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NOTICE
This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United

lStates Government nor any agency thereof, or any of their em-
ployees, makes any warranty, expressed or implied, or assumes

' any legalliability or responsi%ility for any third party's use,or the
results of such use, of any information, apparatus product or
process disclosed in this report, or represents that its use by such
third party would not infringe privately owned rights.
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ABSTRACT

.

Over thirty in-pile experiments were performed to investigate
fuel disruption behavior for LMFBR loss of flow (LOF) accidents.

,

These experiments reproduced the heating transients for a variety of
accidents ranging from slow LOF accidents to rapid LOF-driv'en-TOP;

accidents. In all experiments the timing and mode of the fuel disrup-
tion were observed with a high speed camera, enabling detailed com-
parisons with a fuel pin code, SANDPIN. This code transient intra-
and inter-granular fission gas behavior to predict the macroscopic
fuel behavior, such as fission gas induced swelling and frothing,
cracking and breakup of solid fuel, and fuel vapor pressure driven
dispersal.

This report reviews the different modes of fuel disruption as
seen in the experiments and then describes the mechanism responsible
for the disruption. An analysis is presented that describes a set of
conditions specifying the mode of fuel disruption and the heating
conditions required to produce the disruption. The heating conditions
are described in terms of heating rate (K/s), temperature gradient,
and fuel temperature. A fuel disruption map is presented which plots
heating rate as a _ function of fuel temperature to illustrate the
dif ferent criteria for disruption. Although this approach to
describing fuel disruption oversimplifies the fission gas processes
modeled by SANDPIN, it does illustrate the criteria used to determine
which fuel disruption mechanism is dominant and on what major fission

| gas parameters it depends.

c,
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: -
1.0 INTRODUCTION;;,

,
.

i The'ACRR-Fuel. Disruption program (FD) at Sandia has investigated
. fuel behavior during the initiation phase of LMPBR accidents. In over

;- 30 in-pile. experiments the fuel behavior was visually observed with
;. .high: speed. cinematography in~the Annular Core Research Reactor (ACRR).

The experiments therefore provide a detalTed data base to aid in the .;

development and: verification of early fuel behavior models for acci-
dent analysis. In addition, phenomenological codels of fission gas-<

I.~ mechanisms are being developed in a code called SANDPIN, to predict '

b the time and mode of fuel disruption.
I _

( The initial disruptior. is.important in determining the severity
F of reactor accidents because it affects-subsequent fuel and clad-
fit relocation.1 Some tipte of disruption (cracking or breakup.of solid .
p' . fuel) may allow more efficient sweep out of fuel, thus promoting'early.

.neutronic termination of the accident. Other disruption modes*,

' '

(swelling ov' foaming) masi-delay or inhibit _the dispersive relocation
,

of *uel, which-increases the .2evetrity rf the accident. Thus, it is
.

dmportant to study the diaruption of fuel and cladding to determineC
when it occurs and itr mode of disruption.;

..

1 The experiments-in the FD.prograc were performed in three series,
(" :which are summarized in' Table 1.1. Fur. ding for these experiments was

jointly sponsored by the US-NRC, the UKA3A, and the FRG-KfK. The i
'

first experisent. series, FDl ~, consisted' of 12 scoping experiments !

T which proved the technique of urisig :inematography to provide detailed
'

. data on. fuel disruption. This re -ias scoped a range Lof reactor:acci-
dents including LOF and-prompt burst disass9mbly accidents.2- The- ,

faecond serirs investigated fuel diefaption ducing' prompt burst heati g !

conditions .'8 These. experiments wars :alled the High Ramp Rate- (HRR) !
,

4 experiments because of the rapid fuot ingating rates (50 to 100 K/ms),
s .

!- *' This work' sponsored by.the United States NuclearLRegulatory u
. Commission, the Federal Republic. of Germany Project Schneller

'

, - -

| ~Brueter, and the United Kingdom A"omic Energy Authority.
~

**
Visiting scientist-at Sandia National Laboratories.

.

'

1
-

i,

. a. . .. - - . - - .- _ - - - - --- -- . . , - - . - . . . - . . - - . . . .. - - . ~ . .- - . - . .
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Tha most recent scrios was called tho FD2/4 corios. It investigated
tha LOF accidents representative of CRBR and SNR-300.4'5'6 The CRBR
-has a homogeneous core design while SNR-300 has a heterogeneous

'

dosigni.therefore, the heating conditions differ slightly. Thus, the
~oxperiments in this series are labeled FD2 or FD4, and refer to the
LOF ' accident scenarios for,CRBR and SNR.

.

TABLE 1.1

Summary of the FD Program

i

( Experiment
"

Series Sponsorship Type of Experiment

FD1 USNRC 12 Scoping Experimenta of LOF &
Prompt Burst Accident Scenarios

i HRR USNRC,UKAEA 6 LOF-d-TOP Accident Scenarios
,

FD2/4 USNRC, FRG-KfK 14 LOF Accident Scenarios
for CRBR and SNR-300:

:

The experimen's exhibited a spectrum of disruption modes witht
-

dispersive characters dependent on the heating-rate, fission gas
centent, and radial temperature gradient. The observed disruption
medes consisted of modest radial swelling in solid fuel (10%), sub-
stantial. frothing in. molten fuel-(4 to 6 times the original volume),

|.
cputtering, solid state cracking (accompanied by rapid radial dis-'

parsal), and very rapid liquid fuel dispersal. This report reviews
the different modes of fuel disruption as seen in the experiments and

'

d9 scribes the mechanisms responsible for the disruption. The results
can be summarized in a fuel disruption map which plots heating rate as
a function of fuel temperature to illustrate the different criteria

~

for disruption. Although this approach to describing fuel disruption
cvorsimplifies the fission gas processes modeled by SANDPIN, it does
illustrate the criteria used to determine which fuel disruption mecha-

E nism is dominant and on what major fission gas parameters it-depends.
| ,

.

.

=

2

-. . - - _ - - . - . - - - - .. . . . _ _ - - _



2.0 EXPERIMENTAL REVIEW AND RESULTS

This section summarizes the major results of the FD program and
describes experimental conditions such as power histories and tempera-
ture profiles. In addition, a brief description of the fuel behavior
is given. A few selected experiments are described to illustrate the

'

different modes of fuel disruption.

