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ABSTRACT
This topical report presents the preliminary resul and analysis
the High Ramp Rate fuel~-disruption experiment series.
ments were performed in the Annular Core Research Reactor at Sanc
National Laboratories to investigate the timing and mode of fuel
ruption during the prompt-burst phase of a loss-of-flow acc t.
High-speed cinematography was used to observe the timing and mode
the fuel dieruption in a stack of five fuel pellets. )f the f
experiments discussed, one used fresh mixeu-ox fuel, and
irradiated mixed-oxide fuel.
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Analysis of the experiments indicates that in cases,
ilsruption occurred well before fuel-vapor pre
cause the disruption. The disruption appeared as a rapi
expansion and occurred near the onset of fuel melting in
irradiated-fuel experiments and near the time cf complete fuel
17 the fresh-fuel experiment. fhis early occurrence of fuel di
tion 1s significant because it can potentially OWe t

release resulting from a prompt-burst disassembly accident.
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2. BACKGROUND

Since the inception of fast-reactor safety analyses, considerable
attention has been focused on HCDAs involving prompt-critical power
excursions. Such prompt-critical excursions are a possible outcome of
many LMFBR accident initiators (e.g., loss of flow, transient over-
power, structural failure) and may, under worst conditions, represent
a direct threat to the integrity of the primary containment through
the mechanical energy released.[6] This mechanical energy can come
directly from the expansion of the hot core materials (fuel, clad-
ding), from the expansion of the surrounding sodium following heat
transfer from hot core materials to the sodium, or from a missile gen-
erated by rapid momentum transfer from fuel to upper internal struc-
tures. In all three cases, the ultimate work potential (and hence
damage to the containment) is closely tied to the magnitude of the
thermal energy released during the power excursion.

The first attempt to estimate nuclear-excursion yields in HCDAs as-
sumed that the excursion would be terminated only by core disassembly
resulting from high fuel-vapor pressure.[7] Many improvements were
made to this type of analysis (such as the modeling of Doppler reac-
tivity feedback), which had the effects of slowing down the estimated
rate of power increase and hence of predicting disassembly at lower
energy deposition. However, the ultimate mechanism for disassembly
remained fuel-vapor pressure.[8]

More recently, it has been suggested that the large gquantities of
fission products present even in low-burnup cores represent a dis-
persive potential that could lead to the beginning of core disassembly
at much lower energy densities (near the time of fuel melting rather
than fuel boiling) and so further reduce the nuclear-excursion
yield.[9] This dispersive potential was explored in several sensi-
tivity studies that showed that up to an order of magnitude decrease
in the nuclear excursion yield could be realized under some conditions
(depending on fission gas characterization, Doppler coefficient, and
imposed reactivity ramp rates).[1l,2] Later studies, however,
indicated that this reduction might not be realized for all accident
scenarios. For example, in a transient overpower (TOP) accident the
radial fuel-temperature profile interacts unfavorably with the radial
distribution of retained fission gas. When fission-gas pressure is
significant near the outer part of the fuel pin, fuel-vapor pressure
is already significant at the pin center.[10]

Most of the sensitivity studies referred to above used rough estimates
of the quantity of gas remaining in the fuel at the time of the
proupt-critical excursion, assumed that this gas became available to
pressurize the fuel at the time of fuel melting (or with an arbitrary
time delay after fuel melting), and assumed that fission-gas pressure
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3. HRR EXPERIMENT MATRIX AND FUEL CHAKACTERIZATION

Theoretical work on fission-gas behavior indicates the possibility of
fission-gas-driven fuel disruption not only in the liquid state but
also when the fuel is still solid. Such solid-state disruption is
probably more difficult co achieve than liquid-state disruption. For
this reason, the HRR transients were optimized to maximize the likeli-
hood of solid-state disruption while still maintaining the basic ex-
periment objective of simulating LOF-d-TOP conditions. Sroping
calculations of fission-gas effects were used to achieve these design
objectives as well as to select the major parameters of the experiment
matrix.

In addition to the scoping calculations, this chapter also describes
the major characteristics of the fuel used in the four experiments.

Jul Scoping Calculations

The definition of the HRR experiment macrix (power histories, fuel
used) was motivated by the results and aralysis of the FD 1.6 experi-
ment. Fosttest thermal analysis of that particular experiment indi-
cated that the observed vigorous fuel dispersal ocrurred while the
fuel sample was near the melting temperature and possibly in the solid
state.[3] This result, therefore, suggested that fission products
were responsible for the observed disruption, and led to the develop~-
ment of the TICRS model of intra-and intergranular fission-gas beha-
vior during transient heating conditions.[4]

The TIGRS code models the intra- and intergranular gas bubble dynamics
(swelling and gas release) as well as the potential for fuel cracking.
The fuel-cracking potential is evaluated using five crack-propagation
criteria that deal with the interlinkage of intra- and intergranular
bubbles. It should be noted that, when complete cracking is calcu-
lated in TIGRS, this does not necessarily represent fuel disruption.
Solid-state disruption requires not only severe cracking of the fuel,
but also sufficient excess energy to disperse the fuel. This latter
dispersion is not modeled in the TIGRS code.

Using the TIGRS code with a suitable zhoice of model parameters, it
was possible to show that the five crack-propagation criteria in TIGRS
were indeed satisfied for the FD 1.6 transient near the observed time
of fuel disruption. Based on this apparent positive result, it was
decided to investigate further the likelihood of solid-state fuel dis-
ruption and define the HRR power transients to maximize that like-
lihood.

Scoping calculations were performed using an updated version of the

TIGRS code. These scoping calculations were carried out for a hypo-
thetical heating transient that was assumed to provide an idecalized
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Figure 3-1 Idealized temperature history of High-Ramp-Rate
(HRR) experiments.

to about 2500 K. At low preheat temperatures (< 2100 K), intragranu-
lar fission-gas-bubble migration to the grain boundaries and coales~-
cence of the bubbles on the grain boundary does not occur fast enough
to generate sufficiently high pressures to cause crack propagation.

At high preheat temperatures (> 2500 K), power-law creep intervenes to
equilibrate fission-gas bubbles and so prevent crack propagation. For
the heating transients in which the five crack-propagation criteria
are satisified, the last criterion to be satisfied is always the
total-energy criterion. Thus, TIGRS predictions of the potential for
crack propajation are most sensitive to the model parameters that
govern the total-energy criterion (such as the crack-opening displace-
ment). In all cases, cracking was calculated to occur on the grain
boundaries.

Based on these results, the HRR power histories were designed to
achieve preheat temperatures in the ranges of 2100 to 2500 K. A
matrix of four experiments was planned, varying only the preheat
temperature and fuel type. With this particular matrix, shown in
Table 3-1, several direct comparisons of experimental results are
possible. These comparisons are summarized in Table 3-2.

For the HRR-6 versus HRR-2 comparison, the motivation ies obvious: the
presence of fission gas in the irradiated HRR-2 fuel sample but not in
the fresh HRR-6 fuel sample. The expected result is that the fuel
will disrupt earlier (either solid or liquid state) in the HRR-2 test.
The HRR-2 versus HRR-3 comparison investigates the results of the
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TIGRS scoping calculations. These calculations suggest that early
disruption in the solid state is more likely in the HRR-3 transient
because of the higher preheat temperature. The final comparison
between HRR-3 and HRR-5 investigates the effect of microstructure and
possibly total initial gas content.

3.2 Fuels Characterization

As mentioned in the previous section, the four HRR experiments used
fuel samples from a PNL 11-18 pin, a PNL 9-44 pin, and fresh mixed-
oxide pellets. The major characteristics of these fuel types are
summarized in Table 3-3. Approximately 5.5 g of (~ 90% theoretical
density) mixed-oxide fuel was used in all experiments. For the ir-
radiated samples, these pin sections came from near the center of the

EBR~-II pins indicated. The burnup and linear heat rating, obtained
from the Hanford Engineering Development Laboratory's irradiation
history report, correspond to the local values for the sample.[25-27]
The burnup was nearly the same, 4.7 atom percent, for all three sam-
ples. However, the fuel enrichment ranged from 40 o 70%, and the
linear heat rating ranged from 16 to 33 kW/m.

Detailed analysis of sibling pins (in this case, pellets directly ad-
jacent to the samples) has not yet been performed. Thus, analysis of
the experiments was based on the fuel microstructure characterization
as obtained from the steady-state fuel performance code SIEX.[28]
Errors in this assumed microstructure characterization could have a
significant effect on the calculated cladding temperature (because of
uncertainties in the fuel-cladding gap size).

