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ABSTRACT

In a loss-of-flow (LOF) accident in an LMFBR, the mode of
disruption of fuel may determine the probability of a subsequent
energetic excursion. To investigate these phenomena, in-pile
disruption of fission-heated irradiated fuel pellets was recorded
by high speed cinematography. Instead of fuel frothing or dust-
cloud breakup (as used in the SAS code) massive and very rapid
fuel swelling, not predicted by analytical models, occurred.
These tests support massive fuel swelling as the initial mode
of fuel disruption in an LOF accident.

Introduction and Motivation

An important issue in advanced reactor safety and accident

analysis is the mode and time in which irradiated fuel fails

under loss-of-flow, or LOF, accident conditions. Dependent on

the mode of pin failure, redistribution of core materials can

establish the probability of a subsequent/energetic excursion.

In an LOF, occluded fission gases in the fuel may produce rapid

fuel disruption >and dispersal following fuel heating. The net

effect may be significant negative reactivity and a non-energetic

accident termination. In the absence of dispersal, a recriti-

cality can occur.*'^

A number of hypotheses, and models have been suggested for

pin failure by fuel disruption and dispersal, and are_ in use

presently in code predictions of fuel behavior for hypothetical

LOF accident^scenarios. Additionally, a number of experiments

have been conducted in attempts to elucidate these phenomena.

These hypotheses and experiments are described in the

literature.3 In general, however, the results obtained have
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been through use of hodoscopy, gamma rayvideo monitoring, or

inferences from posttest examination of the remaining fuel, with

few exceptions (e.g., ANL-TREAT tests) the work has been ex-reactor

using direct, or indirect, electrical heating.

Many uncertainties and differences still exist. Thus, it

would be useful to investigate the phenomenology of fuel failure,

in-pile, by some new means in attempts to characterize the actual

modes of irradiated-fuel failure for a variety of internal-fission-

generated power levels. A comprehensive series of this type of

experiment, together with accompanying code verification and

development, then should present a reasonable picture of fuel

disruption for the hypothetical LOF accident.

To this end, we conducted our first series, FD-1, of fuel

disruption experiments in the Sandia Annular Core Pulsed Reactor,

or ACPR. The most novel aspect of the experiments was the use of

high speed cinematography to record the fuel response to internal-

fission-heating, in-pile, for subsequent detailed analysis. The

first series was designed (1) to establish feasibility of this new

diagnostic method, and (2) to determine by direct visual observation

the mode of fuel disruption and rate of fuel dispersal for various

energy depositions. Due to limitations in programmed high power

operation in the ACPR, multiple pulse heating was used to simulate

the ramp heating expected in an LOF accident. Because the fuel

used, in a test would be disrupted in a single multipulse exposure,

it was necessary to design a series of tests, each at a different

power level beginning with little disruption and proceeding through

fuel dispersal.

Finally, the fuel disruption modes that we expected might

occur in these experiments included disruption of the fuel' in the

solid state as a dustcloud; or as a liquid foam or froth; or by

fuel melting and slumping; or by gross swelling of the fuel.

Experiment Method and Execution

According to Bohl, the fuel temperature at disruption n

an LMFBR consists of melting (3050K) at the fuel center and about

600K temperature drop to the surface. Thus, it was desired at

least to achieve a radial temperature profile at pellet disruption
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which closely approximated those calculations. Attainment of

this profile using the ACPR required use of.the multiple pulse

technique. The fissile atom enrichment of the fuel and the energy

spectrum of the neutrons incident upon it in a single pulse were

such that the calculated axial and radial temperature profiles of

the fuel were cupped with a peak-to-minimum ratio as large as 4.

Thus, time had to be allowed between individual pulses for

temperature profile inversion. Also, by varying the time between

the pulses from one test to the next, the maximum internal energy

state of the fuel could be varied.

