surface ten-
sion. Initially small bubbles would lead to greater net
expansion upon melting than would large bubbles.

On cooldown, at least part of the expansion in an
intact pin tends to be permanent. Because bubble
coalescence is irreversible, all expansion due to coales-
cence is permanent. Also, expansion of individual bub-
bles can be permanent since little contraction occurs in
the solid state after refreezing. However, large bubbles
can rise and eventually escape to the pin plenum if
cooldown is not quick enough. The shapes of the
largest bubbles in Fig. 13 show some such evidence of
rising.

Time-dependent computations of axial expansion
in the tests were executed in the COBRA/EXP code
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(a) Z/L = 0.10

(c) Z/L = 0.50

(e) Z/IL = 0.95

Fig. 14. Transverse cross sections from an intact 1.9 at, % burnup U-Pu-Zr pin tested in M5. Note extensive fuel melting
at the highest three elevations and some melting attack on the cladding at the highest two elevations. Indicated ele-
vations are relative to the as-fabricated fuel column.

module (see Sec. IV.D) using the thermal analyses de- ducing axial expansion is always much less than the
scribed in Secs. IV and V. Thermal calculations esti- amount of fission gas retained in the pin as a whole
mated the amount of molten fuel at each axial node, (Table IT). This may be explained by the fact that lo-
Estimates of transient pin plenum gas pressure were  cal concentrations of dissolved gas decrease rapidly
based on sibling pin measurements at room tempera-  with irradiation temperature,® and it is basically the
ture (Table IT) and simply scaled upward in accord with  fuel with the least dissolved gas that melts firs{ and
the calculated absolute temperature of the pin plenum.  contributes most to axial expansion,

(Peak values are given in Table IV.) A concentration The measured axial expansions in U-Fs fuel were
of fission gas at each axial node and a typical bubble  large (15 to 20%) at low burnup but decreased rapidly
size were explicitly input to the computation. Com- as burnup increased. These expansions in U-Fs fuel

puted expansion was averaged over the radial cross sec- were well predicted in timing, overall magnitude, ax-
tion of each axial node. Bubble rising was not included  ja] distribution, and burnup dependence with the as-
in the computation. sumption of a maximum fission gas concentration in

The same basic modeling was used to calculate small bubbles of 5 pmol/g fuel (or the total gas gen-
axial expansions in all M-series tests but with signifi-  erated in ~0.5 at.% of burnup). This assumed peak
cantly different concentrations of available fission gas concentration, equal to about one-fourth of the peak
assumed for U-Fs and IFR fuel types. Interestingly, if whole-pin average amount, corresponded closely to

the measured expansions (Table 1V) are calculated with measured gas concentrations at the hottest axial lo-
this model, the amount of fission gas available for pro- cations. Figure 15 shows the time dependence of the

344 NUCLEAR TECHNOLOGY VOL. 92 DEC. 1990
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Fig. 15. Measured and computed time dependence of
prefailure axial expansions: U-Fs fuel covering the
range of tested burnup.

measured and computed axial expansion of selected
U-Fs fuel pins, spanning the range of tested burnups.
Timing on Fig. 15 is provided by the instantaneous
overpower level. Permanence of the expansion upon
cooldown was also predicted by the computation, as
illustrated by the calculation shown compared to the
measurement in Fig. 12.

By contrast, IFR fuel test data required rather
different assumptions about fission gas availability.
Assuming the same concentration of fission gas as em-
ployed successfully in the analysis of U-Fs fuel leads to
predictions of expansion magnitudes that are too large
and a burnup dependence that is too strong (similar to
U-Fs fuel). Note, however, that the IFR fuel had a
smaller grain size and was irradiated at a significantly
higher linear power and temperature than the U-Fs fuel
(Table II). Thus, the high-temperature regions of IFR
fuel, which contribute most to axial expansion, might
contain little, if any, dissolved gas. Expansions in IFR
VOL. 92
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fuel were instead calculated assuming a model where
only gas trapped in large bubbles within the fuel po-
rosity was available for expansion. Because this gas is
initially in equilibrium with the pin plenum pressure,
the density of gas present in the pin’s porosity is itself
proportional to the plenum pressure. Expansion then
depends principally on the temperature difference be-
tween molten fuel and the pin gas plenum. Axial ex-
pansions computed with this simple model of fission
gas concentration do indicate approximately the right
magnitude and the weak dependence on burnup that
is present in the data reported in Table IV.

