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ABSTRACT

The hypethetical unprotected loss-of-flow (LOF) accident for the Clinch
River Sreeder Reactor (CRBR) with a heterogeneous core design has Deen
investigated with the SAS30 whole core accident analysis computer code. The
representation of critical phenomenology with experimentally validated models
has played an essential role in this best estimate analysis of the LCF
scenario. Fuel motion has been modeled consistently wi%a the TREAT in-pile
experiments L6 and L7, which were designed and executed to examine fuel
disruption and dispersal under loss-of-flow cocnditions at elevated power.

Molten cladding motion has been modeled consistently with TREAT experiments 4
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and RS and SLSF experiment P3A, which were designed and executed to examine
coolant boiling, vapor dynamics, and cladding relocation. The effects of
pienum fission gas were modeled on the basis of TREAT experiment R8, the only
in-pile experiment for LOF simulation with significantly pressurized fission
gas plena simulating end-of-life conditions. Fission gas distributions within
the fuel matrix were examined with the fission gas migration model, FRAS3,
validated against HEDL fission gas release (FGR) expe .ents. Finally,
irradiated cladding failure under plenum gas pressurization was modeled on the
basis of the HEDL FCTT experiments.

The whole core best estimate analyses show,with such experimentally
validated modeis, a mild power burst with near zero energetics. This
conclusion is valid even in the unlikely event that the plenum fission
gas can act to compress the disrupting fuel. Parametric variation on clad
failure and plenum gas release, and molten cladding relocation show very
small serisiti“ities in initiating phase energetics. The potential for
significant energetics appears to require pessimistic phenomenological
modeling that is not supported by the present experimental database, and is
therefore beyond that appropriate for a realistic assessment of the accident
energetics. The likelihood of energetics aporoaching the Structural Margin

Beyond the Design Base (SMBDB) value is very remote.
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1.  Introduction

In an assessment of energetics potential for an unprotected Yoss-of-flow
(LOF) accident, severa) factors may be fdentified as playing critical roles in
determining maximum reactivity and power levels. Inciuded in this set are the
factors which add positive reactivity, such a: the sodfum void contribution
and relocation of cladding away from the active core region, and negative
reactivity factors including axfal expansibn. Doppler feedback, and fue)
disruption and dispersa) under overpower conditions. An additiona) factor
that has been postulated {s the potential for adding positive reactivity due
to compaction of disrupting fuel by the gas in the pressurized fission gas
plenum. Although there are factors, which are summarized below, which appear
to mitigate concern for this latter scenario, the poientia1 for its effect
motivated a reassessment of the expected scenario in the unprotected loss-of-
flow scenasfo. This reassessment, provided in rasponse to NRC Question
CS’60.178A31, demonstrated the importance of representing important phenome-.
ology with experimentally consistent models. Specifically, 1t was shown that
fuel disryption and dispersal under overpower conditions was the dominant
phenomenological consideration governing the potential for initfating phase
energatics for the neutronic and thermal-hydraulic model of the heterogeneous
CRERP core described in the Project's assessment of HCDA energetics?.
Available experimenta) evidence on fission gas release from the HEDL FGR ests
was used to validate the FRAS3 phenomenological code3-4'5. which was then used
to establish fuel pin conditions in the whole core analysis code, SAS3D.
Simila:ly, data from TREAT Yn-pfle LOF tests under overpower conditions, Tests

L6 and L7%7.8, were used to calibrate the fuel dispersal modeling fn the

SLMPY? fue) motion model of SAS3D. When such experimentally based modeling

was used in the energetics assessment of the low sodium void worth core




described in reference 2, it was shown that very mild excursions and
essentially zero energetics would be expected. It was also shown that
sufficient time existed in the accident sequence to rupture the cladding,

' expel the stored gai. and eliminate the potential for coﬁpaction. It
Qas nﬁted. in addition, that because of the relatively low positive reactivity
additions from sodium voiding and clad relocation ($1.23 for void reactivity
and 28¢ for clad reactivity at the time of fuel motion initiation in the lead
channel) that the system was sufficiently far from prompt critical (a net
reactivity of 59¢ at fuel motion initiation) that the conclusions were quite
insensitive to a range of modeling assumptions.

A further investigation of accident sequences in the unprotected LOF area
was subsequently requested by the NRC Staff after review of the Project's
reassessment of sodium void worth uncertainties and their implication on the
potential for the loss-of-flow driven i-ansient overpower (LOF'd'TOP) event.
The uncertainty analysis was provided in response to question CS$760.178A21 and
was based on.a {arge experimental data base. This assessment included
analysis of over 100 critical experiments in LMFBR-type assemblies of CRBRP
size cr Jarger. The assessment demonstrated that the uncertainty in sodium
void worth is not as large as is commonl; perceived and resulted in a net
uncertainty of 7.9% in the central core (positive reactivity) region, 11.3% in
the external core (negative reactivity) region, and 20.71?1n the axial ind
internal blanket regions. An additional fact, however, that came from this
fnvestigation was a more accurate assessment of the nominal worths for all
materials, but, most importantly, the sodium void and cladding worths. Table
1 contains these material worths as used in the SAS3D analysis and a compari-
son of comparable information contained in reference 2 and used in the

previously mentioned LOF assessment. Particularly important aspects of this



TABLE 1. Active Core Reglon (36 inch) Material Worth at FOC-4, Dollars

Steel (Clad and

Flowing Sodium Wire Wrap)
) Materfal Worth Material Worth

Assembly Number of GEFR® Best? Best
SAS Channel Number Type Ascomblies 00523 Estimate GEFR-52) Estimate

1 B 7 100 142 - 173 -.247

2 F 21 .J86 454 -.986 -1.311

3 B 21 .330 .463 -.607 -.807

4 F 9 160 .189 -.414 -.544

5 B 36 .559 135 -1.029 ~1.267

6 F 6 .035 .103 -.265 -.329

7 F 12 165 .198 -.51 -.607

8 B 12 125 .158 -.242 -,274

9 F 6 027 042 -.157 -.174

19 F 12 13 141 -.417 -.471

11 F 24 . J66 .425 -1.027 -1.230

12 F 12 -.038 =011 -.120 -.123

13 F 18 116 141 -.466 -.501

14 F 18 -.200 -.186 +.152 +.201

15 F 24 -.082 -.059 -.101 -.068

Driver 162 1.098 1.438 -4.31 -5.16

Internal Blankets 76 1.114 1.498 -2.05 -2.59

Total 238 2.212 72.936 -6.36 -71.7%

a - 8= 0.00340
b - = 0.00323
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reassessment are the increase in sodium void reactivity in the driver
assemblies from $1.10 to $1.44 and an increase in the driver assembly steel
worths (clad and wirewrap) from $4.31 to $5.16. Such increases in the ele-

ments which typically add positive reactivity to the system have several

“implications. It would be expected that the introduction of larger sodium

void reactivity would increase the rate of increase of the reactor power and
shorten the time scale for the initiation of fuel disruption. If stored
plenum fission gas can, as hypothesized, act to compress disrupting fuel pins,
the potentially shortened time scale would limit the time availadle for gas
blowdown and increase the potential for fuel compaction. On the other hand,
the decreased blowdown time also raises the poisibility that released fission
gas may be a significant force in affecting sodfum vapor dynamics and may
significantly mitigate the potential for clad relocation due to sodium vapor
streaming. Also, shorter time scales would generally imply a higher retention
of fission gas still within the fue! pin matrix. This gas is the main force
which drives fuel disruption and dispersal under mild overpower conditions.
Hence, the dispersive potential for fuel material may, in fact, increase. It
is clear that several competing effects are present in this hypothetical
accident sequence, so an assessment of the integrated effects has been
performed using the whole core analysis code SAS3D. '

In the assessment of accident energetics with the higher void worth
values, it 1s expected that an increased sensitivity to modeliing assumptions
will be present. Relating modeling to available experimental information is
essential. Such a detailed approach in the area of fuel disruption and
dispersal modeling was undertaken in the previous assessmentl, but in other
areas including fission gas plena rupture, fissfon gas effects on sodium vapor

dynamics, and molten cladding relocation, experimentally inconsistent, and yet
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conservative, assumptions were employed. Having established a sound basis for
fuel motion modeling, this present reassessm.nt of the LOF scenario allows an
opportunity to develop a similar experimentally based description of the
phenomena mentioned above.

in the second section of this report, the three important phenomeno-
logical areas -- modeling of fission gas blowdown, molten cladding relocation,
and clad failure due to plenum fission gas -- are reviewed. In each of these
areas, specific experimental evidence s available to guide phenomenclogica!
and integrated analysis modeling. The TREAT R-serfes!0.1l provides
information on sodium vapor dynamics, clad relocation and plenum fission gas
release and the SLSF P-serfesl2.13 provides further information in the first
two of these areas. Modeling of these experiments with the SAS2D integrated
analysis code and comparison of the results with data 1s discussed. In the
area of clad failure, the HEDL FCTT14-18 and FCTT/TUCOP1Y tests are used to
establish appropriate criteria.

In Ehe ihird section of this report, this experimentally consistent
modeling capability is used in the whole core analysis of the CRBRP LOF
HCDA. Important phenomenological {ssues within the whole core analysis
context are highlighted and the expected power and reactivity conditions are
given. The role of the plenum fission gas s also discussed. Also,
rec gnizing that there is some uncertainty in this modeling, an 1ndicatfon of
the sensitivity of the whole core analysis results to modeling phenomena such
as clad faflure and cladding relocation s provided.

In the appendices, we have provided an independent justification and a
phenomenologically based discussion of several elements of modeling in the
SAS3D code. In particular, we describe the SAS3D treatment of fission

g2s/sodium vapor mixtures and compare it to fndependent two-fluid models in
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the PLUT0220,21 and TRANSIT-HYDR022.23 codes. Also described are pressure and
flow distributions from these refined analyses and an interpretation of their
implications on the whole core scenario.