The FD-1 series consisted of eleven experiments. Nine of

these utilized preirradiated mixed oxide fuel and the other two

experiments used fresh U02. The mixed oxide was 75%/25% U/PuO2
of up to 5.4 heavy atom % burnup and 36 kW/m (11 kw/ft) linear

power output. Fuel pins, taken from EBR-II, were sectioned in

a nitrogen environment at LASL to obtain single, intact pellets

in their clad for the experiments. The fresh fuel had fissile

atom enrichment comparable to the mixed oxide fuel.

In these experiments each pellet, in its clad, was subjected

in a single ACPR test to a double or a triple pulse, with each

individual pulse a few tens of milliseconds full width at half-

maximum intensity (see Fig. 1.). The irradiation produced fuel

heating to the melting point 650K, depending on the test require-

ments.t This variation was accomplished by Keeping the total

energy deposition approximately constant for all the pellets

and varying the time between individual pulses in a multipulse

from 1 sec. to 1/4 sec. Higher temperatures were achieved in

tests with shorter pulse intervals due to reduced heat loss

prior to the final pulse.

Shown in Fig. 2 is the calculated temperature profile versus

time for FD1.4. At zero time the first neutron pulse incident on

the fuel was initiated; the high thermal neutron fraction caused

the temperature, to peak at the surface. However, just prior to

neutron pulse number two, at 0.96 second, through thermal radia-

tion and diffusion the temperature profile had inverted. The

second pulse caused the profile to reinvert, but it relaxed again
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resulting just prior to pulse number three, in a center tempera-

ture of 2725K and a surface temperature of 2375K. After the last

pulse, the temperature peaked about 2/3 of the way out to the

fuel surface, at 3020K, the fuel melting point, and the surface

temperature was 2800K. The temperature gradient was less than

desired, but it was in the correct direction in the gas-bearing

unrestructured fuel region.

The pellet response to the power transient was recorded

photographically at 450 to 2800 frames per second for a few

seconds, depending on the test. The photography involved relay-

ing, through 30 feet, an image of the pellet via a number of mir-

rors along the line-of-sight pipe of the reactor to and through

an offset loading tube to a Questar telescope. Its output formed

the object for a Fastax recording camera. See Fig. 3.

The back-lit fuel sat on a depleted urania button which

served as a thermal insulator and which was embedded in a graphite

block. The pellet was held in the ACPR cavity center by a simi-

lar urania-graphite cylinder attached to a spring loaded clip.

This loading simulated axial pressure on the fuel as exists in

reality in the fuel pins.

Finally, not only could we obtain photographic records for

detailed analysis of the real-time fuel response to the power

transient, but also the fuel would be available for detailed

postfcest microanalysis of melt fronts, voids and cracks gen-

eration, and for fission gas bubble morphology.

Results

The series was an outstanding success in that the cinema-

tographic technique proved to be an eminently suitable method

for this type of study. Photographic records were obtained for

all eleven experiments in this first series. By varying the pulse

energies and timescales, surface fuel temperatures ranging from

2350K to 3400K were achieved in the various experiments; and fuel

failure modes ranging from moderate swelling to fuel dispersal

were recorded. Only the triple pulse tests yielded reasonable

temperature profiles. Results for double pulse tests will not

be presented.
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For this paper we concentrate on four key tests: FD1.4,

FD1.5, FD1.7 and FD1.8. For these, the time interval between

pulses was at least 1/2 sec and at most 1 sec. Two modes of

fuel breakup were observed: in the highest temperature test,

FD1.5, an outer annulus of solid fuel was blown apart into frag-

ments of 1 mm or larger and molten fuel squirted out. In the

three other tests, the fuel swelled rapidly after the third

pulse and cracked, but did not disperse further. Swelling rates

were determined from the film record and are shown in Fig. 4. For

tests FD1.4, 1.7 and 1.8, the maximum volumetric swellings were

37%, 55% and 68%, respectively. The swelling was initially very

rapid. The times, from the third pulse, for the fuel to reach

2/3 of the final volume increase, were 0.1, 0.2 and 0.05 seconds,
i

respectively. The swelling rapidly ended, forming a plateau of

little or no further growth despite a constant or slightly increas-

ing calculated temperature. In none of these tests did the fuel

break up into a dustcloud or form a liquid froth. In the fresh

fuel experiments (FD1.9, FD1.12), the fuel responded very mjildly

in comparison to the preirradiated fuel, with no swelling and no

rapid or extensive breakup.