, _

Significant uncertainties exist in the predicted accident sce-
narios due to lack of phenomenological understanding and inaccurate
knowledge of physical parameters (sodium void worth and doppler coef-
ficient). In addition, incoherencies among subassemblies naturally
occur, thus the timing and mode of disruption are not uniform in a
large LMFBR. To bound disruptive fuel behavior during LOF accidents,
a range of power histories must be considered.

Four major types of power histories were used in the FD program.
Figure 2.1 shows the three types of power histories used in the FD2/4
series of experiments 4 s 5, and Figure 2.2 shows a typical power history
used in the HRR series.3 The first curve in Figure 2 illustrates the

SAS-predicted LOF p'ower history for CRBR (ACRR power history used forexperiment FD2.6). In this accident scenario boiling is expected to
occur between six and seven seconds when the reactor power is near its
nominal level. Because of the low sodium void worth (due to its heter-s

ogeneous design), the reactor power slowly increases, and eventually
the clad melts and relocates, causing a more rapid increase in power-

level. When the power reaches 5 to 6 times nominal power, fuel
melting and fuel disruption are expected to occur.

The second curve in Figure 2.1 shows the ACRR power history used
to reproduce SAS-predicted LOF heating conditions for SNR-300.8 This
reactor has a higher sodium void worth than CRBR (due to SNR's homo-
geneous design), and in this accident scenario sodium boiling causes a
more rapid rise to higher power (14-16 times nominal power). Fuel
disruption is expected to occur when the fuel and clad are both par-
tially molten. Thus, fuel disruption and relocation occur concur-
rently with clad relocation. As-is shown later, the presence of clad
significantly affects the mode of disruption.

~The third power history (for experiment FD4.1) represents a
bounding accident transient for either CRBR or SNR-300. This power
history is essentially identical to the CRBR LOF transient (FD2.6)
except that the maximum power level is twice as large (12 x P versus
6xP Alternatively, this power history is similar to the SNR
accidEn)t scenario (FD4.3)

.

except that the disruptive transient occurs
after clad relocation.

.

The tourth type of power history is illustrated in Figure 2.2.
The experiments using this power history simulated the heating condi-
tions of LOF-driven-TOP accidents rather that LOF accidents. Conse--

quently, the heating rates were much higher, on the order of 50,000 to
rather than the 700 to 4,000 K/s (6-16 x

heating rates used 18)the FD2/4 series.
100,000 K/s (180-340 x P

The first pulse was usedP,)

3

- - -- - . - . - . -
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to preheat the fuel and melt the clad. The second pulse was delayed
1cng enough to allow the temperature profiles to equilibrate and to
allow most of the clad to relocate so that the fuel disruption could
bo observed.directly.

The highly enriched fuel (40-67%) used in these experiments .

causes,the. energy deposition profile to peak near the surface. Fortu-
nately, the ACRR reactor has a fast neutron spectrum, which helps
minimize'the peaking. In addition, gadolinium filters were used,to .

further decrease the thermal and epithermal neutron flux. As a conse-
quonce, the peak to minimum energy deposition p'rofiles were rather
coderate (1.4 1.8). Furthermore, the reactor power transient pre-
:vonted radial temperature inversions (in most experiments) by taking
advantage of the radiative heat losses. The temperature profiles for
exp3riments FD2.6, FD4.3, and HRR-2 are shown in Figures 2.3 a, b, and
c.

1

!
.

A wide variety of disruption modes were observed in the experi-
conts. Table 2.1 summarizes the heating conditions and the fuel
properties of each experiment and gives a brief description of the

i disruption. This is a detailed table presented mainly as a basis of
: comparison between experiments and will not be discussed in detail in

this report. However, a review of this table shows that the disrup-'

I tion consisted of four major groups: (1) modest radial swelling in

| golid fuel (10-30%); (2) substantial swelling or frothing in molten
fu21 (4 to 6 times volume expansion); (3) solid state cracking or

,
'

becakup of the fuel; (4)' rapid liquid fuel dispersal. (Many experi-
monts exhibit more than one for.n of disruption.) These different modes
aro illustrated with the three selected experiments mentioned earlier
(FD2.6, FD4.3, and HRR-2).

t

In experiment FD2.6, the power levels and heating rates were
relatively low (300-750 K/s), and fuel disruption consisted of signif-
icant fuel swelling that began near the time of fuel melting in the'

intorior of the fuel. The disruption is illustrated in Figure 2,4,
,

j which shows a few selected frames reproduced from the high speed
i filas. Figure 2.3a shows the radial temperature profile through the

fusi pin. As the fuel swelled it pushed out against the solid outer
regions. Some of this solid fuel cracked and broke up, but it pro-
vided little resistance to the swelling. The final volume of the
swollen fuel mass was 6 to 7 times the original volume.

In experiment FD4.3, the power pulse occurred while the clad was
solting; thus, fuel disruption and clai relocation occurred simultane-
ously. The disruption consisted of solid fuel ejection through molten
clodding. Approximately 10-20% of the fuel from a single fuel pellet
was ejected from the unrestructured zone of the fuel pin. Figure 2.5 .

illustrates the observed disruption process in a few frames reproduced
from the film. The temperature profiles are given in Figure 2.3b. At
tho time of fuel ejection (t=5.459 s) the unrestructured zone had an -

evorage temperature of 2140 K and was being heated at 2000 K/s. The
ojsction velocity of the fuel was initially 10 m/s, but slowed to 2
m/s after a few milliseconds. The ejection only lasted for 10 ma and

6

|

|
. _ _ . _ . _ - _ _ _ . _ _ . . _ _ _ . _ _ . , _ _ _._ _ _ _ _ _ _ _ _ _ _ _
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TABL3 2.1

Summary of Heating Conditions and Disruption for Each FD Experiment
Fuel Power Clad On/3ff Power at

, _
Experiment Characteristic History at Disruption Disruption Disruption Model

'

FD BU LHR x Po
(a/o) (W/cm)

2.4 5.3 283 On 6-8 Cracking and. Breakup of Solid Fuel-
,

2.6 5.3 283 1 Off 5-6. Massive Liquid State Frothing

2.7 8.3 151 1 On 4-5 Mild Solid State Swelling and Mild Breakup followed by
Massive Liquid State Swelling

2.8 8.3 151 2 On 12-15 Mild Solid State Swelling and Sputtering Followed by
Solid State Breakup and Liquid Frothing

.,

4.0/2.5 Fresh Fuel 3 Off 12-14 Non-dispersive Ejection of Molten Fuel
o 4.1 4. 2 -329 3 Off 12-14 Rapid radial foaming beginning at fuel melting.