Finally, a few comments should b made about the phenomenology of plenum
fission gas release, its potential for fuel compaction, and the conservative
modeling of this effect employed in the SAS3D analysis to be described in
section IIl. As discussed in previous meetings with the NRC staff and its
consultants, the model used in SAS3D for the compaction is simply an acceler-
ation based on the time dependent pressure difference between the fission gas
plenum and the point in the disrupting channel where the non-disrupted pin
exists. The mass and length of this accelerating segment decrease as the
power burst disrupts additional axial segments and the plenum pressure
decreases as gas is ejected into the coolant channel and the gas plenum
lengthens bacause of the downward motion of the accelerating segment. This
compactive motfon is extremely conservatively modeled by assuming that all
fuel p1n§ relocate coherently and all assemblies (typically 12 to 24 asemblies
per SAS3D channg]) in a given SAS3D channel also respond coherently. Due to
significant, radially incoherent, thermal profiles in steady-state and the
expected 1 to 2 second time delay in radial void propagation?5, the assumed
intra-subassembly coherence must be recognized as a simplifying, conservative
assumption. 1In the TREAT R8 testll discussed below, which was designed and
executed to explore plenum fission gas effects, such incoherencies required
piessurization of only 3 of the 7 pins used. A second mitigating factor not
included in the SAS3D analysis is the upward ejection of cladding segments
during the expulsion process. In the aforementioned R8 test, it was found
- that the three pressurized pins upper cladding segments had moved upward from

their original locations by 6.4, 10.2, and 74.3 cm, respectively. The smaller
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two displacements were for pins which were restricted by the {ntegral
{astrument sheaths at the tops of these {nstrumented pins. It would be
expected that larger relocations would be more typical of the CRBRP case.

Such an effect alters the calculation, and reduces the driving pressure, in
two ways. First, the plenum volume increases, theredy reducing the
overpressure and, second, the gap length used in the blowdown calculations
decreases allowing the plenum pressure to gecrease more rapidly. Calculatieons
carried out with no restriction on the upward motion of the plenum gave the
result that the plenum soved up far enough (14 fn) to reduce the 3ap length %0
zero in only 27 ms [See Appendix D). Clearly, a strong mitigating potential
for depressurization is available that has not been {ncluded in the present
assessment. In addition, the fuel pin motion calculation does not include any
¢riction or mechanical interference between fuel and cladding. Although such
restrictive forces are expected to be present, quantification of their effect
withous erperimental guidance 1s difficult. Consequently, the add1{1cna1
conservatism of ignoring these mitigating forces has been employed in the
anaszig. In summary, several factors can De identified tnat mitigate, i€ rot
e11m1na;e. the potential for plenum fission gas compaction and the resu’ts
¢iscuss2d in the whole core analysis section should be viewed as conservative

1f such compactive effects play a significant phenomenological role.



11. Phenomenological Considerations

In the previous assessment of the hypothetical unprotected 1oss;of-f10u
accidentl, it was concluded that the positive reactivity that could be
introduced into the system was sufficiently limited that power levels remained
relatively low. The scenario time scale was thus exterded and release of the
plenum fission gas prior to pin disruption in all SAS3D channels was
predicted. It was observed, however, that in the simulation of TREAT LOF
tests L6 ana L7, and from the test data itself, a slight positive contribution
to reactivity from the initial fuel motion could be inferred in relatively Tow
power (5 to 10 times nominal) excursions®. This effect was accounted for in
the SAS3D/SLUMPY analysis but because the system was sufficiently far from
prompt critical, the initial positive fuel effect was cf little
significance. The maximum reactivity was approximately 60¢. Fuel dispersal
in the lead ?hannel mitigated concern for an accelerating sequence in which
compactive fuel motion in several more channels made reinforcing positive
contributions. In this calculationl, it s noted, though, that the clad
relaocation module of SAS3D, CLAZAS2S, was predicting several tens of cents of
positive reactivity during this portion of the scenario. As will be demon-
strated below, it is believed that CLAZAS overpredicts both tne rate and the
amount of clad relocation. [f simflar CLAZAS modeling were used in higher
void worth cores, it would predict higher than expected clad reactivities and
introduce the potential for nearing prompt criticality at the time of fuel
disruptfon. It should also be noted that the whole core calculations in the
previous assessmentl di4 not explicitly account for the presence of ejected
fission gas in the coolant channel and its effect on the sodium vapor
dynamics. The expected local pressurization at the ejection site would reduce

the sodium vapor flow in the active core region where the molten cladding is
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present and partially remove the shear coupling between vapor and clad, thus
mitigating the extent of vpward relocatfon. Such a consequence has been
deduced from the TREAT R8 experimentll. Although many in-pile experiments
have demonstrated the existence of upper cladding blockage, the RE TREAT test,
the only test with substantial pressurized plenum gas release, did not show
such an upper blockage.

In this section, we review the important phenomenclogical areas of the
influence of plenum fissfon gas release on sodium vapor dynamics and clad
relocation, dynamic clad relocation under experimental loss-of-flow conditions
without fission gas effects, and the failure of irradiated ¢ladding under
transient loading by the plenum fission gas. “In the first area, we focus on
the TREAT R8 experiment and a recent analysis of this experiment with version
1.0 of SAS3D with the modifications and improvements used in the whole core
analysis of the CRBRP heterogeneous core. Specific details of flow patterns
and comparisons with the experimental data are provided. A parametric study
of vapor-cladding frictional drag is presented and compared to experimental
1nformat}on to provide a qualitative basis for the modeling in the whole core
analysis. More detailed dynamic information from TREAT and SLSF experiments
and their analysis with SAS3D {s then reviewed %0 provide quantitative
foundations for the whole core analysis. Finally, experimental {nformation
and analytical results are summarized 0 establish the quantitative clad

failure criteria used in the analysis in the third section.



I1.1 Modelling of Plenum Gas Blowdown in RS

TREAT experiment R811 addressed issues related to voiding dynamics and
clad relocation with the presence of released plenum fission gas. In this 7-
pin test, 3 of the 7 pins were initially pressurized (4.14 MPa at 560°C) using
xenon gas to account for intrasubassembly incoherence. This was a constant,
nominal power test subjected to a simulated FFTF flow coastdown. Important
observations included the upward ejection of the upper cladding segments,
driven by plenum gas expansion, which would have the tendency to mitigate any
disrupted fuel compaction. Also observed was that when the cladding
subsequently melted, 1ittle or no molten cladding was driven upward into the
upper reflector region since the channel preSSurizatién had removed sodium and
effectively precluded upward sodium vapor streaming at that time. The complete
planar blockage at the top of the core found in previous tests was absent in
R8, replaced by an inhomogeneous pattern of debris and complete unblocked
regions which were the result of the previous c¢ladding ejections. In RS, the

remaining cladding melted downward faster than in previous test:, due to the

eariy, complete channel voiding. The channel pressurization due to plenum gas

release resulted in the predicted expulsion of sodium from the entire core
region; this early voiding and ensuing film dryout altered the subsequent
heatup, melting, and relocation of cladding relative to previous tests. A
complete inlet blockage formed about 2 s earlier in R8 than in previous tests,
attributable to the much hastened downward melting progression in the absence
of scdium “"chugging”. The blockage lower extremity was 8 cm into “he lower
reflector region; by the end of the test the steel néd accumulated 12 21 cm

thickness.

The R8 test was re-analyzed using the new SAS3D treatment of fission
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gas/sodium vapor mixtures as wel) 2s & minor code modification, descrided in
Appendix C, to account for the system hydraulics. The main purpose of this
re-analysis was to determine whether the CLAZAS model, using coolant
velocities and pressures calculated by the new gas/sodium vapor treatment,
could predict the clad relocation results observed in this test. It was found
that CLAZAS could predict the cbserved clad relocation resyults, but only {f
the friction factor usad to calculate the shear stress between the sodiunm
vapor and molten clad were reduced to a nominal single phase friction factor,
rather than the flooded two-phase friction fictor normally used in CLAZAS.

For this re-analy:is of R3, a numbder of SAS3D {nput parameters were
different from those used in the SAS cna1ysisA}eported in ANL/RAS 78-29:1,
The pin failure was assumed to occur in an axial node centered 12.8 ¢m delow
the top of the active fuel, since SAS3D predicted the highest clad
femperatures at this node 2t the time of pin failure. At the time of clad
faflure, SAS3D predicts that the gap between fuel and clad at the top of the
active Eore'is smaller than the gap between the upper Inconel! reflector and
the clad. Therefore, the flow area and hydraulic diameter of the flow path
between the gas plenum and the rupture were based on the calzulated gap size
between fuel and clad in the upper active fue) nodes at the time of pin
failure. The length used for this flow path was 18 cm, which corresponds to
the length of active core above the assumed failure point plus a smal)
addition for the pressure drop past the upper Inconel reflector. As shown in
Figure 1, with the use of these parameters, SAS3D predictions for the plenum
gas blowdown agree quite well with the experimentally observed results.

Table 2 gives the timing of many significant events 1n this test. For
the SAS3D calculations, a cladding faflure temperature of 1400°C was used.

Near the time of clad failure, the clad temperature at the failure
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Table 2. Timing of Events in the R8 Test

Experiment SAS3D
Event Time (sec) Time (sec)
Reactor power up 3.5 3.5
Start of flow coastdown 7.97 1.97
Local doiling 15.17 -
Net voiding 17.5 17.52
Inlet flew recersal” 18.18 i8.17
Onset of cladding failures 18.89 18.93
Flowtube failure 18.96 -
Cladding motion starts - 19.42
Reactor power down 26.0 26.0

node was increasing at a rate of about 700°C/second, so the SAS3D failure time
would match the experimental value better {f a clad faflure temperature of
about 1370°C were used. Since unirradiated clad was used in this test, the
clad failure temperatures in the test were prodadly higher than they would de
for end-of-1ife irradiated clad.

