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ABSTRACT

i '

K Two of the Prompt Burst Energotlcs (PBE) 1n—p11evfxper1mnnts

conducted at o&ndla Laboratories PBE- SS and PBE—SGZ, have been

investigated with SIMMER-1II. These two tests utiliZze fresh uranium

oxide and fresh dranium carbide pins, respcctlvely, in stagnant

" ~sodium. The purpose of the analysis is to investigate the appli-
cability of SIMMER-IT to this type of expcrlant. Qualitative
agreement with measured ;dats is secen for PBE-5S, PBE~5G2 results
agree somewhat less well: but demonstratchIHﬁER ~I1's potential for
describing frel-coolant— —interactions thh further model development.
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S INTRODUCTION

The Prompt Burst Energetlics, (PBE) expenments1 2 area series of in-pile
tests conducted at Sandia’ Laboratorles in the Anaula? Core Pulse Reactor (ACPR)
and more receatly IP the Annular Core ReSearch Reactor (ACRR). These experi-

) ments are designed” to evaluate\*hc pressure behav1or of fuel and coolant as
‘working flyids during a hypothetlcal prompt burst disassembly in an LMFBR.
Herein we mresent preliminary analyses of PBE-5S, an oxide fuel experiment,
and PBE-SG2, a Carblde fuel expcrlment. These analyses Wave been performed
with the SIMMER-IL acctdent—analy51s computér code developed at Tos Alamos
Scientific Labcratorles. —
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The purpose of the Sandia/LASL SIMMER PEE analysis program is threefold:

. (1) to investigate the usability of SIMMER in .analyzing these complex experi-
'ments, (2) to provide insight into therseparate pressure-generation and pressure-
quenching mechanisms 'in these experiments, anduflnally (3)=to provide information
for model devclonmcnt and yerification fom the ongoing SIMMER evaluation effort.
These prnllmlnar\ calculatuong are, of necesstty mainly for demonstration purposes

' although some 1nformntlon/concern1ng scparate mechanisms in the experiments can be

" garnered. Impact on SIMMER model verification requires additional more extensive
calculations.
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_,The initial series of PBE experiients use a single fuel pin in a fluted
channcl. Pressurc transducers are mounted at the top and bottom of the channel,
Also, at the top of the channel there is.a movabic piston connected to a linear
motion transducer, For both experiments listed above,“the channel is filled
with sodium. A complete descriptjon of the initial series of PBE experiments
can be found in References 1 and 2 aud in a papor by Reil and Young at this

meeting.” . e c :

OT, TIIIS DOTUMINT IS UNLIMITED C {), !
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In the experiments the pressure data recording locations are substantially
removed from the pressure soures, Therefore, to desermine the cffects g{ channel
geometry it is necessary to perfurm detailed hydrodynamic calculations.” Also,

measured pressures are aot necessarily the result oi fuel vapor pressure alone

and, therefore, the effect of firl-to~coolant heat transfer must be included in

the analysis., The SIMMER-II computer code, which was used to perform these analy-
ses, i6 a cwo~dimensional, multi-phase Eulerian code that includes material motion,
shock propagation and heat transfer models among other rffects., Relerence 3
contains a detailed description of the SIMMER-II computer code,

PBE-5S ANALYSLS

The initial SIMMER analysis was performed on the PBE-5S uranium oxide pin
experiment which is not atypical of the sodium-in oxide series as a whole, In
this experiment the pin was failed using a single maximum pulse in the ACPR
which resulted in an axial peak energy deposition of about 2350 J/g in the 14%
enriched fuel pin, The experimental configuration was modeled in SLIMER as shown
in Figure 1. The model consists of a singlé fuel. pin in a codlant channel below
a movzble piston, Failure is assumed to te a full circumferential break 10 mnm
high with aa area of approximately 1.8 x 1074 m“, The calculation was started
at the point of pin failure with initial conditions obtained using the EXPAND
pin failure code.” These initial conditions are summarized in Table I. Coef-
ficients of the analytical equation-of-state for UO, in SIMMER were based on
Reil's upper energy curve’ and the Benson data, Two radial and three axial
temperature zones were doscribed within the fuel pin with a peak temperature of
4648 K and a corresponding vapor pressurc of 20.0 MPa., The initial temperature
of the coolant and structure material was set at 770 K with a pressure of
90,28 MPa, Nuclear heating from the tail of "he pulse was included,

Analysis of the PBE-5S was started at pin failure and extends 2,0 ms into
the transient. The experimental diagnostics included pressure histories taken
at both the top and bottom of the pin and the piston displacement. A direct
comparison of the predicted and measured pressure trace characteristics is
shown in Figure 2 and summarized in Table II. Discrepancies occur in the mag-
nitude of the initial pressure peak, in the frequency of the pulses and in tha
decay of the pressure train., The calculation has not been run far enough into
the problem to determine the conversion éfficiency of thermal into kinetie
energy. The caleculated pressure was found to be predominately due to fuel
vapor pressure. Although-the calculations do not indicate any significant
sodium vapor pressure, its preseunce cannot yet be precluded. Further experi-
ments will be required to provide confirmatory evidence.
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In the SIMMER analysis the mezgnitude of the initial pressure peaks are
underpredicted by about 30%. However, this error is within the.uncertainty
in the encrgy deposition and in the fuel equation-of-state, The slope of the
fuel vapor pressure curve is so steep that a 7% increase in the peak tempera—
turc doubles the initial pressure in the pin. The misprediction of the fre-
quency of the pressure pulses is most probably due to geometric modeling
approximations for the pressure vessel. In sensitivity studies on model
changes, it was observed that the inclusion of the sodium fill tubes located
at the top and bottom of the vessel significantly decrcases the frequency of
the pressure train by incrcasing the effiective sodium path length.

