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ABSTRACT

Nineteen in-pile experiments have been performed to provide information on
the conversion of thermal energy to work under prompt burst conditions. These
Prompt Burst Energetics (PBE) experiments consisted of single fuel pin geometries
using fresh UO2 or UC fuel in a capsule filled with either stagnant sodium or
helium. The experiments were irradiated during single or double pulse transients in
the Annular Core Pulse Reactor (ACPR) or the upgraded Annular Core Research Reactor
(ACRR) to provide energy depositions up to 4000 J/g. This report describes the
results of the two single pulse UC/Na experiments and one double pulse UC/Na

experiment performed in the ACPR.

Experimental data include pressure, temperature, and piston-displacement
histories, measured work-to-energy conversion efficiencies, and postirradiation
examination. Analysis includes derived work-to-energy conversion efficiencies (up
to 0.2%), estimated local efficiencies from parametric FCI modeling (around 2%),
pin-failure modeling, and piston-stopping effects. Fuel vapor pressure was present
upon pin failure in only one of the experiments, failure apparently being due en-
tirely to thermal effects in the clad. Large-initial-pressure events were observed
and are attributed to thermal expansion of liquid sodium, supercritical sodium, and
sodium vapor generated by FCI. Secondary pressure events coincided with the
stopping of the piston, suggesting possible triggering of FCI by the deceleration
pressure. Substantial delays (~3-80 ms) between initial pin failure and the onset
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of the pressure transients were observed, further supporting the conclusion that FCI

constitute the dominant pressure source.
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PROMPT BURST ENERGETICS EXPERIMENTS:
FRESH URANIUM CARBIDE/SODIUM SERIES

1. INTRODUCTION

1.1 Purpose and Scope

The current program in Prompt Burst Energetics (PBE) at Sandia Laboratories
involves an in-pile experimental and complementary analytical investigation of the
energetics of fuel-clad-coolant systems subjected to energy deposition conditions
associated with super-prompt critical excursions. ... particular, the emphasis to
date has been on autoclave tests of single intact fuel pins in the presence of
stagnant sodium irradiated in the experiment cavity of the Annular Core Pulse
Reactor (ACPR) and on the supportive aralysis of those tests. Future tests will
include flowing sodium, advanced and alternative fuels and coolants, multi-pin and
disrupted geometries. Prior to these experiments, no experiments had been con-
ducted with periods in the range of a few milliseconds and no experimental basis
existed for determining the potential of short-time energy transfer from fuel to
coolant in the "few millisecond” time frame. This environment is characterized by
the following features not gererally present in other scenarios involving fuel-
coolant interaction (FCI):

(a) At the moment of fuel-coolant contact, there may be a high ambient
pressure due to the fuel vapor pressure and/or fission gas pressure
responsible for clad failure.

(b) Internal fuei vaporization provides a special mechanism for fuel ejec~
tion and fuel-coolant mixing. at least in the immediate viciaity of the
clad failure region.

(c) Except at the clad failure location, remaining, intact clad inhibits
fuel-coolant contact.

{d) The neutronic burst itself provides a source of reactor-wide coherence
even if fuel-coolant interactions themselves are not capable of in-

trinsic, large-scale coherence.

For these reasnns, the nature of FCJ under prompt burst conditions cannot be
readily infe'red from the rcsults of experiments or theories applicable to other
modes of fuel-sodium contact, and separate study is needed.

The prasent program has as its objectives the determination of the phenomena
which dominate in the conversion of thermal energy to work, development of models
to accurately predict the energetics associated with such hypothetical accidents
and provision of the required input data for those models. This program includes
the examination of the integral effects of fuel-clad-coolant interactions, fission
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gas release, and fuel and fission-product vepor pressures during super-prompt
eritical core disruptive conditions and thus serves to define the initial condi-
tions for hydrodynamic expansion of the disrupted core.

The experimental work is closely interfaced with analytical efforts to
develop models which describe the prompt burst process and to the verification of
currently used and developmental disassembly codes. These experiments also provide
information about the state and distribution of fuel, clad, and coolant following a
super-prompt excursion. These data serve as initial conditions for poestaccident
heat removal and inherent retention studies.

The initial PBE experiment series used an instrumented pressure vessel cun-
taining the fuel pin surrounded by coolant. The upper end of the vessel is fitted
with a movable piston. Fuel enrichment and neutron spectrum moderation are com-
bined to yield fission-energy depositions sufficient to melt and partially vaporize
the fuel. Pressure, temperature, piston motion and reactor power histories are
obtained durina each experiment. A comparison of piston kinetic energy (derived
from the piston motion history) and fuel energy deposition (derived from the re-
actor power history) results in an estimate of the work conversion efficiency.
La*er studies will use the coded-aperture-imaging fuel-motion diagnostics system,
as well as in-pile .uel motion detectors, to provide high resolution information on
failure locations, times and the interaction of the fuel with the coolant. Post-
test examinations provide information about the character and distribution of the
debris.

For these experiments, the ACPR could be operated in either the single pulse
mode or the multiple pulse mode. In the single pulse mode, energy was deposited in
the pin in a single pulse of a few milliseconds duration generated by simultaneous
withdrawal of three transient rods. The resulting energy deposition was not uni-
form radiaily across the pin due to the relatively soft neutron energy spectrum of
the ACPR. The resulting temperature distribution peaked near the fuel surface. In
the double-pulse mode the energy deposition was partitioned between two smaller
pulses generated by sequential withdrawal of the transient rods. Although the
enerqgy deposition profile resembled that obtained in single pulse operation,
thermal relaxation between pulses permitted tailoring of the temperature profiles
by altering the times between rod withdrawals. Temperature profiles which peak
within the fuel can be obtained, approximating “"prototypic" temperature profiles.

The analytical work can be grouped into three categories.

(a) Preexperiment analysis directed at experiment design and safety analy-
sis.

(b) Interpretive analysie directed at identifying and characterizing the
underlying physical phenomena based on experimental observations.

(¢) Phenomenological modeling directed at developing analytic models, which
unigquely describe the observed phenomena, for incorporation into pre-
dictive accident analysis.



Among the areas addressed by the analysis have been:

(a) Time and location of clad failure;

(b) Thernophysical states of fuel, clad and coolant at failure;

(e¢) Fuel-coolant interactions, including mizirg3, fragmentation, and heat
transfer;

(d) Pressure transients produced by piston stopping as an FCI trigger
mechanism.

A pin failure model, EXPAND, described in reference 1, has been developed at Sandia
to address (a) and (k). Conventional heat transfer codes have also been used for
thermal modeling. No model is currently available that correctly describes all
important aspects of fuel-coolant interactions (c). While parametric approaches
have been developed, the input parameters are not physically observable. Para-
metric models have been used to gain insight into the FCI phenomena observed in

PBE experiments. A more mechanistic approach, with experimentally determined

inpat variables, is desirable to extend the results of the PBE work (or, for that
matter, other FCI experiments) to larger systems.

To date nineteen single pin PBE experiments have been performed. Three

experiments were performed with fresh Uo2 fuel in a helium filled capsule.z'3

1,3 The most recent

Thirteen experiments have utilized fresh UO2 fuel in sodium.
oxide/sodium experiment, PBE-13S, will be described in a subsequent report. Three
experiments involving fresh uranium carbide fuel in sodium, previously reported

only prellminarily."s

are the subjects of this report. This series of uranium
carbide (UC)/sodium experiments was perfcrmed as a collaboration between Sandia
Laboratories (under NRC/ARSR auspices) and The Fast Breeder Reactor Project at KfK,

Karlsruhe, West Germany.

The UC/Na PBE experiments numbered PBE-SGl, PBE-SG2 and PBE-35G3, were con-
ducted in September 1977. This report contains a detailed description of the ex-
periment vehicle (Section 2), a description of neatronic calibration (Section 3), a
summary of experiment results (Section 4), the results of the related analytical
work (Section 5), and a discussion of the conclusions drawn from this work (Section
6): A summary of the major conclusions is given in subsection 1.2.

1.2 Summary of Major Observations and Conclusions

The rationale for the conclusions drawn from the UC PBE work and the sup-
porting experimental and analytical evidence follow in Sections 2-6. The experi-
mentzl evidence was derived from pressure, piston displacement, temperature and
reactor power histories as well as radiographs from past experiments. Analytical
evidence has come from the application of several types of computer codes to vari-
ous aspects of the experiment. The analysis included hydrodynamic and heat trans-
fer modeling of the pin, and channel, and use of a parametric FCI model to examine
pressure transients attributed to fuel-coclant interactions.

Initial pin failure under the conditions defined in these experiments was by

rupture of the cladding and not by melting. The dominant variable affecting time
of clad failure is heat transfer frem the fuel to the cladding whi_h determines the

11
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cladding temperature and, hence, its strength. The rapid heat transfer to the
cladding (together with the relatively cold sodium in the channel) also establishes
steep temperature gradients in the clad giving rise to large thermal stresser.

The pressure histories in these experiments can be characterized by low
amplitude pressures at cladding failure followed after a signficiant delay by very
high amplitude pressure transients and subsequent sustained pressures decaying over
periods of up to 50 ms. In two experiments, secondary pressure transients were
observed at the cop of the capsule following the piston stoppage.

The pressure at failure was primarily due to helium fill gas. Fuel vapor
apparently made a major contribution in only one of the experiments, PBE-SG2. All
other aspects of the pressure histories are attributed to thermal expansion of
liquid sodium, supercritical sodium, and sodium vapor arising from fuel-coolant
interactions (FCI). The first high-amplitude pressure transients resulted from
spontaneously initiated FCI yielding supercritical sodium in one case. Second
discrete pressure transients, observed in all three experiments, could be explained
by several possibilities, the most likely being

¢ Enhanced boiling in a mixed-fuel, two phase sodium region
¢ Compression of the top sodium slug by debris following the slug up the
channel .

The needed compression/deceleration to trigger either of these explanations is
provided by piston decelrration in the case of PBE-SG2 and PBE-SG3. Debris
accelerated from below would have to be the cause in PBE-SG. because the piston is
already stopped. Another possible explanation, exclusively for IBE-SGl, is that
the pressure transient is an attenuated version of the initia! pressure transient
in the bottom slug. The pressure tail, which decays due to heat lossee, results
from two-phase sodium formed during expansion of the interaction regions.

The FCI yielding the high amplitude pressures has been described with a
simple FCI scenario and a parametric model. The model required a short mixing or
fragmentation time in order to match the observed pressure histories thus indi-
cating a significant degree of premixing.

Small overall thermal-to-mechanical energy conversion : .08 (~.2%) were
estimated from messured piston motion. (These values were based on the total
energy deposition in the entire fuel mass up to the time of maximum piston velo-
city.) Note that, since piston travel is limited, the measured values are less
than the total work potential. 1Indeed, local efficiencies (based on interacting
fuel mass only) estimated from the parametric FCI modeling are as high as 2%.

The piston displacement and posttest examination clearly showed that nearly
total voiding of the coclant channel and subsequent upwarc displacement of fuel
from the channel occurred during the experiments. This would indicate substantial
reactivity effects. However, without a real time fuel-motion diagnostic these
effects cannot be quantified. Incorporation of such diagnostic methods is a goe
of near future experiments.



The most apparent differences between the carbide/sodium and oxide/sodium
systems are the higher pressures generated by tne carbide experiments. These
pressures are directly due to the higher thermal diffusivity of UC and, hence, the
greater rate of heat transfer to the sodium coolant. This is enhanced by the
higher temperatures reached by UC for the same energy input (lower heat capacity
than uoz). However, from the FCI modeling, local energy conversion efficiencies
appear to be comparable for both the UO2 and UC ~vstems, on the order of 2%.

Generalizing to the LMFBR safety question, the significant delay (3-80 ms)
between pin failure and the onset of the FCI would tend to reduce the importance of
the incoherencies associated with pin failures during a prompt burst. Further, the
apparent triggering of FCI suggests a means of propagating an interaction in a
larger system. (Similar phenomena have been observed in the oxide/sodium lYlt.ﬂ.l)
Thus detailed understanding and mechanistic modeling of FCI are essential for the
evaluation of the importance of FCI in the reactor system. The necessary under-
standing can only come from well characterized separate-effects experiments in-
cluding experiments with reactor fuels and coolants under the conditions evident
for severe accidents. The required model would predict fragmentation of fuel
particles based on local thermal and Lydrodynamic conditions such as pressure,
accelerations and relative velocities.

13,14



2. EXPERIMENT DESCRIPTION

The series of UC-fueled PBE experiments was performed using an instrumented,
stagnant sodium-filled autoclave irradiated ir the Annular Core Pulse Reactor
(ACPR). This section describes the ACPR, the experimental fuel pins, the experi-
ment assemblies and the diagnostic instrumentation.