Of considerable importance for the analysis is the retained fission-
gas distribution in the fuel samples. The gas content as obtained
from the SIEX code is based on the use of the Dutt correlation.[29]
However, recent experimental work by Randklev([30,31] and by
Bandyopachyay[32] has shown that neither the total (integrated over
fuel radius) gas content nor the radial distribution is described very
well by the Dutt correlation. This lack of agreement with the Dutt
correlation is also seen in the results of theoretical descriptions of
steady-state gas release.[33] Unfortunately, results on measured gas
concentrations published to date have been very qualitative, with
large uncertainties in the absolute gas-concentration values.

The retained-fission-gas-concentration values shown in Table 3-3 are

based on an analysis of work published by Randklev.[30,31] For com=-

parison, the concentrations as predicted by the Dutt correlation are

also included in Table 3~3. A detailed summary of the assumed gas-
concentration distribution is given in Appendix A. Uncertainties,

especially in the peak concentrations, arise from uncertainties in the -
total amount of retained gas, fractional split between inter-and
intragranular gas, and the assumed inter- and intragranular distribu-
tions. Recognizing the resulting large uncertainties in peak gas~-
concentration values, the scoping calculations and best-estimate
calculations were also performed assuming an uncertainty of * 30% in
gas content.



Table 3-3

Summary of fuel characteristics

HRR~-6 HRR=2 HRR=-3 HRR=5

Fabrication Parameters
Fuel Type FE-094 PNL 11-18 PNL 11-18 PNL 9-44
Enrichment (%) 70.3 67.2 67.2 40.0
Sintered Density

(103 kg/m?) 10.01 9.96 9.96 9.88
Results of EBR-II Irradiation*
Linear Heat Rating

(kW/m) - 33.3 32.9 15.9
Burnup (atom porcent) 0.0 4.67 4.61 4.75
Fuel Hicroatructutot
Center Void (mm) -- 0.6 0.6 0.0
Columnar Radius (mm) e 1:8 1.8 0.0
Equiaxed Radius (mm) - 1.%4 1.94 1.4
Fuel/Clad Gap (um) 70 13.9% 13.5 37.0
Inner Cladding

Radius (mm) 2.54 2.54 2.54 2.54
Cladding Thickness (mm) 0.381 0.381 0.381 0.381

+

Gas Content
Peak intragranular

(1025 atoms/m?3) -- 15.0 15.0 14.6
Peak intergranular

(1025 atoms/m?) - 3.70 3,70 3.60
Dutt correlation

(1025 atoms/m3) - 14.7 14,7 15.5

* Average values for sample used.

t+ Room temperature values.
¢ See Appendix A for description of radial distributions.
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4. EXPERIMENT DESCRIPTION

4.1 Experiment Apparatus and Setup

The experiment package consisted of three major sections (see Figure
4-1). The first section consisted of the inner canister and contains
the fuel, its mounting bracket, and an assortment of lights, mirrors,
and prisms that transmitted the fuel-pin image through a quartz window
in the top of the canister. The inner canister also served as the
primary containment vessel. The second section consisted of a large
cylindrical canister that contained the inner canister and some in-
etrumentation. It also had a quartz window at the top. The third or
top section consisted of a borated polyethylene ("poly") annulus. It
served as a partial neutron shield to reduce the dose delivered to the
reactor operating staff and the experimenters.

The experiment package transmitted a split image of the front and back
portions of the fuel pin section to the camera. Figure 4-2 illus-
trates the split image. Note that "down" is always towards the center
of the image. Prior to significant fuel heating, the fuel pin was
backlighted: however, after the cladding had melted off, the fuel
glowed brighter than the backlight. Pnotographs of the inner experi-
ment canister and a typical view of a test-pin section are shown in
Figure 4-3.

Figure 4-4 shows how the fuel-pin image was transmitted out of the
experiment package through the experiment tube (~ 10 m) and then
reflected off a large mirror to a Celestron telescope and high-speed
camera.

Approximately 5.5 g of fuel was used in each experiment. The fuel
consisted of five fuel pellets clad in 20% cold-worked 316 stainless
steel. The irradiated-fuel experiments used three irradiated mixed-
oxide fuel pellets mounted between two fresh UO, pellets of the same
enrichment. The fresh-fuel experiment used five fresh mixed-oxide
fuel pellets. The fuel .as held in place by a spring-loading mechan-
ism, which placed a 56-g load on the fuel pellet stack. This simu-
lated the weight of a 254-mm fuel stack resting on top of the pellets.

4.2 Instrumentation

A high-speed camera and the reactor-power monitors were the major
diagnostic tools. Other types of instrumentation provided fuel- and
cladding-surface~-temperature and gas-pressure measurements. Table 4-1
lists the various diagnostic devices and gives some important charac-
teristics of each device. A brief description of each device follows.

A Hi-cam camera recorded the disruption process. This camera viewed
the fuel-pin section through a 200-mm-diameter Celestron telescope at
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Table 4-1 Instrumentation used in HRR experiments

Measurement Time
Detector Location and Range Response

High-speed Reactor room 200 to 10 000 -
camera "Hi-Cam" floor frames per second
Cadmium self- Reactor core 0 to 40 000 MW 1l ps
poewered neutron (reactor power)
detector
Fission chamber* Quter canister 0 to 40 000 MW l ps
(reactor power)
Optical Reactor room 2000 to 3500 K 1l ms
pyrometer* floor fuel-surface
"Pritchard" temperature
Pressure Inner canister 0 to 3 x 10° Pa l ms
transducer (fuel-vapor
"validyne AP-15" pressure)
Thermocouple* Cladding 0 to 1700 K 500 ms
(W-Re) (clad temp.)

.
HRR-6 experiment only.

a distance of approximately 16 m. The image was filtered through a

#25 gelatin Kodak filter and recorded on Kodak XR ASA 400 black-and-
white film. For the HRR experiments, the filming rates were varied

between 4000 and 10 000 frames per second.

A cadmium self-powered neutron detector (Cd-SPD) measured the reactor
power. This detector was located next to the experiment cavity just
inside the reactor core. It had a length of 300 mm and a time re-
sponse of 1 us. The output of the detector was & current proportional
to the neutron flux over the length of the detector.

A fission chamber was used in experiment HRR-6 to measure the [ission
rate at or very near the fuel-pin section. A check was made of the
proportionality between the Cd-SPD and the fission chamber. No sig-
nificant differences were observed. The fission chamber used a
30-volt power supply and produced a current output proportional to the
fission rate within the detector.
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Both the Cd-SPD and the fission chamber were used with reactor cou-
pling factors and energy-deposition shape functions to determine the
local energy deposition in the fuel pin (see Section 4.3).

A Validyne AP-15 pressure transducer measured the inner-canister gas
pressure. Because of the large volume of the canister (6.3 liters),
it is felt that the transducer responded primarily to fuel-vapor
pressure.

Two methods were used to determine the fuel surface temperature. In
the first method, optical-densitometer measurements of the film ex-
posure were made to determine the fuel radiance in a narrow band of
wavelengths around 0.63 um. The surface temperature could then be
determined using single-color optical-pyrometry techniques.[34] The
uncertainties were on the order of + 1 Y K. This photographic tech-
nique was used in «ll experiments.

In the second method; an optical py: cer viewed the fuel pellet
stack through a telescope. This dev.ce was a modifie. Pritchard
telephotometer, 1970-A, which measured the fuel radiance with an S-11
photomultiplier tube. Again, single-color pyrometry technigues were
used to determine the surface temperature. Temperatures between 2000
and 3500 K could be measured with a 1l-ms time response. The apparent
precision varied from ¢+ 100 K at the lower temperatures to * 25 K at
tenperatures above 3000 K.

A tungsten-rhenium thermocouple measured the cladding temperature in
the fresh-fuel experiment. The time response of the thermocouple and
its amplifier was 0.5 s.

A Data Acquisition and Display System (DADS) recorded the data from
each of the these devices. This system used an HP-9845 mini-computer
coupled to an analog-to-digital converter and an HP-1000 computer.

The system provided quick retrieval of information, plotted all
recorded signals, converted all measured signals to physical units,
transferred the data to other computer systems, and provided long-term
storage of the measured data.