The behavior of the single fresh U-Fs pin provided
an interesting counterpoint to that of irradiated fuel.
Without benefit of any dissolved fission gas, there was
evidence of ~4% local expansion near the top of the
fuel peak power (Table IV), which collapsed rapidly
on power shutdown (Fig. 11). Posttest examination
showed evidence of large bubbles in the top region of
the fuel. Local boiling of bond sodium entrained
within molten fuel is a possible driving mechanism for
this observed expansion. Computed fuel centerline
temperatures near the fuel top were hot enough to va-
porize sodium, and only a trace amount of liquid so-
dium in this region could have furnished the necessary
vapor volume. Rapid collapse on cooldown is also con-
sistent with condensible vapor being the expansion
mechanism. Some residual bubbles, as were observed,
could survive cooldown if the high-conductivity fuel
were frozen faster than the vapor could condense.

VI.B. Cladding Failure Threshold

Two principal mechanisms have been identified 22
as causing cladding damage in metal fuel: overpressure
and clad thinning. Due to the low mechanical strength
of metal fuel, pin plenum pressure supplies the primary
source of pressure loading and stress on the cladding.
Cladding stresses, however, reflect not only the pin ple-
num pressure but also thinning by formation of a low-
temperature uranium-iron eutectic.

Physical evidence exists from posttest remains to
support and illustrate the two proposed mechanisms of
cladding failure in metal fuel. Cross sections from an
IFR pin that remained intact, shown in Fig. 14, illus-
trate an azimuthally nonuniform eutectic attack on the
cladding in addition to the large bubbles of expanded
fission gas mentioned previously. Figures 16a and 16b
show sections of two M-series failure sites. Both fail-
ure sites were located at the top of the fuel. In Fig. 16a,
the failure site of a medium-burnup (5.3 at.%) ternary
pin shows strong evidence of cladding dissolution from
the inside. (The attack evident on one outside surface
was caused after failure by molten fuel ejected from
the pin.) By contrast, the failure site of a higher
burnup (7.9 at.%) U-Fs pin in Fig. 16b indicates clad-
ding ballooning from pressure loading, with little in-
dication of cladding dissolution from the inside. Both
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Fig. 16. Representative pin failure sites at the top of the fuel: (a) 5.3 at.% burnup U-Pu-Zr pin (M6) and (b) 7.9 at.%

burnup U-Fs pin (M2).

mechanisms appear in a third example of a failure site
shown in Fig. 19.

Integrating these two damage mechanisms within
a single analytical model to compute pin failure in
metal fuel has been described?? under the assumption
that both mechanisms act independently. Cladding
stress is first computed on the basis of computed gas
plenum pressure and the remaining thickness of unre-
acted, load-bearing cladding. The calculation of tran-
sient pin plenum gas pressure is described in Sec. VI.A.
(Peak values for M-series are given in Table IV.) Clad-
ding damage by low-temperature melts seems closely
related to alloys formed in a uranium-iron system.
Above a threshold for the onset of eutectic formation
(~1000 K), the rate of cladding penetration is strongly
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temperature dependent but shows little dependence on
particular fuel or cladding type. In the model, cladding
thickness is assumed to be reduced at a temperature-
dependent rate correlated from laboratory measure-
ments of iron dipped into melts of high uranium
content, shown in Fig. 17. In the transient analysis, the
computed temperature at the fuel/cladding interface is
assumed to control cladding melt rate. A plastic strain
rate is calculated from the computed cladding stress
and temperature history using correlations derived
from transient tube burst tests. Cladding failure is in-
ferred when computed plastic strain exceeds a preset
amount (2% for Type 316 stainless steel and D9 steel,
and 6% for HT9 alloy). Detailed model calculations
have been performed with the COBRA/EXP code