2:1 ACPR Description

The ACPR6 was a swimming pool reactor based on TRIGA technology with approx=-
imately 150 fuel elements 381 mm long using U-ZrH fuel with 20% enriched uranium.
It was operated in the steady-state mode or the pulse mode, with a pulse ener )y
release of 108 MJ and a peak power of 15,000 MW. The minimum initial reactor
period was 1.3 msec. The central experiment cavity was 240 mm in diameter and
extended vertically to the top of the tank. The pulse neutron fluence was approxi-
maitely 2.3 x 1015 n/cm2 with half of the fluence above 10 keV. The usefulness of
the ACPR for fast reactor safety experiments has already been examinod.7

In October, 1977, the ACPR was shut down for major modifications including a
totally new core and control system. Tk~ upgraded ACPR, renamed the Annular Core
Research Reactor (ACRR) offers greatly enhanced pulse and steady state capabil-
ities.

2:2 Fuel Pin Description

Fresh UC fuel pins were fabricated for these2 experiments by NUKEM, Federal
Republic of Germany. The overall pin geometry was similar to the fresh oxide fuel
pins used in other PBE experiment|3 in order to be compatible with existing test-
capsule designs. With the exception of pin diameter, the pins reflect the German
philosophy for carbide iels: namely, moderate fuel densities with a large dia-
metral gap.

The pins, shown schematically in Figure 1, contained a 359 mm-long 15%
enriched UC fuel column bounded by depleted UC insulator pellets. The pin design
incorporated a scratch gauge assembly in the upper plenum to provide a passive
indication of total axial fuel expansion occurring during the experiment. This
indication was accomplished with a spring loaded stylus that leaves a mark on the
inside cladding surface which can be examined after a test. (The plenum portion of
the cladding remained intact in all experiments.) The pins were bonded with helium
at 1 atmosphere pressure at room temperature. A gas plenum containing a spring was
located at the upper end of the pin. The spring exerted a small {orce {-18 N) on
the scratch gauge and could accommodate approximately 55 mm of axial expansion.

The free volume of the plenum was approy mately 1.760 cm3 at room temperature. A
helical wire-wrap spacer was included in - pin design. The outside diameter of

15
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Table 111
PBE-SG Fuel Impurities

Element ppm
Ag 0,18
Al < 8
B 0,5
Ca «< 5
cd <« 0,07
£1 7
Co < 1
Cr < 3
Cu 0,5
F < 3
Fe 27
Mg < 0,5
Mn < 1
Mo <« 1
Na < 5
Ni 5
Pb < 1
Si £ 5
Sn € 9
\' <« 0,2
w < 0,2
in < 20
2.3 Test Capsule Description

The test assembly used for these experiments was identical to that used for
the PBE-128 oxide cxporiment3 and is very similar tc the capsule that will be used
for future single pin experiments.

Figure 2 shows a cross-section of the fueled portion of the PBE experiment
capsule., The fuel pin was surrounded by a sodium annulus bounded by a molybdenum
tiner (0.51 mm wall thickness) which simulated the geometry of six adjacent fuel
pins and served as a refractory liner for the Inconel pressure vessel (1.27 mm wall
thickness). The spaces between the molybdenum liner and the pressure vessel were
tilled with sodium. The cross-section geometry is summarized in Table [V.

Figure 3 illustrates the important features of the capsule. This capsule
differs in several significant ways from the original capsule design used for most
of the oxide/sodium experiments. The rupture disc geometry was modified to reduce
the volume of the horizontal plenum at the face of the piston and to eliminate a
trapped gas volume at the rupture disc. Redundant pressure transducers were added
at the top and bottom of the sodium channel. Most importantly, the methods of fuel
pin installation and constraint were altered to permit installation of the fuel pin
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Figure 2. Cross-Section of Fueled Portion of PBE Experiment

Table 1V

Experiment JChannel Characteristics

Molybdenum Liner

Minimum Inside Diameter 8.89 mm
Maximum Inside Diameter 11.53 mm
Wall thickness 0.51 mm

Inconel Pressure Vessel
Inside Diameter 12.7 mm

wWall thickness 1.27 mm

Creoss Sectional Areas

Pin and wire wrap 29.70 mm2
Sodium inside liner 50.74 mm°
Molybdenum liner 19.28 mm2
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as the last s.ep of assembly rather than early in the assembly procedure. In the
original capsule, the fuel pin was constrained axially by a spoke against the
piston nousing and against a spring in the lower end cap. In the capsule used in
these UC experiments, the spoke on the bottom of the pin was locked at the bottom
of the fuel pin housing, but the upper end of the pin was unrestrained axially.
This difference in pin restraint w found to influence pin failure. (See sub-
section 5.2.1.)

The fuel pin was located in the lower portion of the inner pressure vessel
ax Figure 3 shows. The experiment contained approximately 60 g of sodium below a
tungsten alloy piston which formed the upper boundary of the test channel and
served as an inertial constraint on the system. The piston mass (including the
armature for the linear motion transducer) was 436 g, and the cross-sectional area
of its face was 236 mmz. The total piston travel was approximately 6.3 cm result-
ing in a displacement of 15 cm3. The top of the piston was a tapered mandrel which
engaged and plastically deformed a steel sleeve to dissipate piston kinetic energy
at the end of its travel.

An isothermal initial condition was established by means of electric heater
tapes wrapped on the outside of the beryllium heat sink in the fueled region and on
the pressure vessel above and below the fuel pin housing. The capsule included a
receiver volume, rupture disc and orifice assembly to prevent sustained over-
pressurization of the test channel. The experiment was surrounded by a polyethy-
lene moderator sleeve to enhance the fission rate in the fuel pin. The polyethy-
lene sleeve was 9.5 mm thick in PBE-SGl and 32 mm thick in PBE-SG2 and PBE-373.

The axial positions of the instrumentation and other features of the capsule
are identified in Figure 4. The inside diameter of the channel immediately above
and below the fluted channel was 1.09 cm and the diameter of the channel at the
face of the piston was 1.52 cm. Plenums consisting of fill ports and transducer
mounting channels existed at the planes of the lower and upper p'essure trans-
wucers.

2.4 Diagnostic Instrumentation

The capsule was instrumented to measure pressures, temperatures and piston
displacement. Six grounded junction thermocouples of stainless-steel sheathed
Chromel-Alumel (1.02 mm O.D.) were spaced in pairs at the bottom, middle, and top
of the fuel-pin channel. The thermocouples penetrated the capsule above the fuel
pin and were routed down the fuel-pin housing between the pressure vessel and the
molybdenum liner as shown in Figure 5. The tip of the thermocouple was inserted
through a slot (~4 mm long) in the molybdenum liner to occupy the narrow portion of
the channel between the molyondenum liner and the fuel pin as shown.

When viewed from the top of the pin, the thermocouples are located in a
clockwise direction in the order - Top A, Middle A, Bottom A, Top B, Middle B,
Bottom B. The pressure transducers, mounted in pairs at the top and bottom of the
test channel, were Kaman Sciences Corporation's Model KP 1911 or KP 1913 high
temperature pressure transducers rated at 34.4 and 68.9 MPa, respectively, with

3
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frequency response greater than 46 kHz. The high temperature linear motion trans-
ducer was a variable reluctance device with a solid armature manufactured by Moxon,

Inc.

The transducer outputs, the reactor power signal, (derived from Cadmium
sel f-powered neutron detectors) and a fiducial generated when the reactor power
vxceeds ~1 kW were recorded on FM tape. The data were digitized from the tape and
processed via the Sandia Data Acquisition and Display System (DADS).8

As is noted below, the observed pressures in PBE-SG2 and PBE-SG3 exceeded
the quoted range of the pressure transducere. A detailed study was made of the
high pressure response of the Kaman transducers; the results of that study are
given in Appendix A. Briefly stated, those results showed that the use of a linear
fit to the low pressure (0-55.1 MPa) calibration data is accurate even at extreme

pressures.




3. ENERGY DEPOSITION CALIBRATION

Information about the energy deposition in these carbide-fueled experiments

was derived from dosimetry measurements on oxide fuelJ, dosimetry using uranium

loaded aluminum wire, neutron transport calculations, and measured reactor yield.

Extensive dosimetry measurements were performed for the oxide~fueled PBE ex-
periments. The results of those measurements were used to normalize neutron trans-
port calculations performed with DTF-IV.9 These calculations were used to account
for the differences in fuel characteristics and geometry and in polyethylene mod-

erator thickness encountered in the carbide-fueled experiments.

The results of the energy deposition calibration are shown in Figures 6 and
7 and in Table V. The axial energy deposition profile is given in Figure 6. The
relative radially averaged energy deposition is portrayed as a function of position
above the bottom of the enriched fuel column. The axial distribution is charac-
terized by a peak-to-average fission density ratioc of 1.14, and was the same for

all three experiments.

Figure 7 shows radial energy deposition profiles. These were derived from
DTF-IV neutron transport calculations normalized to the total fission-energy de-
position for each experiment. These profiles are influenced by pin geometry,
enrichment, and moderator thickness. The PBE-SGl profile is characterized by a
peak-to-average ratio of 1.28; the PBE-SG2 and -SG3 profiles both have peak-to-
average ratios of 1.30. The important energy deposition parameters are summarized
in Table V.

The net uncertainties in the average energy deposition resulting from the
fission product inventory technique and the neutron transport modeling are esti-
mated to be 5-8%. As described below, the time dependence of the energy deposition
was assumed to be proportional to reactor power.
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Table V

Energy Deposition Parameters

Experiment

Enrichment (%)
Polyethylene moderator thickness (mm)
Total Reactor Yield (MJ)

Maximum Radially-Averaged
Energy Deposition (J/g)

Axial Deposition Profile
(Peak/Average)

Radial Deposition Profile
(Peak/Average)

Radial Deposition Profile
(Peak/Minimum)

SG1 G2 SG3
1 2. p3 15
9.5 31.8 31.8
104 103 83
1500 2420 1950
1.14 1.14 1.14
1.28 1.30 1.30
1.583 1.59 1.59
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4. EXPERIMENTAL RESULTS

This section describes the experiment matrix, experimental observations, and
results drawn from those observations. Analytical modeling that aided in interpre-
tation of these results is also described in Section 5. Complete compilations of
the detailed data histories for PBE-SGl, PBE-SG2 and PBE-SG3 are given in Appen-

dices B, C, and D respectively.

4.1 Experiment Parameters

4.1.1 Experiment Matrix

The objective of this series of experiments was to examine the energetic
response of the fresh, uranium-carbide fuel-sodium coolant system to extreme acci=-
dent conditions. Because of the limited number of experiments in the series, only
two experiment parameters were varied: (a) the average fuel energy deposition and
{b) the relative fuel temperature profile. The initial parameters for the three
experiments are summarized in Table VI. Since the fuel enrichment was fixed (15%),
the fuel energy deposition could be altered by varying reactor pulse yield (propor-
tional to the reciprocal of reactor pulse width) and polyethylene moderator thick-
ness. The relative fuel-temperature profile could be varied by using single-pulse
and double-pulse irradiation modes. For the effects of irradiation mode, see sub-

section 4.1.2 below.

Table VI

PBE~-SG Series Initial Parameters

PBE-SG1 PBE-SG2 PBE-SG3

Maximum Radially Averaged

Energy Deposition (J/g) 1500 2420 1950
Reactor Pulse Mode Single Single pouble®
Reactor Pulse Width at Half %

Maximum (ms) 5.6 5.7 11.4
Moderator Thickness (mm) 9.5 32. 32.
Fuel Enrichment (%) 15 15 15
Initial Temperature (K) 773 773 773

®Interval between pulses 185.6 ms
bPulce width at half maximum for second pulse

The PBE-SGl experiment was designed to totally melt the fuel column but to
produce little fuel vapor during a single maximum pulse. Therefore the polyethyl-
\
\

ene moderator thickness was adjusted to yield the desired energy deposition.
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The PBE-SG2 experiment was designed to yield considerably higher energy
deposition resulting in partial vaporization of fuel. The experiment package was
configured with the maximum polyethylene moderator thickness that could be accommo-
dated (32 mm), and was also irradiated with a single maximum ACPR pulse. These two
experiments yielded a range of fuel temperatures comparable to those achieved in
similar oxide-sodium oxpcrinent-.J

The PBE-SG3 experiment was designed to yield fuel temperatures comparable to
those achieved in the PPR-SGl experiment but with a more uniform fuel-temperature
profile. This was accomplished using a double pulse operating mode.

Double pulse operations result in lower total reactor yield. Thus the maxi-
mum polyethylene moderator thickness (32 mm) was required to achieve the necessary
energy deposition., Because of heat transfer from the pin to the sodium prior to
the test transient (second pulse) in PBE-SG3, the average sodium temperature at the
time of clad failure was greater in that experiment than in the first two. The
same isothermal initial condition (773 K) was used for all three experiments.