4.3 Reactor Coupling Factor and Shape Function

The reactor coupling factor is defined as the ratio of the average
energy density of the test pin to the total energy in the reactor
core. Ite units are J/g or J/cm’® (in the test pin) per MJ (in the
reactor). An accurate knowledge of these ratios is needed to deter-
mine the desired reactor pulse shape and *o perform posttest analysis.
In addition, the axial and radial shape tunctions of the energy depo-
sition are needed. This section describes the coupling factor and the
shape functions used for the HRR experiments.

Both experimental and computational results were used to determine the
reactor coupling factor and shape functions., The average energy depo-
sition in a fuel sample was determined using fission-product counting
technigues. These results were then used in normalized two-dimen-
sional neutron transport calculations to give coupling factors and

4-7



shape functions for other fuel enrichments. A detailed description of
these experiments is given in an unpublished memo.[35] Only a summary
of these results is presented here.

Table 4-2 gives the coupling factors used for the HRR experiments.
This data is presented as a function of fuel enrichment and poly~-
ethylene thickness. The axial and radi»| 2nergy-deposition profiles
are shown in Figures 4-5 and 4-6. In aadition, the profile data is
presented in tabular form for the axial profile ~"ble 4-3) and in
polynomial form for the radial profile (Table 4 . The same axial~-
energy-deposition profile was used for all types of fuel, pin enrich-
ments, and polyethylene thicknesses.

Table 4-2 ACRR coupling factors for the HRR experiments*

Enrichment Neutron Coupling Factor
Experiment - Modifier 3/9/M3 J/em3/MI

HRR=2 67.2 none 13.85 138.70
HRR=3 67.2 none 13.85 138.70
HRR=-5 40.5 3.18 mm poly 13.38 133.10
HRR-6 70.3 none 14.15 141.64

*
Based on the 1980 reactor power calibration.

Because of limited experimental data, only estimates of the energy-
deposition uncertainties are available. Two major sources of uncer-
tainties exist. The first is the uncertainty associated with deter-
mining the measured fission density by the fission-product counting
process. This uncertainty is estimated to be t 7%, The other un-
certainty is in the generalization of this measured result to other
geometries and enrichments. This uncertainty is expected to be in the
range of 1 to 3%. Thus, the overall uncertainty associated with the
coupling factor is * 7 to 8%.

In the spring of 1981, the ACRR power normalizacion was modified.

This modification compensated for changes in the Zuel loading. It
also equated the average energy in the pulse mode (as measured by the
core~temperature change) to the steady-state energy deposition (as
measured by the change in pool-water temperature). Thus, future
publications may list different coupling factors due to these changes.

4-8



1.2

>
=10
o=
§§2§cxa 5 .
‘ = 4
§¢§ 0.6 ~
@ - :
:0.4 P "
s = 4
< 0.2 + -*
0.0 A | |
-0.50 -0.25 0.00 0.25 0.50

(2/Z,)

Figure 4-5 Axial-energy-deposition profile calculated
by TWOTRAN-II: HRR series.

Table 4-3 Axial-energy-deposition profile for all HRR experiments

z/zo" 0.00 0.07 0.22 0.31 0.34 0.46 0.50

Nort . Enorgyf
Deposition 1.021 1.021 0.987 0.963 0.981 1.141 1.141

*
Symmetric about center of sample (2/z¢ = 0)

where 2z = distance from center of sample
29 = 1/2 sample length

t , 0

Normalized such that 7;; Jr E(z)dz = 1
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Table 4-4 Radial-energy-deposition profiles for HRR experiments

E(r)* = a; + a;r + a,r? + a;r3; (r in meters)
Experiment ag a, a, aj;
HRR=-2/3 0.58605 3.8328x102 -3.4519x%105 1.3401x1068
HRR-5 0.6850 2.5630x1072 -2.6920x105 1.1490x108
HRR=-6 0.49891 5.5309x102 ~-4,6528x105 1.6254x108
r
. 2 max
Coefficients normalized such that B E(r)rdr = 1
(rmax’ 0
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5. EXPERIMENT RESULTS AND PRELIMINARY ANALYSIS

The experimental results and preliminary analysis for each of the HRR
experiments are presented in this chapter. The discussion begins with
a brief summary of the HRR transients and a comparison of the actual
histories with the objectives as defined in Section 3.1. A listing of
the major events observed during the experiments is also included.
Most of the discussion of results and analysis can be found in the
section on thermal analysis, Section 5.2. This section also includes
the majority of the posttest analysis done to date. Some preliminary
posttest fission gas analyses have likewise been performed, and these
are described in Section 5.3.

5.1 Summary of HRR Transients

The ACRR power histories used in the HRR experiments consisted of two
pulses separated by about 2.5 s of near constant-power operation. The
first pulse and the subsequent constant-power operation were designed
to melt off the cladding and result in a fuel-temperature distribution
prototypic of the LOF accidents being investigated. During the tail
end of the constant-power period, radiative heat losses from the fuel
surface to the inner canister wall were very nearly balanced by the
energy input. Thus, a quasi-equilibrium fuel-temperature distribution
was achieved with an average temperature of 2100 to 2500 K in the
outer, gas-bearing fuel region. During the second pulse, fuel heating
rates on the order of 100 K/ms were achieved, and fuel disruption
occurred.

The actual ACRR power histories used in experiments HRR-6, HRR-2,
HRR-3, and HRR-5 are shown in Figures 5-1 through 5-4.

The high-speed camera, operating at 4000 to 10 000 frames per second,
recorded the fuel behavior beginning approximately 1 s after the first
pulse. Several major events were observed in the films for each
experiment. The timing of these events is indicated in Figures 5-1
through 5-4. These events consist of: start of cladding melting
(SCM), cladding meltoff (CMO), fuel swelling (FS), start of fuel
disruption (SFD), and loss of pin geometry (LPG). These events are
defined as follows:

S8CM: Start of cladding melting is the time at which clad draining is
first observed.

CMO: Clad meltoff is the time when ~ 90% of the fuel surtface has been
uncovered by draining of the molten clad.

FS: The time of fuel swelling is the time at which gross fuel ex~-
pansion (in excess of that which can be explained by thermal
expansion) starts.
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Figure 5-1

ACRR power history for HRR-6.
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SFD: The start of fuel disruption is the time when the pellet stack
rapidly begins to lose its cylindrical geometry.

LPG: Loss of pin geometry is the time when the fuel is no longer
recognizable as a fuel pin, i.e., it begins to have spherical
geometry.

A summary of the observed timing for these events is presented in
Table 5-1. The timing of the events was determined from the films,
and the selection of a specific frame to identify each event was some-
what subjective. Consequently, the times given in Table 5-1 have an
associated uncertainty of + 200 ms for CMO, *+ 2 ms for FS, and ¢+ 1 ms
for SFD and LPG.

Table 5-1 Summary of event timing in HRR experiments

Experiment: HRR=6 HRR=2 HRR-3 HRR=5
Event Time (8s)
SCM 1.76 2.34 1.828 1.551
50% CMO* 2.062 2.95 2.128 1.951
CMO 2.479 t 2.341 2.430
FS 2.9225 *® B =
SFD 2.9255 2.959 2.9294 2.930
LPG 2.9285 2.962 2.9304 2.933

'Clad draining had exposed 50% of the fuel surface.
Truel disruption occurred prior to complete clad meltoff.

*No significant fuel swelling was observed prior to
disruption.

Because of enrichment differences between eiperiments, and Lecause of
the use of a polyethylene moderator in experiment HRR-5 (see Section
4.3), the coupling factors vary slightly between experiments. Thase
coupling factors are again summarized in Table 5-2., Table 5-2 also
lists the pin power at the peak of the first pulse, at the start of
the second pulse (end of preheat), and at the peak of the second
pulse, as well as the time between first and second pulse.
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Table 5-2 Pin powers and reactor-pulse summary

Experiment: HRR-6 HRR=-2 HRR=-3 HRi~5
Parameter

COuplin’ Factor

(3/9/MJ 14.15 13.85 13.85 13.38
Pin Power* at Peak

of Pulse 1 19.21 16.07 25.10 22.75
rwiM' of Pulse 1

(ms) 28.5 30.3 24.3 25.8

Pin Power* at End
of Plateau 0.113 0.113 0.113 0.113

Pin Power* at Peak
of Pulse 2 73:.39 59.03 48.17 38.86

FwiM' of Pulse 2
(ms) 17.8 20.0 21.8 23.9

Time Between Pulse 1
and Pulse 2 (8) 2+516 2.562 2.552 2.543

'rtn powers are in kW/g.
TPWHM = Full Width at Half Maximum.