4 '. 2 4.7 362 3 Off 12-14 Same as 4.1

4.3 5.5 251 2 On 14-17 Dispers'ive Solid State Break-up and Fuel Ejection
Followed by Solid and Liquid State Swelling with Mild
Sputtering

4.4 5.5 251 2 On 14-17 Same as 4.3 with No Fuel Melting - Used for PIE

4.5 4.5 430 2 On 14-17 Similar to 2.8 but German Fuel

HRR-2 4.7 333 4 50% On 250-300 Rapid Radial Spray of Near Holten Fuel

HRR-3 4.6 333 4 Off 200-250 Rapid Radial Spray of Molten Fuel

llRR-5 4.8 159 4 Off 180-200 Same as HRR-3

HRR-6 Fresh Fuel 4 Off. 300-350 Same as itRR-3 with less energetic Dispersal
,

8

i

i
. . . .

- _ - - - -



was_followed by a quiescent period. After 30 ma of inactivity, the'

disruptive processes began again but with less vigor. This second
disruptive phase consisted of mild sputtering and'some swelling of
solid fuel. Later, when the fuel began to melt ( t=5.55s), significant
fission product release was observed, along with rapid radial swelling
or frothing. (The fission-product release was seen as a dark

* aerosol.)

, .

In experiment HRR-2, fuel disruption occurred near the onset of
melting _ (Tsolidus), and the clad relocation was partially complete,
.with 50% of the clad still remaining on the fuel. The heating rate
was very large (75,000 K/s). The disruption appeared as a rapid spray
of apparent molten particles moving at 4 to 5 m/s. Six milliseconds
later the SANDPIN calculations indicate that fuel vapor pressure
further dispersed the fuel. Figure 2.6 illustrates the disruption
process and Figure 2.3c shows the calculated temperature profiles for
this experiment.

Table 2.2 illustrates the spectrum of disruption modes. It shows
that the dispersive character (energy of the disruption) depends
mainly on the heating rate but that other parameters, such as. gas
: content, temperature, and temperature gradient, are also important.
At the lower end of the dispersive spectrum.is solid state swelling.
In our experiment this type of behavior generally occurs at low

|heating rates (up to several hundred K/s), high temperatures (close to
melting), or in fuel with very high gas content. The swelling is
generally limited to 10 to 30% volume increases. Fission gas analyses
indicate that this swelling is driven by vacancy diffusion and plastic
creep of the fuel matrix.

Slightly more dispersive swelling occurs when the fuel begins to
melt. In this case the volume increases in unconstrained geometrios
may be extremely large (6 to 7 times). This type swelling also occurs
at moderate heating rates (up to several thousand K/s), and it occurs
'very rapidly (in a few tens.of milliseconds). It might be more appro-,

priate to_ call this type of disruption frothing or foaming since the
volume increases are so large. Fission gas modeling shows that this

,
swelling can be explained by non-equilibrium fission gas bubbles

! (bubbles with internal gas pressures greater than required for hydro-
static equilibrium) expanding to their equilibrium size when the fuelj

| melts._ This frothing or foaming process is dominated mainly by the
large bubbles that occur on the grain boundary.

i

|| Solid state cracking is even more dispersive. This type of
~ disruption was observed in several forms including non-energetic'

breakup of the fuel into large chunks, sputtering of small fragments,
,

and energetic' dispersal of significant quantities.of fuel at large.

velocities (~10 m/s). This type of disruption was observed only when

the cladding was molten but still 8n(700 to 4,000 K/s) and also whenthe _ fuel' was heated at 6 to 16 x P
the fuel. These conditions cause-

;

large temperature gradients in the fuel which, according to SANDPIN
,

| fission gas models, cause cracking by flooding the grain boundary with
over-pressurized (non-equilibrium) fission gas bubbles.;

.
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Figure 2.4. Selected Frames from Experiment FD2.6
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Figure 2.5. Selected Frames from Experiment FD4.3
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Figure 2.6. Selected Frames from Experiment HRR-2
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TABLE 2.2

Spectrum.of Disruption Modes

DISPERSIVE-
NoN-DISPERSIVE - VERY DISPERSIVE

POTENTIAL

DISRUPTION SWELLING / FROTHING {SOLIDSTATECRACKINGLIQUID DISPERSAL- -

~

NDES SoLIo LIQulo BREAKUP SPUTTERING DISPERSION

HEATING RATE 10 K/S 100 K/S 1,000 K/S 10,000 K/S
T; vT; C

GAS

EXPERIENTS FGR, DEH FD2/fl HRR, CABRI

n



Finally, very dispersive disruption is observed to occur when the
fuel is heated at high heating rates (> 10,000 K/s), such as in the
HRR or the CABRI9 experiments. (In the HRR experiments the clad was
solten and drained from the fuel pin at the time of disruption; how-
over, in the CABRI experiments the disruption may occur while the clad
is solid, molten, or molten and relocated, depending on the experi-
nent.) This type of dispersive disruption is very'aimilar to the *

frothing process except that it occurs much faster. The dispersion is
driven by expanding fission gas bubbles at such large rates that they
have enough energy to drive the fuel apart. *

Heating rate or specific power is not the only parameter that
governs the type of disruption. Clearly, other parameters such as
fuel temperature, temperature gradient, and gas content are also very
important. Also, because of large temperature differences in the
fuel, one region of the fuel can be disrupted by one mode while
another region disrupts by a'different mode. For example, the center
region may be molten and frothing while the outer cooler regions are
cracking or sputtering. Thus the actual disruption that occurs is
frequently a combination of modes.

'

These different types of fuel disruption can affect the ultimate
outcome of an LOF accident. For example, if the first subassemblies
to fail during an accident fail by energetic dispersal of solid fuel
while the subassembly is voided, it is possible for the fuel to be
swept out of the reactor by the streaming sodium vapor, possibly
chutting down the excursion. On the other hand, if disruption occurs
by swelling or frothing, the swollen fuel will fill the subassembly
channels, thus inhibiting sweep out. Under these conditions other
fuel and clad relocation processes must be postulated before neutronic
termination can occur. This delay in the termination of the accident
will increase the amounts of thermal energy. deposited in the reactor
core and, thus, Jocrease the threat to the reactor containment.

.