4.1.2 Rationale for Double Pulse Irradiations

The irradiation of enriched fuel pins in a thermalized neutron flux results
in a non-uniform fission density distribution that .s peaked at the pin surface and
depressed towards the center (see Figure 7). On the short time scale of ACPR
transients, the fuel is essentially adiabatic; thus the fission density profile
results in temperature distributions that are peaked near the fuel surface. These
temperature distributions are shown schematically in Figure Ba for single pulse
operations. These temperature profiles are very different from those expected

during a severe LMFBR accident in which peak fuel temperatures would occur on the
pin centerline,

The effects of the inverted fission density distribution were mitigated and
the "prototypic" temperature profiles were approximated by using a double pulse
mode on the ACPR. In this mode the transient control elements of the ACPR were
ejected sequentially to yield a small burst followed, after a suitable delay, by a
larger second pulse. Typical temperature histories for an "ideal" double pulse ir-
radiation are shown schematically in Figure Bb. Note that the first pulse and sub-
sequent thermal relaxation time result in a temperature distribution before the
second pulse which is peaked at the center with a steep gradient to the surface.
This profile was combined with energy deposited during the second pulse to yield
temperature profiles during the second pulse that are always peaked at the fuel
centerline as shown in Figure 8b. The actual temperature profiles attained during
an experiment are dependent on the total energy deposition, the partition of energy
between the two pulses, and the delay between pulses.

The significance of the fuel-temperature profile extends beyond questions of
prototypicality, Maximum fuel temperature implies maximum fuel vapor pressure
which, for fresh fuel, is the driving force for initial fuel motion following clad
rupture. If the peak fuel vapor pressure were inside the fuel column (double pulse
ACPR irradiation), it is probable that upon pin failure, molten fuel would be
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driven through the clad rupture into the coolant channel. This is in contrast to

the situation with a fuel temperature profile peaked at or near the surface (single
pulse ACPR irradiation) in which a high quality two phase fuel mixture would initi-
all contact the coolant. The first situation should lead to more effective fuel-

s0¢ um mixing and a greater probability of an energetic FCI.

4.2 Experimental Observations

This section describes the significant experimental results for the three
experiments. The results noted here are based primarily on piston displacement,
pressure, and pin power data. While only some of the data histories are presented

here, complete data histories can be found in Appendices B, C, and D.

4.2.1 PBE-SGl

The PBE-SGl experiment was conducted to investigate the energetics arising
from the failure of a molten fresh-carbide fuel pin in sodium in the absence of
fuel vapor. ihe experiment, initially at 773 K, was irradiated during a single
maximum ACPR pulse to yield a maximum, radially averaged energy deposition of 1500
J/g. The power histories for the fuel pir are shown in Figure 9. These histories
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were derived from the measured reacior power history and the energy calibration
data described in Section 3. The pin power is assumed to be directly pioportional
to reactor power. Further, the small local perturbations in energy deposition,
arising from changes in self shielding as the fuel geometry changes, have been
ignored. Note that the peak of reactor power occurred at 30.61 ms on the arbitrary
time scale. (The time reference ior each evmeriment was a fiducial generated when

the reactor power exceeded ~1 kW.)

Piston displacement and top and bottom pressure histories are displayed in
Figure 10. Complete, detailed data histories can be found in Appendix B. Pin
failure occurred approximately 12.0 ms after the peak of reactor power. Initial
piotoﬁ motion, as indicated by piston velocity, was taken as the indicator of pin
failure. The piston velocity was derived by differentiation of the measured piston
displacement history. Pressure disturbances were noted at the top and bottom
pressure transducers at that time, but the exact amplitudes were obscured by the
noise on the transducer signals. The negative-going pressure signals coincident
with the reactor pulse are apparently radiation-induced noise signals. From the
derived velocity history (see Appendix B) the initial driving pressure is estimated
to be ~0.26 MPa. The pressure source was probably helium £ill gas from the pin.
Calculated sodium temperatures were still well below saturation at the indicated
failure time. The piston reached the end of its travel and stopped at ~91 ms. At
120.7 ms, or ~78 ms after pin failure, a single pressure transient (~36 MPa) was
observed at the bottom of the capsule and a lower amplitude transient (~7 MPa) was
observed at the top of the capsule ~3 ms later. The initial pressure transient was
followed by a slowly decaying sustained lower pressurization.

The difference in magnitudes and timing of the pressure transient as ob-
served at the top and bottom indicates that the event giving rise to the pressure
originated in the sodium retained in the lower part of the capsule. The erratic
behavior of middle thermocouple B, beginning at the time of pin failure (Figure B
14), 78 ms before the pressure transient, may be taken as an indication of the
presence of hot fuel in the coolant channel close to this thermocouple. Further,
fuel clearly cannot move very far from the failure site in 78 ms; it could flow
under the influence of cravity a maximum of 0 mm or possibly could be driven by
the internal pin pressure of ~0.3 MPa into the upper and lower sodium slugs. These
observations suggest that the pressure -as caused by an FCI occurring in the upper

part of the lower sodium slug.

The resultant pressurization exhibits a long duration (20 ms) two-phase
pressure with several very narrow superimposed spikes initially. This behavior is
consistent with many other FCI experiments in which molten fuel came into contact
with sodium at or close to a free surface, here provided by the void formed due to

previous piston motion.

The transient observed at the top has a fairly slow rise time (0.4 ms) and
is fairly wide. Both factors indicate that the transient is not an FCI in the
usual sense. The width and rise time also indicate that the transient is not
acoustic ringing in the upper sodium slug or a "water hammer" from impact of debris
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from below. The magnitude and timing of this transient enhance the likelikood that
it is the initial interaction pressure transmitted through the voided channel. In
this case, the delay time (3 ms) and voided length (350 mm) give a sound speed of
~120 m/s, very reasonable for a helium gas-sodium vapor region.

The other possibilities that cannot be ruled out for the second transient
are (1) enhanced boiling of a mixed fuel and two-phase sodium region resulting from
compression by a shock wave and/or debris from below or (2) simple compression of a
gas- or vapor-filled void between the top sodium slug and debris from below. The
sustained pressure tail following the transient is exactly the same on both top and
bottom transducers. This similarity appears also in PBE-S5G2 and PBE-SG3 and is the
channel void pressure due to two-phase sodium. Note that the "signature"” of the
top pressure trace in PBE-SGl (initial wide transient with slowly decaying tail) is
similar to the later parts of the transients in PBE-S5G2 and PBE-SG3.

An important thing to note is the long (~78 ms) delay between apparent pin
frilure and the onset of the high-amplitude pressure transient. Further, note that
the piston stopped before that transient and the subsequent sustained pressure:
thus the piston diagnostic reflects only a part of the work potential.

Comparisons of the pairs of thermocouple histories (shown in Appendix B --
Figures Bll1-B16) indicate strong azimuthal dependences in the three temperature
histories; that is, one thermocouple of each pair responds significantly earlier
than the other. This angular dependence results from localized pin failure in one
direction follow.1 by channelization of the flow by the fluted molybdenum liner.
Comparing the middle thermocnuples (Figures Bl3 and Bl4) shows that while the fast
initial rise and following erratic behavior of thermocouple B indicate fuel nearby,
thermocouple A very nearly follows the temperature rise expected from conduction
heating by an intact fuel pin (Figure 28). Similar responses are seen in PBE-SG2
and PBE-SG3 as well.

4.2.2 PBE-SG2

The PBE-SG2 experimeunt was conducted to investigate the energetics arising
from failure of a high-temperature, fresh-carbide fuel pin in sodium. In this
experiment the fuel was partially vaporized. The experiment, initially at 773 K,
was irradiated during a single maximum ACPR pulse. The moderator thickness was in-
creased to 32 mm to yield a maximum radially averaged energy deposition of 2420
J/g. The power histories for the fuel pin are shown in Figure 11. Note that the
peak of reactor power occurred at 31.4 ms.

The piston displacement and top and bottom pressure histories for PBE-8G2
are shown in Figure 12. Pin failure, as indicated by initial piston mction and by
pressurization observed at the bottom of the capsule, occurred at 37.2 ms. Ap-
proximately 3 ms after pin failure a nassive pressure transient was observed at
both top ard bottom of the capsule. The maximum observed pressure was ~250 MPa.
That transient destroyed two pressure transducers, one at the top and one at the
bottom. The data histories shown in Figure 12 were derived from the two trans-
ducers that survived. Complete data histories from all of the tiausducers are
shown in Appendix C.
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Approximately 3 ms after the massive transient, a second pressure transient
(~40 MPa) was observed only at the top of the capsule. The onset of this second
transient was noted to coincide with the stoppage of the piston. The high-

amplitude transient was followed by a lower-amplitude sustained pressurization that
decayed in about 35 ms. 5

The initial pressurization which proceded the massive pressure transient was
apparently fuel vapor pressure. This observation is supported by heat transfer
analysis and available vapor pressure data as outlined in Section 5. The high-
amplitude transient was produced by an FCI occurring a few milliseconds after pin
failure. Th: first, extremely-high-pressure part of the transient can only be
understood as being due to thermal expansion of single-phase liquid sodium. This
single-phase pressure lastad for about 1 ms and was followed by a period of appar-
ently supercritical sustained pressure which turned into a subcritical two-phase
pressure slowly decaying away due to heat losses.

The event which gave rise to the second pressure transient occurred in the
upper sodium slug which was isolated from the bottom slug by a two phase sodium
void formed by piston displacement. The second event appears to also have been an
FCI. Clearly it was not fuel vapor. Hydrodynamic sources (addressed in subsection
5.4) do not yield the observed amplitude and duration. The coincidence in time of
th- secondary pressure event in the top sodium slug with piston deceleration and
the lack of a corresponding event on the lower pressure transducer has led to the
conclusion that this is an FCI started by piston deceleration. Two major possi-
bilities exist for the mechanism involved. In the first, fuel is embedded in the
moving sodium slug but is insulated from it by vapor films; the deceleration then
generates pressure. sufficient to collapse the films and thus trigger the event.
The second possibility is that fuel is following the sodium slug up the channel and
impinges on it when the slug decelerates. The relatively long pressure-rise time,
however, seems to exclude the first mechanism.

Compression of a mixed fuel and two-phase soldium region (i.e., “thick"
films) is not ruled out. One of the possibilities mentioned for the similar tran-
sient in PBE-SGl, that it might result from a pressure event in the bottom slug
transmitted through the voided ci.annel, is eliminated for PBE-S8G2:; no such driving
event is seen on the lower transducer here. Deceleration of a 5-10 g mass closely
following the top sodium slug could also conceivably produce the observed pressure
transient. The sustained pressure tail following the transient is the same on both
upper and lower transducers and reflects the two-phase void pressurization.

4.2.3 PBE-SG3

The objective of the PBE-SG3 experiment was to produce average fuel tempera-
ture conditions similar to PBE-SGl but with a more uniform fuel temperature profile
peaked at or near the fuel centerline rather than near the outside surface. To ~
accomplish tuis goal the experiment, initially at 773 K, was irradiated using a
double pulse irradiation, as described in subsection 4.1.2, to yield a maximum
radially-averaged energy deposition of 1950 J/g. 1In this operation one transient
control rod was ejected, followed after an interval by the other two transient rods
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to yield the pin pover histories shown in Figure 13. The two power peaks are
separated by ~186 rs with the second or "test pulse" occurring at 271.9 ms. Be-
cause of the limited reactivity remaining after the preheat pulse, the test pulse
is wider (11.4 ms half width) ard contains less energy than the single pulses
(~5.6 ms half width) used for PBE-SGl and -SG2. Further, because of heat transfor
to the sod um during the preheat, the average sodium temperature at the time of
clad failure was higher in PBE-SG3 (~840 K) compared to the first two experiments
(~780 K). (See subsection 5.1). The heat-transfer analysis given in subsection
5.1 shows that the goal of producing a radial fuel temperature profile peaked at
the fuel centerline was not achieved; however, average temperatures slightly
greater than those attained in PBE-SGl were obtained with a more uniform radial
temperature distribution.

Figure 14 shows the piston displacement and top and bottom pressure his-
tories from PBE-SG3, The cladding failed at 279 ms (8.2 ms after the power peak);
time of failure was established from initial piston motion and thermocouple re-
sponse. The detailed data histories are given in Appendix D. As in PBE-SG1, the
amplitude of the initial pressure source cannot be resolved from the pressure data;
however, the initial slope of the piston velocity history indicates a driving
pressure of ~0.12 MPa. At 306.5 ms, or ~27 ms after clad failure, a very large
pressure transient (~1B2 MPa) was observed at the bottom of the capsule. That
transient was also observed at the top but with reduced amplitude. The difference
in response appears to have been caused by a small void formed at the initial
failure location as the piston was displaced. The void attenuated the pressure
pulse as it was transmitted from the lower to upper sodium slug. Thus the event
yielding the pressu = transient occurred in the bottom sodium slug.