Qualitatively, the appearance of disruption was very similar in each
of the four experiments: a violent spray-like dispersal occurring
well into the second power pulse. Thermal analysis, however, indi-
cates that the timing of disruption relative to the time of fuel melt-
ing was different for the fresh- versus the irradiated-fuel experi-
ments, These differences will be discussed in the next section,

Before getting into the details of the thermal analysis, it is worth
Jomparing the actual HRR power/temperature histories to the objective
as defined in Table 3-~l. The parametars of interest are the gas~
bearing-fuel temperature (taken as the tempecature at a relative fuel
radius of 0.8) at the end of the preheat, the length of the preheat,
and the final temperature-ramp rate (taken at a fuel radius of 0.8 at
SFD). These parameters are summarized in Table 5-<3. As can be seen
from these results, the test objectives were generally achieved al-
though it was not possible to ensure the same temperature ramp rate
during the second pulse for each experiment.



Table 5-3 HRR experiment matrix: Key parameters

Preheat Preheat Temperature
Temperature* Time Ramp*t v
Experiment (K) (s) (K/ms)
HRR=6 2320 2.5 90
HRR=-2 2296 2.5 60
HRR=-3 2478 2.5 50
HRR=5 2480 2.5 45

-
At a relative fuel radius of 0.8.
'Inltantaneoua ramp at the time of disruption.

5.2 Thermal Analyses

Detailed two-dimensional (radial-axial) thermal analyses were per-
formed for each of the HRR experiments, using the TAC-2D code.(36]
The cylindrical geometry modeled in these calculations is shown in
Figures 5-5 and 5-6. 1Included are the fuel-pin segment with its
associated cladding, the depleted UO, holders on each end of the pin,
the helium fill gas, and the aluminum canister. Inspection of the
TAC=-2D results indicated that axial conduction had little effect on
the calculated temperature distribution near the axial midplane of the
tes: pin segment. Since that region of the pin was the hottest and
firs: to disrupt, it was possible simply to perform one-dimensional
(esdial) heat-conduction calculations for the centermost fuel pellet
only. These one-dimensional calculations were performed using the
thermal module from the SANDPIN code.[5] Because of a more accurate
treatment of fuel melting, cladding melting, and thermal radiation,
these SANDPIN calculations form the basis for the discussion that

follows.

The SANUPIN calculations were performed using the power histories
shown in Figures 5-1 through 5-<4., The coupling factors and energy-
deposition profiles that were used were discussed in Section 4.3. The
calculations used standard temperature-dependent material proper-
ties[37) and a gap model([38] that accounted for temperature-dependent
gap-gas conductivity, gap opening/closure caused by relative fuel-
cladding thermal expansion, and radiation heat transfer. The fuel
microstructure used in the calculatione is as summarized in Section

3.20
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In each of the transients, the gas both in the fuel-cladding gap and
between the cladding and canister was initially helium at 0.03 MPa
preasure. This was the gas composition used for each transient
throughout the calculations. In reality, however, transient fission-
gas releszse occurring in the irradiated experiments (HRR-2, -3, =-5)
contaminated the helium gas and lowered the effective gas conductivi-
ty. This time-dependent gas composition change is not currently
modeled in the SANDPIN code.

Before describing the detailed results of the heat-transport calcula-
tions, it is important to summarize the major uncertainties in these
calculations and their interpretation. Three sources of uncertainty
have been identified. They result from the determination of the
coupling factor, the alignment of the timing between films and power
histories, and the selection of the film frame in which a major event
is said to occur (e.g., the start of fuel disruption). Because the
calculations indicate that fuel disruption in all the experiments
occurred near the time of fuel melting, the three uncertainties iden-
tified will be put into perspective by considering their effect on the
calculated melt fraction.

The uncertainty in the coupling factor is estimated to be no more than
+ 88%. This uncertainty is absolute in the sense that it does not
change from experiment to experiment. Consequently, it need not be
given much consideration when comparing events or timings between
different experiments. However, when trying to estimate guantities
such as average fuel enthalpy or melt fraction, it should be con-
sidered. At the time of fuel melting, the total energy deposition in
the fuel is approximately 1000 J/g. An 8% uncertainty in this value
is 80 J/g, or about 30% of the heat of fusion.

The second source of uncertainty occurs because of a mismatch in the
alignment of the timing in the films with the timing of the measured
reactor power. For all experiments, this uncertainty is estimated to
be * 1 ms. Near the start of fuel disruption, the energy deposition
rate is approximately 2.8 x 10% W/g. Therefore, a l-millisecond error
in the timing alignment results in a 28 J/g uncertainty in the energy
deposition. This corresponds to approximately 10% of the heat of
fusion.

The third source of uncertainty is in the selection of the frame that
corresponds to the initiation of an event. For example, selection of
the frame corresponding to the start of fuel disruption or to the
initiation of fuel swelling entails some judgment concerning when
these events begin. For the analysis here, it is estimated that this
uncertainty is approximately + 1 ms.

Thus, relative comparisons between experiments (e.g., melt fraction at
the start of fuel disruption between fresh and irradiated fuel) re-
quire consideration of only the last two uncertainties. In this situ-
ation, the uncertainties combine to give a total uncertainty of + 14%
of the heat of fusion. However, when characteristics are considered
in an absolute sense (e.g., the absolute uncertainty at SFD), all
three types of uncertainties must be considered. In this case, the
total uncertainty is 33% of the heat of fusion.

5=11



5.2.1 Analysis of Fresh-Fuel Experiment HRR-6
The reactor power transient used in the HRR-6€ experiment is shown in
Figure 5-1. The high-speed camera recorded the events occurring
during the transient at a filming rate of 4000 frames per second.
Photos (from this film) of the major events discussed in Section 5.1
are shown in Figure 5-7. These events are CMO (t = 2.479 s, Figure
5-7a), FS (t = 2.9225 s, Figures 5-7b and 5-7c¢), SFD (t = 2.9255 s,
Figure 5-7d), and LPG (t = 2.9285 s, Figure 5-7e). As previously
noted, there is a judgmental uncertainty of * 200 ms associated with
CMO, * 2 ms with FS, and * 1 ms with SFD and LPG.

The SANDPIN thermal module was used to calculate the time-dependent
temperature distributions in the fuel-pin segment. Figure 5-8 shows
the calculated anl measured fuel-surface temperature as a function of
time. The optical pyrometer was used to determine the measured fuel-
surface temperature. Unfortunately, this device was not accurately
calibrated: conseguently, an adjustment of the data had to be made.
For both the calculated and measured surface-temperature histories,
the curves exhibit a plateau around 2.925 to 2.927 s. The calcula-
tions clearly indicate this plateau resulted from fuel melting near
the fuel surface. Therefore, it was concluded that the observed
plateau occurred near the melt temperature, and the temperature mea-
sured by the pyrometer at 2.926 s was set at 3021 K (halfway between
solidus and liquidus). The cnoice of 3021 K (rather than the solidus
temperature of 2998 K or the liquidus temperature of 3043 K) was
completely arbitrary. In fact, the calculations indicate that the
surface~-temperature plateau was closer to ~ 3000 K.

The temperature as "seen” by the pyrometer is not really the surface
temperature but rather some average of the temperature in a thin outer
crust. This is because the pyrometer actually sees into the fuel a
short distance. This effect is caused by the presence of numerous
fuel-surface cracks and the partial transparency of UO; at high tem-
peratures.[39] To illustrate the possible effect such penetration
could have on the results, the calculated temperature is plotted not
only for the fuel surface but also for a point 0.035 mm into the fuel
(se2> Figure 5-8). For reference, the pin power is also shown.

In general, the agreement between measured and calculated fuel-surface
temperature is excellent. For most of the transient from 2.900 s to
2.927 8, the discrepancy between the plotted pyrometer data and the
calculated temperature band is on the order of 20 to 40 K. This could
simply be a result of the arbitrary choice of 3021 K at 2.926 s for
the pyrometer data, or a result of the * 8% uncertainty in coupling
factor.* The important thing to notice is that the calculation and
the measured data agree to within < 1 ms on the start of the melting
plateau near 2.925 s.