!
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[ 3.0 FUEL DISRUPTION MECHANISMS

0
c

Fission gas, because of its early pressurization,.is the primarye

h
.

disruption mechanism during the initial stages of reactor accidents.
0 ._ ' The'SANDPIN code models.the thermal, mechanical, and fission gas
f behavior in a fuel pin to predict the time and mode of disruption.
! |The code and its results are described in more detail in another
n, paper 10, but.a brief overview of the fission gas model is presented
1 here. The fission gaa model is used to.show how the disruption -

; depends on various fission gas parameters as well as upon the heating
: conditions. This analysis describes a set of conditions, or criteria,

that are required to produce the disruption. The disruption criteria
are then graphically illustrated by means of a map which plots the

p{ criteria as a function of heating rate and fuel temperature.
:

if 3.1 REVIEW OF THE FISSION GAS MODEL IN SANDPIN
f
I The SANDPIN code synthesizes the models of Matthews and Wood
I -(NEFIG)ll, Ostensen (FISGAS)12, and Worledge (TIGRS)l3, to calculate
; the fiesion gas behavior during transient heating conditions.* The
j purpose of the. code is to predict the macroscopic fuel behavior by

[ tracking the behavior of intra- and intergranular fission gas.
L Because of uncertainties in many of the microscopic properties

governing diffusion and bubble migration, the code attempts to model1

[1 the ' fission gas behavior in a simple way, yet still treat all of the
L important mechanisms. Consequently, all bubbles are assumed to be
i ' spherical, their average bubble size' is used, and only Xenon fission

[ . gas is treated. In addition, the bubbles are not in equilibrium with
f the hydrostatic pressure of the fuel matrix.
L
| Figure 3.1. illustrates the fission gas model. The intragranular

. fission gas field consists.of uniformly distributed bubbles and dis-

. solved. fission gas. The intragranular bubble radii are quite small
L, ' (on the order of 2 to 7 nm). The bubbles coalesce and migrate to,the

grain boundary by' biased and random. diffusion. (Biased bubble migra-L

L tion occurs via temperature gradients' Stress gradient migration is.

D! not modeled in the code.) The-dissolved gas migrates to the intra-
U granular bubbles by random gas atom diffusion and-by bubble sweep
g up. The code predicts that during a heating transient most of the

[ dissolved gas collects in the intragranular bubbles and that these
- bubbles grow in size due to coalescence, vacancy diffusion, and dis -

location creep processes. In addition, they collect on the grain
,

|' boundary.

! The grain boundary consists of large bubbles (radii = 1 to 3 pm),
open porosity, and small bubbles (r ~ 10nm). The small bubbles have.

1.
'

*The authors acknowledge the contributions made by Drs. Raymond
Ostensen-(US-SNL),. David Worledge (UKAEA), Gustav Schumacher'

(FRG-KfK), Frank Briscoe (UKAEA), and especially Peter K. Mast
(US-SNL/SAI)..

:

1

'
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migrated from the interior of the grain to the grain boundary. The
intergranular bubble fields are allowed to coalesce among themselves
and with the open porosity due to random and biased surface migration.
In addition, these bubbles are allowed to grow in size via the vacancy
diffusion and creep processes. All gas that coalesces with the.open
porosity is assumed to be released from the fuel pin.,

Both the intra- and intergranular fission gas behavior is calcu-
lated at different radial locations in the fuel pin. Typically, the.

fuel pin is broken into columnar, equiaxed, and unrestructured zones.
Each of these zones is further divided into a number of subzones to
account for porosity differences.

The initial conditions for the fission gas parameters are taken
from LANGZEIT14 and from PIE studies. PIE measurements generally
provide information such as grain size, porosity, bubble size, and
total gas content. LANGZEIT provides details such as radial distribu--

tion of fission gas, fraction of dissolved fission gas, and fraction
of intra- versus intergranular fission gas. These parameters are then
combined with a consistent set of equations to determine other param-
eters such as initial bubble densities and pressures.

3.2 CONDITIONS FOR FUEL DISRUPTION

Three types of fuel disruption will be described: (1) solid state
swelling, (2) liquid state frothing, and (3) solid state cracking.
Liquid state dispersal is ignored since it is an extension of liquid
state frothing. The approach used to describe these disruption modes
is divided into two parts. In the first part, a condition or criteria
(related to fission gas parameters) is specified that determines the
mode of disruption and when it occurs. In the second part, the condi-
tion is used to determine a functional relationship between the fuel
temperature and the heating rate by evaluating a simplified set of
differential equations governing fission gas behavior. t

3.2.1 Solid State Swelling

In the high speed films, volumetric swelling of 10% is easily
detected. In addition, swelling significantly less than 10% will
probably have limited impact on the accident progression. Therefore,
algnificant solid state swelling will be said to occur when the fuel
volume is increased by 10%. In terms of a single grain the fission
gas swelling can be expressed as the increase in bubble volume divided
by the grain volume. Therefore, the criteria for solid state swelling
is

*T-

g

N T dVb o b> f (3.1).

3 swell
4 sa
3
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where

b = average number of bubbles per grainN

V = average bubble volume
b

a = grain radius

=> 10% volumetric swellingf,y,11 = 0.1 .

The bubble volume and number of bubbles will change during the heating
transient by coalescence, by migration to open porosity, by vacancy
diffusion, and by dislocation creep processes. To evaluate equation
3.1 simply, several assumptions are made. It is assumed that the
swelling is caused by the large grain boundary bubbles (because they
have the weakest surface tension forces), that the number of bubbles
(N ) is known at T , and that this value remains constant during the
hekting transient. Thus, coalescence and loss mechanisms are
neglected.

While the fuel is solid the bubbles can grow by vacancy diffusion
and by dislocation creep. Only the vacancy diffusion is illustrated.

15 showed that vacancies can diffuse up pressureHull and Rimmer
gradients in the fuel lattice to the bubble. For grain boundary

,; bubbles it is expressed as

4x wD P Q
dV gb x (3.2)2T , kTH

I

where

i wD is the diffusion coefficient for
9 vacancies on the grain boundary

wD ^*"
gb

i A = 6.9 x 10 16

a= 2.9 x 104

P is the excess pressure beyond equilibrium

'

" s (3.3)P= -

*
3

i ar #
b b

3
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,

Q is the atomic volume of an uranium atom
4.1 x 10 29 m3'

is the modified surface energy (2y, y b)W, ,

and H is a term that depends on the grain boundary coverage
fraction (for a coverage fraction of 0.1, H = 0.06)

:

'

Since dV/dt ic equal to dV/dT x dT/dt, one can substitute equation 3.2
into equation 3.1 and solve for dT/dt if one assumes all fission gas

etc) are constant. This yields a functionalparameters (r P ,
relationship be, tween heating rate and fuel temperature which deter-
mines the threshold for 10% volumetric swelling. This relationship is
expressed in the following equation.