Similarly to PBE-SGl, the thermal interaction occurs only after some delay
when a void has already been formed. The pressure-time history recorded by bottom
transducer B is, however, cl.ser to that recoracd for PBE-$32 (i.e., it is typical
of single-phase systems). The difference in response between bottom transducers A
and B probably results from a~oustic ringing of transducer B. While the higher
pressures would seem to indicate a greater constraint on the FCI region than in
PBE-SG1, the interaction probably occurred in roughly the same location; that is,
near the failing location at the pin midplane. The thermocouple data (Figures 30
and D12 through D17) give no real indication of fuel in the chanrel until after the
pressure transient, when all six rise faster than conduction heating (Figure 30).
The temperature rise up until the time of the transient is simply conduction heat-
ina of the sodium by the pin. The wild swings observed on bottom thermocouple B
after the transient indicate an’ open junction:; this is probably due not to the
presence of fuel near the thermocouple but to breakage of the thermocouple leads by
the pressure transient. Note that the junction does not melt and reform, as was
observed in the other experiments when the thermocoupl!e failure was attributed to
melting by hot fuel. Also, as mentioned for PBE-SGl, fuel cannot move very far
from failure site in the observed delay time (here, 30 ms), or lcss than 5 iwne
The higher pressures, thus, probably result from the higher fuel and sodium temper-
atures (Table IX) in PBE-SG3, a smal'er void, possibly only on one side of the pin,
and/or fuel filling the void. This last conjecture is due to the observation that,
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while in PBE-SG1 the top transducer did not respond until ~3 ms after the transient
in the bottom sodium slug, in PBE-SG. there is essentially no delay in the two
resnonses. This observation indicates a probable single-phase (liquid) condv.tion
path from top to bottom. The single-phase region is, however, shorter than in
PBE-8G2 and dies away to subcritical pressures. This is consistent with some void
already present and with lower fuel temperatures.

As in the other experiments, the initial pressure transient is followed by a
lower amplitude sustained pressure that decayed in ~50 ms. Also, as in PBE-8G2, a
second pressure transient was observed only at the top immediately following piston

stoppage. Again, this may be due to the possibilities detailed for the other two
experiments.

The pressure sources operant in PBE-SG3 were the same as those occurring in
the other two experiments. The low pressure evident at clad failure appears to
have been helium fill gas. The subsequent very large pressure transient was a
spontaneously initiated FCI occurring in the lower sodium slug, probably close to
the initial pin failure iocation (pin midplane). The secornd transient at the top
can be explained in terms of a deceleration pressure produced by piston stoppage in
conjunction with a small mass of debris on the bottom end of the top sodium slug,
enhanced boiling caused by compression of a mixed fiel and two-phase sodium region,
or a combination of the two. The slowly decaying sustained pressure source was
two-phase sodium evolved from the initial FCI, aud, as in the other two experi-
ments, is the same for both top and bottom transducers.

4.3 Comparison of Pressure Dr*a with Piston Response

In order to evaluate tb consistency of the pressure and piston diagnostics
and to estimate the amount of energy not reflected in piston motion because of the
piston's limited travel, the impulse represented by the top pressure history and
the measured piston velocity were compared in detail.

The piston velocity was derived by differentiation of the piston displace-
ment history using a quadratic fit-smoothing procedure. In addition, piston veloc-
ity was also estimated from the measured pr ssure histories as follows:

-

vp t) =2 f’p(r) - pyln)|a,
o

where

A is the face area of thc piston,

m is the piston mass,

P(1) is the measured pressure history, and
PB(t) is the pressure above the piston.

The pressure above the piston arises from the argon cover gas in the capsule and

rang s from an initial value of ~0.2 MPa to ~0.35 MPa as the piston compresses the
cover gas.



The detailed pressure histories shown in Appendices B, C, and D, reveal that
the top pressure histories contain some negative going artifacts caused by the
transient heating of the face of the transducer as hot sodium and fuel debris move
past it during piston displacement. This noise signal is time dependent and is
controlled by heat transfer to and through the pressure transducer. For the sake
of this analysis, a constant pressure bias was removed so as to match the initial
piston velocity. The validity of that correction decreases with increasing time
but appears to be adequate over the time interval during which the piston was
moving.

The decision to use velocity histories for these comparisons was made be-
cause of the difficulty in computing valid second derivatives ~f the piston dis-
placement history and the difficulties in eliminating the thermal biases in the
pressure data to produce val.' second integrals of pressure. Thus velocity yielded

an acceptable compromise.

Figure 15 shows the piston velocity and velocities derived from the two
pressure transducer histories for PBE-SG3. The difference in velocities derived
from the two transducers appears to be a constant multiple (1.16) apparently aris-
ing from a sensitivity shift in the transducers or gain shifts in the data acquisi-
tion system. Substantial agreement between tne piston and pressure data is noted
over much of the history. Note that even the same detailed structure appears in
both. The lack of agreement prior to piston stoppage results from uncorrected
thermal effects in the transducers. This comparison leads to the conclusion that
the piston and pressure diagnostics in PBE-SG3 are totally consistent.

Figure 10 and the detailed figures in Appendix B clearly show that the noise
content of t. . top pressure histories for PBE-SGl masks the detailed pressure
information during the piston motion. However, if the mean value of the measured
signal is assumed to be the true pressure and if the back pressure measured out of
pile is used, the comparison of velocities derived from the piston and pressure
diagnostics agree to within 20% over the duration of piston motion for PBE-SGl.

Figure 16 displays the comparison of measured and derived piston velocity

for PBE-SG2. While agreement does exist during early piston motion (up to

40.3 ms), over most of the piston travel the agreement is very poor. Figures 12
and 16 reveal that the departure of the two velocity histories begins coincident
with the high amplitude pressure transient. Several possibil.ties are suggested
for the discrepancies; however, none of these have yet been validated. The first
possibility is a substantial retarding force acting on the piston. This could
arise from abnormal friction or drag between the piston and the walls of the piston
housing portion of the pressure vessel or between the armature of the linear motion
transducer and the body of that device. Such behavior has not been noted in any
other PBE experiment, but will be investigated during the detailed post mortem
examination of this experiment. A second possibility is that the pressure-
transducer signal is not an accurate representation of the pressure. The amplitude
and frequency contents of the pressure histories measured for PBE-SG2 are greater
than in other experiments. Recall that two transducers were destroyed in the

43



%-jn (TOP PRESSURE A

ey BN omui cal So

A-‘ PO (TOP PRESSURE 81

~ N VELOCITY

VELOCITY imis

S i G el M A

5 _4_1_..4-—#—&—4—4——LA_J_A_L_L_—L- B W W W W W S e

Figure 15. Comparison of Measured Piston Velocity with Impulse Derived from
Top Pressure History in PBE-SG3

’ . N e p ) v ' e s v v A 4
-
L -
s P
o ’" (TOP PRESSURE B g
L P
L "
> B
» - -
= 4
3 9
a 9
e [ ]
e Bk o
T PISTON VELOCITY ]
® :
o p
s <
10 - -
L .
b 4
o K
oo e o e~
-
9
b
.n r J A A A l " - ¥ i
0 o0 a5 0%
TIME (SECONDS)

Figure 16. Comparison of Measured Piston Velocity with Impulse Derived
from Top Pressure History for PBE-SG2

a4



experiment. The sensitivity of the transducers at extreme pressures was investi-
gated as detailed in subsection 2.4 and Appendix A. Froo that work, which involved
static calibrations, the transducer response was concluded to be essentially linear
tc high pressures if no permanent deformation of the sensing diaphragm occurred.
Histories in Appendix C show no permanent zero shift for the transducers that
survived in the experiment.

Another source of error may be the response of the transducers to high fre-
quency pressure transients. Jvaluation of the way the Kaman transducers respond to
step changes in pressure is in progress using a gas shock tube. Preliminary re-
sults indicate a transient "overshoot" from the transducer lasting 0.1-0.5 ms with
amplitude 2-5 times the applied pressure. Qualitatively, these effects would
explain the discrepancy noted between the observed PBE-SG2 pressure and piston
response displayed in Figure 16. Work has been initiated to derive response func-
tions for sibling transducers and then to attempt to unfold the measured pressure
histories for PBE-SG2. At this point, the actual amplitudes of the pressures in
PBE-SG2 appeared to have been less than indicated by the pressure transducers.

Recall the previous observation that the pistons in all three experiments in
this series stopped while the channels were still pressurized. This is demon-
strated in Figures 17, 18, and 19 which show extended comparisons of piston velo-
city and velocity derived from the pressure histories for th: three experiments.
The roll over of the histories that are based on pressure is a result of the
thermal effects in the pressure transducers that were previously noted. Clearly,
when the piston stops, the boundary condition on the system changes; thus, the
1erived velocities based on pressure are not the same as would be noted for a
piston. However, th: trends are valid. Thus, the measured thermal-to-mechanical-
energy-conversion ratios (subsection 4.5) which extend to ~0.2% for PBE-SG2 clearly
underestimate the work potential of these systems. The values would extend into
the percent range if the system expansion were not limited by the finite travel of
the piston.

4.4 Posttest Radiography

Before and after irradiation, each experin:ant assembly was X-radiographed.
Ultimately each assembly will be disassembled and a detailed postirradiation-
examination (PIE) will be completed. The PIE work has been delayed while an in-
erted glove hox facility of sufficient size is being assembled. The PIE work will
be performed in the near future and subsequently reported. This section contains
information extracted from the nostirrad:ation radiographs.

Copies of a preirradiation radiograph and postirradiation radiographs for
the three experiments are shown in Figure 20. Only the "fuel pin housing" portions
of the experiments are shown. The images have been reversed so that fuel appears
black.

The preirradiation radiograph (frame a) shows the initial location of the
enriched fuei column bounded by two insulator pellets. The insulator pellets
appear darker because of their greater density. Above the fuel cclumn are the
scratch gauge and plenum s, ring.
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The posttest radiographs reveal total disruption ¢f the pin in all three ex-
periments with voiding of fuel away from the axial hot spot. The degree of disrup-
tion and displacement of the fuel appears to be related to the fission energy
deposition and the magnitude of the observed pressure transients. In PBE-SGIl,
while the pin geometry is lost, most of the fuel debris remained in the channel.
Remnants of the ends of the cladding can be seen. The cylindrical structures are
probably not cladding but are fuel annuli like those found in oxide experiments.
These were apparently formed when the molten fuel contacted the clad and froze.

The cladding then melted off and the still molten fuel center flowed out leaving
the frozen annuli.

In PBE-S5G2 and -SG3 most o€ the test channel was voided of fuel. Some fuel
debris accumulated near the lower end of the channel, but most of the fuel was
swept upward with piston motion. The voiding was more complete in PBE-SG2 which
was the most energetic of the three experiments.

The top plenum portions of the pins were displaced upwards. In PBE-SG1 and
-8G3 the tops of the pins were displaced 50-80 mm above their initial locations.
In PBE-SG2 the top part of the pin was found at the face of the piston ~200 mm
above its initial location.

In PBE-SGl, while the top of the pin was displaced, the plenum spring was
only slightly compressed. In PBE-SG2 and -SG3 the plenum springs were fully com-
pressed. This compression most probably occurred during the violent pressure
transients rather than before clad failure.
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In the PBE-SG2 radiographs at least four penetrations in the pressure vessel
were noted. These correspond to locations where thermocouples penetrated the
molybdenum liner as noted in subsection 2.4.

Disassembly and detailed examinations of these experiments are scheduled for
the near future. The PIE's will yield quantitative information about the forms and
distribution of fuel and clad debris and should answer questions about piston drag
in PBE-S8G2 and peanetration of the pressure vessel in that experiment.

4.5 Summary of Experiment Results

Ir. Table VII the initial conditions and many experimental results from the
three experiments are summarized. Important results are disc'ssed below.

Pin failure (Section 7 in Table VII) occurred 5.8 ms to 11.9 ms after the
peak of reactor power. Thus most of fission energy was deposited before pin fail-
ure. In all three experiments the earliest indication of pin failure was piston

motion supported by pressure and thermocouple data.

The initial channel pressurization at failure was small and arose from
helium f£ill gas for PBE-SGl and -SG3 and from fuel vapor pressure in PBE-SG2.
Significant delays, ranging from ~4 to 78 ms, were observed between pin failure and
the onset of high-amplitude pressure transients. (Compare lines 3a and 7a in Table
VII.) The high-amplitude pressure transients were followed by lowe:r amplitude
Justained pressurizations which decayed over periods up to 50 ms. A second pres-
sure transient was observed at the top in PBE-SGl ~3 ms after the initial pressure
event. In PBE-SG2 and PBE-SG3, similar appearing second pressure transients were
observed immediately following stoppage of the piston. Differences in pressure
histories were noted at the top and bcttom of the capsules for several of the
pressure events due to the presence of low density voids between tne lower and
upper sodium slugs following partial piston dispiar zment. (See subsections 4.2.1,
4.2.2 and 4.2.3.)

From the measured piston-displacement histories, maximum piston velocities
were derived ranging from 2.4 to 31.2 m/s (line 4d in Table VII). From these
values the kinetic energy of the piston, linear-motion-transducer armature, and the
sodium moving with them can be estimated. All of the sodium in the flow channel
between the axial hot spot (failure location) and the face of the piston is assumed
to be accelerated with the piston. This sodium represents a '~3s of approximately
20 g. For the sake of computing the kinetic energy produce:r in the experiment,
this mass of sodium is assumed to move with the piston velocity. Because of
changes in flow channel area at different axial locations, the sodium velocity is
actually much greater than the piston velocity. Further, the wass of the fuel or
pin debris was not considered in assessing the resulting kinetic energy. Thus the
values shown in line 4e of Table VII, which range from 1.3 to 220 J, represent
lowsr bounds on the kinetic energy generated during the experiments.
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6.

