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ABSTRACT

The EPIC computer code has been used to
analyze the post-fuel-pin-failure behavior in
the PBE-5S experiment performed at Sandia
Laboratories. The effects of modeling uncer-
tainties on the calculation are examined.
The calculations indicate that the majority
of the piston motion observed in the test is
due to the initial pressurization of the
coolant channel by fuel vapor at cladding
failure. A more definitive analysis requires
improvements in calculational capabilities
and experiment diagnostics.

I. INTRODUCTION

| Numerous analytical nodels have been developed for modeling
the behavior of materials under LMFBR accident conditions. There
has also been a large effort to perform prototypical in-pile
experiments to simulate portions of postulated accidents of varying
severities at several small-scale physical sizes. These two
efforts have periodic interactions: the small-scale experiments
providing guidance on the adequacy of the modeling and the models
extrapolating the experiments to the full-scale reactor situation.
The present work utilizes one of these model/experiment pairs.

Experiments in the Prompt Burst Energetics (PBE) series1

have been performed at Sandia Laboratories to examine the response
of a fuel pin to a simulation of LMFBR prompt-burst accident con-
ditions. The present work involves the use of the EPIC computer
code2 to analyze the post-fuel-pin-failure events in one of
these experiments (PBE-5S). Limitations in both current code
capabilities and experiment diagnostics preclude a complete and
definitive analysis at the present time, but the definition of the
areas where improvement is necessary is itself a result of this
type of analysis.
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il. DESCRIPTION OF THE PBE-5S EXPERIMENT
i ;

j The single fuel pin used in the PBE-5S experiment consisted
of 64g of unirradiated U02 in the form of pellets. The 0.34 m
length of fuel was contained in the lower portion of a 0.5 m length
of stainless-steel cladding. The fuel pin was surrounded by stag-
nant liquid sodium which was contained in a piston-loaded autoclave
as shown in Fig. 1. The 436 g piston had a 64 mm length of travel.

The autoclave instrumentation consists of pressure trans-
ducers (one below and one above the fuel pin), thermocouples
(located in pairs at three locations along the channel adjacent to
the fuel pin), and a linear motion transducer attached to the
piston.

The assembly was subjected to a single-pulse irradiation in
the Annular Core Pulse Reactor at Sandia Laboratories; the pulse-
width was 5 ms (at half-maximum amplitude) and deposited a total
of 2.35 kJ/g (axial maximum but radially averaged) in the fuel at
a maximum rate of 0.4 MW/g. Fuel pin failure, taken to be
indicated by the occurrence of the first significant pressure tran-
sient, occurred 2.8 ms after peak reactor power. A peak pressure
of 46 MPa was recorded, and piston impact occurred 8.4 ms after pin
failure. Further details of the experiment are in Reference 1.

III. DESCRIPTION OF THE EPIC COMPUTER CODE

The EPIC computer code2 models fuel and coolant motions
following fuel pin failure under LMFBR accident conditions. The
model uses a single fuel pin and its associated coolant to repre-
sent a number of pins or subassemblies as shown in Fig. 2. Molten
fuel and fission gas motions in the fuel pin cavity are calculated
using a one-dimensional Eulerian formulation; fuel and fission gas
are added to the cavity as additional melting occurs.

A mixture of sodiu-.i, fuel, and fission gas exists in the
interaction zone in the channel. The sodium and fission gas
motions are calculated using a one-dimensional Eulerian formula-
tion, but a particle-in-cell treatment is used for the fuel. The
interaction zone expands against the constraint provided by the
upper and lower sodium columns which are assumed essentially incom-
pressible.

The pin and channel calculations are coupled through the
ejection model at each axial node where the cladding is failed.
Sufficient material is ejected from clad failure locations at
every time step to equilibrate the pin pressure (fuel vapor plus
fission gas) and the channel pressure (sodium and fuel vapor plus
fission gas). Motion of material from the channel into the pin is
not allowed.

The heat transfer rate among various materials is described
by i

q12 = h 1 2 A 1 2 (Ti-T2) (1)
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Fig. 1.
Schematic of autoclave used for
the PBE-5S experiment (Repro-
duced from Ref. 1).