NUCLEAR TECHNOLOGY
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Fig. 17. Rates of cladding penetration by uranium-based
melts as compiled from various sources.?* The
correlation shown is a fit to laboratory measure-
ments of iron dipped into melts and supported by
data from a wide range of actual fuel pins.

module (see Sec. IV.C) by linking this modeling scheme
to the thermal analysis. A similar formulation of this
model has also been incorporated in the FPIN2 code.’

These concepts may easily be applied to the present
overpower test series in a semiquantitative fashion. The
high thermal conductivity of metal fuel ensures peak
cladding temperatures, hence likely failure sites, at the
fuel top in agreement with observations. Temperatures,
key to the failure threshold analysis (pin plenum, peak
cladding midwall, and fuel/cladding interface tempera-
tures), are close to or easily derived from the measured
whole-pin coolant temperature rise. In conjunction
with cladding failure observations, thermal calculations
indicate that at overpower levels of ~4 times nominal,
the temperature of the fuel cladding interface exceeds
a threshold value of 1350 K, where Fig. 17 indicates eu-
tectic penetration into the cladding becomes very rapid
(associated with the melting of a protective solid iron-
uranium compound).

-Calculated times of cladding failure are also re-
ported in Table IV, expressed in terms of overpower
level on the actual ~8-s period power transient (or, if
necessary an extension thereof). While these calcula-
tions are in no way definitive, observed cladding fail-
NUCLEAR TECHNOLOGY
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ures were in reasonable agreement with expectations,
and with the noticeable exception of the U-Zr pin
tested, no failures were expected in the pins that actu-
ally remained intact. While agreement between mea-
sured and calculated pin failures has always been
reasonable (~5%), earlier tests (M2, M3, and M4),
showed some systematic tendency for observed failures
to precede the calculated ones. The possibility of hot
spots locally generated around the cladding due to im-
perfect pin support is one physical mechanism that
could induce failures earlier than anticipated, and im-
provements in pin mounting methods described in Sec.
II1.C may have helped alleviate this potential problem.
The survival of the U-Zr pin, tested to ~4.8 times
nominal power, was quite unexpected, not only be-
cause calculated failures have tended to lag behind ob-
served cladding failures, but also because computed
temperatures far exceeded the expected threshold for
rapid eutectic penetration.

Figure 18 shows a cross section of the surviving
U-Zr pin at the top of the fuel. While there is evidence
for a great deal of molten fuel in the central regions of
this cross section, the cladding was in contact with only
a thin region of molten fuel. The cladding penetration
shown is azimuthally irregular and extends to a max-
imum depth of ~30% of its original thickness. Based
on the computed thermal history of the pin, this ob-
served amount of penetration, while large, is a factor
of ~10 less than expected from the correlation of
Fig. 17.

The key to understanding the unexpected survival
of the U-Zr pin may be the observation that a signifi-
cant amount of fuel near the cladding never melted.
Proper application of the Fig. 17 melt rate correlation
requires a molten phase, rich in uranium, in contact
with the cladding. For this to happen, melting at the
interface must involve a much higher proportion of
fuel volume than cladding volume (by a factor of ~5
to 15), but in Fig. 18 the volumes of fuel and cladding
involved in the melt near the interface are approxi-
mately equal. Thus, any delay in melting of fuel in-
ward from the cladding would be expected to also slow
the penetration into the cladding. In the U-Zr pin, such
a delay might have been caused by the binary fuel’s
high solidus temperature of 1500 K. In contrast, in all
the other metal fuels tested thus far, lower solidus val-
ues ensured an entirely molten fuel cross section when
the threshold for rapid melt penetration (~1350 K) was
reached at the fuel/cladding interface.