Table VI1I

Summary of Experimental Observations

Reactor/Pulse mode

b.
C.
d.
e.

Full Width at Half Maximum
{ FWHM)

Reactor Yield
Interval
Prompt yield in each pulse
Time of peak power

Between Pulses

Initial Conditions

a. Enrichment

b. Temperature

c. Pressure

d. Moderator thickness

e. Piston & armature m=ss

f. Fuel mass

Pressure

a. Time of significant pres-
surization (»5 MPa)

b. Max measured pressure
amplitude at top

¢. Max measured pressure
amplitude at bottom

d. Top pressure integral at
peak piston velocity

e. Total top pressure integral

f. Implied piston velocity at
measured maximum

Piston

a. Time of initial piston motion

b. Time of piston stoppage

c. Time of max piston velocity

d. Max measured piston velocity

e. Measured KE (assume 20 g Na)

Energy

a. Total max radially averaged
energy deposition (MRAED)

b. Total energy deposition

€. MRAED at peak piston velocity

d. Total energy deposition at
peak piston velocity

e. MRAED at exp. est. pin

%EEE!%?.J)

failure time

Conversion Ratio

Units sal sG2 s53
Single Single Double

ns 5.55 5.68 19.1/11.4
M1 104 103 83

- - - 185.6
M1 86 86 17/44
s 30.61 31.37 85.26/270.85

4 15 15 15

K 773 773 773
MPa 0.2 0.2 0.2
- 9.5 32. 32.

g 435.4 436.4 436.7

g 79.3 79.5 79.6
s 120.7 40.0 306.5
MPa 7.4 173. 12.9/22.°
MPa 36.3 189. 182.
KPa.s 4.6 86.5 28.0
KPa 8 45.7 119.3 126.7
m/s 2.5 46.7 15.1
ms 42.5 37.2 279.

ns 91.0 43.6 311.8
ns 78.8 43.1 110.6
m/s 2.40 31.2 15.6

J 1.3 222. 55.6
J/g 1500 2420 1950

KJ 104.3 168.8 136.2
a/e 1273 1960 1456

KJ 88.6 136.7 101.7
Jlg 1246 1933 1365

-  1.47 x1077 1,6 x 10~ 5.47 x 1074
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Table VI1 (Continued)
Summary of Experimental Observations

Units 5G1 5G2 SG3
7. Pin Failure
a. Time (experimental estimate) ms 42.5 ms 37.2 279.
b. Diagnostic yielding estimate - piston piston/ piston/
pressure tc
¢, Time after power peak ms 11.9 5.8 8,2

I1f the measured kinetic energy (iine 4e) is compared to the total fission
energy deposited in the entire fuel pin up to that time (line 5d) an energy con=-
version ratic is obtained and represents the fraction of the total thermal energy
that is converted to work. These values, shown in line 6 of Table VI, range from
1.5 x 10'5 to 1.6 x 10'3. As subsection 4.3 points out, these values represent
only a fraction of total work potential because of the limited piston travel.
These values are estimated to extend into the percent range if the pistons had
unlimited travel. HNote also that since these conversion ratios are based on the
entire fuel mass, they are much less than any local conversion efficiencies based
on the amount of fuel that actually interacted to give .ise to the driving pres-

Sures.
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5. ANALYTICAL MODELING RESULTS

This section describes the analytical modeling that aided in interpretation
of the experiment results. Included are (a) heat transfer calculations based on
the original pin geometry, (b) pin-failure modeling using the EXPAND code,3 (c) a
description of the energetic FCl observed in PBE-SG2 using the MURTI FCI codc:‘o and
(d) an assessment of the possible hydrodynamic sources of the second pressure

travsients observed in PBE-S8G2 ané -S8GJ.

T 1 Heat Transfer Calculations

Heat transfer calculations for the experiments were performed with a two-
dimensional finite difference heat transfer code, TAC2D.11
per formed for a one-dimensional cross-section of the pin and channel in cylindrical
geometry, ignoring axial conduction. The heat transfer model is shown in Figure 21
along with the number of finite difference nodes in each section. The model
includes the frel, gap, clad, sodium channel, molybdenum wall, Inconel vessel, and
beryllium heat sink. Temperatuie dependent properties were used for the UC fuel
and gas gap (Appendix E), the SS 316 cladding, and the sodium. Cladding and sodium
properties are from the Argonne Blue Book.l2 Molybdenum, Inconel 718, and
beryllium properties are from references 12 and 14.

The calculations were
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Figure 21. Heat Transfer Model of PBE Experiments
(TC is thermocouple locati -)
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The actual pin power histories were used as input to the calculations,
These histories are shown in Figures 9, 11, and 13 and in Appendices B, C, and D,

Calculaticns were performed for the three experiments at the axial hot spot
and at the thermocouple locations. Values calculated include the fuel temperature
history at the axial peak for several radial locations, temperature vs. radius at
the time of pin failure for the axial peak location, and time histories for the
sodium at the thermocouple locations. The time histories for the sodium channel at
the top, middle, and bottom thermocouple locations were calculated by correcting
the energy input with the axial energy deposition shape (Figure 6). These relative
power factors are shown in Table VIII.

Table VIII

Relative Power Factors at Thermocouple Locations

Locatlonl Relative Power
Thermocoupl. (mm) Factor<
Top 322 0.697
Middle 157 0.998
Bottom 4 0,774

1H.¢lurod from bottom of enriched fuel column
znolativc to axial maximum

The following figures give the fuel tempera. e history and radial tempera-
ture distributions for the pin and channel at the axial hot spot around pin failure
time. Figures 22 and 23 are for PBE-SGI, Figures 24 and 25 for PBE-8G2, and Fig-
ures 26 and 27 for PBE-SG3. The fuel temperature profile is inverted at time of
failure for all three experiments with a maximum peak-to-minimum temperature dif-
ference of 1490 K for PBE-SG2. The peak fuel temperatures were: for PBE-S8GI1,
4590 K occurring at 37 ms; for -5G2, 6680 K at 38 ms; and for -§G1, 4760 K at
285 ms. In PBE-SG2 and -8G3 the peak fuel temperatures occurred after failure,

At the time of failure the homogeneous nucleation criterion was satisfied for all
three casee, taking 2250 K as the homogeneous nucleation temperature (90% of the
eritical point). The nucleation temperature approaches the critical temperature as
pressure increases, becoming equal to it at the critical point. Both PBE-SGl and
=8G3 were at ~1 MPa when failure occurred; PBE-8G2 exhibited a 4.5 MPa plateau
before the main pressure event., The nucleation temperature for 4.5 MPa is then
raised to roughly 2480 K which is still below the calculated interface temperature
in PBE-SG2 (Table IX). The calculated contact temperature in -SG2 is also above
the critical temperature (2500 K). The PBE experiments do not necessarily support
the nucleation theory of vapor explosions, but do not rule it out either. The
sodium was well below boiling (1100 K) at failure in all cases. Table IX sum-
marizes the parameters of interest at the time of pin failure, such as peak and
average fuel and sodium temperatures, fuel vapor pressure, fuel-sodium interface
temperature, and fuel and sodium temperature differences.
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Table IX

Calculated Parameters at Pin Failure Time for the Axial
Peak Location

Experiment PBE-~ _SG1 _8G2 _SG3
Failure time (ms) 42.5 37.2 279
Peak fuel temperature (K) 4500 6650 4630 -
Average fuel temperature (K) 4240 6140 4440
Peak sodium temperature (K) 80¢ 790 890
Average sodium temperature (K) 780 780 840
Fuel temperature difference (K)

(max to min) 920 1490 630
Sodium temperature difference (K)

(max to min) 27 17 64
Fuel vapor pressure (MPa) 0.06 12.4 0.10
Fuel-sodium inter face

temperature (K)* 2290 3100 2440

*Calculated on the basis of average fuel and sodium temperatures using
properties from refs 12 and 23.

Figures 28 thru 30 compare the calculated sodium temperatures to the top,
middle, and bottom thermocouple data for the three experiments. The sodium
channel, as seen on Figure 21, is divided into three temperature nodes. Referring
to Figure 5, the thermocouples occupy a position between the inner radius of the
molybdenum liner and the cladding: thus the two innermost sodium-finite~difference
nodes are most directly comparable to the experimental data. Calculated tempera-
tures are not valid past pin-failure time because of the change in geometry.

PBE-SG1 and -8G2 are hard to compare with calculated sodium temperatures
because of the short time between pulse heating and pin faiiure. 1In 'BE-8Gl, the
calculated temperature of the inner sodium node rises more quickly than the
thermocouple data. PBE-SG3, with a long heating time, shows an excellent match
between calculated and measured temperatures up to failure, giving some added con-
fidence in the accuracy of the pin heat transfer model; tiae trends after fuel
melting give some support to the conductance chosen for the gap between molten fuel
and clad, although this support is inconclusive due to the short time between fuel
melting and clad failure. Calculated sodium temperatures actually track the
thermocouple data for several milliseconds past pin fuilure; this might be expected
for the bottom and possibly the top thermocruples, but is probably fortuitous for
the midpoint thermocouples near the pin failure location.

In the data, the large oscillations seen in one of the PBE-SGl middle, ~8G3
bottom, and -SG2 bottom thermocouples are the result of the thermocouple junctions
opening and c¢losing due to the presence of hot fuel near the junction or the leads,
which are routed up the capsule behind the molybdenum liner.

5.2 Pin Failure Analysis

A time of failure for comparison to experimental data was calculated with
the EXPAND pin failure model’ which was developed to study failure in fresh fuel
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pins under prompt burst conditions. The EXPAND code incorporates several unique
features necessary for fresh-fuel-pin analysis, including a fuel-vapor equation-of-
state, molten fuel-clad gap conductance model, and calculation of thermal gradients
in the clad, A simple slug model to estimate internal axial fuel motion prior to
failure is also included.

The present PBE experiment capsule restrains the pin on the lower end only
and the pin is thus free to move axially; this free end -ondition has been observed
to produce a marked difference in failure times from those observed in the previous
PBE capsule, wherein the pin was fixed axially. To rationalize the difference, it
has been necessary to make some new assumptions regarding both the failure crite-
rion, a HEDL-Larson-Miller-pParameter (LMP)-life-fraction-rule correlatinn,IS and
the gap resistance between molten fuel and clad, previously assumed negligible.
These will be explained in detail in the next section.

Material properties used for the uranium carbide fuel and fuel-clad gap are
described in Appendix E; clad properties are from ref 12.

Figure 31 shows the model used to describe the pin and capsule. The heat
transfer calculation uses a constant-temperature boundary condition imposed at the
vessel wall. This is only important for PBE-SG3; -SG1 and -SG2 are essentially
adiabatic in terms of channel heating since the pulse heating time is much shorter
than the time conitant for heat transfer to the coolant.
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Figure 3.. EXPAND Model



5.2.1 Failure Criterion

The need to modify the failure criterion arises from the following observa-
tion from the oxide/sodium PBRE series: A radical difference in failure time was
observed between PBE-5S5, -125, and -135. The latter two cases failed some 5-7 ms
later than PBE-55. The only difference between these experiments was the type of
pin restraint used in the test capsule. PBE-58 was reutrained by a fixed spoke at
the top end and a strong spring at the bottom; however, careful posttest examina-
tion of the capsules and pins showed that the combination of top spoke c-oformation
due to mechauical interference, in conjunction with the thermal expansion of the
fuel pin, could use up the free travel of the spring. This results in a fixed
axial restraint for pins in the early PBE test ca . le such as the PBE-5S test.

The new capsule design restrains the pin only on the bottom and thuc allows
free axial expansion. This capsule was used for the carbide series, PBE-SGl, -S8G2
and -8G3, and for the PBE-12S and -13S oxide experiment and will be used for sub-
saquent experiments.

Two points must be made with respect to modeling. The first is that HEDL's
LMP-life fraction rule used as a failure criterion in EXPAND is correlated to hoop
ttrels:lq the end condition, or state of axial strain, has no effect ou hoop
stress; thus the failure time prediction for PBE-5S, =128, and -138 is the same
using *kis criterion. Also, PBE-SGl, -8G2, and -SG3 are predicted by this crite-
rion to fail much earlier than any observed transducer response.

The second point is that the effective stress (defined below) shows the type
of variation with end condition observed in the experiments and would also be a
reasonable parameter for correlating the HEDL data.

Recorrelation was not attempted:; however, the LMP failure criterion was
redefined in terms of the effective stress divided by a factor, where the effective

s
stress o is given by 9 --JH{(or - oH)2 + (or - °z)2 + 'aH - az)z}. when this was
don2, failure of the free (PRE-12S, -13S) cases were indeed delayed relative to the
fixed (PBE-5S5) case, but failure time was now controlled by the rate of average
temperature rise in the ciad and the resultant loss of strength by the clad. Using
a finite gap conductance of 5-10 x 104 W/mZK for the molten fuel-clad contact con-
ductance gave failure times for PBE-12S and -135 ~5 ms later than for PBE-,S,
consistent with exper.ment.