Fig. 2.
Calculational geometry in the
EPIC code.

where q^2 is the heat transfer rate from material 1 to material
2, h 1 2 is the heat transfer coefficient, A12 is the interfacial
area, and T is temperature. The heat transfer coefficients for
condensation of sodium and fuel onto the cladding are denoted HCSV
and HCFV, respectively, and are input to EPIC. The coefficient for
fuel-to-sodium heat transfer is (VF,T * k_)/(f * r ), where

Na £ r p

VF is the volume fraction of liquid sodium in the node, k_ is the

fuel conductivity, r is the fuel particle radius (input) , and f
(in this analysis) is 0.2 in order to result in a conduction length
corresponding to half of the particle volume.

IV. APPLICATION OF EPIC TO PBE-5S

1. Background and Scope of Analysis. Although EPIC is
designed to analyze post-pm-faxlure events, there is a big dif-
ference between analyzing a piston-autoclave experiment and the
reactor accident to which the code is normally applied. These
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differences involve not only the mechanics of operating the code "
but also the relative importance of various calculated quantities
Problems of the first type involve properly describing the geometry
and constraint of a piston-loaded autoclave and insuring that the
code functions properly for the simulation of high-rampt-rate/

\ '•' fresh-fuel conditions. Several of these problems were identified
and solved during the analysis reported in Reference 3.

^ Several problems of, the second type (which can be rather
involved) are highlighted here.. Fuel and coolant motions and their
reactivity feedbacks are primary results in accident analysis cal-
culations. Although a measure of the sodium voiding rate may be
obtained from the piston motion measured during the test, fuel
motion information will not be obtained until future tests are
performed which utilize the fuel detection instrumentation currently
under development at Sandia. The pressures are measured in the
PBE tests at locations far removed from the failure location and
interaction zone. Previous work4 has shown that the pressure at
the measurement locations in the PBE autoclave would be quite
different from the source pressure near the failure location.
EPIC, however, only performs a pressure calculation in the inter-
action zone; it does not calculate the pressure pulse propagation
through the sodium slugs since this information is not needed to
perform accident analysis calculations. For these reasons calcul-
ated pressures were not compared with the pressures measured during
the experiment. Such comparison would be meaningless (and poten-
tially misleading) with the present version of the code; however,
a stand-alone module has been developed and used to study pressure
propagation phenomena, and this routine will be incorporated into
EPIC.

The present analyses will of necessity be limited to a com-
parison of the piston motion calculated using EPIC to that observed
in the experiment.

2. Input for EPIC. The initial conditions for an EPIC
calculation are the conditions at the time of fuel-pin-cladding
failure and were obtained from calculations performed using the
EXPAND code5 at Sandia- Unless otherwise stated, the radially
maximized fuel temperature calculated at an axial location in the
two-dimensional (r-z) EXPAND code was used as input to the one-
dimensional EPIC code. This preserves the axial pressure distribu-
tion in the pin at failure between the two codes although
increasing the total energy content of the fuel; this will be
discussed further in Section V.6. The cladding and sodium tempera-
tures from EXPAND were averaged radially for input to EPIC. The
initial length of the cladding failure was 50 mm, and this was
allowed to grow (by melting) during the EPIC calculation.

Data associated with two different failure bases have been
utilized in this analysis. EXPAND indicated5 that the cladding
would undergo ductile failure at 4.6 ms after peak reactor power
with a maximum internal pin pressure of 12 MPa; these conditions
have been used in most of the EPIC calculations which follow (for
reasons which are chronological). A revised EXPAND calculation1

indicated that the cladding failure would occur earlier (3 ms after
peak reactor power with a 10 MPa pressure in the pin) based on the



Larson-Miller Parameter (LMP) life-fraction rule; this failure is
more consistent than is the ductile failure time with that observed
in the experiment.
i The other primary inputs to the code are the heat transfer
parameters. A reference fuel particle size of 0.39 mm was adopted
based on the postmortem examination6 of PBE-4S, since the two tests
were run under similar conditions and a postmortem examination had
not been performed for PBE-5S. Base values for condensation heat
transfer coefficients were* HCSV = 260 kW/m2«K and HCFV = 20 kW/m2«K
and have been increased from values recommended in References 7 and
8 to include transient effects.

Additionally, fuel vapor pressure ("lower pressure bound")
developed by Reil and Cronenberg9 was used rather than the Menzies10

expression which had been in the code.