N * # Q AP
I b b x -a/T -a/TTe -T e o (3.4),

swell .

The asymptotic solution to exponential integrals for large arguments
was used to obtain this expression.

This equation shows how the swelling depends on the fiss' ion gas
parameters. Because this equation is proportional to Ng, r , and P ,b
it is strongly dependent on the gas content, with increXsing gas
content causing increased swelling. In addition, the linear depend-
ence ca r means that the larger bubbles dominate the swelling pro-s
cess. Since the grain boundary bubbles (though few in number) are
generally the largest, they are the ones that doninate swelling.

Figure 3.2 presents a map of fuel disruption, with boundaries
marking the fuel temperature and the heating rate at which different
types of disruption will occur. This approach graphically 111ustcates
the conditions governing fuel disruption. The threshold for vacancy
diffusion-induced volumetric swelling is plotted as a function of
heating. rate and fuel temperature in Figure 3.2 (solid line). The
other disruption modes shown on this figure will be described later.
The curve for vacancy diffusion-induced swelling assumes an initial
fuel temperature of 2000 K. The fission gas parameters used to calcu-
late this curve are given in Table 3.1 for a fuel pin with 5.3 a/o
burnup.

The curve in Figure 3.2 shows that for significant swelling to
occur by vacancy diffusion, the heating rate must be <100K/s. The.

temperature dependence of this threshold is governed by the exponen-
tial nature of the grain boundary vacancy diffusion coefficient. This

. curve should not be taken too literally. It is only meant to illus-
trate the nature of the swelling. In addition, the location of this
boundary on the disruption map will move around, depending on the
fission gas parameters such as gas content, bubble size, and number of
bubbles.

21
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TABLE 3.1

Intergranular Fission Gaa Parameters for
lot Solid State Swelling and Liquid Frothing

. ___

Nb = 8 large grain boundary bubbles per grain
6b = 1 x 10 (m)r

,

n=4 x 109 atoms per bubble
2W,= 0.5 J/m

a = 5 pm

k = 1.38 x 10 23 J/ molecule-K
5

Ph = 2 x 10 N/m2

_

Another mechanism that can contribute to solid state swelling is
plastic creep-(power law creep) of the fuel matrix. The approach used
to calculate the swelling condition for this mechanism is identical to
one used for vacancy diffusion and is not repeated in this report.
Equations governing the rate of bubble volume increase by plastic
creep.are found in References 13 and 16.

The threshold for swelling caused by plastic creep is plotted as
a dotted line in Figure 3.2. It dominates vacancy diffusion swelling
at high temperatures and at high heating rates. This is due to the
stronger exponential dependence of the power law creep rate, which is
equivalent to the diffusion coefficient for vacancy diffusion. (The
power law creep rate given by Slagle16 is used, rather than those
suggested by Worledge.13 ) Swelling is predicted to occur near the
fuel melting temperature (within 200 K); however, the heating rates
may be up 300 K/s.

To illustrate how the fuel disruption map works for swelling, an
example is used in which fuel is heated at.a heating rate of about
100 to 300 K/s. 'This is roughly equivalent to a fuel pin operating at
nominal power in a voided subassembly. Then, when the fuel tempera-
ture reaches approximately 2800 K, the disruption map predicts that
the fuel will have swollen by at least 10%. As the fuel continues
heating it will continue swelling until fuel melting begins (around
3000 K). The swelling is limited to a relatively narrow range of 10
to 30 volume percent at the onset of fuel melting. When the melt-

temperature is reached another model must be used'to predict the
behavior.

.
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3.2.2 Fuel Disruption by Liquid Frothing'

At ' moderate heating rates (500 to 4000 K/s) fuel disruption
consists of a very large volume increase at the onset of melting.
SANDPIN treats this disruption very simply by allowing the non-
equilibrium bubbles (whose density, pressure, and radius are known
from the solid state fission gas calculations) to instantaneously grow"

to their equilibrium. size. Thus, the condition for liquid frothing is
that the fuel temperature exceeds the solidus temperature.'

T >T (3.5)
solidus

4 In reality, the bubble equilibration is a gradual process and takes
place while the fuel is passing.through the heat of fusion. For the
development of the disruption map, melting is assumed to occur at 3000
K even though irradiated, mixed oxide fuel has a solidus temperature
near 2930 K, and fresh UO2 has a melting point near 3130 K. Thus, the

disruption map has a vertical line at 3000 K to mark the onset of fuel
melting.

The potential for volume increase is evaluated in the same manner
as solid state swelling. The increase in volume is therefore equal to
the number of bubbles per grain times the equilibrium volume of the
bubbles divided by the initial grain volume.

4

:
N

b e (3. 6 )i W *
froth 34xa

3

where V is the equilibrium volume of the bubble. It can be calcula-*

ted by Iteratively solving the following equation to balance the
surface tension forces with the hydrostatic pressure. An ideal gas is

. assumed.

'
2W -1s

V, = n kT P + ( *

l/3
e

)
t

,

-

where
t

*

n = the number of atoms in a bubble
|

k = the Boltzman constant

W, = 2y, y b, the modified surface energy

,
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To evaluate these expressions, the average number of bubbles per
grain boundary Ng, the number of atoms per bubble (n), and the hydro-
static pressure TPh) at the melt temperature must be known. These
quantities are given in Table 3.1. For a hydrostatic pressure of two
atmospheres,Lthese constants yield a frothing potential of 6.0 (i.e.,

,

the unrestructure fuel has the potential to increase its volume by a
'

factor of six). Since m6'st of the fission gas is concentrated in.the
unrestructured portion of the fuel, the total potential for swelling

j is less, but this number demonstrates the tremendous potential for
'

fuel frothing. Clearly, in a reactor there is no room for these types
of volume increases; consequently, when melting and significant<

frothing occurs it will pressurize and attempt to force the molten-

!- fuel out of this region. Other potential driving pressure sources
such as gravity, sodium vapor, and steel vapor will compete with
viscous Llow and the potential plugging processes to determine the
overall fuel motion.