The problem now is that two essentially free parameters have been introduced
in the EXPAND mcdel. The factor dividing the effective stress could be eliminated
by recorrelating the HEDL data; as previously mentioned, this was not done due to
the amount of time involved. The approximate size of the factor may be estimated
from the following considerations: if the clad were plastic and subject to inter-
nal pressure loading only, the axial stress °z equals -0.5 times the hoop stress ¢

H

for the fixed end case, meaning the effective stress Oe equals 1.3 ¢ However,

u°

the thermal gradient is the major component of OH for fresh fuel failure under PBE

conditions, and thermal expansion is a major factor in Gz. 1f oz is approximated
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as -GH. " is 1.7 Ty Thus a reasonable range fo. the factor is 1.3-1.7. A value
of 1.5 was assumed for the carbide series.

5.2.2 Contact Gap Conductance

The controlling facter in failure time is the rate of molten fuel-clad heat
transfer when free end conditions are assumed. This molten fuel-clad contact con=
ductance replaces the gas gap conductance in EXPAND on fuel sur face melting.3'16
For PBE-128 and -138, this was ir fact the only parameter; failure time was com-
pletely insensitive to the failure-criterion correction factor over the range
1.3-2.0. The carbide series does exhibit some dependence on the correction factor,
although heat transfer is the r.ajor parameter. Note that the molten fuel-clad
contact registance is cowmpletely unknown; no data exist, and the contact resistance
is a free parameter. Considerable evidence indicates that molten ceramic fuel does

not wet stainless steel, as would also be expected theoretically. By analogy with

the solid fuel-clad contact ca-o,l7 the contact resistance probably depends on an

average (geometric or simple) of the fuel and steel conductivities and possibly has
some pressure dependence; for molten fuel, pressure would be gas pressure unless
the fuel has expanded to completely fill the inside of the pii:

5.2.3 Pin Failure Results

For PBE-8Gl1, ~SG2 and -SG3, a contact conductance of 2.5 x 104 w/mzK was
found to give reasonable agreement to experimental data. Again, the contact
conductance is entirely empirical. Table X g'ves predicted failure times, failure
time inferred from experimental data, and max mum fuel temperature and pressure at
failure. Values of temperature and pressure for the ex,  rimental failure times
are derived from heat transfer calculations (see - a4 1 8ul).

Table X

Comparison of EXPAND rFailure Times and Co. ditions with Experiment

Experiment 5G1 SG2 SG3
A A A

Failure time {ms) 44 36.5 283
peak fuel temperature (K) 4590 6640 4810

Frel vapor pressure (MPa)* 0.7 12.2 0.2
(0.8) (15.7) (1.0)

Average energy
deposition (a/9) 1270 1265 1885 1900 1420

A = EXPAND calculation
B = Experiment (fuel temperature and vapor pressure are calculated with TAC2D)
*Note: Pressures in () are pla pressure including €ill gas.

A comparison of experimental and calculated pin-failure times shows reason-
able agreement; PBE-SG1 prediction is 1.5 ms late, the PBE-SG2 prediction is 0.7 ms
early, and the PBE-SG3 prediction is 4 ms late. The differences reflect both the
accuracy of the code and the accuracy of the experimental failure times inferred
from piston displacement and pressure traces. For PBE-SG3, changing the heat




transfer boundary condition from constant temperature to adiabatic moves t, e pre-
dicted failure time to 280 ms; however, the constant temperature boundary i:
believed to be a closer representation of actual conditions.

Also, pin pressure at failure for PBE-SGl and -SG3 is mostly due to helium
fill gas, there being little fuel-vapor pressure. Only in the case of PBE-SG2 is
there significant fuel-vapor pressure (12.2 MPa): this is comparable to what is

observed initially in the pressure traces (see Figure 12).

Table XI gives failure s for a range of stress correction factors and
contact conductance; this gives an idea of the sensitivity of failure time to these
parameters. Although the comparison of EXPAND predictions and experimental data is
reasonable (Table X), it is not altogether satisfying since there are two param-
eters which can be adjusted. The correction factor for the failure criterion can
be fixed within close limits by using the oxide and carbide failure results to-
gether with the above-mentioned theoretical considerations; the contact resistance
is still a free parameter.

Table XI

Sensitivity of EXPAND Failure Times to the Yree Parameters

Experiment Stress Correction Heat Transfer Coefficient (h) (W/mzk x 10—4)
NoO . Factor (f) 2.5 3 R 5 10
Failure Times as Fu.ction of f and h (ms)

PBE~SG1 1.5 44 - - - -~
2.0 40 44 38.3 3/.6 A
PBE-5G2 1.5 36.5 - - 33.8 32.6
2.0 36.4 36.3 35.5 34.9 -

BE-8G3 1.5 283 -— - - -
2.0 - 281 279.2 275.4 o

The main conclusions from the comparison are: (1) the effective stress can
be used in place of the hoop stress in a failure criterion to give good results for
both fixed and free end conditions, and (2) there is a finite contact resistance
between moltuen fuel and _.a’ which must be included.

To remove the uncertainty associated with the failure criterion, three
things are desi-able:

1. Reccrrelate existing mechanical data in terms »>{ effective stress.

2. Transient clad failure experiments conducted with a large thermal
grzdient present in the clad.

3. 1Ir-pile experiments to measure molten fuel-clad contact resistance
specifically.

5.3 FCI Analysis of PBE-SG2

A parametric analysis of the most energetic pressure event, that in PBE-SG2,
was done using the MURTI parametric FCI code developed at fo,le Karlsruhe, Federal
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Republic of Germany. This analysis was performed to aid in understanding the
observed event and to gain an idea of the possible range of unknown variables
affecting the FCI, such as amounts of inveracting fuel and sodium. The analysis
also aided in evaluating the capabilities of MURTI for experimental analysis. .

The model that has been programmed as the MURTI codelo is an FCI model that
solves the heat conduction problem in a mixture of hot fuel and sodium and calcu-
lates the consequences of the heat transfer to the sodium, such as thermal expan-
sion, vaporization, pressure buildup, and expansion, under given boundary condi-
tiors. It is a parametric model in that such essential variables as the interacting
masses and the contact surface between them are input variables. The model is
particularly suited for the analysis of the PBE experiments because of the follow-
ing two features:

1. The finite thermal conductivity of the sodium is taken into account
allowing the treatment of the transient heat conduction without over-
estimation of thue initiai heat flux. Also, it allows for initial condi-
tions in which fuel and solium are not finely intermixed due to a low
fuel-to-sodium mass ratio and/or a lack of fucl fragmentation. Lastly,
the model applies with equai validity to the case of carbide fuel where
the common assumption that the heat resistance of the fuel alone con-

trols the heat transfer rate is no longer valid.
2. The intera~tion region can be subdivided into several sections,
allowing, fo- example, distinction between the sodium actually heated

R B S———..

and the surrour ing sodium that is just compressed, or modeling of
several individual interactions which are coupled hydrodynamically.
Furthermore, the model allows for several other effects that may be
necessary for a meaningful description of an experiment, such as inter-
acting masses and contact surface growing with time, cushion gas in the
interaction region and heat losses from it, and a sequence of acoustic
| and inertial constraints.

5.3.1 Equation-of-State

A specific heat of 0.25 J/gK and a thermal conductivity of 14 W/mK were
assumed for the UC. The latent heat of fusion is 186 J/g. The sodium thermo-
phyr «cal data accounts for the newly - rmined ¢ ‘tical point. The critical

ter peratur., density, and presst-e .sed . 2508 , 0.23 x 103 kq/m3 and 25,65 MPa
re pectively.
5.3.2 PBE Experiment S8G2
Figures 32a and b, respectively, show the top and bottom pressure histories .

from PBE-S8G2. The bottom transducer trace shows a single phase spike of 190 Mpa,
followed by more single phase spikes. This behavior lasted roughly 0.8 ms and was
followed by a 34 MPa pressure, apparently supercritical, that died away in 35 ms:
this decay must have been due mainly to thermal losses, since expansion of the
interaction zone (IZ) ceased after roughly 3.5 ms. The peak piston velocity
measured was 31.2 m/s at 3.5 ms after the onset of the pressurization.
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The top transducer displayed a similar behavior, except that the peak pres-

sure was 170 MPa and the tail went to zerc at 3.5 ms. A secoud broad peak of 41
MPa was centered rt 4., ms following piston deceleration. This pulse is examined
in subsection 5.4.

The initial single phase peak was preceded by a low pressure plateau of

€

4 MPa lasting 3.5 ms; this was probably the internal pin pressure at the time of

failure.

Due to the relative positions of the interaction zone and the pressure
transducers at the ends of the sodium channel., and because of the very important
single-phase pressures, acoustic effects play such an important role that it is
impossible to directly compare the interaction zone (1Z) pressure with the measure-
ments. Therefore the hvdrodynamic « ffects in the sodium masses below the I1IZ and

between the IZ and the piston had to se modeled.

PBE-S5G2 was modeled using an 1Z at the middle of the fuel pin, top ana
bottom compressible scdium slugs, and a piston mass loading the top slug Eight
sections in all were used to model the sodium column (2 in the lower and o in the
upper slug) and one was used to contain the IZ. This allows a fair rep:r=sentation
of the pressure waves in the channel, altliough their peak amplitude is reduced by
smearing of the spikes over the section lengths.

The actual sodium volumes in the top and bottom of the experiment (27 x 10°

mm3 and 8.7 x 103 mm3 respectively) were used; these amounts do not include vr.e

sodium outside the molybdenum liner and in the IZ. Assuming a constant cross
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section throughout, the piston was modeled with the reduced length concept in which
the mass/unit area of the piston is used. However, the actual value of 0.085 g/mn2
(i e., 0.436 Kg/236 llz) gave a final velocity that was too low because the reduced
mass conserved momentum but not kinetic energy. A piston mass one-fifth as large
(the piston-to-channel area ratio in the experiment is about 5) would conserve
kinet ic energy but not momentum, giving a velocity that would be too large.
Accordingly, a piston mass about one-third the actual mass, 0.625 g/mm2 was used,
splitting the error equally between momentum a .d kinetic energy.

"

Initial fuc! and sodium temperatures of 5600 K and 920 K, respectively, were
4ssed. These were derived from preliminary heat transfer calculations done with the
experimental power history and failure time (final calculations gave a fuel tem-
perature of 6140 K and a sodium temperature of 780 K). The 1Z was assumed to con-
tain 2.87 x 103 mm3 of fuel (30% of the total fuel) and 3.67 x 103umm3 of sodium
giving a mass ratio of 8.2. An initial particle radius of 1000 um was assumed,
decreasing to 350 um in 1.0 ms. The IZ is able to expand by almost 15 em?

the ejection of the top sodium slug and piston.

due to

Heat losses to the structure were not included since the main interests were
in the short-time behavior and in the reduction of the number of parameters.

The calculational results, shown in Figures 33a and 33b for the top and
bottom transducers, exhibit a single phase region lasting roughly 0.8 ms with peak
pressures of 170 MPa at the bottom and 155 MPa at the top. These are similar to
those in the experiment. The pressure tail appears ae a series of oscillations
about a pressure of 28 MPa, whercas the experiment shows a fairly smooth tail at a
similar pressure. The oscillations are probably due to neglect of any damping
effects such as viscosity or the multiple cross-section changes which would destroy
the low-frequency oscillations by causing high-frequency oscillations with smaller
amplitudes. This feature is orite common in calculational hydrodynamics.

The source pressure is shown in Figure 33c. This trace exhibits a single-
phase region of the same duration but of less magnitude than the Lottom transducer,
and a smooth 35 MPa supercritical tail slowly decaying away. When comparing the
very first spikes of source pressure and bottom pressure respectively, doubling of
the amplitude would be expected upon reflection at a rigid boundary. This does not
appear in the graphs due to the different ways in which these values are determined
in the calculation. The source pressure is local in space and time, i.e., the
values are taken from one calculational cell (0.2 mm thick) and one time step (1 us),
while the bottom pressure is the mean pressure in an 86 mm-long section of the
channel, averaged over 20 us. The largely different control volumes seem to
explain most of the discrepancy. When using consistent time definitions, the first

maxima read

e in the interaction zone (I12) 160 MPa
e in the section connecting IZ and

bottom section 100 MPa
¢ in the bottom secticn 170 MPa

Here an increase in pressure amplitude by a factor of 1.6 becomes evident.
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The sodium velocity at 3 ms, when the piston reaches its maximum displace-
ment, is 155 m/s, corresponding to a piston velocity of 33.3 m/s, close to the
experimental value of 31.2 m/s. The final fuel surface temperature is 3900 K after
going through a minimum of 3400 K (see Figure 34). The total heat transferred to
the sodium is 10 kJ (Figure 35), and the work done by the sodium is 662 J, or
27.6 J per gram of interacting fuel, which gives a conversion ratio of 2.0% when
compared to the 1.4 kJ available per gram above 773 K. The experimental heat input
corresponding to the assumed initial temperature (which has been calculated using
different heat capabilities) is 1.96 kJ. Reproducing this value bv using a heat
capacity of 0.33 J/gK siightly increases the work but reduces the conversion ratio
to 1.8: Allowing the piston to continue traveling for 35 ms increased the work
done to '.4 kJ with a final pressure of 1.3 MPa. However, allowance for thermal
losses v uld reduce this work considerably.