*
The timing uncertainty of * 1 ms, and the qualitative uncertainty of

> 1 ms associated with defining event times, do not affect these com-
parisons because they are strictly associated with the film timing.
The timing uncertainty between the power history (calculated results)
and the pyrcmeter data is essentially zero.
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Two areas of disagreement between the pyrometer dat id the measured
temperatures are apparent in Figure 5-8. The first or these occurs
around 2.920 s, when the pyrometer data seems to exhibit an oscilla-
tion. While the exact cause of this perturbation has not been deter-
mined, it is suspected that it resulted from vibration in the optical
system. The second area of large disagreement (> 50 k) between mea-
sured and calculated temperature can be seen starting at 2.928 s.
However, the comparison is no longer meaningful here because the cal-
culation stil) assumes cylindrical geometry, whereas in reality the
fuel has dispersed into a near-spherical "cloud". Because of this
fuel dispersal, the effective reactor coupling factor increases, and
more energy is being deposited in the fuel than is accountea for in
the calculation. Thus, one would expect the calculated temperature to
lag behind the measured pyrometer data. In addition, it is not clear
at this point exactly what fuel the pyrometer is seeing, because of
the low density of the expanding fuel cloud and the nonuniformity of
the expansion.

Aside from the arbitrary calibration of the pyrometer data, the 20 to
40 K discrepancy between measured and calculated data may partially be
a result of the t 8% uncertainty in power-coupling coefficient. The
effect of this uncertainty can be seen in Figure 5-9. Plotted are the
pyrometer data along with the surface temperature calculated using the
nominal coupling factor, a value that was 8% high, and a value that
was 8% low. The temperature plateau around 2.926 s occurs at the same
temperature for each value of the coupling factor used. The primary
effect of the 8% variation in coupling factor is to change the fuel
temperature at the end of the preheat (2.900 s) by approximately

¢+ 80 K and to shift the timing of the melt plateau at 2.926 8 by about
+ 1 ms. Inspection of the curves in Figure 5-9 shows that the best
gqualitative agreement between pyrometer data and calculated tempera-
ture is obtained using the nominal value of the coupling factor.

Based on these comparisons, it is concluded that the actual coupling
factor applicable to the HRR-6 transient is in tact very close (within
2 to 3%) to the nominal value of 14.15 J/g/MJ assumed in the calcula~
tions.

The surface-temperature data discussed above are of little direct use
in the interpretation of the experiment results. The radial-tempera-
ture distributions are needed for such interpretation. However, the
excellent agreement between measured and calculated surface tempera-
tures does provide some assurance of the validity of the temperature
profiles calculated. Without this comparison there is no check on the
accuracy of the thermal calculations.

The major events observed during the transients were shown in Figure
5-7. The calculated radial-temperature profiles corresponding toc the
times of these events are plotted in Figure 5-10. The radial dis-
tribution at the end of the preheat (EOP) is also shown.* These
calculated temperature profiles are an important part of the overall

.Noto that after clad meltoff, the clad temperatures were still
plotted, but they are equal to the fuel-surface temperatures.
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interpretation of the observed behavior. 1In additior to the major
events, several minor events were also cbserved. These are vertical
fuel cracking, gaseous release, and some small-scale sputtering. A
brief discussion of all events is given below.

The first major event observed in the film is fuel swelling. Figure
5-8 shows that the measured start of fuel swelling coincides with the
outer portion of the fuel reaching ~ 2700 K. This swelling may be due
to rapid high-temperature creep, which becomes important at fuel tem=-
peratures above ~ 2700 K.[40] The observed fuel swelling near the
time of fuel disruption is shown in Figure 5-l11. Prior to 2.9225 s,
the increase in fuel-pellet diameter is minimal and can be explained
by simple chermal expansion. Averaging the total 15 to 20% diametral
expansion over the ~ 3 ms swelling time gives an average diametral
"strain cvate" of ~ 50 to 70 %/s. Investigators are working on deter~
mining the internal pressure source responsible for this observed
swelling. Contaminant and fabrication gases (e.g., CO and He) are
currently thought to be the most likely explanation.

At 2.9255 8, following ~ 3 ms of rapid fuel swelling, the start of
fuel disruption is cbserved. A photo of the fuel at this time is
shown in Figure 5-7d. As can be seen in Figure 5-8, both the pyrom-
eter dJdata and the thermal calculation indicate that the surface tem=-
perature at that time was going through a plateau caused by melting.
The calculated radial~temperature profile at that time (Figure 5-10)
shows that the melt front had reached ~ 100% of the fuel radius. The
total melt fraction (fracticnal enthalpy through the heat of fusion,
averaged over fuel mass) at this time is - 118, At the time of SFD,
the linear expansion rate of the expanding fuel "cloud" is ~ 1.0 m/e,
for an effective diametral "strain rate" of ~ 400 W/s.

The very qualitative "loss of pin geometry" occurs at ~ 2,9285 . A
photo of the fuel at this time is shown in Figure 5-7e, and the radial
temperature profile is shown in Figure 5-10, The calculation is only
qualitatively correct, Lecause the severely disrupted geometry is not
modeled in the calculation. However, at this time the outer part of
the fuel has passed through the heat of fusion and is increesing in
temperature at a rate of approximately 150 K/ms (see Figure 5-10).

The peak fuel temperature of 3150 K has now essentially reached the
+03 MPa boiling point of 3200 ¢ 200 K. Thus, it is suspected that the
disruption mechanism has changed from phenomena associated with melt~
ing to one dominated by fuel boiling (vapor pressure). Further evi-
dence for this is seen in the rapid change in the rate of fuel expan-
sion that also cccurs at this time. Figure 5-11 shows that the
observed linear expansion rate of the expanding fuel "cloud" increased
dramatically from ~ 1.25 m/8 to ~ 20 m/8 at the time of LPG., This
rapid increase in the rate of fuel dispersal is consistent with a
sudden ‘ncrease in fuel-vapor generation as the fuel temperature
reaches the 0,03 MPa boiling point.

in addition to these major events (fuel swelling, fuel disruption, and
loss of pin geometry) several minor events were also observed, includ~
ing radial fuel cracking, gaseous release, and fuel sputtering. In
all likelihood, the secondary events played a less important role in
the disruption procesas.

-10
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A vertical crack in the fuel surface was visible after clad meltoff
occurred. At this time the fuel surface was still cool (i.e.,

~ 2000 K), and the crack was visible because the interior of the fuel
was much hotter than the surface. The crack appeared as a bright line
on the surface and remained visible until 2.92 s, when the surface
temperature reached ~ 2700 K. At this time the crack may have closed,
or the radial fuel temperature gradient may have been too low to
provide sufficient contrast between the hot inner fuel and the cool
outer surface. The times of crack initial appearance and final disap~-
pearance correspond rougnly to Figures 5-7a and 5-7b, but unfortun=~
ately, the crack is not visible in the reproductions.

The gas release, which can be seen in Figure 5-7¢, is unexplainad at
present. It may have been glowing noncondensable gases or possibly

the fog or condensation of a gas emitted from the fuel just prior to
SFD.

The sputtering of the fuel occurred near the time of SFU. The par-
ticle sputtered from the surface had a mass of approximately 5 mg and
traveled with a constant velocity of 3.2 m/s. This small particle was
very near the solidus temperature at the time of ejection and even=~
tually reached the melt temperature 3} ms after ejection. The cause of
the ejection has not yet been determined.

Among the events observed, the most important observation is that the
fresh fuel used in the HRR~6 experiment disrupted near the time of
100% fuel melting,* significantly prior to fuel-vapor-pressure genera-
tion., This is seen very clearly in the radial temperature distribu~
tion at the time of initial fuel disruption (SFD) in Pigure 5-10., The
maximum fuel temperature at this time was 3012 X, which occurred when
the fuel was only J3% through the heat of fusion. The fuel-vapor
pressure at this point was only 0.004 MPa, well below the 0.03 MPa
fill-gas pressure.

Further evidence for the absence of significant fuel-vapor pressure at
the time of fuel disruption can be obtained from the pressure-tranas-
ducer measurements of the inner canister pressure, shown in Figure
5«12. No evidence of any pressurization was seen until 2.932 », about
6 ma after the start of fuel disruption. At that time, the penk
calculated fuel temperature was 3700 K, about 500 K above the boiling
point of the mixed-oxide fuel at 0,03 MPa. The rise in pressure seen
At this later time was probably caused by fuel vaporization.

Thus, initial fuel disruption occurred about ) ms before the calcula=
tions indicate that fuel boiling starts and about & ms before any
significant fuel-vapor pressure was seen by the pressure transducer.
However, at a higher ambient (capsule) pressure, this time difference
between SFD and the onset of rapid fuel vaporization (beiling) could
be significantly increased. In future experiments, higher ambient
pressures will be used to separate effects (in time and temperature)
caused by fuel melting and by fuel vaporization (boiling).