Figure 2 gives a comparison of the measured and computed inlet flow rates
for R8. The agreement is reasonably gocod from the beginning of the run
through the initial boiling, the clad failure, and the fnitial expulsion and
re-entry after gas release starts. Later, when SAS3D predicts the re-entry of
liquid sodium over very hot clad, the code predicts socme vigorous expulsion
and re-entry events with higher frequencies and higher amplitudes than those
observed in the experiment. The SAS30 calculation shown {in Figure 2 used the
normal CLAZAS two-phase flooding friction factor for the shear stress between
sodium vapor and molten clad. Figure 3 shows the results obtained when the

same case was re-run with a nominal single phase friction factor in CLAIAS
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instead of a two-phase friction factor. Until the start of clad motion, both
cases are the same, but after clad motion starts the nominal single phase case
quickly predicts a clad blockage in the lower part of the active core, and
this blockage reduces the amplitude of the liquid sodium re-entry and
ixpu\ﬁon. Flowtube failure which occurred soon after the start of gas
release from ruptured pins was not modelled in SAS3D, but it would probabdly
have some impact on coolant flow rates. Another aspect that was not included
fn the SAS3D analysis was the upward ejection of the upper clad segments of
the pressurized pins after pin failure. The upper parts of two pins
restricted by instrument sheaths went upward 6.4 and 10.2 cm, whereas the
upper clad from the third pin went upward 74.3 cm. If the upward motion of
the clad from the third pin occurred soon after pin failure, it would have led
to very rapid gas release from that pin, although the ejection of the upper
cla¢ segment would have reduced the impedance to upward flow for gas from the
pin, and thereby would have reduced the impact of the rapid gas release on the
fnlet flow shown in Figures 2 and 3. The measured gas pressure shown in
Figure 1 is for the pin that moved upward 10.2 ¢m. An upward motion of 10.2
cm would reduce, but not eliminate, the impedance to gas flow between the gas
plenum and the rupture point. It is possible that the impedance in this pin
was initially higher than that modelled in SAS3D, and that the impedance
dropped as the upper clad segment moved upward.

The e;pu1sion of the inlet Yiquid after pin failure was somewhat faster
fn the SAS3D results than the experimental measurements indicate, and SAS3D
predicts re-entry after the expulsion sooner than t;e experiment. In the
SAS30 analysis, all three pressurized pins were assumed to fail
simultaneously. Staggering the pin failures would reduce the speed of the

fnitial expulsion and delay the re-entry.



At 19.42 seconds, when the motion of molten clad starts, much of the gas

has been released from the gas plenum; but the plenum gas pressure s still 19

atmospheres at this time; and gas release still has a large influence on the
pressures and flow rates in the coolant channel. Figures 4 and 5§ show the
coolant pressures and mass fluxes near the time when clad motfon starts. The
gas is being released at 98 cm. The pressure peaks at this location. The
mass flux is upward above this location, and downward below 1t. If the gas
were not being re1eased,'then by the time that clad motion starts the coolant
pressure would tend to peak near the bottom of the active core, where the
vapor source would be, and the vapor velocities would tend %o e upward above
that point.

After the start of clad motion, gravity and downward gas flow tend %o
send the clad downward, but perfodic re-entry of 1iguid sodium 1nto the bottom
of the fuelled region provides an intermittent vapor source that exceeds the
gas source and sends vapor and clad upward part of the 1160. Figure & shows

the coclant oressure profile soon after a re-entry. Re-wetting of hot

- ~
e - .

provides a high vapor pressure near the bottom of the fuel. Mclten clad causes
partial blockages at several axfal locations. Most of the pressure drop in
the test section fs concentrated across these molten clad regions, and the
combination of pressure gradients plus shear stress from upward streaming
vapor sends clad upward when the hot clad {s wetted.

Figure 7 shows the clad behavior for the case with a flooded friction
factor between clad and vapor. In this figure, shaded areas represent molten
or re-frozen clad, and the density of the snadfﬁg is an indication of the
thickness of the clad. The clad oscillates up and down, but eventually a
substantial clad bdlockage is formed above the core and the rest of the cla

drains downward. GZven with a substantia)l gas source near the top of the fuel
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much of the clad goes upward. A post-test examination of the test section
showed no clad blockage above the core, and no indication that moliten clad had
ever gone upward into the reflector region. Instead, all of the clad from the
fuelled region was found in a massive blockage in the lower reflector. Figure
8 shows the results of the same case re-run with a nominal single phase
friction factor between the sodium vapor and molten clad. In this case, all
of the clad ends up in the lower reflector. In either case, the coolant
pressure gradients tend to concentrate across the molten clad regions, but the
difference in shear stress is enough to make the difference betweén net upward
motion and net downward motion.

In summary, the use of a flooded friction'factor.in CLAZAS over-predicts
the upward motion of molten clad in this test, whereas the results calculated
with a nominal single phase friction factor are consistent with the post-test
examination. Alsg, the nominal single phasc results provide better agreement

with the measured inlet flow after the onset of clad motion.
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11.2 Experimental Results on Clad Relocation Dynamics

To assess fur:her expected clad relocation in the CRBRP LOF scenario,
several additional experiments and their analyses with the SAS3D code, were
reviewed to estadblish a reasonable treatment within the context of the SAS3D
code. The experiments considered were the TREAT R4 and R510 tests, and SLSF
tests P313 and P3A12. SASID analyses of these tests have been performed as
well as znalyses with the one dimensional cladding relocation model, CLAPZT,
for the RS test and the multi-dimensional ciadding relocation model,
MULCLAD28.29, for the R4, RS, P3 and P3A tests. A brief summary of the tests,
their results, and the analyses is provided below.

TREAT tests R4 and RS were seven-pin, loss-of-flow tests with full-length
unirradiated FFTF-type fuel pins. In LOF test R4, the sequence was run at
constant, nominal power well beyond the inception of molten fuel motion. I
RS, the sequence was terminated prior to fuel melting to preserve evidence of
early molten cladding motion. Up to.the point of fuel melting and motion, the
tests wére cbnsistent with each other. It was noted, however, that the
thermocouple data for the R4 test were of good quality, but the RS data showed
numerous ambiguities attributaole to erratic thermocouple performance.
Consequently, the interpretation of temperature data was based principally on
R4 data. It was noted in reference 10 that: "..., at a time in the test
sequence when SAS calculates the onset of cladding motion (about 1 sec after
the cladding solidus temperature is reached), thermocouple TCTS-7, located 3
inches below the top of the fuel column, indicates a rapid transient heating
event. This fis 1nterpret;d as being caused by the motfon of molten cladding
material which accumulates and bridges to the flowtube wall. Additiomally,
thermocouple TCTS-5, at the top plane of the fue! cq]umn. shows a similar

heating event about 0.1 sec after the lower TC, suggesting a net upward motion
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of the molten material. However, thermocouple TCTS-4, located one inch adove
the heated zone n the (older insulator pellet region, does not show such an
event, suggescing that the moiten material stopped its upward motion between
these two measurement locations®. This upward relocation of 3 to 4 inches in
0.1 sec implies an average upward cladding velocity of less than 100 cm/sec.
The presence of the upper cladding blockage was confirmed during post test
examination and were found to be about 0.3 cm in thickness.

A post-test ana\ys1; of the RS test was performed with SAS3A code and
sunmarized in reference 10. To examine the effect of the frictiona) coupling
between streaming sodium vapor and molten cladding, this same experiment mode!
was examined with version 1.0 of SAS3030 with the modifications described in
the appendices. The mest important modification was the consistent coupling
of frictional effects in the “"flooded” cladding region® with the implication
of reduced vapor flow and reduced shear forces on the molten cladding. Figure
9 shows a comparison of inlet flow rate between SAS3D and the experimental
measurements and the results are seen to be gquite good. SAS3D predicts the
initiation of clad me*icn in node 15, whose mid-point is at 37.5 ¢m from the
bottom of the p%n (11 cm below the top of the active fuel). As mentioned
eariier, it was reported that a thermocouple 3 inches below the top of the
active fuel sensed molten clad motion fnitially and a second thermocouple at
the top of the fuel sensed molten clad motion approximately 0.1 sec later,
fmplying a clad velocity of app;oximately 75 em/sec. In SAS3D calculations
with the normal flooded two-phase friction factor, initial velocities were
calculated fn excess of 200 cm/sec and in the time it took the clad to move 10
cm, the average velocity was approximately 150 cm/sec. By reducing the
frictfonal coupling by employing a nominal single phase friction factorlS, the

fnitial velocities were calcul-ted in the range of 50 cm/sec and in the time
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it took the clad to move 10 cm, the average velocity was approximately 75
cm/sec. Recognizing that there s uncertainty in the experimerta)
measurements, it s still clear that the modification of frictiona coupling
to using a nominal single phase friction factor has resulted in a reduction in
the rate of upward clad relocation and provides better agreement with the
experimental data. In the review of a similar event sequence an¢ calculation
from the P3A experiment and the qualitative resulcs for clad motion in the R8
experiment, 1t will de seen that such 2 reduction in upward driving forces s
consistently required to reach reasonadle agreement between SAS30/CLAZAS
calculations and experimental observations.

Such apparent deficiencies of CLAZAS have long been recognized, Nowever,
and a new cladding relocation model, CLAP27. was, in fact, developed severa)
years ago and incorporated in the SAS3A code. In the analysis of the TREAT RS
test with CLAP, 1t was noted "In comparison to CLAZAS calculations of the type
of experiment, the CLAP model allows calculation of a more realistic smaller
upper blockage,...".27

Analyses o TREAT experiments f1lustrate that clad relocation predictions
with SA§3D/CLAZA5 should be viewed with caution. Similar conclusions were
drawn from the SLSF P3A and P3 experiments and their analyses. The P3A
experiment contained a fuel bundle comprising 37 fresh, full-length,
prototypic FTR pins. The fuel was irradiated in the SLSF under prototypic
thermal corditions to an equivalent of 26 full-power days..at maximum average
1inear power of 36.7 kW/m, ylelding a maximum burnup of ~0.6 atom %. Follow-
ing 48 hours of continuous full-power operation, the fuel was sudbjected to a
simulated loss-of-flow accident. The test train orificing and bypass flow had
been chosen such that the boiling and voiding dynamics that resulted from the

flow reduction clesely approximated those expected in a 1o0p-type fast



reactor. Thus, the test produced data on voiding and cladding motion, as well
as data on fuel disruption characteristics.