The qualitative effect of varying parameters in MURTI was examined in the
course of modeling the experiment. The basic result needed is a wide single-phase
region followed by a supercritical, slowly decaying tail. The piston must also
reach the end of its travel at the correct time with the correct velocity, within
reasonable limits. The initial fuel and sodium temperatures can be fixed fairly
accurately by heat transfer calculationn.’ Reraining parameters are fuel particle
size, mixing time, amounts of interact ‘ng fuel and sodium, and the amount of con-

straint (sodium columns and piston).

Increasing the mixing time from 1 to 1.25 ms while keeping the same initial
and final particle sizes (i000 um and 300 um) results in insignificant changes in
the pressure history and piston velocity. Increasing the mixing time further to

1.5-2 ms lowers all pressures and the final velocity.

varying the final particle size from 300 um to 400 um for a mixing time of
1.0 ms lowers the final velocity and pressure, while single phase peaks remain

about the same.

The assumption of instantanecus fuel fragmentation was fouid to give high
single phase pressures but low tail pressures. For this assumpli.n, increasing the
particle size from 400 um to 500 um results in lowering the initial pressure peak
and tail pressure, and reducing the final piston velocity. Reducing “ he expansion
constraint results in low pressures, and, more importantly, a small width in the
single-phase region. Increasing the fuel mass has a minor effect, whereas
decreasing it results in a narrower single-phase region, low tail pressures and low
piston velocity, all indicating insufficient energy vransfer. Decreasing the
sodium volume (to 3040 mns) does not affect the single phase region much but

increases tail pressure somewhat. o

In an actual reactor coolant channel, the constraint on the expanding inter-
action zone can certainly be described by the acoustic approximation during the
initial 2 - 3 ms. If this constraint approximation is applied to the bare interac-
tion zone (no reflecting boundaries present), no oscillations are observed, and the
pressure reaches a maximum of about 90 MPa shortly after the end of the mixing
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time. (If the flow area is doubled to account for expansion in the downward
direction also, the pressure amplitude is cut by almost half.) In spite of the
lower pressure, the interaction zone initially (during less than 1 ms) expands much
faster than in the capsule. Later, the capsule allows for faster expansion, which
also means faster energy conversion. The initially slow expansion of the capsule
would be expected to favor contact of molten fuel with liquid sodium since the
sodium cannot be removed from the failure location as fast as in a reactor cooling
channel. Beside the fact that the sodium cannot be removed in a downward direc-
tion, the com-_-ibility of the experiments to expected reactor conditions is

affected by the apsule design via the type of constraint established.

$.3.3 Discussion

The pressure-time history observed in PBE-S8G2 was reproduced reasonably well
with the MURTI model assuming that it is due to fuel-coolant interactions.

The idealized one-dimensional model is not able to describe all details of
the histories., It has already been mentioned that momentum and kinetic energy of
the piston cannot be treated correctly at the same time. Furthermore the model
does not account for the effect of the four cross-section changes present in the
experiment capsule and neglects any damping effects. Except for the lack of high
frequency oscillations produced by the cross-section changes which are close to the
pressure transducer location, neglect of the damping effects seems to be more
important since the general behavior of the oscillations coleculated here is quite

similar to those reported from calculations with the two-dimensional code CSQ-II.19
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Also, the pressure reported here as top pressure is always the pressure closest to
the piston, whereas in the experiment the piston moves away from the pressure
transducer. These considerations make it evident that a complete agreement cannot
be expected betws-. experiment and calculation. Nevertheless agreement is found in
most characteristic toatures, a broad single-phase region of about the correct
duration and amplitude followed by a pressure tail starting at a supercritical
pressure. The decay of this pressure in the interaction region (Figure 33c)
compares quite well with that indicated by the lower pressure transducer. The
dependence of the results on the parameters is to some extent obscured by the

super imposed strong oscillations.

Variation of such parameters as mixing time, particle radius, initial tem-
peratures, .nteracting masses, and loading mass in the vicinity of the actually
used values leads to slightly changed amplitudes and timing, but does not change
the character of the results. The parameter called here the mixing time may also
be interpreted as fragmentation time, since due to the relatively low thermal
diffusivity of the fuel only the mass close to a surface participates in the
interaction.

5.3.4 Conclusions from MURTI Modeling

A definite conclusion cannot be drawn from the analysis, since many of the
important variables are not known. 'The most important of these are particle size,
mixing time, and masses of interacting fuel and sodium. However, using reasonable
estimates of the missing variables, the main features of the pressure traces
(single-phase spike region of long duration, supercritical tail) were reproduced by
MURTI. This supports the conclusion that the FCI explanation is the correct one
for the observed pressure events. The usefulness of the code for UC/Na systems
where the fuel conductivity cannot be neglected was also demonstrated.

For this case, rather short mixing (or fragmertation) times had to be used
in modeling the experiment, suggesting that coarse mixtures of fuel and sodium
already existed when the interactions began. In this context, note that the inter-
face temperature is considerably above the homogeneous nucleation temperature for
the assumed initial fuel and sodium temperatures, even allowing for the increased
nucieation temperature at the 4.5 MPa initial pressure.

5.4 Piston Deceleration

The traces from the top pressure transducers on PBE-8G2 and -SG3 show a
secondary peak coincident with piston deceleration. In PBE-S72, the pressure rise
began as the piston stopped: the pulse was 50 MPa high and roughly 0.6 ms wide
(FWHM). Principal explanations suggested are (a) compression of the upper slug by
debris accelerated from below or (b) a mild FCI triggered by piston deceleration.
Simple buildup of the void pressure when the expansion of the void volume stops is
ruled out by the absence of a corresponding pulse on the lower transducer. Analy-
sis with HOIDO,zo a transient finite-deformation code, has shown that a 3 MPa
pressure pulse of 0.3 ms duration (FWHM) is generated by piston deceleration, as
shown in Figure 36. A detailed description of this work appears in reference 21.



According to Patel and Thoofanu.22 the deceleration pressure has the correct
magnitude to trigger hydrodynamic breakup, leading to an FCI. Further analysis
with HONDO using a 20 MPa pressure applied toc the sodium column resulted in 40-50
MPa pressure pulses in the sodium due to acoustic ringing (see Figure 37); however,
these were only 0.23 ms FWHM, much shorter than the observed pulse, with a period
of 0.4 ms, Actually pressure spikes of this type are superimposed on the experi-~
mental trace, but they could be explained as individual small-mass interactions
following bubble collapse and jet penetration. The main pulse envelope itself does
not ring, suggesting that it results from either two-phase pressurization or com-

pression of the sodium by ~10 grams mass following the sodium slug.
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6. CONCLUSIONS

A number of conclusions can be drawn from these experiments and needs for
fature experimentation and modeling can be identified.

6.1 Pin Failure

Initial pin failure under the conditions defined in these experiments was by
rupture of the cladding and not by melting. Variables affecting the time of 1
failure are dominated by heat transfer to the cladding which determines the claa-
ding temperature and, hence, its strength. The rapid heat transfer to the cladding
also establishes steep temperature gradients in the clad giving rise to large
thermal stresses,

Jhe EXPAND pin failure model was refined by redefining failure in terms of
effective stress instead of hoop stress and by incorporating a finite gap conduc-
tance between molten fuel and cladding. This introduced twu free parameters into
the model. A single set of these parameters was found to yield failure times in
reasonable agreement with experimental results.

6.2 Pressure Sources

The pressure histories in these experiments can be characterized by low
amplitude pressures at cladding failure followed after some delay by very high
amplitude pressure transients and subsequent sustained pressures decaying over
periode up to . ms. In two experiments, second pressure transients were observed
at the top of the capsule following piston stoppage.

The pressure at failure was primarily due to helium fill gas with a major
contribution coming from fuel vapor only in the PBE-S5G2 experiment. All other
aspects of the pressure histories are attributed to thermal expansion of liquid
sodium, supercritical sodium, and sodium vapor arising from fuel coolant inter-
actions (FCI). The initial high-amplitude pressure transients resulted from
spontaneously-initiated FCI. A region of single-phase spikes was seen in all three
experiments; these spikes lasted longer and were of greater amplitude in PBE-SG2,
which also had both the highest fuel temperatures and the greatest degree of con-
straint (a void was present near the interaction zone in the other two experi-
ments). The initial pressure tail in PBE-SGl and PBE-SG3 exhibited subcritical
two-phase tails following the spike region, again consistent with the greater tem-
peratures and constraint in PBE-8G2.

The second pressure transients observed in all three experiments appear
similar, suggesting a similar cause. The events in PBE-SG2 and PBE-SG3 occurred
following piston deceleration, suggesting a phenomenon due to deceleration and




! compression. However, th,ro is really no way of differentiating between the two

| explanations, namely, enhanced boiling due to compression of a mixed fuel and

| two-phase sodium region with "thick" films or a compression of the sodium slug by a
i mass following the slug up the channel. In the case of PBE-~SGl, the piston has

| already estopped, meaning that something else must provide the compression necessary -
| to the above-mentioned scenarios, such as compression of a vapor-filled void by

| debris from below. 1In addition, the possibility exists that the second transient

: in PBE-SGl is merely the attenuated initial event after transmission through the

voided space, an explanation not available for the other two experimencs.

Explanations that can be ruled out are (a) "water hammer"” due to missile

| impact, (b) acoustic ringing of the top sodium slug, and (c¢) a classic FCI (one
with thin films insulating the fuel from the liquid sodium). These are all ruled
out for the same reason, the slow rise time and long duration of the pressure
transient, whereas the above three explanations all generate fast-rise-time spikes.

The pressure tail in all three experiments results from twoe-phase sodium
following expansion of the interaction regions. The pressure transducer data show
that both top and bottom transducers exhibit the same two-phase tail following
piston deceleration and the cecond pressure transients.

The FCl yielding the high-amplitude pressures in PBE-SG2 has been described
using a simple FCJ scenario with a parametric model. The model required a short
mixing or fragmentation time indicating some degree of premixing.

Generalizing these results to the LMFBR safety question is not possible in a
| direct way since

e Fresh fuel has been used,

| ¢ The temperature profile in the fuel peaked at the surface, and

i ¢ The capsule design introduced several nonprototypic features (no downward

| voiding, too-rapid expansion, limited expanaion{.

E However, these experiments have allowed FCIs to be observed under conditions which

E may be difficult to establish otherwise (e.g., contact temperature above homoge-

| neous contact temperature but no intermediate-range sustained pressure difference

t between pin and coolant channel). Comparison of these results with the correspond-
ing oxide fuel tests and assessment of the relevance of these results for present-

| design LMFBRs requires a better understanding of the mechanisms involved. This

| clarification seems to be urgent since among the possible candidates are such

L threatening possibilities as spontaneously triggered fuel-vapor-driven fragmenta-

| tion and mixing (SPERT-type event) and formation of metastable premixed regions
whicn are considered to be a necessary requirement for large-scale FCls. Also,
delay times as long as 80 ms are observed. Clearly, proper mechanistic modeling oZ
mixing and fragmentation is required if the consequences of severe overpower
transients with sodium in the core are to be assessed. -
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6.3 Energy Conversion Ratios

Small thermal-to-mechanical energy conversion ratios (~.2%) were estimated
| from measured piston motion. (These values were based on the total energy deposi-
tion up to the ti.ie of maximum piston velocity.) Since the piston has a limited
travel (~62 mm) the measured values are lees than the total work potential. Local
efficisncies estimated from the MURTI PCI modeling indicate local conversion

- efficiencies up to % (see subsection 5.3).

6.4 Reactivity Effects

The piston displacement and posttest examination reveal that nearly total
voiding of the upper part of the coolant channel and subsequent dispersal of fuel
from the channel occurred during the experiments. These phenomena indicate sub-
stantial reactivity effects. However, without a real time fuel motion ciagnostic
these effects cannot be quantified. Incorporation of such diagnostic methods will
be a goal of future experiments.

6.5 Comparison witn Oxide/Sodium System

The most apparent differences between the carbide/sodium and oxide/sodium
systems are the higher pressures generated by the carbide experiments. These are
directly due to the higher thermal diffusivity of UC and, hence, greater rate of
heat transfer to the sodium coolant. This is enhanced by the higher temperatures
reached by UC for “he same energy input (lower heat capacity than U0,). However,
local energy-conversion efficiencies appear to be comparable between the uo, and UC
systems, on the order of 2% {(see reference 18).

6.6 Needs for Further Work

These experiments have shown deficiencies in the data bases and phenomeno-
logical modeling necessary to understand the response of reactor fuel and coolant
under disassembly accident conditions. The most severe of these deficiencies is
the lack of understanling of FCI phenomena aad the subsequent lack of a mechanistic
FCI model. Since examination of both the oxide/sodium and carbide/sodium systems
have shown FCI to be the most important pressure source arising from fresh fuel in
sodium during prompt burst accidents, it is essential that FCI phenomena be under-
stood in order to assess their importance to reactor safety. The necessary under-
standing can only come from well characterized separate effects experiments includ-
ing experiments with reactor fuels and coolants under the conditions evident for

e i e e e e e B o e e e

severe accidents.