-
Fractional area of the fuel above the solidus temperature of 2998 K.
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5.2.2 Analysis of Irradiated-Fuel Experiments HRR-2, -3, =5

As described in Section 3.1, the reactor power transients used for the
irradiated-fuel experiments were very similar to the one used in the
fresh-fuel experiment. The ACRR power histories used in experiments
HRR~-2, HRR-3, and JRR-5 are shown in Figures 5-2, 5-3, and 5~-4. The
observed fuel behavior was very similar for each of these three exper-
iments, so a separate discussion of each experiment is not provided.
Basically, the observed seguence of events was very similar to that of
HRR=6. The major differences are that significant fuel swelling prior
to disruption was not observed and that the observed disruption oc-
curred slightly earlier (at a lower fuel melt fraction) in the ir-
radiated-fuel experiments. The timing of the observed major events
(CMO, SFD, und LPG) is summarized in Table 5-2.

The SANDPIN thermal module wa 3ed to calculate the time-dependent
temperature distributions £o01 vach of the experiments. Figures 5-13,
5-14, and 5-15 show the measured and calculated fuel surface temper-
atures for experiments HRR-2, HRR-3, and HRR-5, respectively. Also
shown are the reactor power transients and time markers indicating SFD
and LPG. As for the HRR-6 analysis, the measured temperature is shown
both for the fuel eurface as well as for a point 0.035 mm into the
fuel. The optical pyrometer was not available in the irradiated-fuel
HRR experiments, so the measured temperatures were obtained from
optical-densitometer measurements of the film exposure. These plotted
densitometer measurements were not calibrated to the calculation as
was done for the optical pyrometer data in the HRR-6 analysis. Thus,
these measurements are the actual data and have an associated uncer-
tainty of £ 100 K.

In general, the agreement petween the measured and calculated tempera-
rures is very good. The difference between the two curves is typi-
cally well within the *+ 100 K uncertainty of the densitometer data.

The calculated radial temperature profiles at EOP, at SFD, and at LPG,
are shown in Figures £-16, 5-17, and 5-18 for each of the irradiated-
fuel experiments HRR-2, HRR-3 and HRR-5. As for the HRR-6 analysis,
these czlculated results form the basis for the interpretation of the
experiments.

Only minimal fuel swelling prior to disruption was observed in the
irradiated-fuel experiments (less than 5 volume percent). In the
fresh-fuel HRR-6 transient, the start of fuel swelling coincided with
the surface temperature reacning ~ 2700 K. In the irradiated-fuel
experiments, however, the start of fuel disruption occurred when the
surface temperature was ~ 2700 K.

Photos of the fuel-disruption process are shown in Figures 5-19, 5-20,
and 5-21 for experiments HRR-2, HRR=-?, and HRR-5, respectively. 1In
all cases, the disruption appeared as a gas-driven expansion of very
small (< 0.1 mm) particles moving at speeds near 5 m/s. Qualita-
tively, there was little if any difference between the appearance of
the disruption in the fresh- and irradiated-fuel experiments. The
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a, 50% clad meltoff (50% CMO),
t = 2,950 s.

b. Fuel sputtering,
t = 2,956 s.

c. Start of fuel disruption (SFD),
t = 2,959 s.

d. Loss of pin geometry (LPG),
t = 2.962 s,

5=-19 Selected frames from motion-picture film (HRR-2),
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a, 90% clad meltoff (90% CMO),
t = 2,3410 s.

b. Start of second pulse,
t = 2,9214 s,

c. Prior to start of fuel disruption,
t = 2.9264 s.

3

uel disruption

f1 S
t 2.9294 s,

1
O

e. Loss of pin geometry (LPG),
t = 2.9304 s,

frames from motion-picture film (HRR-3).
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only real difference was in the fuel-expansion rates at SFD. Figures
5-22 through 5-24 show the measured fuel expansion as a function of
time for the irradiated-fuel experiments. In each case, the expansion
rates (particle velocities) went from zero to 4 or 5 m/s within 1 ms
of the start of fuel disruption. These velocities were about four
times larger than the observed expansion rates in the fresh-fuel
experiment HRR-6 (see Figure 5-11).

Although the gualitative appearance of the fuel disruption was very
similar for fresh- and irradiated-fuel experiments, the timing of SFD
was consistently earlier in the irradiated-fuel cases. The calculated
radial temperature profiles in Figures 5-16 through 5-18 show that,
within the * l-ms timing uncertainty, the time of SFD coincided
roughly with the onset of fuel melting. At the time of SFD, fuel-
surface temperatures were about 2700 K, the areal melt fraction ranged
from 0 to 45%, and the total melt fraction (fractional enthalpy
through the heat of fusion, mass average) ranged from 0 to 5%. These
valuers are summarized in Table 5-4. In an absolute sense, the uncer-
tainties in these calculated melt fractions were * 33%.

Table 5-4 HRR fuel-melt-fraction summary at time of disruption

HRR=-6 HRR=-2 HRR=3 HRR=5
SFD

Time (s8) 2.9255 2.959 2.9294 2.930
Areal melt fraction (%) 29 0 44 27
Enthalpy melt fraction* (%) 12 0 5 5
LPG

Time (s) 2.9285 2.962 2.9304 2.933
Areal melt fraction (%) 100 20 96 90
Enthalpy melt fraction (%) 76 1 12 14

*
Absolute uncertainty of % 38%, relative uncerainty of * 14%.

The peak temperatures at the start of fuel disruption were only
slightly above the solidus, and the peak fuel-vapor pressures were
less than 0.004 MPa. Fuel-vapor pressure could thus be ruled out as
the dispersal mechanism. This is more clearly shown in Table 5-5,
which gives the times of SFD in comparison with the times at which the
peak fuel temperature reached the 0.03 MPa boiling point (~ 3200 K)
and the 0.1 MPa boiling point (~ 3500 K). For the irradiated-fuel
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Table 5-5 Time of fuel-vapor-pressure generation
in HRR experiments

R- HRR- - B
Time of SFD (s) 2.9255 2.959 2.9294 2.930
Time of LPG (s) 2.9285 2.962 2.9304 2.933
Time when
vapor pressure
= 0.03 MPa (s) 2.929 2.968 2.9365 2.9415
= 0.1 MPa (s) 2.931 2.970 2.939 2.9445

experiments, there was a margin of ~ 7 to 10 ms between SFD and the
start of rapid fuel vaporization (boiling). This margin was much
larger than the * 2-ms timing uncertainty in the analysis.

As was mentioned above, the initial rate of fuel expansion was much
higher in the irradiated-fuel experiments than in HRR-6. Further, it
was not possible to discern a noticeab’e change in the fuel-expansion
rates as was seen in the fresh-fuel HRR-6 experiment. However, long
a‘“ter LPG, when the expanding fuel had filled the entire view field,
tne character of the fuel seemed to change from discrete (though
small) particles to a fog. This occurred near the time of fuel boil-
ing in each experiment.

There are several important conclusions that can be drawn from these
results:

e There seemed to be no difference in the observed fuel disruption
between high- and low-power microstructures (HRR-3 versus HRR-5).

¢ There seemed to be no difference in the observed fuel disruption
between preheat temperatures of 2300 K and 2500 K (HRR-2 versus
HRR=3).

e There was no evidence for fuel disruption below fuel temperatures
of ~ 2300 K (although the fuel may have fragmented prior to disrup-
tion).

¢ The irradiated fuel disrupted eariier than the fresh fuel, but in a
qualitatively similar manner (HRR-2 versus HRR-6).

Based on these analyses, it appears that that observed disruption
coincided very nearly with fuel melting (or near melting) in the
irradiated-fuel samples. Solid-state disruption, as predicted by the
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TIGRS pretest calculations, was not observed. Solid-state disruption
may have occurred, but only when the center of the pin was starting to
melt.

5.2.3 Comparisons between Fresh- and Irradiated-Fuel Experiments

The differences between the fresh- and irradiated-fuel experiments
have been briefly discussed in the previous section. These important
differences and similarities are again summarized herein to aid in the
interpretation of the results. Table 5-6 summarizes the major obser-
vations and analysis for all the HRR experiments.

The disruption process was gualitatively very similar for both the
fresh- and irradiated-fuel experiments: it appearred as a rapid gas-
driven expansion cf very fine particles. In all cases, disruption
occurred well before significant fuel vapor pressure was generated.