This experiment and the SLSF experiment P3, which used a nearly identical
test vehicle and test conditions, form a complementary set of experiments
addressing the behav or of low-burnup fuel bundle during an LOF. The reacteor
scram in the P3A LOF simulation was chosen to terminate the experiment just
before gross fuel melting, and thus to yfeld data on initial fuel
disruption. The P3 LOF simulation was continued long enough to ensure wide-
spread fuel melting and to provide an opportunity for early fuel motion.

The predicticn of coolant voiding by SAS3D was observed to he reasonably
good, but the clad relocation sequence, as deduced from thermocouple response,
developed more slowly than that predicted by the code. Specifically, 2
thermocouple positioned 76 mm below the top of the fuel detected molten steel

at 12.2 sec and a second thermocouple positioned at the top of the fuel, rose

to the stainless steel melting temperature between 12.5 s and 13.0 s in the

P3A test. The timing of cladding events and comparisons with calculaticns are
given in Table 3 [taken from Reference 12 ]. In the SAS3D/CLAZAS analysis of
this experiment reported in reference 12, the initial clad velocities were
calculated to be great  than 200 cm/sec and over the first 0.1 sec, they
averaged sightly less than 200 cm/sec. In this analysis, the ncrmal flooded
two-phase friction factor was used. Measured clad motion is seen to be less
than that predicted by SAS3D/CLAZAS, with average velocities in the 20 to 30
cm/sec range. Similar results were cbtained in comparison of experimental

results and analyses for the 73 test.




Table 312

T1m1n? of Cladding Events {n P3A Experiment
(times in seconds after beginning of coastdown)

SAS3D PIA DATA

Initial Cladding 10.3 11.8
Melting

Initial Cladding Meltthrough 1. 1i.8-11.9
and Motion

Molten Cladding Reaches N 12.5
Top of Fuel

Top Blockage Reaches . ~13.0
Final Confiquration

Configuration of Top Complete Partial
8lockage

8ottom Blockage Complete 11.6 NA

The tests discussed above have illustrated "hat the CLAZAS module of

0
ASID can gqualitatively predict the benavior of molten clad relocation includ-
ing the develcpment of upper blockages and the subsequent draining to form 2
lower blockage. There are limitations, however, in the quantitative pre-
dictions of rates of relocation and the extent of the upper blockage.

From the review of these experiments and the R8 analysis in the previous

section, it is clear that modeling clad relocation with the one-<imensional

CLAZAS mocule of SAS3D using the high frictional coupling appropriate for

*flooded" conditions can produce conclusions that are both qualitatively as

well as quantitatively incorrect. Consequently,in the whole core cases to De
described in section I1I, using the fact that CLAZAS clad relocation
predictions were more consfstent with experiments with significantly weaker

-~
vf‘

«apor-clad frictional coupling, the choice of 2 nominal single phase fricts

factor was employed.
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'11.3 Cladding Failure Criteria

In our previous SAS3D assessment of the potential for autocatalysis due
to plenum pressure driven fuel conpact1on1. we made the simplifying assumption
that blowdown of the plenum would not begin until the cladding at the top of
the active fuel reached 1400°C; essentially the melting point. Although the
cladding at the fuel-blanket interface will certainly fail by the time it

_reaches melting, earlier mechanical failure must occur at some temperature
less than melting under EOC-4 plenum pressure loadings of the order of S50
atmospheres. Earlier failure would allow more time for depressurization. For
typical cladding heating rates near melting of 100-500°C/s, a reduction in the
failure temperature of 100°C would increase the blowdown time by 0.2-1.0
seconds. This additional time is substantial compared to the time constant
for blowdown of about 0.25 s [See Appendix D]. We have therefore looked more
carefully here at the question of cladding failure under plenum pressure
loading, |

Cladding failure temperatures depend on steady state irradiation history,
mechanical loading, and transient thermal history. Table 4 provides the most
important param: ters as determined for the uppermost active fuel column clad-
ding node from the new best estimate case SAS3D calculations of the CRBR EOC-4
loss-of-flow accident scenario (Case 1 in section III). The channel numbers
at the top of the table refer to SAS channels as given in Reference 2. The
cladding hoop stress o is calculated from the maximum plenum pressure P and
the thin shell formula o = Pr/h, where r is the inner cladding radius and h is
the cladding wall thickness. Also shown are the cladding midwall heating
rates at temperatures near the melting point.

Our reassessment of cladding failure under the conditions given in Table

4 consisted of a review of relevant experiments plus calculations using both
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Table 4
Heating Rates for SAS3D Best Estimate LOF Case

CN 2 CH 4 CH 6 Ch 7 CH 11
Fluence at
Top Node 6.34 6.37 3.44 6.98 7.56
1022 p/em?
Irradifation
Temperature, °C §72 569 587 564 §58
Maximum Plenum
Pressure, MPa 4.4 4.4 2.3 4.4 4.4

Cladding Hoop '
Stress at Maximum 29 29 15 29 29
Plenum Pressure, MPa

T @ 1200°C, *C/S 225 219 154 208 526
T ® 1300°C, *C/S 216 246 141 365 443
T @ 1400°C, *C/S 347 432 166 433 329

data correlations and theoretical models. The experiments which we judged to
be most directly applicable to the question of cladding faflure under plenum
gas loadfng conditions were the FCTT tests performed at HEDL14-17. 15 the
FCTT tests, both unirradiated and {rradiated cladding tubes were internally
Toaded with gas pressure and heated uniformly at a constant rate unti) failure
occurred. Faflure temperature and failure ductility were measured as a func-
tion of heating rate and initial hoop stress. These tests very closely simu-
Tate the thermal and mechanica) loading conditions of interest here. Further-

more, multiple FCTT testsl® have shown that the most important part of the
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cladding thermal history is that part near the failure temperature. For low
pressures, where failure is axpected to occur near the melting point, Table 4
shows that the SAS3D calculated cladding heating rates at the fuel blanket
interface are nearly constant and of the order of several hundred °C/s. Such
heating rates are close to the highest heating rate (111 °C/s) FCTT data.
Some additional data does exist from recent FCTT TUCOP!9 tests at higher
heating rates of 550°C/s. However, in the TUCOP tests the cladding a.ametral
strain-rate was controlled by decreasing the driving pressure as the test
proceeded. Since plastic instability is an important aspect of high-
temperature failure under constant pressure loading, these tests tend to give
somewhat higher failure temperatures than would be expected under constant
pressure conditions.

Although a considerable amount of FCTT data exists, almest all of the
data are for conditions where the gas pressure loading was greater than 50
atNOSpheros.' We have to make use of the full data base here to calculate
failure under low-pressure conditions by extrapolating existing
correlationsi®,33 of the data. In our calculaticns, the Dorn parameter
correlation33 produced the most reasonable results when compared with the
limited high-temperature, low-pressure data. Application of the Dorn
parameter correlation tc the conditions given in Table 4 produced cladding
failure temperatures between 1250 anc 1300°C.

Additional calculations of cladding failure were performed using theoret-
ical models developed by ANL/RAS34,35,36, These modeis describe the funda-
mental phenomena which govern cladding faflure, including high- and low-
temperature matrix deformation, annealing and recovery, grain growth, liguid
metal and irradifation embrittiement, and intergranular fracture. Previous

comparisons between the theoretical models and the FCTT data mentioned above



_have shorn good agreement. Extension of these calculations to the conditions
given in Tadle 4 produced failure temperatures for irradfated cladding in the
range of 1zsb-xsso'c. It was also found tha: 7or unirradiated cladding under
similar conditions, the failure temperatures are within 25°C of melting. This
result is consistent with the SAS3D interpretation of the R8 TREAT test given
elsewhere in this response.

Based on the above review of the relevant data and on calculations using
two independent cpproachés. we conclude that 1300°C is an apprepriate average
cladding failure temperature to be used to inftiate plenum blowdown in the
SAS3D assessment of plenum pressure driven fuel compactfon fn CRBR EOC-4 Toss-
of-flow accident scenaric. This temperature is 100°C less than the previous

conservative assumption of c¢ladding failure at melting.



- 111. EOC-4 LOF Summary

A best estimate LOF scenario for the CRBRP EOC-4 heterogeneous core,
{ncorporating the phenomenological considerations discussed abuve, will now be
described. The basic reactor mode)! is the same 15 channel model! used in
.Refercnce 2. The neutronics data are the new values which resulted from the
reassessment of the sodium void worth described in the introduction. Thus,
all the neutronics data are different from those used in Reference 2. Most
{mportantly, in the driver subassemblies, the void worth is somewhat more than
34 cents larger and the steel worths are increased by about 85 cents. Other
modeling assumptions, with a few exceptions to be described below, are the

same as were used in the response to question CS760.178A3.

Unlike previous whole core calculations using SAS3DL.2, the current

calculation explicitly accounts for the release of stored fission gas from the
fission gas plenum into the SAS channel. The manner in which this is
accomplished is similar to that used in the analysis of the R8 experiment
des:ribéa aéove. Coding changes were also introduced to allow (at the user's
discretion) the pressure in the fission gas plenum to be applied to the top of
the upper pin stub in the SLUMPY calculation. When this option is used, the
mass of the upper axfal blanket fuel pellets is added to the pin stub mass in
determining the downward acceleration of the stub. In addition, coding
changes were made to allow the use of smooth-tube fri tion coupling between
clad motion and the sodium vapor streaming. This appears to allow the one-
dimensional modeling in SAS30/CLAZAS to better approximate experimental
results. The analysis of the R8 test supports this approach. Clad motion was
allowed to begin when the clad melt-fraction reacnéd unity. The beiling model
was modified so that after the onset of clad motion the friction factor used

to calculate the shear stress between the vapor and the clad in the boiling
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model was the same as tnat used in CLAZAS. Previously, the friction factor
used in the bofling mode! did not account for any flooding that CLAZAS might
be using. Finally, code Changes were introduced to prevent moving cladding
within the SLUMPY compressible zone from causing a zero-velocity boundary
condition to be set at one or bdoth edges of the compressidble regfon.