3. Baseline EPIC Calculation. Combining the initial con-
ditions and other inputs described in Section IV.2, an EPIC calcula-
tion was performed3 which became a "best estimate" and/or "base-
line" calculation. Figure 3 shows the piston motion for this EPIC
calculation (Curve 1) and the piston motion measured during the
experiment (Curve 4) . The agreement between the two curves is
rather good and is somewhat fortuitous. The motion calculated by
EPIC leads the motion observed in the test during the first 3 ms,
then lags the experiment at later times.t

The other two curves in Fig. 3 are the piston motions which
were calculated by applying the pressure measured at the top
(Curve 2) and bottom (Curve 3) of the autoclave to a very simple
sodium-slug/piston motion model. The disagreement among Curves 2-4
indicates the possible discrepancies between:

i) the measured pressures and measured piston motion (e.g.,
the recorded pressures are higher than the actual
pressures, causing the subsequent calculated motion to
lead the measured motion) or

ii) the analytical piston motion model and the actual piston
constraint (e.g., existance of a large initial static
friction component would explain why the measured motion
lags the calculated motion).

These questions have not been resolved but will be addressed in
future work.

*The area term of Eq. (1) is calculated internally in EPIC to be
the surface are of the cladding only. The values stated for con-
densation coefficients throughout this paper are, therefore,
increased by a factor of O when input to EPIC to simulate correct
condensation area (i.e., cladding plus autoclave wall).

tAlthough EPIC calculations are continued until the displacement
corresponding to full piston travel, there is an increased piston
drag associated with the piston-stop mechanism operable during the
last 5 to 10 mm of motion which is not included in any of the cal-
culations presented in this paper.
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V; SENSITIVITY OF PISTON MOTION TO UNCERTAINTIES I
' 1 '. i
I The rest of the present paper will examine some of the uncer-
tainties in the EPIC input and their impact on the piston motion
'calculation for the PBE-5S experiment. The items to be addressed
are

1) fuel particle size,
2) condensation coefficients,
3) fuel vapor pressure curve,
4) fuel energy at failure, and
5) fuel pin failure basis.

1. Fuel Particle Size. The baseline EPIC calculation
utilized a fuel particle size of 0.39 mm. A distribution of par-
ticle sizes exists in experiments like PEE, and the distribution
probably changes in time although the only distribution measurable
is at the end of the test. In lieu of postulating a model for this
distribution, the effect of various single particle sizes which
remain constant through the calculation has been examined.
Figure 4 presents the piston motions calculated with EPIC for

TIME (ms)
4 6 8

TIME (ms)
10

Fig. 3.
Piston motion histories associ-
ated with the PBE-5S experiment.
Curve 1 is the baseline EPIC
case, and Curve 4 is the experi-
ment. The dashed lines were ob-
tained by applying the pressures
measured at the top (Curve 2}
and bottom (Curve 3) of the
autoclave to the piston/auto-
clave constraint model which is
in EPIC.L

Fig. 4.
Effect of fuel particle radius
(rp) and fuel-to-sodium heat
transfer assumptions on piston
motion calculations. Curve 3 is
the baseline case {rp=0.39 mm);
the other calculations used rp
of 0.1 ram (Curve 1), 0.195 mm
(Curve 2) and 1.95 mm (Curve 4)
or disallowed fuel-to-sodium
heat transfer (Curve 5). Curve 6
is the experiment.
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[particle radii of 0.1 (Curve 1), 0.195 (Curve 2), 0.39 "(Curve 3) and
jl.95 mm (Curve 4); all other calculational conditions are identical
;to those used in the baseline case. These curves s.iow that there
!is an intermediate particle size which leads to a mild piston
'expulsion with the two ends of the particle-size spectrum giving
more violent expulsions. There are two competing effects: fuel
cooling and sodium heating, the fuel particle size controlling heat
transfer rate. As the fuel cools, the channel pressurisation from
fuel decreases. When the fuel particle is very large, the fuel
pressurization component decreases very slowly due to the small
fuel-to-sodium heat transfer coefficient. Indeed, when fuel-to-
sodium heat transfer is forced to be zero, the expulsion is still
rather rapid (Curve 5 in Fig. 4). Conversely, when the fuel
particle size is small, the fuel-to-sodium heat transfer rate is
large and the fuel cools rapidly. The enrgy transfered to the
sodium must first overcome its initial subcooling before a signifi-
cant sodium pressure component can be generated; the time required
for this to occur is a function of the fuel-to-sodium heat transfer
rate. For example, 2 ms elapse before significant sodium pressures
are generated for a 0.39 mm fuel particle size (Curve 3) whereas
the sodium pressure is important after only 0.5 ms for a 0.1 mm
particle. An uncertainty in understanding the experiment is intro-
duced at this point since the curves in Fig. 4 suggest that a par-
ticle size of ̂ 0.3 mm would result in a piston motion history
which is very similar to that obtained using a 1.95 mm particle.