General analytical studies with the cladding failure
model*>?? indicate that the cladding damage induced
in M-series tests so far was strongly weighted to
high cladding temperatures of ~1350 K. Typically, at
M-series heating rates, nearly total eutectic penetration
would be required to fail cladding at low burnup, par-
tial penetration would be required at midrange burn-
ups, and almost no penetration would be required at
high burnup. The abrupt rise of eutectic penetration

347



Bauer et al.

M7 POSTTEST
ZiIL =113

UNTHINNED CLADDING

BEHAVIOR OF METALLIC FUEL IN TREAT TESTS

FUEL-CLADDING
ALLOY

FUEL MELT FRONT

Fig. 18. Cross section at the top of the damaged but intact U-Zr pin tested in M7, illustrating once-molten fuel, once-molten
fuel/cladding alloys, and extensive cladding damage. The indicated elevation is relative to the as-fabricated fuel

rate at overpower levels ~4 times nominal was a dom-
inating factor, and only calculations for the highest
burnup pins suggest a controlling role for pressure
loading (although still at high temperature). In these
tests, margin to failure was not expected to depend
strongly on the particular cladding type. At low tem-
peratures, mechanical calculations do formally distin-
guish between properties of different cladding types (in
both strain rates and plastic strain to failure), but since
most strain occurred at high temperatures the com-
puted differences were negligible. Future tests either
with higher burnup fuel or with more slowly rising
overpower transients could induce cladding damage at
lower temperatures and highlight differences in clad-
ding type.

VL.C. Pestfailure Events

When cladding failed, similar postfailure events
characterized the behavior of all fuel types tested. In
each case, about half of the fuel inventory, corre-
sponding roughly to the fuel melt fraction, was ejected
rapidly through a small cladding breach at the fuel top.

Cladding failure was always accompanied by a sudden, -

temporary reversal of inlet coolant flow and rapid

348

coolant voiding. Measured pressure spikes were minor
(<2 MPa) and were generally about one order of mag-
nitude less than the plenum pressure of the failed pin.
Fuel ejection from a failed pin could be driven by ex-
pansion of trapped fission gas or sudden boiling of the
liquid sodium bond within the fuel. Ejected fuel then
dispersed rapidly, combining with cladding and struc-
tural materials into a highly mobile low melting point
eutectic and traveling upward with the coolant to lo-
cations well downstream of the original fuel zone.
Hodoscope data indicate the time of significant disrup-
tion and removal to be ~100 to 200 ms. This timing is
also in agreement with measured perturbations of pres-
sure and flow. Afterward, coolant flow past failed pins
settled at ~3 of its prefailure value, indicating only
partial flow blockage.

Figure 19 shows cross sections at various axial lo-
cations of a failed 9.8 at.% burnup ternary pin, indi-
cating fuel losses and remains of primarily solid buit
disrupted fuel, (Figure 19 also depicts the failure site,
showing evidence of cladding ballooning under pres-
sure and melting attack.) Interestingly, in studying the
remains of all M-series failed pins, the amount of in-
pin disruption of solid fuel after failure depends on
both burnup and fuel type. For a given fuel type, the

NUCLEAR TECHNOLOGY
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(a) Z/L = 0.10

(c) Z/IL = 0.50

(e) Z/L = 1.06

BEHAVIOR OF METALLIC FUEL IN TREAT TESTS

(b) Z/L = 0.25

(d} Z/L = 0.58

Fig. 19. Transverse cross sections and failure site from a failed 9.8 at.% burnup U-Pu-Zr pin tested in M7. The failure site
shows damaged cladding and a bent flowtube. Little fuel was found above the highest transverse cross-section el-
evation shown. The indicated elevations are relative to the as-fabricated fuel column.

amount of in-pin disruption of primarily solid fuel
showed strong increases with burnup or, equivalently,
the amount of pin depressurization following failure.
However, much more of the solid fuel remains stayed
in place in failed IFR fuel than in tests with U-Fs fuel.
Since IFR fuel contained significantly less dissolved gas
than U-Fs fuel, the difference suggests a gas-driven dis-
ruption mode for solid fuel. The neutron radiographs
of all failed M-series pins shown in Fig. 20 illustrate
these features. Besides extensive fuel losses, attention
is also directed to the varying amounts of apparently
intact fuel remaining in the lower portion of each pin.
In contrast, the amount of unmelted fuel computed at
peak power was very similar for each test pin.