An event sequence for the current calculation fs Visted in Tadle 5. This
case is designated as Case 1. It fs of particular interest to note the times
when gas release begins and ends in a channel. The gas release s stopped
when the pressure in the fission gas plenum drops below 2.5 atm. This value
was typical of the pressures predicted by SLUMPY at the point of fue!
disruption in the previous assessmentl, The time required to achieve this
value is seen to vary from as little 4s about 0.7 s to more than 1.5 5. In
addition, 1t is noted that of all the channels to fnitiate fuel motion during
the transient, only channel 11 does SO before the gas release has stopped. In

this channel, the pressure in the fission gas plenum 1s about 4.3 atm when
fuel motion fnitfates, while coolant channel pressures are nearly as high as
the axial location where fuel motion begins. Thus, compactive fue) motion is
minimal and the potential for dutocatalysis 1s quite small.

It should be noted that in the present calculation, the pressure in the
fission gas plenum 1s held artificially nigh because of a peculfarity in the
gas release model. The pressure used by the gas release mode) at the clad

rupture point is not the coolant channel pressure in the axial node containing

the rupture location, but s the pressure at the Tower bubble interface for

the vapor bubble adjacent to the rupture. Normally, the difference between

these two pressures is smal) enough to have an unimportant effect on the rate
of gas release; however, in the present case, the lower bubble interface for

channel 11 {s located below a molten clad blockage. Because the lower sodium




Table 5
Event sequence for Case |

-

TIME EVENT CUN*  P/PO RHO RHOP RHOD RHOE RHOV RHOF RHOC
11.9251 COOLANT BOILING 6 0.863 -0.074 0.0 -0.151 -0.058 0.134 0.0 0.0

13.4879 COOLANT BOILING 2 0.902 -0.013 0.0 -0.172 -0.068 0.227 0.0 0.0

13.8538 COOLANT BOILING A 0.866 -0.059 0.0 -0.180 -0.073 0.193 0.0 0.0

14.3099 COOLANT BOILING 7 0.880 -0.038 0.0 -0.187  -0.079 0.228 0.0 0.0

15.0174 RELEASE GAS 6 0.98/ 0.062 n.0 -0.211  -0.098 0.371 6.0 0.0

15.6666 CLAD MOTION 6 1.674 0.394 0.0 -0.270 -0.150 0.814 0.0 9.0

15.7166 STOP RELEASE 6 1.625 0.367 0.0 -0.2717 -0.156 0.797 0.0 0.004
15.8066 COOLANT BOILING 10 1.652 0.367 a.0 -0.2089 -0.166 0.830 0.0 -0.008
15.8266 COOLANT BOILING 11 1.695 0,381 0.0 -0.291 -0.169 0.853 0.0 -0.012
16.0265 COOLANT BOILING 9 1.706 0.356 0.0 -0.319 -0.194 0.919 0.0 -0.050
16.3609 COOLANT BOILING 13 1.779 0.365 0.0 -0.351 -0.225 0.969 0.0 -0.029
16.3659 RELEASE GAS 2 1.782 0.365 0.0 -0.351 -0.226 0.970 0.0 -0.028
16.5409 RELEASE GAS 4 2.672 0.561 0.0 -0.377 -0.248 1.157 0.0 0.030
16.7656 COOLANT BOILING 12 5.124 0.714 0.0 -0.474 -0.317 1.283 0.0 0.223
16.8109 RELEASE GAS 7 7.089 0.782 0.0 -0.498 -0.336 1.393 0.0 0.222
16.8784 FUEL MOTION 6 8.374 0.790 0.0 -0.549 -0.376 1.489 0.0 0.225
16.9034 CLAD MOTION 2 8.196 0.776 0.0 -0.566 -0.389 1.497 -0.000 0.235
16,9370 COOLANT BOILING 15 8.1C4 0.761 0.0 -0.592 -0.408 1.493 -0.003 0.271
16.9997 COOLANT BOILING 14 5.983 0.658 0.0 -0.623) -0.430 1.466 -0.013 0.258
17.0264 CLAD MOTION 1 5.902 0.647 0.0 -0.632 -0.438 1.500 -0.038 0.254
17.0897 CLAD MOTION 7 4.600 0.534 0.0 -0.645 -0.450 i.564 -0.203 0.268
17.1284 COOLANT BOILING 5 3.260 0.338 0.0 -0.650 -0.453 1.602 -0.435 0.273
17.1697 RELEASE GAS 1 2.179 0.010 0.0 -0.650 -0.453 1.625 -0.763 0.251
17.2297 RELEASE GAS 10 1.403 -0.519 0.0 -0.642  -0.451 1.568 -1.182 0.189
17.4309 COOLANT BOILING 3 0.889 -1.209 0.0 -0.626 -0.44] 1.491  -1.677 0.050
17.4384 STOP RELEASE 1 0.e71 -1.252 0.0 -0.625 -0.447 1.490 -1.714 0.044
17.4747 COOLANT BOILING 1 0.809 -1.391 0.0 -0.621 -0.446 1.493 -1.827 0.010
17.4797 CLAD MOTION 11 0.808 -1.393 0.0 -0.621 -0.446 1.493 -1.826 0.008
17.5622 CLAD MOTION 10 0.774  -1.406 0.0 -0.613 -0.445 1.519 -1.854 -0.013
17.5797 RELEASE GAS 9 0.749 -1.474 0.0 -0.611 -0D.445 1.531 -1.919 -0.030
17.6897 COOLANT BOILING 8 0.663 -1.v91 0.0 -0.604 -0.444 1.613 -2.127 -0.129
17.7034 STOP RELEASE 7 0.679 -1.603 0.0 -0.603 -0.444 1.633 -2.095 -0.095
17.7634 RELEASE GAS 13 0.811  -1.00% 0.0 -0.593 -0.443 1.795 -1.829 0.054

-9::



Table 5 (cont'd)
Fvent sequence for Case |

- -

TIME EVENT CHN*  P/PO RO RitOP RIOD RHOE RIOV RHOF RNHOC
17.8447 CLAD MOTION 9 1.060 -0.519 0.0 -0.509 -0.442 1.867 -1.538 0.183
17.8934 STOP RELEASE 2 1.354 -0.159 0.0 -0.591 -0.442 1.918  -1.287 r.2a2
18,0072 RELEASE GAS 12 71.570 0.,79% 0.0 -0.620  -0.446 1.064 -0.684 0.68)
IR.03R4 PLAX REACTIVITY 0 42,984  0.960 0.0 -0.674  -0.454 1.819 -0.566 0.735
18.0434 PEAX POMWER 0 46,53 0.956 0.0 -0.693 -0.456 1.810 -0.565 0.860
18.0522 FUEL MOTION 2 36.776 0.933 0.0 -0.723  -0.461 1.790 -0.572 0.898
18.0559 FUEL MOTION 4 30.773 0.923 0.0 -0.731  -0.46] 1.784 -0.584 0.915
18.0597 FUEL MOTION 7 26.979 0.911 0.0 -0.737  -0.462 1.774 -0.600 0.936
18.0609 STOP RELEASE 10 25.953 0.906 0.0 -0.739 -0.463 1.773  -0.608 0.943
18.1134 CLAD MOTION 13 2.461 -0.019 0.0 -0.757 -0.464 .71 -1.902 1.312
18,1559 RELEASE GAS 15 1.487 -0.709 0.0 -0.744  -0.463 1.915 -3.238 1.82)
18,7659 FUEL MOTION i0 1.375 -0.844 0.0 -0.741  -0.463 1.953 -3.542 1.948
18.2359 CLAD MOTION 12 0.659 -2.926 0.0 -0.722 -0.463 2.093 -6.406 2.572
18.2596 FUEL MOTION 11 0.558 -3.672 0.0 -0.719  -0.463 2.065 -7.091 2.536
18.2634 RELEASE GAS 14 0.544 -3.799 0.0 -0.719 -0.463 2.058 -7.195 2.521
18.2094 TERMINATION 0 0.468 -4.626 0.0 -0.718  -0.464 1.962 -7.647 2.24)

g g g T T L T T T Ty e —m—

* Terminology: CHN stands for the SAS3ID channel number; P/PO stands for the normalized power; RO
stands for the net reactivity; and RHOX stands for reactivity component X where X = P means
programed reactivity, X = D means Doppler, X = E means axial expansion, X = V means voiding,

X = F means fuel motion, and X = C means clad motion. Reactivities are in dollars.

otto
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"slug re-enters the channel and rewets some very hot cladding below the molten
blockage, the pressure at the lower bubble interface increases to a value near
4.5 atm and causes the gas ri\ease mode! to force gas ana vapor back into the
?1enum, thus, causing the pressure in the pienum to increase. The.coo1ant
pressure in the axial node adjacent to the rupture site remains near or below
2.0 atm, and it is 1ikely that had this pressure been used in the gas release
calculation, the gas release would have been stopped before fuel motion
started.