Causes for the slow prossure decéy in the calculation are more difficult
to isolate, The rate of decay is controiled by the pressure source at the
break location, the quenching mechanisms in .the channel, and for the top
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Table 1. SIMMER INITIAL CCHDITIONS
PBE-5S pBE- 502
z Case 1 Case 2
Fuel Type vo, . uc uc
Fuel Mass (Kg) 6.4 x 102 8.0 x 1072 8.0 x 102 8.0 x 10-4
Fuel Tesp 1K) Peak Uniform Poak Peak
4648 6942 6342 6098
Fuel vapor
Pressure (MPa) 20.0 20.0 20.0 4.5
Saodiunm Temp. (K} 770 770 ‘770 710
Area of Claddiny !
Break (<) 1.8 x107% 1.8 x 107% 1.8 x 107% 1.8 x 107%
Cladding Temp. (K) 170 770 1500 880
'Top Boundary Free Piston Rigid Free Piston Free Piston
Bottom Boundary Rigid Rigid ﬁiq id Rigid
Table I1I. PBE-55 RESULTS
Measured Calculated
Top Bottom Top Bottom
First peak (MPa) 31.0 46.0 21.) 29.4
FWHH  {ms) 0.35 0.28 D.45 Q.25
Second Peak (!IPa) 12.5: ., 22.5 18.2 30.9
EWHM  (ms) 0.40 0.32 0.53 0.40
First/Second
Pressure Ratio 2.5 2.0 1.2 g.95
Period Between First !
ané Second Peak 1.05 0.63 0.67 0.39
Bottom/Top
Pressure Ratio
of First Peaks 1.48 1.38

Table III. PBE-SG2 RESULTS

SIMMER-11 Calculations

Experiment Case 1 Case 2
Peak Pressure
at Bottom (MPa) 190 160 82
Peak Pressure
at Top (HPa) 170 175 0
P2ak Pressure
in interaction - 120 109
Zone (MPa)
Pressure Ratio
sop/Rottonm 0.89 1.09 0.85
Mass of Foel
in Coolant
Channel {Kg) -- 3.5x1073 3.0x1073

case 3
67
57

BU

0.85

2,5x1073
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transducer locatjon, the motion of the piston, Poor modeling approximations in
any of these arcas could result in ervors in the pressure decay. The rather coarsc
temperature grid used in the analysis may sustain the pressure source at too high

a level, With a large pcak temperature zone, little mixing and no inter-nodel
conductive heat transfnr {a SIMHMER constraint), the temperature inside the pin
decreascs slowly and the fuel vapor keeps the channel pressure pumped up. Inside
the channel phase changes were calculated using the single componnnt vaporization/~
condensation model in SIMMEK, A component of the vapor field is allowed to con-
dense only on structure or on its own liquid field component. Thus, fucl is not
allowed to condense on liquid sodium. In the PBE experiments this quenching mech~
anism could be very important. Finally, the molten fuel-sodium heat transfer has
a pronounced c{fect on the pressure gencracion, It is difficult to assess the
accuracy of the heat transfer calculations in SIMMER., Additional experiments
dealing with isolated fuel coolant interaction phenomena are needed to examine

the accuracy of the modeling assumptions, especially in regard to droplet sizes
and contact area.

PBE-5G2 ANALYSIS

The PBE-SG2 carbide experiment utilized a 15% enriched UC-fuel pin which
was failed with a single pulse in the ACPR. The radial average deposition at tue
axial peak was 2420 J/g. Because of uncertainties in the time of failure and
in the thermodynamic state of the fuel at failure in the PBE~SG2 experimeat, cthe
analysis was perforaud parametrically., Figure 1 shows the SLMER model con-
structed for this analysis. It has esscntially the same configuration as rhe
PBE-55 model, Initially, the fuel pin is filled with a uniform density of UC
and the coolant channel with sodium. All materials excluding the fuel pin are
initially at 770 X and 0.28 MPa. Three SIMMER caleculations, each beginning at
pin failure, were made using the PBE~SG2 model, Case 1 used a unifora initial
fuel temperature of 6942 K and a corresponding fuel vapor pressurec of 20 MPa.
This temperature is based upon the peak energy deposition in the pin. For this
calculation the top channnel boundary was assumed to be rigid. 1In cases 2 and 3
axial and radial temperature distributions based on EXPAND calculations were
applied to the fuel at the time of failure, Also, the top Doundary condition
was changed to a free piston, In case 2 the initial peak fuel temperature was
6942 K and the initial fuel vapor pressure was 20 MPa. For case 3 failure was
assumed to occur at 4.5 MPa fuel vapor pressure which corresponds to a peak
fuel temprrature of 6098 K. This pressure was chosen because a 4.5 }Pa leading
ramp was measured immediately before the major pressure events in the experi-
ment, Case 3 included power generation in the fuel after failure. These ini~
tial conditions are summarized in Table I,