After reactor power shutdown in tests where pins
failed, gamma rays characteristic of isotopes *°Rb,
138Cg, and 1*8Xe were detected in the gas space above
the loop plenum by the developmental FPDS. None
NUCLEAR TECHNOLOGY
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were detected from tests in which all pins remained in-
tact. These observations are at present qualitative, but
the observed isotopes likely originated from the follow-
ing chain of fission product release and transport:

1. Fission products 3°Br and '*®I, which are solu-
ble in sodium, were released from the fuel and trans-
ported efficiently in the coolant.

2. Bromine-89 and '*®I decayed into noble gases,
8Kr and *¥Xe, which escaped into the gas plenum.

3. Krypton-89 and '**Xe decayed into ¥Rb and
138Cs, which settled out on the loop wall.

Vil. CONCLUSIONS

Methods and techniques have been developed for
multiple-pin overpower test-to-failure of various types
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of modern metallic fuel. During the program, hard-
ware improvements in test pin mounting and instru-
mentation led to improved knowledge and control of
each test pin’s power and coolant flow rate during the
overpower transient. Relatively simple adjustments or
enhancements of test conditions also improved the sim-
ulation of prototypical fast reactor fuel temperatures.
Peak overpower conditions calculated in the test fuel
were confirmed by comparison of measured and cal-
culated temperature rises. Posttest measurements of
maximum melting extent in intact test pins also helped
to confirm calculated peak amounts of fuel melting
needed for subsequent analysis.

Simple models of prefailure expansion and clad-
ding failure were developed and validated. While the
safety-related fuel behavior of all fuel types tested was
similar, the fuel properties of fission gas retention and
melting point were found to account for observed dif-
ferences. The prefailure axial expansion in irradiated
fuel was always positive and significant beyond ther-
mal expansion. Large expansions at low burnups were
measured in U-Fs fuel, but not measured in IFR-type
fuel. At medium-to-high burnup, expansions in the
range of 2 to 4% were typical of all fuel tested. Expan-
sion of fission gas trapped in melting fuel provides a
sound basis for modeling axial expansions, and differ-
ences in amounts of dissolved gas account for mea-
sured expansion differences between fuel types. The
cladding failure threshold with the 8-s period over-
power conditions is ~4 times nominal power over a
wide range of burnups and fuel types tested. From
the M-series data base generated thus far, successful
cladding failure models should include effects of both
overpressure and penetration of cladding by low-tem-
perature melts. Because rapid cladding penetration by
melts also requires extensive fuel melting, failure might
be delayed somewhat in a fuel with a high melting
point, such as U-10 Zr.

Studies with the present cladding failure model
indicate that, for the fuel burnups and heating rates
employed in M-series tests, pins fail at or near the
threshold point of rapid eutectic penetration. Differ-
ent modeling issues and questions arise concerning
slower cladding damage rates at lower temperatures.
Extending model validation into these areas requires
testing higher burnup fuel and overheating test fuel to
lower temperatures for longer times.

Postfailure disruption in all fuel types tested in-
volved a benign ejection of the failed pin’s inventory
of molten fuel through a small local breach at the top
of the fuel. Extensive disruption of the solid fuel re-
maining within failed pins is possible if a significant
amount of fission gas is dissolved in that fuel. Once
ejected, molten fuel was highly mobile in the coolant
channel, showing little tendency to cause blockages.
There is strong evidence from posttest remains that
molten and mobile fuel in the coolant channel is in a
low melting point eutectic form. Because the coolant
NUCLEAR TECHNOLOGY
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channel environment in the tests was not optimized to
simulate a large pin bundle, only qualitative conclu-
sions should be drawn concerning dispersal of materi-
als from failed pins.
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