In the calculation shown in Table §, it is assumed that gas release
occurs at the middle of the top fuel node in the active core when the clad
temperature is near 1300°C. The assumption that c1aq failure occurs at the
top of the active core may be conservative, since, depending on the conditicn
of the fusl-cladding gap, it is 1ikely that initial clad failure might occur
somewhat earlier at a point farther down in the core. The failure zone is
1ikely to propag ‘e upward and reach the top of the core, but by this time,
the pre;sur; in the fission gas plenum would have already been reduced
somewhat. Such. behaviour was observed in the RE test for pin number 6 which
had been ejected upward out of the core region. As noted in Reference 11, the
top of the long axfal rip was 5.0 cm below the top of the active fuel and
extended downward to about 9.4 cm where the cladding effectively severed.
Thus, the assumption of initial failure at the top of the core grobab]y
prolongs the *‘me required to remove the alenum gas by some undetarmined time
interval. On:2 the release begins, the pressure in the channel rapidly
increases to values as large as 5 to 6 atm. This hjgh pressure temporarily
chokes off vaporization of any sodium film that may remain on hot ¢ladding
near the bottom of the active core. In the meantime, the cladding temperature

cuntinues to increase. The high channel pressure ejects any sodium slug that



may remain in the top of the subassembly and often ejects the lower sodium
slug from the bottom of the subassembly. While these events are taking place,
the mass flow rate of gas from the plenum 1s decreasing, and the pressure in
the coolant channel begins to drop nonmonotenically. As a result of the
honmonotonically dropping pressure, vaporization may resume intermittently in
the lower part of the channel, and through much of the time required for the
98s to De completely exhausted from the plenum, gas and vapor flow in the
active core may be alternately upward and downward.

The implications of the gas release on the motion of mo)ten cladding
depend on the coupling between the clad and the streaming vapor. While the
motion of gas and vapor alternates between upu@rd and downward, when ypward
metion does occur, vapor velocities may be very high. As a result, with the
normal flooded two-phase friction factor used in SAS3D, inftia) clad motion
tends to de upward, sometimes Teading to significant clad motion reactivity
insertion rates. As noted earlifer, this kind of motion 1s also predicted in

S20 analysis of the R8 TREAT test, and leads %0 a caleulated Jpper
cladding blockage that was not observed in the experiment. Thi
provided motivation for modifying the code so that the user could specify
use of nominal single phase friction coupling between clad and vapcr. As

already noted, when the nominal single phase friction factor is used in the RE

analysis, clad motion tends to be predominately downward and 24 upper cladding

blockage 1s not predicted, a result more consistent with experimental
observation. When the nominal single phase friction factor is used in the
whole core analysis, the fnitia) clad motion in most channels tends to bde
downward. At the time gas release stops or shortly thereafter, cladding
frequently fills the coolant channei near an axfal location about one third of

the way up fn the active core and begins to move upward, driven primarily by

-y
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the coolant vapor pressure drop. Clad does not move up coherently in all
channels; the time when upward motion occurs is delayed depending on the time
of gas release in the channel. This upward clad motion subsequently leads to
positive reactivity insertion rates, but these rates occur at a time when the
reactor s subcritical because of fuel motion in channel 6. At about the time
upward clad motion is estadblished in channel 2, fuel in channel 6, which has
been inftially dispersed by fission gas, begins to fall back into tne core.
The fuel fallback, together with the upward clad relocation, is responsidle
for the power increase that leads to the inftiatfon of fuel motion in channels
2, 4, and 7.

The transient described above differs in several ways from the transient
predicted in the response to question CS760.178A3. The event sequence for this
latter case, Case 2, is reproduced in Table 6 for ease of reference. The
first noticable effect of the larger sodium void worth in the present
calculation is that inftia) boiling occurs about 0.8 s earlier in Case 1 than
in Case‘z. kt the time of initial boiling, the net reactivity is 2 cents
higher in Case ] than in Case 2, but the void reactivity is nearly 4 cents
higher. The lower increase in the net reactivity 1s caused by an increased
fuel temperature resulting in a combined Doppler and axial expansion feeddback
with magnitude nearly 2 cents higher in Case 1 than in Case 2. The increased
fuel temperature, in turn, leads to the earlier boiling time. |

A second difference between the two cases {s the fact that the time
between initial bofling and the final shutdown in the initiating phase is more
than 2.5 s longer in Case 2 than in Case 1. At least four factors may
contribute to the shorter time span in the present case. The first of these
fs the higher sodium void worth. Based on a comparison between the present

case and a case in wnich clad motion was not permitted, one can estimate that



Table 6
Event sequence for Case 2

s BOIL ING
COOLANT BOIL ING
COOLANT BOILING
COOLANT BOIL ING
COOLANT BOILING
COOLANT BOILING
COOLANT BOILING
COOLANT BOILING
CLAD MOTION
COOLANT BOILING
COOLANT BOILING
COOLANT BOTL ING
CLAD MOTION
CLAD MOTION
FUEL MUTION
COOLANT BOILING
PEAX REACTIVITY
PEAK POWER
CLAD MOTION
COOLANT BOILYNG
COOLANT BOILING
COOLANT BOILING
CLAD MOTION .
CLAD MOTION -0.
CLAD MOTION N 0.
CLAD MOTION . 0.1
FUEL MOTION . 0.
. FUEL MOTION . 0.
21. CLAD MOTION . 0.
21. FUEL MOTION " -1.
)l CLAD MOTION N -3.
TERMINATION

SSOOOOODOOQCQOOOO

-0.397
-0.440
-0.495
-0.527
-0.532
-0.544
-0.563
-0.566 '
-0.547 y : -0.110
-0.588 ¥ . -0.123
-0.594 " 145 0,701
-0.594 . 145 -0.712
-0.579 ' 365  -1.523
-0.578 : -1.523
-0.588 . -1.523
-0.597 ; . -1.523
-0.610 J i -1.523
-0.629 ; X -1.402
-0.631 ¥ ; -1.399
-0.638 ¥ . -3.m
-0.634 " v -5.636
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o 'emlmlnqy CHN stands for the SASID channel number; P/PO stands for the normalized power; RHO
stands for the net reactivity; and RHOX stands for reactivity component X where X = P means
programed reactivity, X = D means Doppler, X = £ means axfal expansion, X = ¥ means voiding,

X = F means fuel motfon, and X = C means clad motion. Reactivities are in dollars.
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the increased sodium void worth alone shortens the time span Dy somewhat more
than 1 s. A second factor is the higher clad worth. It fs difficult to
separate this f2csor from the third factor which is the actual clad motion.
It appears that clad motion along with the increased clad worth also shortens
the time span between first bofling and reactor shutdown by somewhat more than
a second. The contribution of the fourth factor, fuel fallback in channel 6,
appears to be small because the fallback occurs simultaneously with a rapid
increase in clad motion feedback. As a result, the power burst that occurs
just after 18 s in Case 1 would have occurred even without the fuel

fallback. A preliminary calculation, similar to case 1, indicates that the
power excursion resulting from clad motion alone, while somewhat milder than
the present excursion, is sufficient to initiate fuel motion in channels 2, 4,
7, 10, and 11 and lead to reactor shutdown on about the same time scale as in
the present case.

The influence of the new neutronics data on the potential for fissfon-
gas-driven compaction of fuel can be shown with reference to Table 7. The
table shows the times between the initfation of gas release and the initiation
of fuel motion for each of the driver chanrels. In interpreting the results,
bear in mind that a clad failure temperature of 1400°C was assumed for
estimating the times listed for Case 2 while a temperature of 1300°C was used
fn the pre.ant case (Case 1). In spite of tpe lower clad failure temperature
in the present calculation, the times are considerably shorter than in the
earlier case. While the margin is not as great as it was previously, there is
ample time for gas release in the present calculation.

The fission gas parameters used in SLUMPY are the same for both Cases 1
and 2, and are based on a FRAS33.4,5 analysis of the best estimate case in

Reference 2. They correspond to a fraction of steady-state fission gas



Table 7

Comparison of times between initfation of gas release and the
fnitiation of fue! motfon in Cases 1| and 2. Note that the
clad failure temperature was 1400°C 1n Case 2.

SAS3D Channel Number Case | Case 2
2 1.69 s 2.6 s
4 1.52 s 2.38 s
6 1.86 s 2.58 s
7 1.25 s 2.51 s
9 0.71 s* 1.96 s*
10 0.94 s 2.31 s+
11 1.09 s 2.39 s*
12 0.28 s+ 1.54 s*
13 0.53 s* 1.89 s*
14 0.03 s* 0.66 s+
15 - 0.86 s*

* The time to the end of the calculation since fuel motion did rot
fnitiate in this channe!l.

retained in grains of 54% and a fraction of steady-state jas on the grain
boundaries of 4.7%. FRAS3 calculations were redone for channel § using the
thermal history cbtained in Case 1. The gas fractions based on the new
transioqt'were found to be 70% and 2.7% respectively. Case 1 has not deen
rerun using the new gas fractions, but based on previous experience using the
SLUMPY model, the fuel dispersal computed for channel 6 would not be expected
to change significantly,

In concluding the discussion of Case l, we note that the potential for
fuel failure into liquid sodfum is effectively absent. Figure 10 shows the
vofding pattern in the reactor Dy channel at the end of the transient. It can
be seen that voiding is fn progress in all channels and that sodfum has bdeen
completely removed from the active fuel region in all driver subassemdlies
except for the lower third of channels 10 and 14. Fue! motion is in progress

in channel 10, but the fuel melt fractfbn fs stil] below 0.1 in channe! 4.
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Sensitivity studies have been carried out, jh which the

c1cd failure temperature was changed from 1300°C to 1400°C. The event

sequence for this case, Case 3, 1s shown in Table 8. As expected, gas release

in 011 channels starts later than in Case 1. This, 1n turn, causes events

subsequent to gas release in channe) 6 to be delayed compared to the times of

their occurrance 1n Case 1. These delays sre sufficient for g2s release %o

end prior to inftiation of fuel motion in five of the first six channels. The

times between the start of g2s release and the fnftiation of fue) motion s

shown for these six channels fn Table 9. The results show that the reduction

in the time between the start of sas release and the fnftiation of fue motion

fs not generally as large as the time celay in the start of gas release. In

fact, 1f the reactivity had not gone slightly cbove'prompt critical in Case 3

1t 1s Tikely that al) channels initiating fuel motion would have previcusly

stopped releasing gas or have had sufficiently Yow pressure in the fission gas

plenum so that fissfon-gas-driven compaction would not be a concern,

As"can "de seen in the event sequence for Case 3 1n Tadle 8. channels o,

9, 12,.2n¢ 13 begin fuel motion before Ses release has stopped. In the case

of channel 10, the pressure in the fission gas plenum is only 3.3 atm when

fuel motion starts and is not likely to play a significant role in the
renainder of the transient. In the case of channels 9, 12, and 13, the

pressures are respectively 11.3, 33.2, and 15.2 atm. These pressures would be

high enough to 1nfluence the remainder of the transient were it not for the

fact that these three channels begfn fuel motion after the net reactivity has

begun o decrease because of strong Ocppler feedchk and dispersive fuel
motion in channels 2, 4, 6, and 7. To see the effects of fissfon-gas-driven

compaction of fuel fn channels 9, 10, 12, 13, and possibly 14 and 15, the

[

compection mode)l introduced ints SLWMPY for this purpose was

utilized. The
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18.0272
18.1085
18.1347
18.2222
18.2360
18.2397
18.2470
18.2501
18.2523
18.2549
18.2555
18.2561
18.2567
18.2586
18.2593
i8.2717
18.3480
18.3730
18.4168
18.4893

CHN stands for the SAS3D channel number;

stands for the net reactivity; and RHOX stands for reactivity

programed reactivity, X = D means Doppler, X = E means
X = F means fuel motfon, and X = C means clad motion.