At very large heating rates the rapid bubble expansion can cause
: the fuel to disrupt as a fine apray of molten particles rather than

froth. This transition from non-dispersive frothing to energetic
dispersal is not evaluated in this paper. However, it has been exper-
imentally observed to occur at heating rates near 10,000 K/s. Thus,

'

the disruption map has a horizontal line at 10,000 K/s to mark the
transition from frothing to dispersal.

j- 3.2.3 Cracking and Breakup of Solid Fuel

The condition for cracking of solid fuel is based on the theory
l7

| of-brittle fracture by Cottrell and was applied to fission gas-
induced cracking of fuel by Worledgel3 and Dimelfi.18 Cottrell's
theory states that cracking occurs when the strain energy around a
grain boundary defect has enough energy to separate the grain bouriary'

by causing point defects to migrate to the grain boundary. For fis-
sion gas in fuel, a grain boundary bubble is. assumed to be a defect

! with an incipient crack. The pressure in the non-equilibrium bubbles
stresses the fuel matrix around the bubble in an amount proportional

i to the potential energy of pressurized gas in the bubble. If the PdV
work of expanding the gas through the crack exceeds the energy
required to create new surface area (by extending the crack such that

( it interlinks with the neighboring bubbles), then therfuel matrix will
- crack. Figure 3.3 illustrates the cracking process and the fracture

analysis yields the following equation.

|
.

6'2W 2 R ' f '- rbj'
P # l+ (3.8)-

crack 6 Vb
:

.

.

.
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where
. P is the pressure in the grain boundary bubble required to

crack crack +the matrix

R is the. average radius of the bubble1 b ,

R,gg is the mean cell radius between grain boundary bubbles--

6 is the' crack height, 6 = 2 nm

~

i- For'very large bubbles this equation reduces to
,

P a (3.9)crack >
a

:

? which-is the same criteria developed by Worledge. -However, the
SANDPIN calculations indicate that cracking is caused by the small

2

intragranular bubbles. In this case the cracking criteria becomes

2W N
# # (3.10)crack 6N ab

3

i

where 2
2x a 6 (3.11)N =

,
ab

i

N is the number of small bubbles per grain, V is the. volume of the
sEN11 bubbles, and R >> r is assumed SAN 8 KIN predicts that the'

small grain' boundary'$dbbles* Nave a pressu.re that is always very near'

-the large bubble cracking pressure, regardless of the heating rate and
,

the temperature.- .Therefore, setting P = 2W /6 produces the final
approximation'to the cracking criteria?#*" *

(3.12)<===> Nab > VNab > N,
sb

!-
e

This equation states that the number of small grain boundary bubbles.

must exceed N to cause cracking. Typically, N is~on the order of
. < . 7.5 x 104~ bub 81es per~ grain using the values foe a and 6 given

earlier, and assuming a bubble radius of 10nm. The'small bubbles are-

much more effective in causing the cracking because there is a large
5source-of them in the grain-(typically 3 x 10 ) . Thus, they can

dramatically reduce'the distance required to interlink the bubbles.,

27
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To evaluate this expression, the relationship between the number
of small grain boundary bubbles and the heating conditions must be
known. For sufficiently large temperature gradients the migration of
intragranular bubbles to the grain boundary is dominated by biased
diffusion. If all loss processes on the grain boundary are neglected
(coalescence, migration to open porosity, bubble growth), then the ;

*

number of oubbles on the grain boundary can bo expressed as

.

dN
ab , v intra (3.13)

.
!

where N is the number of intragranular
i tra bubbles

v is the migration velocity of the
intragranular bubbles

3 A Q, dT/dR Db
V =

,.

r kT

D is the bubble diffusion coefficient
; b

-p/T B = 3.5
D = Be 4b p = 4.53 x 10

~19
Q 6.97 x 10 J/ molecule, heat of

a transport

A 0.34 nm, surface-diffusion boundary layer
thickness

dT/dr is the local temperature gradient (K/m)

These equations can be solved to determine a functional relationship
between heating rate and fuel temperature, resulting in the following
cquation when the initial number of bubbles on the grain boundary is
taken to be zero.,

~0!N 3AQ dT/dR B edT, intra s
( 3.14 )dt crack aN rkp

This equation is plotted as a chained-dot curve in Figure 3.2, given ,

the fission gas parameters listed in Table 3.2. The parameters listed
are taken from the unrestructure portion of a 5.3 a/o burnup fuel pin.

.

s
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TABLE 3.2

Fission Gas Parameters for the Crack Criteria-

N 7.5 x 104 small intergranular bubbles per grain'

r 0 nmab
5 intragranular bubbles per grain

,

N 3.0 x 10
intra

6 2nms

a 5 pm

dT/dR- 2000 K/mm

Equation 3.14 clearly shows that the cracking criteria depends
~1inearly on temperature gradient. If the temperature gradient is
large, then moderate heat rates will satisfy the cracking criteria at~

temperatures below the melt temperature. During the power transient
the temperature gradients are strongly dependent on whetherLclad is on
or off.the fuel. When the cladding has already relocated, the
gradients are on'the order of 100-500 K/mm, but when the clad is
molten-and still attached to the fuel the gradients may be as large as
2000 K/mm. This can make the difference between. cracking or not
cracking the fuel matrix. In Figure 3.2 no cracking is shown below .

'

heating rates of 1000 K/s. This was done to demonstrate that at low
heating. rates the temperature profiles are too flat to allow cracking.

5 K/s) the disruption map predicts fuelAt high heating rates (>10
melting rather than cracking. This is because there is not enough
time for the intragranular bubbles to diffuse to the grain boundary.
Thus, the disruption mode degenerates to molten fuel disrupt, ion which,
at.these heating rates, exhibits itself as a dispersive spray.^

The disruption map just presented graphically illustrates the
disruption modes and how these modes depend on the heating conditions.
The dependence on' fission gas parameters is not explicitly shown in
the map, but it was described in the development of the disruption
criteria. To develop this map, the fission gas model used by SANDPIN
was greatly over-simplified;.thus, the map is only useful for demon-
stration purposes and should not be used for predictive analysis. In

addition, the range of application for this map is limited becauseLit
'- is based only on four types of disruption behavior. Clearly, other

modes of disruption may exist, especially for accident scenarios that
cover different ranges of heating conditions and fuel types other than
those investigated in the FD program. For example, during disruption'

in' TOP accidents the cladding is still solid when fuel melting occurs.
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This will probably cause a different type of disruption than mentioned
in this report. Also, low gas content fuel (low burnup) will probably
display different disruptive behavior.

3.3 APPLICATION OF THE DISRUPTION MAP AND RESULTS OF SANDPIN
.

Figure 3.4 reproduces the disruption map with the heating condi-
tions for the three example experiments (FD2.6, FD4.3, and HRR-2)
cuperimposed on the plot. .