Experimental pressure traces for PBE-SCZ along with calculated results for
cases 1, 2, and 3 are shown in Figure 3. A summary of experimental and calcu-
lated results is presented in Table III. At the bottom pressure transducer
location the measured peak cxperimental pressure is approximately 190 MPa while
the corresponding calculated pressure in case 1 is about 160 MPa. At the top
pressure transducer location, the measured experimental peak is about 170 MPa
while the, calculated peak pressure in case 1 is approximately 175 MPa. These
pressurcs are predominantly due to sodium vapor generation., The discrepancy in
the ratio of top to bottom pressure peaks is a result of the rigid top boundary
condition which cxists in case 1.

In case 2 peak pressures calculated at both the top and. bottom transducer
locations are about half thosc in the experimeat although peak pressures calcu-
lated in the interaction zonme in the coolant.channel at the break location are
nearly the same for cases I and 2. Pressure generated in thcyjntcraction zone
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decays much more rapidly in case 2 than in case | which Trads to a relicf wave
apparently catching the initial shock wave and preventing doubling upon rizflec—
tion at the axial boundaries. The short duration of the initial pressure pulse
in case 2 results from a smaller mass of furl and sodium mixing than in case 1,
a. consequence of the initial variable temperatura distribution, Althousgh a
variable temperature distribution more closely approximates reality, it adversely
affects the agrecment in thesc calculations. Case 3 results are about the same
ag case 2 cxcept that peal pressures are somewhat lower, In.c35es 2 and 3,
which include a piston mode) at the top boundary, the ratio of the amplitudes
of the top and bottom pressure pulses agree reasonably well with the experiment.
This ratio reflects the channel acoustics.

In all three SG2 calculations the interaction zone prfssures are due to
supcrcr)tlcal sodium and not to thermal expansion of 5ubcoo]oo\11qu1d sodium,
This is in contrast to the MURTI analysxs presented at this meeting” which
indicates that the pressure source is from nearly isochoric hﬁavhng of cold
single phasc liquid. Calculated peak sudium temperatures are soove 3000 K and
the volume fraction of supercritical sodium in the pressure gomerating-cells at
the time of prak pressvre is very high (80-90%). 1In the SIMMER calculations
liquid fuel-sodium mixing ocrurs on a small scale (approximately the cell size
of 2 mm), and it occurs in cells which are axially bounded on ore side by cells
filled with fuel vapor, liquid fuel and small amounts of sodium wapor, and on the
other side by liquid sodium. The fuel-coolant interaction cells are partially
voided before apprnciable liquid fuel-sodium mixing occurs. This analyS)s proba-
bly underestimates mixing because SIMMER has no liquid-liquid slip.

CONCLUSIONS
The main conclusions that can be drawn from tha 2nalysis are as follows:

1. In the PBE-5S calculation therc is no significant sodium vapor gen-
eration. The calculations suggest that the pressuie sodrce in the
experiment is due to fuel vapor alone.

2. Compared to the PBE-5S5 experimental pressure traces, the SIMMER cal-
culated pressure traces exhibit a different period and a diffcrent
pulse width, These differences are probably a result of insuffi-
‘cient geometric detail in the SIMMER model.

3. In the SIMMER calculation of PBE-5S, attenuation of the pressure
wave does not match the experiment. Among the modeling changes
which might improve this result are a more detailed initial fuel
pin temgperature distribution and us2 of multicomponent condensa-
tion in SIMMER.

4. SIMMER analys{s of PBE-8G2 suggests that the pressure source in
the experiment is supercr1t1cal sodium and not thermal expansion
of subcoolcd liquid sodium.

5, The PBE-SG2 analyses demonstrate that through the use of SIMMER
(with its current standard heat transfer and hydrodynamic models)
it is possible to generate FCI sodium pressures of the magnitude
observed in the experiment, although the physical mechanisms
for explosive FCIs are not represented accurately in the code,



in summary, although these preliminary SIMMER-II%calculationé)wnre run
only a few milliseconds into the PBE problems, they demonstrate that ‘with -~
model refincments SIMMER can become a valuable analysxs tool for such experi-

.ments. Specific changes to SIMMER which would improve its ability to predict

the thermal and hydrodynamic behavior in small scale experiments would be:
(1) internodal conductive heat transfer, (2) temperatufe~dependent material
properties, (3) relative liquid velocities and a fragmentation mpdel, and
(4) a pin model, Experiments dealing with isolated fuel coolant interaction Lo
(FCI) phenomena are needed to further develop FCI models 1n STMMBER,
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