STop

RELEASE

RELEASE GAS

CLAD
sTop
FUEL
sTop
FUEL
FUEL
PEAX
FUEL
FUEL
PEAK
FUEL
FUEL
FUEL

MOTION
RELEASE
MOTION
RELEASE
MOTION
MOTION

REACTIVITY

MOTION
MOTION
POWER

MOTION
MOTION
MOTION

RELEASE GAS

CLAD
sTop

MOTION
RELEASE

RELEASE GAS
TERMINATION

2.801

1.666

1.569
6.503
13.645
19.285
46.656
88.822
154.934
258,308
274.136
280.618
278.637
216.685
183.196
3.673
0.416
0.366
0.346
0.311

Table B8 (cont'd)
Event sequence for Case 3

0.335
-0.126
-0.190

0.723

0.873

0.914

0.977

1.003

1.013

1.003

0.997

0.992

0.985

0.962

0.952

0.040
-8.591

-10.027
-10.359
-11.238

oooobon

SoOcocooce

¢ .Q0.0QQOO
e . S % & & &
SCooooococoa

OPOOO
CoOCcooco

e e —

-1.492 1.184
-1.424 1.294
-1.406 1.325
-1.372 1.388
-1.357 1.418
-1.350 1.437
-1.343 1.456
-1.3‘2 l.‘w
-1.342 1.464
-1.343 1.468
-1.351 1.480
-1.357 1.485
-2.385 1.601

-11.583 1.917
-13.283 2.135
-13.696 2.180
-14.183 2.097

-

stands for the normalized power; RHO
component X where X = P means

axial expansion, X = ¥ means voiding,
Reactivities are in dollars.

.".
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Table 9
Comparison of times between initiation of gas release
and the 1nitiation of fuel motion in Cases 1 and 3.

SASSD Chlnnet Nuuber Case 1 Case 3
2 1.69 s 1.42 s
4 1.52 s 1.26 s
6 1.86 s 1.36 s
7 1.25 s 1.14 s
10 0.94 s 0.67 s
11 1.09 s 0.81 s

eéent sequence for the resulting case, Case 4, is almost {dentical to that for
Case 3. The dispersive fuel motion from channels 2, 4, 6, 7, 10, and 11
(representingxa4 subassemblies) was sufficient to overcome the reactivity
insertion rates produced by the compacting fuel in channels 9, 12, and 13
(representing 36 subassemblies). Channels 14 and 15 did not.initjate fuel
motion and had peak fuel meit fractions between 0.35 and 0.4 when the
transient ended. Table 10 shows the work-energy obtained when super-saturated
fuel is egpanqu adiabatically to a final pressure of 1 atm for Cases ) 3.V
and 4. These results show that the LOF transient using the modeling

assumptions of Case 1 is not sensitive to the choice of the clad failure

temperature used in the fission gas release calculations.
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Table 10
Work-energies based on adfabatic expansions of
super-saturated fuel to a final pressure of 1 atm.

Case Work-Energy, M)
1 0.6

3 2 4.3

B 5.6



IV. Conclusions

The assessment of sodium void coefficient uncertainties has resulted in
an increase in the nominal values of sodium void and clad material worths in
the CRBRP heterogeneous core. These changes have increased the sensitivity of
whole core analysis results to the modeling of important phenomenology. The
importance of representing fuel disruption and dispersal consistently with the
experimental database has been previously established. It has been
démonstrated in this repoft that similar experimentally-based models can be
developed in the areas of molten cladding relocation, the effect of release of
plenum fission gas on sodium vapor dynamics and clad motion, and failure of

irradiated cladding under the fission gas plenum pressures.

The whole core best estimate analyses have shown that with such

experimentally validated models, a mild power burst with nea; zero energetics
is expected. This conclusion is valid even in the unlikely event that the
plenum fission gas can act to compress the disrupting fuel, Parametric
varfa‘ior; on-cTa failure and plenum gas release, and molten cladding
relocation show very mild sensitivities in initiating phase energetics.

The potential for significant energetics appears to require pessimistic
phenomenological modeling that is not supported by the present experimental

database, and is therefore beyond that appropriate for a realistic assessment

of the accident energetics. The likelihood of energetics épproaching the

SMBDB value is very remote.




Appendix A

Modifications to the SASID Boiling Module

to Account for Release of Plenum Gas fnto a Bofling Regfon

The gas voiding mode! 1n VYersion 1.0 of SAS3D s mafnly applicadle to
voiding due to pin failure and gas release defore the onset of boiling. If a
pin fails in a boiling regfon, this mode! will calculate the flow of gas from
the gas plenum to the failure point, but the only effect on the voiding s a
reduction in the condensation coefficient of the vapor. This mode! has been
modified to provide a better treatment of the impact of gas release into a

boiling region.

In the modified" mode), gas released into a vapor bubdble is treateg as an
additional equivalent vapor source in the v0iling model.
vapor spurce fs added at the one axial node where the pin rusture occurs.
Since the molecular wefght of fission product gas is different from that of
sodium vapor, the mass of the gas leaving the rupture must de converted into
an equivalent vapor mass for use in the boiling calculation. In the SAS3D

bofling model, a vapor bubble is treated as efther a sma)) bubble, with

uniform vapor pressure, or a larger bubbdle containing pressure gradients due

to streaming vapor. For gas released into a small bubble, the product, pv, of
pressure times volume is conserved when the gas is converte to vapor. For a

perfect gas
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s0
.'Rng s ~RvTv (2)
where

mg = mass of gas Teaving the rupture,
m, = equivalent mass of the vapor source,
Ry = gas constant for the gas,

R, * equivalent gas constant for sodium vapor

Tg = temperature of the gas leaving the rupture,
assumed to bde equal to the fuel surface temperature
at‘the rupture point, and

T, ® vapor temperature at the rupture point.

Note that Tg and T, must be absclute temperatures (K). Equation 2 gives

s sS04 (3)

The vapor gas constant, R, is calculated as



P
R & e (4)

where o, {s the saturation vapor density and py is the saturation pressure at

temperature T,.

For gas released into a large vapor bubble, the friction pressure drop due

to streaming gas or vapor is conserved. The friction pressure drop is

wherse
f = friction factor,
G = mass flux
p = density,
L = length, and
D = hydraulic diameter.



~ Therefore,
6§ L.
4 :
%, VIt %; D by

Differences between the vapor and gas friction factors are neglected. Also, G

fs assumed to be proportional to the mass released at the rupture, so

'] -

a2  m2
2?"2§; (7)

L”
w
—4

(8)

s
-l

or
°V
mv-m — M
9‘99 g |RT,

For a smali bubble, the heat flow to the bubble during a time step has a
term af¢o added to the term E,, of Eq. 131 in ANL-813837, This term is given

by
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R.T.a
v
By = (M) = mep) ,373— (9)

where

Mgpl = mass of gas in the plenum at the beginning of the step
mgp2 * plenum gas mass at the end of the step and
Ay = sodium heat of vaporization.

The FORTRAN variable name for Eeo 15 DQT(1), and the term s added in
subroutine TSC43A.

For gas release into a larger bubdle, a terw AQ. is added to the heat
flux from the clad to the coolant (see Eq. 153 of ANL-8138) at the rupture
node in subroutine TSC4A. This term is

RTY
. - 48 A
AOe (mgpl mgpz) RvTv AtAc r- (10)

where

4T = time step size,
Acc * coolant flow area, and

AZ = node size

The dofling module in version 1.0 of SAS3D wil) stop the code {f a vapor
bubble extends out the bottom of the subassembly. This {s because some

FORTRAMN sudbscripts for arrays uses in the vapor pressure jradient calculation
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would be equal to 0 {f the bubble interface 1s below the lowest channel node
(node 1), and a subs:ript of 0 is not allowed fn FORTRAN. Gas release into a
pofling region can often lead to voiding out the bottom of the channel, so the
_code was modified slightly to handle this case. Now if a bubble extends below
the bottom of the channel, the lowest clad and structure node are ignored in
the coolant calculation, and the inlet coolant temperature is used for the
clad and structure temperatures at the liguid-vaper interface. The lowest
vapor node then extends from the 1iquid-vapor interface up to node 2. By
ignoring node 1 in this case, the subscripting problem {s bypassed, and the

calculation can continue.