2. Condensation Coefficients. Selecting fuel and sodium
condensation coefficients is a difficult task. A single number
must be selected (for each material) which is an appropriate average
for the flow conditions and zone contents to be encountered as well
as including any transient aspects. (The EPIC code could be greatly
improved if these effects could be included deterministically.)
The effects of order-of-magnitude changes in condensation coeffi-
cients is shown in Fig. 5, where Curve 1 is the baseline case.
Decreasing the fuel condensation coefficient (Curve 3) causes the
piston to be expelled faster than calculated for the baseline case;
a further order-of-magnitude decrease in the fuel condensation
coefficient has little additional effect. Decreasing the sodium
condensation by an order of magnitude (Curves 2 and 4 versus
Curves 1 and 3) has very little effect on these calculations. This
is, in part, a consequence of the piston motions for these cases
being dominated by fuel, rather than sodium, vapor pressure; the
effect of sodium condensation coefficients is more important for
cases using smaller fuel particle sizes.

3_» Fuel Vapor Pressure Correlation. The fuel vapor pres-
sure correlation developed by Reil and Cronenberg9 was adopted
for this work to be consistent with the pre-pin-failure EXPAND
calculations. The correlation normally used in EPIC is from work
by Menzies.10 As shown in Fig. 6, the Reil and Cronenberg
correlation gives fuel vapor pressures a factor of 2 to 3 higher
than the Menzies correlation. The impact of changing vapor pressure
correlations in the EPIC part of the calculation is shown in Fig. 7,
where Curve 1 is the baseline case using Reil and Cronenberg *s
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Fig. 5. Fig. 6.
Effect of condensation heat UO2 vapor pressure as a function
transfer coefficients on piston of temperature from correlations
motion calculations. Curve 1 is by Reil and Cronenberg (Curve 1)
the baseline case; Curve 2 and Menzies (Curve 2).
differs by reducing HCSV by a
factor of 10; Curves 3 and 4
differ, respectively, from
Carves 1 and 2 by reducing HCFV
by a factor of 10. Curve 5 is
the experiment.

vapor pressure and Curve 3 uses Menzies vapor pressure. The lower
pressures associated with the Mensies1 correlation cause the cal-
culated motion to lag that associated with both the use of Reil and
Cronenberg's correlation and the experiment (Curve 4). This set
of calculations indicates the dominance of channel pressurization
by fuel on the piston motion. This point will be addressed further
in Section V.6.

4. Maximum versus Average Fuel Energy. The details of
the radial temperature profile at pin failure are lost when trans-
forming EXPAND output to EPIC input. The maximum radial tempera-
ture calculated by EXPAND at each axial node was used for the EPIC
calculations presented thus far since this preserves the pressure
distribution when switching codes. This procedure results in the
total fuel energy content being ^10% too high in EPIC which
enhances the heat transfer rates from the fuel to the sodium and
cladding. This effect is examined in Fig. 7, where Curve 1 (the
baseline case) results from using the radially maximized energies
and Curve 2 utilized the radially averaged energies. Use of the
average fuel energies causes the piston motion to lag the curve
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obtained by using the maximum energies and the pistan motion observed
during the experiment. These results seem to indicate that EPIC
should calculate two (or more) fuel temperatures: an average (repre-
senting the energy content) and a maximum (to be used in calculating
pressure); however, the discussion of further analyses in
Section V.6 will demonstrate that the extra calculation is not
necessary in the present analysis.

5. Fuel Pin Failure Criterion. The EPIC calculations
presented so far have all besn bastJl on fuel, cladding, and sodium
temperatures associated with a ductile failure of the fuel pin
cladding. Additional studies with the EXPAND code have indicated
that fuel pin failure in PBE-5S is more consistent with the Larson-
Miller Parameter life-fraction rule. The LMP-based failure occurs
earlier (by 1.6 ms) in the transient than the ductile-based failure
and is more consistent with the failure time inferred from the
experiment pressure histories. The effect of pin-failure basis on
the piston motions calculated with EPIC is shown to be very minor
in Figure 8.

(ms)
2 4 6 8

TIME (ms)
10

Fig. 7.
Effect of fuel vapor pressure
correlation (PFSAT) and initial
fuel energy on piston motion
calculations. Curve 1 is the
baseline case (Reil and
Cronenberg PFSAT and radial maxi*
mum energy); Curve 2 used radial
average energy, and Curve 3 used
Menzies PFSAT. Curve 4 is the
experiment.