For experiment FD2.6, the heating rate initially started at 300
K/s and increased to 750 K/s during t~.e power rise to 6 x Po. The mapr
shows that little solid state swelling should occur (<10%), but that
disruption should consist of liquid frothing or foaming beginning at
the fuel melt temperature. Tais was indeed observed. Because fuel
Celting begins in the center and works its way to the surface, the
total swelling is not instantaneous but occurs gradually. As the
interior of the fuel pin swells it increases the pin radius, which
also increases the radiation heat losses. This effect is included in
the SANDPIN analysis. Figure 3.5 shows the calculated and measured
fuel pin radius as a function of time. The magnitude and the rate of
volume increase are accurately modeled by SANDPIN. (The total volume
increase was very large, seven times the original volume.) The calcu-
lations predict that the frothing begins earlier than observed (~200
ms), but this is probably due to the use of the solidus as the thres-
hold temperature for frothing rather than a temperature intermediate
between the liquidus and solidus.

In a similar experiment, FD4.1, the heating conditions were
nearly identical except that at near melting the heating rates were a
few thousand K/s (12 x Pg) rather than several hundred (6 x Pg). The
fuel behavior was nearly identical to that of FD2.6 (as indicated by
the disruption map) except that the foaming was much more rapid
because of the higher heating rate. This confirms an earlier hypoth-
esis that the energetics of the frothing process were dependent on the
heating rate (power level).

In experiment FD4.3, the clad was on the fuel up to the time of
fuel melting. The disruption map shows the heating conditions for
this experiment. It starts off with heating rates near 4000 K/s and
then, because of clad melting, the heating rate decreases as heat is
rapidly transferred to the clad, which has a large heat capacity and
good thermal contact with the fuel. The map shows that fuel disrup-
tion should first occur as solid state cracking while the fuel temper-
eture (unrestructured zone) is 2400 to 2500 K. Following this
cracking, heating continues, although at a slower rate, and some sig-
nificant solid state swelling prior to melting and liquid state .

frothing is expected exactly as the films and thermal calculations
chowed.

The cracking criteria used in SANDPIN compares the energy
required to interlink the fission gas bubble by cracking to the poten-
tial energy in the bubbles (equation 3.8). When this ratio exceeds
one, cracking is said to occur. Figure 3.6 illustrates the cracking

30

- _ ___ . - _ - - . -__



-

.

.

100000_. . , , ,, .

2 /.7
.

:

*

DISPERS.
-

j/. _
_

CRACKING-

10000= ,/ -

m ; / C :
CO - / g -

N : / s :
M _

/ g_
-

-

v
'

r.4 1000:/ m :

E- E E

4 f /.
*"

fg
-Z - ./ _

- -i 2
-a,

Z 100: / :
w : 5 :
b 2 [ ~

| 4 -

| -
.

( C.G
~

~

-

| Z ~

/
-

.
| / PLASTIC

'
i 10: j CREEP t

; / SWELLING ' ;
>

-

5 -

i
-

VACANCY! -

!
~

DIFF.
-

'

-

-

SWELLING ~

! 1 |.
. . . .. . .

| 2200- 2400 2600 2800 3000 3200
TEMPERATURE (K).

t
'

.

Figure 3.4. Fuel Disruption Map for Experiments FD2.6, FD4.3, and
HRR-2

31



(
-

.

2
0

_ _ 1
6 .

.

2
_ D

F

i - t,0
1 n

e
m

. i
r
e
p

8 x
Ei9. -

. - n
- i
-
- g
- n

, ,-
i6 h,9 t

_
o
r

_ ) F
_ c
_ e l

G , e
N 4. (s uG P i9 E FI

i NL U -K M dIL A -
LE E - eR IL W a - vTE S rW a u

c ei 'SD a ' 2 sr
E c - i9 b

, D T s O
E A .

R L ., d
U U n
S C a
AL .a
EA d

e
i

MC
.m

., i9 t

.m .
a

- l,.s. -- u
- . c
- l.
~

_ a
~ 8 C
- i8i -
- .
- 5- - .

3
.6 e

8 r
- - u

5 0 s o g
1 1 i .

F

^65vop ~ A<%t

w"



. .
. .

1.4 , , , , , ,

, , , , , ,.

_
_

-1.2. -

4_
m _

_

us
b 1.0 - - - - - - - - - - - -- - - - - ' -

E
o _

_

M -

o O.8 -

4 OBSERVED -

$ CRACKING
-

-

a O.6 -

< -

w z -

" o
p O.4 -

-

0 _

4 _

m
u- 0.2

-
-

-
-

'' ' ' ' '' ' ' '''

0.0 '

5.0 5.1 5.2 5.3 5.4 5.5 5.6 5.7

TIME (s)
,

Figure 3.6. Calculated and Observed Cracking in Experiment FD4.3

.

-- J



-

,

i

criteria and compares it to the observed time of cracking. As shown,
the calculations and observations are in very good agreement,
roflecting the occurrence of a major phenomenon (flooding of the grain |
b undary with small bubbles) which is not strongly dependent on the j
d3 tailed values'and constants used in the fission gas calculation..

,

i

*
The heating conditions for the HRR-2 experiment are also shown in

the Figure 3.4. The heating rates start near 17,000 K/s and increase
to 70,000 K/s. Whether clad is on the fuel or off, fuel disruption is

,

i ' oxpected to occur at the onset of fuel melting or very near it. This
was observed in all the HRR experiments. Because of the large heating
rotes (~105 K/s), the disruption appeared as a energetic spray of,

colten or near molten particles, as shown in Figure 2.6.

In a few experiments (FD2.7 and FD2.8) significant solid statei

: cwalling was observed. The fuel for these experiments had a high
i ficsion gas content due to its high burnup 8.3 a/o and low linear heat

roting. In both experiments swelling occurred while the clad was
otill on and exhibited itself as an axial or longitudinal crack in the

| coltenHor near-molten cladding. The maximum fuel temperature at the
otort of swelling was 2500 K and the final volume expansion was ~47%.
Thcse experiments are evidence for the sensitivity of the swelling to
ficsion gas content, and show that higher gas content does not,

n3cessarily mean more dispersive disruption. In these experiments and
; et these heating rates, the higher gae content caused earlier, less

Gnargetic disruption.

i
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4.0 CONCLUSIONS AND SUMMARY

This paper reviews the experiments and analysis performed for the
FD program and summarizes some of the more important observations and
.results.- The experiments provide a large data base for understanding-

the behavior of fuel during LMPBR-accident heating conditions. The
information gained from these experiments was used to develop a fuel

' - pin code,'SANDPIN, that models the thermodynamic and fission gas
behavior to predict the time and mode of fuel disruption. A few
selected experiments were' described which illustrated the fission gas
mechanisms causing fuel disruption.