If this observed disruption proves to be axially dispersive, it would
be an important potential source of reduction in work-energy release
for prompt-burst disassembly accidents, especially in end-of-equili-
brium-cycle (EOEC) cores. Further, if the observed early dispersal in
the fresh fuel can be demonstrated to be prototypic, this reduction in
work-energy release could be extended to beginning-of-life (BOL) cores
as well.

The major difference between fresh and irradiated-experiments was the
state of the fuel at the time of disruption. This was most clearly
seen in the melt fraction at the start of fuel disruption. The fresh
fuel was nearly 100% molten, whereas the irradiated fuel had a lower
melt fraction (average ~ 40%). This difference was even more pro-
nounced, since the melt temperature for the fresh fuel (3021 K) was
higher than for the irradiated fuel (2960 K). Thus, given the same
power transieni, irradiated fuel disrupted earlier. This was con-
sistent with the expected result that fission gas in the irradiated
fuel contributed to the earlier disruption.

Fresh and irradiated fuels also displayed differences in the initial
expansion rates (i.e., the velocity of the particles at the start of
fuel disruption). For fresh fuel, this velocity was near 1.25 + 0.2
m/s; for the irradiated fuel, this rate was near 5.0 + 0.2 m/s.

Again, this difference is thought to be due to the presence of fission
products in the irradiated fuel.

A further difference observed between fresh and irradiatec fuel was
the swelling of fresh fuel, whereas the irradiated fuel experienced
little or no swelling. This phenomenon probably occurred because the
irradiated fuel disrupted earlier, leaving little or no time for
swelling to occur. Evidence for this reasoning is seen in the state
of the fuel at the time of swelling in HRR-6 and at the time of dis-
ruption in the irradiated-fuel experiments. The fresh fuel started
swelling at a significant rate when the fuel-surface temperature
reached 2700 to 2800 K. However, when these conditions were reached
in the irradiated fuel, disruption occurred (suggesting a larger
internal driving pressure).
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Table 5-6 Summary of observations for high-ramp-rate
fuel-disruption experiments

Observation HRR-6 HRR=-2 HRR~-3 HRR~-5
Fuel Characteristics
Fuel Type FE-094 PNL 11-18 PNL 11-18 PNL 9-44
Sintered Density
(103 kg/m?) 10.0 9.96 9.96 9.88
Enrichment (%) 790.3 67.7 67.7 40
Burnup (atom percent) 0 4.67 4.61 4.75
Linear Heat Rating
(kW/m) - 33.3 32.9 15.9
Event Times (s)
CMO 2.479 2.950% 2.341 2.430
FS 2.9225 t t t
SFD 2.9255 2.959 2.929%4 2.930
LPG 2.9285 2.962 2.9304 2.933
Melt Fraction at SFD (%)
Areal 99 0 G4 27
Enthalpy 12 0 5 -
Linear Expansion Rate
(m/s8 £ .2 m/8s) 1.25 5.0 5.0 4.5
Time (s) at which
Fuel Vapor Pressure
= .03 MPa 2.929 2.968 2.9365 2.9415
Fuel Vapor Pressure
= ,1 MPa 2.931 2.970 2.939 2.9445
Reactor Conditions
Preheat Temp (K) 2320 2296 2478 2480
Preheat Time (s) 3.5 2.5 2.3 2.3
Temp Ramp at SFD
(K/ms) 90 €0 50 45
* 50% CMO.

t No significant fuel swelling.
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An important objective of the HRR experiments was to determine the
source and magnitude of the forces causing the disruption. Since
fuel-vapor pressure can be excluded as the initial cause of fuel
disruption for both fresh and irradiated fuels, other causes must be
considered. The other possible sources are molten-fuel expansion,
fission products (especially the gases), and impurity gases. Each of
these three factors is likely to play a role.

In the fresh-fuel HRR-6 experiment, only molten-fuel expansion and
impurity gases* can be considered as candidate disruptive mechanisms.
A detailed analysis of the relative magnitude of these two sources and
their interdependence has not been performed, but some gualitative
observations can be made. At the time of SFD in HRR-6, the radially
averaged melt fraction (fractional enthalpy through the heat of
fusion) was only about 10%, and the peak local melt fraction was only
35%. Since the fresh fuel had an as-fabricated porosity of 12%, and
the peak volume expansion associated with complete melting was ~ 10%
[41], it is unlikely that the volume expansion associated with only
35% peak melting could cause disruption. Thus, impurity gases prob-
ably constitute the dominant disruption mechanism.

Other experimental evidence also indicated that the disruption was

caused by gases. The films, as well as the photos shown in Figure

5-7, showed the emission of a gaseous halo around the fuel prior to
disruption. This gas evolution might be related to the early dis-

ruption in the fresh-fuel experiment.

If impurity gases caused the disruption, then what were the gas~s and
under what mechanisms did they operate? Two possible gases are cur-
rently under consideration. The first possibility is helium gas. The
fuel used in the HRR-6 experiments was fabricated at least 15 years
ago, so sufficient time had elapsed to allow the alpha decay of Pu-240
to generate helium in the mixed-oxide lattice. It is estimated that
the maximum concentration of helium was 3.8 x 10%% atoms/m’ .

The other impurity gas that might have caused the disruption is
CO0.[42] T"e mixed oxide fuel was originally fabricated with a carbon
wax binder. Most of the carbon escaped in the sintering process, but
some remained. The fabricatign specifications indicate that this was
less than 1.12 x 10°* atoms/m’. During normal steady-state irradia-
tion, the carbon remains in the oxide lattice. But during the acci-
dent transient, the carbon could chemically react with the oxide to
become CO at temperatures greater than 2000 K. If this reaction
process was fast enough, then the CO could have pressurized the inter-
ior of the fuel and cause it to disrupt. In addition, gases adesorbed
during the handling of the pin (water and hydrocarbon vapors) may have
also contributed to the observed disruption.

*
Impurity gases include contaminants introduced during handling as
well as gases that may be inherent or formed from inherent materials
included in the fuel at the time of fabrication. Carbon and helium
are examples of fabrication impurities.
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The helium and CO concentrations given are only estimates (the CO
concentration may be higher). However, these concentrations can still
be compared to a typical fission-gas concentration (see Section 2.2)
of 1.3 x 1026 atoms/m3. Based on this comparison, it would seem that
helium and impurity gases (such as CO) play only a minor role, if any,
in the disruption of irradiated fuel. Nevertheless, analysis of the
impurity gases is needed to better determine the role they play in the
HRR experiments and their importance under prototypic transient con-
ditions.

5.3 Postexperiment Fission-Gas Calculations

The postexperiment calculations were similar to the preexperiment
calculations, except that they used the actual experiment-temperature
histories and were performed with the SANDPIN code rather than the
TIGRS code.

The SANDPIN calculations provided a coupled thermal/fission-gas analy-
sis of the HRR experiments. The actual temperature and temperature-
gradient histories were used in the analyses. The best-estimate
radial distributions of fission-gas content, as described in Appendix
A, were used. Gas-bubble-dynamics calculations and predictions of
fuel cracking were made as a function of radial position in the fuei-
pellet stack.

The actual fission-gas-dynamics calculations in SANDPIN were similar
to those in TIGRS. Primary differences between the two codes lay in
the treatment of grain-boundary gas. SANDPIN differentiated between
interlinked and closed-grain boundary porosity as well as between the
initial intergranular gas (typically in large bubbles) and the inter-
granular gas that accumulates during a transient as a result of in-
tragranular release. The cracking criteria used in SANDPIN were the
same as those in TIGRS. However, the different treatment of inter-
granular gas led to different predicticns of intergranular cracking.

The results of the SANDPIN fission-gas calculations for HRR-2, -3, and
-5 are shown in Table 5-7. Shown are the predicted times of solid-
state disruption along with the observed disruption times. For HRR-3
and HRR-5, disruption was predicted to occur 3 to 5 ms before the
observed disruption. For HRR-2, disruption was not predicted to
cccur, although the ratio of the eneryy available to the energy needed
to cause cracking (the total-energy criterion in TIGRS and SANDPIN)
reached a value of 0.94. This energy fraction was very close to 1.0,
especially when one considers uncertainties in model parameters such
as the incipient crack size. In all cases, the predicted disruption
was intergranular and involved the outer 15 to 20% of the fuel pellet.