In the area of pin failure modeling under prompt transient conditions,

i several needs in the data base have been identified. The existing failure data

' appe rs to need recorrelating in terms of effective stress rather than hoop stcess
and that data must be extended to include clad rupture in the presence of steep
. thermal gradients. Further, experiments should be conducted to determine the heat
transfer between molten fuel and clad before clad failure.
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Almost no thermophysical property data exists for uranium carbide at high
temperatures. The extrapolations and suggested data in the literature are in
disagreement with one another. The pursuit of carbide fuels must include devel-
opment of an adequate material-property data base.
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APPENDIX A

Evaluation of Pressure Transducers at High Pressure

The pressure instrumentation in the PBE experiment consists of Kamnan
Sciences KP1911 and KP1913 pressure transducers located at the top and bottom of
the test channel. The Kaman KP1910 Series Pressure Measuring System is an eddy-~
current-type sensing device. The transducers are designed by the manufacturer for
ranges of 0 to 5,000 psia (KP1911-A5000P-SM-C05) and 0 to 10,000 psia (KP1913-
Al000OP-SM-C5). All transducers are calibrated at Sandia from 0 to 8,000 psia
(55.1 MPa). Pressures measured during PBE experiments have rarely exceeded the
calibration range. However, in the PBE-SG2 and PBE-SG3 experiments, indicated
pressures as much as four times the maximum calibration pressure were noted. The
measured pressure history recorded at the top and bottom of the test channel in
PBE-SG2 is shown in Figures Al and A2. The pressure values were obtained from the
recorded voltages by using a linear polynomial fit to the calibration data. An
evaluation of typical KP1210 series transducers at high pressures was undertaken in
order to accurately guantify the pressures in PBE-SG2.
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Figure Al. Top Pressv * History (Channel 3) "BE-SG2
A representative transducer «f each range was chosen for evaluation. Each

transducer was calibrated cyclically according to the schedules shown in Tables AI
and AII. As shown, both transducers were evaluated at room temperature by using a
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Figure A2. Bottom Pressure History (Channel 4) PBE-SG2

hydrostatic, oil filled system and at 500°C by using a pneumatic system. Calibra-

tion pressures were measured with standard gages. It should be noted that the
5,000-psia transducer (8/N 7010-0-15) was destroyed at 20,000 psi at the end of

TABLE Al

Calibration Sequence for 5,000-psi Kaman Transducer

cycle 6.

Cycle Temperature
1 Room Temperature
2 Room Temperature
3 Room Temperature
4 500°C*
5 500°C*
6 500°C*

(S/N 7010-0~015)

Pressures (psig) SIEC

0-2000-3000-4000-5000-6000~-7000-8000-9000-10000~
2000-8000-7000~6000-5000~4000-3000-2000-0

0-2000-4000-6000-8000-10000-11000-12000-13000~
14000~15000~14000-13000~12000~11000~10000-8000~
6000-4000-2000-1000~0

0-3000-6000-9000-12000~15000-16000-17r0~-18000~
19000-18000-17000~16000~15000-12000-9( J0-6000~-
3000~-0

0-1000-2000-3000-4000-5000-6200~7000-7900-8900~
10200-5200~3000-2000~1300-700-0

0-1200~4000-6100-7900-10000-11200-~12000~12700~
14000-15000~14000-7500-4200-2600-1700~1200-B00~-0

0-3400-6100-9300-12700~15000~16000~17000-18000~-
19000%*

*The nonuniform spacing of the calibration points at 500°C results from the
control available on the pneumatic system usel, particularly for decreasing

pressures,

**Transducer failed at 20000 psig.



TABLE AII

Calibration Sequence for 10,000-psi Kaman Transducer
(S/N 7010-0-020)

Cycle Temperature Pressure (psig)
1 Room Temperature 0-2000-3000~4000-5000-6000~-7000-8000-9000~-10000~
= 9000-8000-7000-6000~5000~4000~3000-2000-0
2 Room Temperature 0-2000-4000-6000-8000~-10060~11000-12000-13000-

14000-15000~-14000~13000-12000-11000~10000-8000~
6000-4000-2000-0

3 Room Temperature 0-3000-6000-9000~12000-15000-16000~17000-18000~
13000-20000~19000-18000~17000~16000-15000~12000~
9000-6000~3000-0

R Room Temperature 0~4000-8000-12000-16000-20000~-21000~22000-23000~

24000~25000 -24000~23000-22000-21000-20000-16000-
12000-8000~4000-0

5 500°c* 0-1100-2000-3100~4100-4900-6000~-7100-8000-9100~
10200-4700-2900~1900~1300-9000~-0

6 500°C* 0-2000-4000~5900-8100-10000-11300~12200-13200-
14200-15000-6000-3200-2100~1400-700-0

7 500°C* 0~3100-6000-9100~12200-15000~15900~17000-18000~
19000-20000~-19000~18000-17000-6600-3600-2300~-1600-
700-0

8 500°C* 0-4100-8100~12100-16600-20000~-21000-22000-23000~

24000-24900~-25000-24000-23000~-22000-21000-20400~
7400-600-400~0

*The nonuniform spacing of the calibration points at 5 'C results from the
control available on the pneumatic system used, parti ilarly for decreasing
pressure.

The calibration data are shown in Figures A3 through A6é. Similar features
are noted in all four figures. Features apparent in Figure A3 are described below.
It is noted from Figure A3 that the calibration data from both the increasing
pressure and decreasing pressure portions of cycle 1 are nearly identical. The
increasing portion of crcle 2 up to 10,000 psi (the maximum pressure of cycle 1) is
essentially identical to cycle 1. The increasing portion of cycle 2 between 10 ksi

and 15 ksi exhibits an apparent increase in transducer sensitivity. The decreasing
portion of cycle 2 (15 ksi to 0 ksi) is, however, nearly linear with sensitivity
(slope) slightly greater thnan that observed during cycle 1. The net result of
cycle 2 was a permanent zero shift resulting from plastic deformation of the sensor
diaphragm and/or body due to the applied pressure.

The increasing portion of cycle 3 up to 16 ksi is nearly the same as the
decreasing portion of cycle 2. However, from 16 ksi very little change in ontput
is noted with changes in pressure., This is probably due to a total closure of the
gap between the sensing diaphragm and exciting coil. Thus, the maximum indicated

E pressure would be approximately 16,000 psi. (It must be noted that the value of
the maximum pressure is determined, in part, by the previous deformation history.
Hence, if the transducer had originally been subjected to a transient pressure
loading -- without sufficient eiergy to deform the transducer -- the max imum
i indicated pressure would have been considerably higher.)
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Similar features are noted in Figure A4 (5,000 psi transducer at 500°C). It
must be noted that the same transducer was used at both room temperature and 500°C:
and thus, the data reflect cumulative effects of plastic deformation. The 5,000~
psi transducer (S/N 7010-0-15) was destroyed by the rupture of the sensing dia-
phragm at 20,000 psi, 500°C, during cycle 6.

From Figures A5 and A6, observe that the 10,000 psi transducer responded in
a similar manner. Specifically, plastic deformation was noted in cycles 3, 4, and
8 with the decreasing portions of those cycles describing nearly linear behavior
with slight increases in sensitivity. The increasing portion of a subsequent cycle
follows the decreasing portion of the previous cycle up to the maximum pressure
achieved in that previous cycle.

The total closure of the gap between the sending diaphragm and exciting coil
was not detected for the 10,000-psi transducer within the range of pressures up to
25,000 psi. The KP1913-Al0000P transducers have thicker and, hence, stronger
diaphragms. Thus, the gap closure in the 10,000-psi transducers would be expected
at a higher pressure than for the 5000-psi transducers. The maximum pressure
attainable with the pneumatic system was 25,000 psig.

The changes in transducer sensitivity after calibration to high pressure are
summarized in Table AIII. The indicated changes in sensitivity are a direct result
of permanent deformation of the sensing diaphragm and/or transducer body. These
deformations are indicated by permanent zeroc shifts.

TABLE AIII

Summary of Polynomial Fits to Calibration Data

B A Standard
Range Sensitivity"* Intercept®* Error of Fit
Transducer Cycle (ksi) (mV/psi) (mv) (mv)
7010~-0-015 1 0-10 0.223 112.0 31.7
B 0-10 0.233 415.0 36.8
1 10-0 0.223 153.0 20.6
. 15-0 0,250 539.0 37, 1
3 16-0 0.259 421.0 35.3
7010-0-020 1 0-10 0.105 -14.1 9.7
5 0-10 0.106 313.1 26.6
1 10-0 0.102 14.3 6.7
2 15-0 0.106 37.8 12.2
3 20-0 0:112 126.0 19.7
K 25-0 0.122 44 0 28.8

*V = A + BxP, where V = output voltage and P = pressure.

Several conclusions can be drawn from this evaluation. First, when sub-
jected to large static pressures, the sensing diaphragm and/or transducer body
deform resulting in a permanent zero shift and a small change in sensitivity.
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Secondly, when a transducer is subjected to high pressures without deformation
(decreasing pressure calibration or calibrations to pressures previously attained),
the transducer response is essentially linear. Net departures from linearity are
less than %4 percent of the measured value. Thirdly, above some well-defined
pressure, the transducer output no longer increases with increasing pressure.

Thus, applied pressures in excess of that level would not be indicated.

As shown in Figures Al and A2, no permanent zero shift was noted in the
transducers used in PBE-SG2. The apparent negative pressures indicated in Figure
Al are the result of a thermal effect in the transducer arising from the nonuni form
heating of the transducer at that point in the experiment. In light of the results
of the transducer evaluation, the use of a linear fit to the low pressure (0 to
8000 psi) calibration data is justified even at extreme pressures.

In Figure Al, the two maximum amplitude pressure transients have identical
amplitude. While not apparent from Figure A2, the same observation is made for the
data derived from that transducer as well. Since the amplitudes of the measured
signals were well within the limitations of the amplifiers and the tape recorder,
one must conclude that total closure of the gap between sensing diaphragm and
exciting coil occurred for both transducers. Thus, the applied pressure was
probably in excess of the maximum indicated pressure. The transducers represented
by Figures Al and A2 were KP1911-A5000P transducers. The only 10,000~-psi gage in
the PBE-SG2 experiment failed during the experiment but did indicate a max imum
pressure of 255 MPa (37,000 psi).
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APPENDIX F

UC Material Properties and Gas Gap Treatment

Thermal properties of UC fuel were taken from several source-.‘3'24‘25'26’27

The data appear to contain considerable uncertainty particularly above the melting

point.

rected

The following properties are from reference 23 except where noted:

Melting temperature, Tm = 2780 s 25 K
Heat of fusion, H, = 184 J/g (estimate)

“hermal conductivity k_ = 19.8 + 1.48 x 107 T W/mK
(973 < T < 2° 3 K) (100% TD)

This expression was used up to the melting point (2780 K); this was cor-

for porosity as (ollowlzz‘

k = ko(l - P)/(1 + P) W/mK
P = porosity
k = thermal conductivity
Above the melting point (MP),
k = 20 Ww/mK (estimate)
Volumetric thermal expansion coefficient (sclid)
-5
o™ 3.9 x 10 "/K
Volumetric thermal expansiocn coefficient (liquid)25
-5
ay = 7.8 x 10 /K

Densities:

by (300 K) = 13.61 x 10° xg/?3
P (MP) = 12.3 x 10° kg/m

Volume change on m.ltlngzs avV/V = 0.14

8.2

6 T

Solid heat capacity’’ Cp, = 0.24659 - 8.9523 x 107°T + 1.6729 x 17~

_ 39886 g qx)

125



Liquid heat capacity and vapor pressure are from reference 25:

O, - TITE 0 7857 - 0-076 3/aK) T > 2780 K

(Note: value in reference is wrong; the above expression gotten
by differentiating the enthalpy)

vapor pressure P = 0.1013 exp(14.054 - 73002/T + 0.197 (n T) [MPa]

Gas Gap

Following Olandor,za the gap heat-transfar coefficient is expressed as

k

h--————-——-—-.L'
t + e + a9, tF

9 * 9

F=1=+ t

heat transfer coefficient, H/m2K
conductivity of gas (W/mK); for helium,
15.8 x 10737079

gap thickness, m

fuel thermal jump distance, m

clad thermal jump distance, m

gas temperature, K

Knudsen factor
The thermal jump distances were found from the formula28

2 -a
A 2( 2

) (%), 7 ()

accommodation coefficient of surface
ratio of gas specific heats (5/3 for helium)

(Prandtl number)”! for gas

property of gas at STP (0.0176 Pa - m for helium)
gas pressure (Pa)

Using values of a = 0.3 for UC and a = 0.07 for the clad (typical of clean
fuel and clad curfncol)29

Yol ¢ o.oa:zgg

6

I1f the gap closes, t is set to the RMS surface roughness of about 4.4 x 107" m and

a fornu1a17

5

h=3.2x10°P wWmnk

is used to £ ad h.
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