Fig. 8.
Effect of fuel pin failure
criterion on piston motion cal-
culations. The initial condi-
tions are for ductile (baseline.
Curve 1) and LMP (Curve 2)
failures. Curve 3 is the experi-
ment.



I 6. " Combined Sensitivities. The calculations presented in
the previous sections have examined the effect of varying EPIC input
quantities individually. Some variations accelerate the piston
motion; some retard the motion} some variations only affect a por-
tion of the motion history. There is, thus, the potential for
finding several combinations of code input conditions which are
quite different but which result in piston motion calculations
which are very similar. Two examples will be presented.

Figure 9 presents the effect of changing the fuel vapor
pressure correlation and fuel energy at failure. Curve 1 is the
baseline case which utilized the Reil and Cronenberg fuel vapor
pressure correlation and the radially maximized fuel energy
at failure. The calculational conditions for Curve 2 differ from
Curve 1 by using the Menzies fuel vapor pressure correlation but
preserves the initial pressure distribution in the pin by increasing
the initial fuel internal energy (temperature) by 9%. This rather
large shift in calculational conditions has almost no effect on the
piston motion calculation. This comparison clearly indicates the
dominant role of fuel vapor pressure in the calculations; the
enhancement of heat transfer rates from the fuel (to the cladding
and sodium) due to the large temperature differences is very minor.
This behavior is quite different from that shown in Fig. 7 where
a large alteration in piston motion was calculated for a 10% energy
change (decrease) when the initial pressure changed due to the
energy content change.

The tradeoff between the two fuel heat loss mechanisms is
examined in Fig. 10. The calculational conditions for Curve 1
use initial temperatures consistent with LMP failure, the normal
fuel-to-sodium heat transfer coefficient (given in Section III)

and condensation coefficients set to 10~0"5 times the values used
in the baseline calculation; the calculational conditions for
Curve 2 differ from those for Curve 1 by disallowing fuel-to-sodium
heat transfer but increasing the fuel condensation coefficient by
a factor of 10 . The motions for these two sets of calculational
conditions are very close to each other and to the experiment.
The calculations demonstrate the importance of fuel heat removal
mechanisms in the test. Although comparison of these calculations
with the experiment does not provide detailed information on the
relative importance of the two energy removal paths, the extra late
acceleration given to the piston by sodium vaporization in Curve 1
does seem to match the curvature of the piston motion in the
experiment better than does Curve 2.

VI. CONCLUSIONS

The calculation presented as Curve 1 in Fig. 10 is the EPIC
calculation which best represents the piston motion observed in
the PBE-5S experiment. The calculational conditions differ from
the baseline case by using the temperatures consistent with LMP-
basis failure and fuel and sodium condensation coefficients which
are 10~0-5 times the values used in the baseline case. The rela-
tively small difference between these calculational conditions and
those postulated at the outset of the analysis is encouraging.
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Fig. 9.
Effect of combined variation of
PFSAT and in i t ia l fuel energy
on piston motion calculations.
Curve 1 (baseline) used the Reil
and Cronenberg PFSAT and the
radial maximum energy at failure;
Curve 2 differes by using the
Menzies PFSAT and increasing the
ini t ial fuel energy (by *v9%) to
give the same ini t ia l pressure
distribution in pin. Curve 3 is
the experiment.

Fig. 10.
Effect of fuel energy loss mecha-
nisms on piston motion calcula-
tions. Curve 1 used temperatures
consistent with LMP-based pin
failure and lower condensation
coefficients than the baseline
case; Curve 2 differs from
Curve 1 by disallowing fuel-to-
sodium heat transfer and
increasing HCFV by 5.6. Curve
3 is the experiment.

The calculations indicate that the initial piston motion
observed in the PBE-5S experiment is consistent with channel pres-
surization from fuel vapor. This pressurization component diminishes
as the fuel cools and is replaced by a moderate pressurization due
to sodium late in the piston motion.

An experiment is not understood by just examining a single
quantity such as piston motion. Although two sets of code input
conditions may produce very similar piston motions, the pressure
histories and fuel motion patterns may be quite different. Calcula-
tional limitations prevent a comparison of pressure histories, and
fuel motion diagnostics were not available for the PBE tests. Work
is underway at Argonne and Sandia to alleviate these limitations.
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