Also shown in Table 5-7 are the predicted disruption times for ex-
periments HRR-2, -4, and -5 when a + 30% uncertainty in initial gas
content is considered. As can be seen from these results, for the HRR
transients, predictions of fission-gas-induced fuel cracking were
sensitive to the assumed gas content. When a 30%-lower-than-nominal
gas content was assumed, cracking was not predicted to occur
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Table 5-7 Comparison of measured and predicted fuel-disruption
times for experiments HRR-2, -3, and -5

HRR=-2 HRR-3 HRR=5
Measured Disruption
Time (s) 2.959 2.9294 2.930
Calculated Disruption
Time (s) With Gas
Content
nominal (.94)* 2.9246 2.9297
+30% 2.9597 2.913 2.9197
-30% (.76)* (.94)* (.88)*

*

No disruption predicted -- value in parentheses is peak of
available-to-required-energy ratio at measured time of
disruption.

in any of the three experiments. For the 30%-higher gas-.ontent cal-
culations, cracking was predicted in all cases. 1In fact, for HRR-3

and HRR-5, cracking was then predicted near the start of the fast
heating ramp.

Based on the analysis presented above we must include the possibility
of some solid state fuel disruption occurring in the gas bearing fuel.
However, the thermal analysis presented in Section 5.2.2 showed that
fuel disruption occurred near the time of fuel melting in all experi-
ments. Thus it appears that if solid-state disruption did occur it
coincided with the onset of fuel melting. Because the fission gas
bubbles are highly over pressurized when fuel melting occurs (i.e.
they are not in hydrostatic equilibrium with the fuel matrix), they
will expand causing the fuel to swell or disrupt. It is this
mechanism that we feel is primarily responsible for the disruption
since i% ha~ a much stronger potential for energy release.
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6. SUMMARY AND CONCLUSIONS

The four fuel-disruption experiments in the HRR series, described in
this document, have provided valuable data concerning the behavior of
both fresh and irradiated fuel under rapid-heating conditions char-
acteristic of a prompt-burst disassembly. The major experimental
results can be surmarized as follows:

The initial disruption occurred significantly prior to fuel-vapor-
pressure generation for both fresh and irradiated fuel samples.

In the fresh-fuel experiment, fuel disruption was characterized by
rapid fuel swelling (starting when the fuel-surface temperature
reached 2700 to 2800 K) followed by a rapid spray-like dispersal of
the fuel (when the areal melt fraction reached ~ 100%).

In the irradiated-fuel experiments, fuel disruption was simply a
rapid spray-like dispersal that occurred when the fuel-surface
temperature reached 2700 to 2800 K. At this time the peak fuel
temperatures were near the solidus temperature.

The apparent character and timing of the dispersal in the irradi-
ated-fuel experiments was insensitive to fuel microstructure and
steady-state operating (preheat) temperature.

The dispersal in the irradiated-fuel experiments was more energatic
(more rapid) than in the fresh-fuel experiments.

Disruption of the irradiated fuel significantly prior to fuel
melting was not observed.

Based on these observations and the preliminary thermal and fission-
gas inalyses done to date, the following interpretations have been
made concerning the cause of the disruption:

The most likely cause of the observed early fuel disruption in the
fresh-fuel experiment was impurity gas driven expansion occurring

at the onset of fuel melting. This was probably augmented by the

volume expansion upon fuel melting.

The most likely cause of the observed early fuel disruption in the
irradiated-fuel experiments was fission products gas driven
expansion occurring at the onset of fuel melting. This may also be
augmented by impurity gases and volume expansion upon fuel melting,
and possible solid-state disruption in the outer gas bearing
regions of the fuel.
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Further analysis is continuing to quantify the dispersive forces de-
scribed above. Of primary importance is the evaluation of nonproto-
typic features in the HRR experiments to determine whether these re-
sults are applicable to actual reactor transients. One potential
nonprototypic feature that must be examined is the impurity-gas con-
centrations in the HRR fuel samples, compared to those expected in
prototypic (clean) reactecr fuel.

If these observations and conclusions can be generalized to actual
reactor-accident transients, it must still be demonstrated that the
observed disruption, together with the streaming coolant and steel
vapor, provides the negative reactivity feedback needed to terminate
the accident excursion. Thus, it must be demonstrated that, in a
prototypic bundle geometry, the type of violent radial fuel dispersal
seen in the HRR experiments leads to axial dispersal of fuel away from
the high-worth regions of the core. Experiment programs designed to
investigate this axial dispersal are currently in the planning stages
at SNLA. These experiments will be similar to the fuel-disruption-
type experiments but will use single pin and multi-pin bundles in a
flowing gas-cooled environment.
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APPENDIX A

ASSUMED FUEL FISSION~-GAS DISTRIBUTIONS

Early calculations of fission-gas behavior used fission-gas concen-
trations derived from the Dutt correlation.[29] Recent experimental
work by Randklev and by Bandyopadhyay has shown that neither the total
(integrated over fuel radius) gas content nor the radial distribution
is described very well by the Dutt correlation.[30,31] This lack of
agreement with the Dutt correlation is also seen in the results of
theoretical descriptions of steady-state gas release.[33] The pub-
lished work of Randklev has been used to describe the best-estimate
distributions of retained inter- and intragranular gas. These distri-
butions are described below.

Randklev's work indicates that the radial distribution of retained
intragranular gas (shown in Figure A-l) is

1) flat over the outer ~ 300 um of the fuel pellet,
2) drope off rapidly over the next ~ 300 um of the pellet, and
3) 1is again relatively flat over the inner ~ 1900 um.

Most significantly, the radial distribution as shown in Figure A-1
appears to be essentially independent of fuel microstructure and local
linear heat rating. Furthermore, the peak concentration in the outer
part of the fuel, C;, appears to be independent of local linear heat
rating ana a function only of local fuel burnup. Thus, PNL 9, PNL 10,
and PNL 11 fuel pins of similar burnup have essentially identical
radial distributions of retained intragranular gas.

Randklev's work also indicates that a significant amount of the re-
tained gas is located intergranularly. He states that "recent mea-
surements of retained gas . . . indicated ~ 20 to 25 percent of the
retained gas was located intergranularly."[30] Measurements of radial
distributions of retained intergranular gas have not been made.
Randklev merely states that the intergranular gas " . . . occurs pri-
marily in the region radially inward of ~ 0.75 ry and most probably
between ~ 0.75 ry and 0,25 ry, where ry is the [outer] fuel ra-
dius."(30] Based on these statements, it is assumed as a first ap-
proximatior that the radial distribution of retained intergranular gas
is as shown in Figure A-2.

There is no accompanying data on the axial distributicn of retained
intergranular and intragranular fission-gas concentrations in the PNL
9, PNL 10, and PNL 11 pins. The fuel pins used in the HPR experiments
have peak burnups on the order of 4 to 6 atom percent. For this range
of burnups, the Dutt correlation predicts very little variation in

A-1
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gas concentraticn. Since the peak-to-average burnup ratio in the PNL
pins is only on the order of 1.1, it is assumed as a first approxima-
tion tnat there is no axial variation in the retained fission-gas
concentrations in the PNL 9, PNL 10, and PNL 11 pins. This approxima-
tion will be revised as better data become available.

Using the radial distributions given in Figures A-l1 and A-2, the
assumption of no axial variation in these distributions, and a 25/75
split between intergranular versus intragranular gas, the concentra-
tions C;, C3+ C3, and Cy can be calculated knowing the total amount of
retained gas in the pin. This quantity is normally backcalculated
from the total amount of gas generated (simply a function of burnup)
and the amount of gas released to the fission-gas plenum. Since the
amount of plenum gas in the particular PNL pins used in the HRR ex-
periments is not known, the average quantities of retained gas given
oy Randklev are used in analysis. He guoted average gas-retention
values of 22.8 cc, 21.7 cc, and 23.4 cc (at STP) for the PNL 9, PNL
10, and PNL 11 pins, respectively. Using these values for total gas
retention, the intragranular concentrations, C; and C,, and the in-
tergranular concentrations, C3 and C,, can be calculated. These
concentrations are listed in Table A-1l, along with the concentration,
Co+ that would b2 calculated using the Dutt correlation.

Table A-1 Gas concentration* summary

Fuel Dutt Intragranular Intergranular
Pin Correlation Concentrations Concentrations
Co C, Cy Cj Ciu
PNL-9 155 146 14.6 35.8 Ted Y
PNL-10 154 139 13.9 34.0 6.81
PNL-11 147 150 13,0 36.7 7.34

*
All concentrations in 102“ atoms/m? at the axial midplane.
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