A discontinuity was observed for FDl.4 and 1.7 betweenithe

swelling data measured from the clad surface and that measured

from the fuel surface after clad peeling. It thus appears that

the clad pulls away from the fuel surface between the second

and third pulses. The swelling in FDl.8 occurred so rapidly

that it was impossible to tell whether or not the same discon-

tinuity was present in the data.

The calculated fuel surface temperatures were within the

uncertainty of the average values obtained through photographic

radiometry. This technique involves exposing some of the film to

National Bureau of Standards calibrated radiation standards,jand

comparing densitometer scans of these sections to those of the

experiment film. Surface maximum-average temperatures achieved

were: FDl.4, 2550K; FDl.5, 3300K; FDl.7, 2600K; FDl.8, 2700K.

In addition to the above, results include time of clad melt-

off (for use in model verification), and information obtained
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through post-experiments light optical microscopy of the irra-

diated fuel. The posttest examination is being completed at this

time on three of the four mixed oxide samples which swelled, but

otherwise remained intact (FD1.4, 1.7, 1.8); and on the one fresh

fuel pellet which was exposed to the same multipulse as FD1.5,

but which heated and did not even swell.

Analysis

The reactor power history for each of the tests was combined

with the test power calibration factor to determine a test pellet

power history. This history then was combined with a neutronics

calculation to determine the spatially dependent power of the test

pellet. These calculations yielded both radial and axial flux and

power depressions in the pellet of about a factor of two. The

highest power locations were at the top and bottom corners of

the pellets.

The spatially-dependent power histories in the pellets were

used as input data for two-dimensional time-dependent heat trans-

fer calculations in order to obtain detailed temperature histories

of the pellets. A plot of the temperature profiles across the pel-

let midplane in Test FD1.4 is shown in Figure 2. In the calcula-

tion, the largest uncertainty was due to uncertainties in the gap

conductance between the fuel and its cladding. By shifting the

gap conductance "within a reasonable range, the final fuel surface

temperatures could be shifted by several hundred Kelvins. Part

of the gap conductance uncertainty arises from ballooning of the

clad away from the fuel. Since the fuel diameter prior to clad

peel is determined by subtracting the cladding thickness from

the cladding diameter, this early part of the fuel swelling data

represents an upper bound to the fuel diameter. The sudden drop

in apparent fuel diameter at clad peel, as seen on Fig. 4, demon-

strates that cladding is ballooning away from the fuel. However,.

prior to clad peel, the magnitude of clad ballooning and of fuel

swelling are uncertain, so the size of the gap is uncertain.

The reasons for clad ballooning were investigated using a

two-dimensional finite-element structural and thermal stress code.



All forces contributing to the ballooning, such as axial load,

radial thermal expansion combined with some radial restraint at

the axial ends of the pellet, and the temperature gradient in

the cladding, were examined. Internal fission-gas pressure was

neglected since the gas was free to escape axially. It was deter-

mined that the ballooning could not be explained if the cladding

was below its solidus. The ballooning observed here has not been

modeled in accident analysis codes. Its primary effect in acci-

dent calculations would be to increase the fuel temperatures

slightly and delay clad melting.

Clad ballooning is seen in tests FD1.4 and FD1.7, but not

FD1.8. The FD1.8 result may be due to a lower initial gap con-

ductance in the pellet used for that test, delaying clad melt-

ing until immediately prior to the third pulse. It is not known

why such a variation in initial gap conductance should exist.

The absence of significant clad swelling of FDl.,8 up to the third

pulse indicates that the cladding may still be restraining the

fuel from swelling.