The experiments show that fuel disruption consists of a spectrum
of modes'with dispersive characteristics that range from very mild to
very energetic. The observed disruption modes consisted of modest
. radial swelling in solid fuel (10 to 30%), substantial frothing in
molten fuel (4 to 6 times the original volume), solid state cracking,
and very rapid liquid fuel dispersal. The dispersive character of
these disruption modes depends mainly on heating rate, but other
parameters, such as fission gas content and temperature gradient, play
important roles in the disruption process.

_

_A fuel disruption map was presented that plots heating rate as a
function of fuel temperature to illustrate the different criteria for
disruption. Although this approach to describing' fuel disruption
oversimplifies the fission gas processes modeled by SANDPIN, it does
illustrate the criteria used to determine which fuel disruption mecha-
nism is dominant and on what major fission gas parameters it depends.

The major fuel disruption modes and the dominant fission gas
mechanisms causing the disruption are described below.

Tha least dispersive fuel disruption consisted of solid state
swelling. The ' analysis - and experiments showed that the swelling
occurs at low heating rates (up to several hundred K/s) and at high
fuel temperatures (T > 2600 K). The swelling is dominated by the
growth of large intergranular fission gas bubbles by vacancy diffusion
and by dislocation creep. The swelling is generally limited.to volume
increases of 10 to 30%, but it is strongly dependent on fission gas
content. Higher fission gas content causes the swelling to occur at
lower temperatures and at higher heating rates.

When fuel melting occurs,.the disruption is slightly more ener-
getic than in the previous case, and it consists of frothing or
foaming of liquid fuel. This mode of disruption is dominant at moder-

*
ate heating rates (500 to 4000 K/s), but always occurs in some degree
when fuel' melting begins. The frothing is caused by the very rapid
. equilibration of over-pressurized fission gas bubbles. Again, the-

,

large intergranular fission gas bubbles are most responsible for the
large volume increases observed in this disruption mode. Typical
volume increases may be as large as 6 to 7 times the original volume.
At-very large heating rates (>10,000 K/s) the frothing process makes
a transition to a rapid dispersal of liquid fuel. This transition-
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.

cecurs because the kinetic energy of the expanding bubbles (due to
'

their pressure equilibration) is enough to drive the fuel apart.

Perhaps the most interesting mode of disruption was of solid
fuel.. This type of disruption consisted of breakup of large chunks,

' 'sputtering, and energetic dispersal of finely divided pieces of fuel.
The experiments and analysis show that this mode of disruption
requires large temperature gradients in the unrestructured fuel. This
condition occurs at moderate heating rates (~4000 K/s, 6-16 x ? ) when

*

! the clad is partially molten but still on the fuel (prior to clEd
; relocation). The analysis indicates that cracking occurs because

non-equilibrium grain boundary bubbles stress the fuel matrix, causing
j small cracks around the bubble. When the potential energy of the

bubble pressure (proportional to stress energy) exceeds the energy i

required to crack the grain boundary surface area by interlinking all
fission gas bubbles, then cracking is said to occur. This can occur
not only by the increase of the bubble pressure, but also by the j
increase in the number of bubbles on the grain boundary (which reduces

,

: the stress energy per bubble required to crack the matrix). The i

cracking process is dominated by small intragranular fission gas !

bubbles that migrate to the grain boundary under the influence of |

1 large temperature gradients.

The high resolution data base provided by the FD experiments are
extremely useful in the development of fuel disruption models. This
has resulted in the joint development of the SANDPIN code that can
predict the time and mode of fuel disruption. The code does an

,

excellent job of predicting the disruption modes in all experiments.
The code and experiments are therefore useful for verifying initiation

| phase fuel behavior models used in system analysis codes such as SAS.
i

i
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5.0 FUTURE WORK

The initial mode of fuel disruption is important in determining
the severity of LMFBR accident scenarios. However, it is just one
aspect of the initiation phase accident behavior. Ultimately, the.

subsequent reactivity feedback of fuel and clad relocation must be
known before the outcome of an accident scenario can be predicted.
The study of fuel and clad relocation is the subject of the follow-on..

series to the FD program.

This series of experiments is called the STAR program (Sandia
Transient Axial Relocation of fuel and cladding). In these experi-
ments cinematography will be used to observe fuel and clad relocation.
Multiple pin bundles (up to 8 pins) and pin lengths (including
blanket) of 0.4 m will be used. Flowing gas will be used to simulate ,

sodium vapor streaming, which will provide a driving force to relocate I

fuel and cladding.: It is expected that material relocation velocities
and the flow regimes can be determined for both clad and fuel reloca-
tion under varying heating conditions and gas flow velocities. This
information will then be useful for development and verification of
initiation phase. fuel behavior.19

:
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Over thirty in-pile e s pe riippn t era performed to investigate

fuel disruption behavior for 1.NFBR s of flow (lor) accidente.
Thess esperiments reproduced thff heati transients for a variety of
accidents ranging from slow r acci sta to rapid LOF-driven-TOP
accidents. In all esperiments. he timin jand mode of the fuel disrup-
tion were observed with a h speed ca'l re, enabling detailed com-

t parisons with a fuel pin cod y SANDPIN, w ch models transient intra-
and inter-granular fission 'as behavior predict the macroscopic
fuel behavior, such as fi ion gas induc swelling and frothing,
cracking and breakup of a id fuel, and i 1 vapor pressure driven
dispersal. - "

This report review the different modes f fuel disruption as
seen in the esperiment nd then describes th mechanism responsible
for,the disruption. A analysis is presented t t describes a set of
conditions specifying he mode of fuel disrup on and the heating
conditions required t produce the disruption. T heating conditions
are described in to of heating rate (K/s), t perature gradient,
and. fuel temperatur A fuel disruption map is p ented which plots
heating rate as a unction of fuel temperature o illustrate the
different criter for disruption. Although is approach to
describing fuel cuption oversimplifies the fiss gas processes

it does illustrate the criteria d to determinemodeled by SANDPI ,

which fuel disru ion mechanism is dominant and on wh major fission
gas parameters depends..
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