The observed swellings in tests FD1.4, 1.7 and 1.8 were com-

pared to FRAS2 code type modeling. FRAS2, an unreleased version

of the FRAS code, includes the effect of nonequilibrium bubble

sizes for intragranular fission-gas. As shown in Fig. 4, the

FRAS2 type modeling is inadequate. It tends to underpredict .

the magnitude of the swelling and it fails to predict the sudden

swelling during0 and after the third pulse.

It was concluded that the fundamental defect with FRAS2, for

the purpose of interpreting these tests, was that it neglects gas

on the grain boundaries. To provide an appropriate analytic tool,

a new fission-gas release and fuel swelling code was written,

FISGAS.7 This code simultaneously calculates the gas behavior

in up to ten fuel nodes. FISGAS treats the intragranular gas in a

manner similar to FRAS2, but with some simplifications in the

modeling of gas bubble size distributions. In addition, gas which

migrates to the grain face is not immediately lost, as it is in
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PRAS. Such gas is trapped on the grain face and migrates in the

direction of the projection of the temperature gradient along

the grain face. Bubble coalescence and migration on the grain

face leads to a bubble distribution and bubble size which is

different from that inside the grain. Grain face gas is trans-

ferred to the grain edges (intersection of twd grain faces) by

migration and percolation. When the fractional! areal coverage

of the grain face by gas bubbles exceeds 0.5 i-the excess gas

immediately percolates to the grain edge.

Release of gas from the fuel to the ambient is controlled

by percolation from the grain edges. The rate is determined by

an input parameter and the internal pressure in^the fuel. The

onset of such release is determined by the volume fraction of

grain edge porosity as specified by percolation theory. The vol-

ume of grain edge porosity is determined by the fraction of gas

released to the grain edge and the grain boundary bubble size

as determined by the grain face bubble coalescence calculation.

The grain boundary bubble diameter also is affected by the

internal pressure of the fuel which is th6 driving force for

fuel swelling. The swelling rate is determined from a one node

calculation of fuel creep. The creep rate of the fuel provides

a mechanical restriction on the rate of bubble growth and fuel

swelling. Failure to include creep leads to. a severe overpre-

diction of the very early swelling, between the second and

third pulses, in tests FDl.4, 1.7 and 1.8.

The FISGAS predictions are compared to the test data in Fig.

Since the cracks in the test pellets that occur during swelling

are not modeled in the code, an exact comparison is not valid;

However, the very rapid fuel swelling observed in the tests after

the third pulse is duplicated by FISGAS. The rapid swelling is

due partly to a rapid transfer of gas to the grain edge, and

partly (perhaps more importantly) to a very rapid increase in

creep rate with increasing temperature. However, these calcula-

tions clearly overpredict swelling prior to the third pulse.

FRAS2 type modeling has the same error, "indicating that calcula-

tion of intra-granular gas behavior is at fault. This may be due
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to the use of too large a bubble diffusion coefficient. The one

used here is that suggested by Gruber.6

This comparison 6f data and modeling strongly supports the

necessity for considering grain boundary gas in fuel disruption

modeling. In=addition, the calculation of gas behavior in an

LMFBR accident, without consideration of the mechanical restraint

of the fuel on bubble growth, is inappropriate except for very

small gas bubbles.

Observations and Conclusions

The major observations and conclusions are that:

1) the cinematographic diagnostic technique for recording

in-pile fuel response to simulated LOF conditions was eminently

successful.

2) no evidence for dustcloud breakup or froth formation.of

fuel was seen.

3) clad ballooned away from the fuel as the fuel swelled.

4.) very rapid swelling of the fuel occurred; this indicates

that swelling may be the first stage of LOF fuel disruption, even

under high power LOF conditions.

5) fuel swelling is not correctly predicted by standard

fission-gas modeling. A new code, FISGAS, corrects the more

serious deficiencies of the standard codes by incorporating

more properly intergranular gas behavior, and fuelvcreep-stress

effects on bubble growth.
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