Appendix 8
Two-Fluid Mode! Analyses of Plenum Fissfon Gas Release

The SAS3D code s limited in fts ability to treat the release of plenun
fission gas into a sodium vapor filled channel. The theoretical basis for e
current treatment has been provided in Appendix A. To confirm the modeling
and results from SAS3U and to ‘nsure the mode! {s conservative, an {ndependent
: analysis of the plenum gas ejection scenario was undertaken. No single
analysis capability was avaflable that treated all aspects of this prodblem
and, consequently, two methodologies from the PLUTO2 code and the TRANSIT-
HYORO code were employed which treated several factors not included in
SAS30. The gualitative agreement between these three methodologies provides
confidence fn the SASID treatment and the quantitative comparisons indicate

tha the SASID treatment is, indeed, conservati: ..

8.1. TRANSIT-HYORO Results

To evaluate the impact of approximations made in modeling the plenum
fissfon gas injection process with the SA33D coolant dynamics module, the
TWOFLU module of the TRANSIT-HYDRO computer code has been used %o simulate
plenum fission gas injection into a partially voided subassemdbly. The TWOFLU
formulation s based on a two field (1iquid and vapor), three componant [fuel,
clad, coolant) structure in which each field has an independent veiocity, and
each component within a field has an independent internal energy. In
addition, mass conservation s maintained for each component {n each field.
For the fission gas injection simulation, this permits independent tracking of
tr2 fissfon gas and coolant vapor components, and eliminates the need for

energy and mass mixing. The particular issue addressed here is the timing ang
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extent of downward fission gas penetration, and the validity of the assumption
of the loss of condensation potential following cladding rupture in the SAS3D
coolant dynamics fodel. '

Initial conditions for the TWOFLU simylation were taken as those
predicted by SAS3D in channel 2 at the time of cladding rupture for the best
estimate EOC-4 loss-of-flow analysis described in Section III. These
conditions included geometry (channel length, flow area, liquid slug location,
coolant film thickness and location), as well as thermal (axial temperature
distributions in cladding, 1iquid slug, and coolant vapor), and hydrodynamic
conditions (11quid slug and coolant vapor velocities). Thermodynamic and
transport properties for all materials were tiﬁen from those employed in
SAS3D. Momentum frictioral modeling for the 1iquid and vapor were also taken
from SAS3D, including the two-phase m Itiplier employed to represent the
sffect of 1iquid coolant films. To describe the gas injection process, the
plenum gas prissure and temperature formulation, as well as the gas flow
formulation (subroutine PIPFLO) used in SAS3D were implemented intact in
TWOFLU. The time history for the pressure boundary condition at the
subassgmb1y inlet and outlet were taken from the best-estimate SAS30D LOF
anal;s1s described in Section III. .

Given these inftial and boundary conditions, TWOFLU predicts channel
pressurization and 11quid slug reversal similar to SAS3D. Figure Bl compares
the channel pressure history following clad rupture at the rupture site as
predicted by SAS3D,TWOFLU and PLUT02. The comparison shows that TWOFLU
predicts a somewhat nigher and more sustained pressure pulse than that pre-
dicted by SAS30. Close examination of analysis results shows that this is due
to much lower gas temperatures predicted by SAS30D. Inclusion of gas/structure

heat transfer effects would tend to lower the TWOFLU-predicted temperatures,
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but not to the levels predicted by SAS3D.

The TWOFLU pressure distribution history shown in Fig. B2 causes a more
rapid expulsion of the lower 1iquid slug than fis predicted by SAS3D. In
_addition, the slug motion is more extensive (it fs expelled from the bottom of
the subassembly), and slug re-entry is delayed compared to SAS3D. This
effectively lengthens the time frame for negative vapor velocities.
Sensitivity studies have shown that augmentation of the subassembly inlet
pressure by approximately 0.1 MPa (1 atmosphere) in the TWOFLU calculation
results in slug re-entry times close to the SAS3D-predicted value.

The TWOFLU analysis shows that downward penetration of the plenum fission
gas is rapid and extensive. Figure B3 shows the TWOFLU-predicted mass

fraction distribution for fission gas following clad rupture. DOuring this

time, the liquid slug has reversed and is being expelled due to the fission

gas pressurization. As the figure shows, even at early times fission gas has
effectively penetrated down to the liquid slug interface, compressing a small
amount of coolant vapor trapped below the rupture site. In addition, the
fission gas has swept all of the coolant vapor formerly above the rupture site
out through the top of the subassembly.

Based on the TWOFLU analysis summarized here, {t can be concluded that in
the event of ciad rupture and plenum fission gas blowdown in channel 2 of the
best-estimate LOF anaiysis of Section III, the released fission gas rapidly
pressurizes and fills the channel. This analysis indicates that the
assumptions made concerning coolant vapor condensation reduction due to
fission gas blanketing of 1iquid coolant films in the SAS3D coolant dynamics
mode] are reasonable and justified. In addition, this analysis indicates that
channel pressurization may be somewhat higher than would be predicted by

SAS3D. This would tend to enhance the potential for downward molten cladding
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motion by lengthening the time frame for negative gas velocities. This
observation is consistent with the experimenta) results seen in the RS test
(no upper blockage, downward clad motion) and supports the assumption of

nominal single phase frictional coupling fn SAS3D/CLAZAS.

B.2. PLUTO2 Results

An investigation into the effect of plenum fission-gas release on the
channel flow behavior was also made with a special version of the SAS4A/PLUTO2
code. This was done in order to verify the new SAS3D modeling of plenum gas
release into a bofling channel. The SAS3D base case calculation, which uses
the new fission-gas/boiling model, calculates 2 downward motion of the vaper-
gas mixture in the active core region for about a hundred milliseconds follow-
ing the onset of plenum gas release. In the mode! the plenum zas injected
into the channel is replaced by an appropriate amount of Na vapor and the
sodium vapor condensation for the entire channel s set to a small value. The

-vive

validity of these assumptions was fnvestigated in this study with SAS3A/PLUTC2

which which has the capadility of treating sodium and fission gas separateiy.

Although the better known features of the PLUTO2 module are the
calculation of fn-pin and channe! fuel motion, it also has a fairly detaileq
treatment of two-phase sodium and fission-gas flow in the coolant channel. A
stagnant liquid sodium film which can evaporate or be entrained by vapor flow
fs also modeled. In the current application the in-pin fuel motion and fue!
ejection from the fuel pins was turned off. Plenum gas was injected into the
coolant channel at a rate similar to that calculated by
for channel 2. A1l geometrical and thermo-hydraulic data used in the single
chanrel SAS4A/PLUTOZ calculation were the same as the data for channe) 2 in

-

the SAS30 whole core dase case. The power and inlet pressure histary
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necessary for the single channel calculations were also from the SAS3D whole-
core calculation.

Extensive sodium boiling and voiding took place in the current calcula-
tions before cladding failure was assumed to occur at the top of the active
" core when the clad midwall temperature at this location had reached 1300°C.
The PLUTOZ calculation with the plenum fission gas injection was then fniti-
ated.

The PLUTO02 calculated pressure history at the rupture site is shown in
Fig. Bl together with the SAS3D and the TWOFLU calculations. Both PLUTO2 and
TWOFLU predict a longer lasting and higher pressure peak during the first 300
msec because both models can account for heat transfer from hot, dried-out
clad to the gas in the coolant channel, whereas the SAS30 fission gas/boiling
model does not account for any heat transfer from the clad at any node where
the film has dried out. This causes the gas or superheated vapor temperature
in PLUTO2 and TWOFLU to de several hundred degrees Kelvin hotter than in SAS3D
and also makes the pressures in PLUTO2 and TWOFLU higher. At the later times
both PLUTO2 and SAS3D show pressure increases which are caused by the sodium
film vaporization at the lower end of the active core. In Fig. B84 the lower
sodfum slug interfaces calculated by SAS3C and PLUT02 are compared. The
PLUTO2 predicted slug ejection is more rapid and lasts longer than in SAS3D
because of ;he higher pressure calculated by PLUT02. The PLUTO2 calculated
pressure distributions in the coolant channel at different times are shown in
Fig. BS. The bottom of the active core {s at about 0.34 m and the top of the
active core, where the plenum gas injection takes place, is at about 1.25 m.
The pressure distributfon at 80 msec shows a peak at the plenum gas ejection
site which corresponds to the maximum pressure achievei in this run. This

overpressure caused the vapor/gas flow below the failure site to move
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downwards and also led to rapfd flow reversal of the lower Tiquid slug which
can be seen fn Fig. B4. The pressure distridution at 1C0 msec was decreased
due to the upward streaming of the gas and the rapid downward motion of the
Tower sodium slug which 1s uncovering cold clad and structure in the inlet
region. By 420 msec the pressure gradient below an axia) location of 1 m s
sti11 downward preventing the gas vapor flow velocity below this region from
becoming positive. By 720 msec the fission gas injection pressure has dropped

below the inlet pressure causing a slight pressure tilt towards the outlet in

the active core region. Liquid sodium film evaporation and sodium vapor

condensation do not play a dominant role during the first 720 msec. The
sodium €i1m vaporization occurring at arcund 0.6 m keeps the pressure level at
that “ocatfon somewhat higher than predicted by TWOFLU at 280 and 420 msec.

In Fig. 86 the ratio of fissfon-gas mass over fission-gas mass + sodium
vapor mass fs shown at different locations and times. The two symbols shown
for each curve depict the axia) extent of the fissfon-gas region which corres-
ponds to the boiling region at times greater than 30 msec. At later times the
fissionigas completely dominates the sodium vapor in the dried-out region
between 0.6 and 1.25 m and also in the lower Hlanket and fnlet region where
relative cold, low density socium vapor exists. Between 0.25 and 0.6 m as
well as above 1.25 m liquid sodfum film vaporization )eads to the higher
density sodium vapor which is noticeable on this mass ratio plot. Because the
fission gas fs spreading quite rapidly in this PLUTO2 calculation, it can de
concluded that the SAS3D assumption of using a very small condensation co-
efficient fs reasonable because most of the pressure in this calculation is
actually due to the pressure of the noncondensible fission gas.

The SAS3D prediction of a sodium vapor flow reversal lasting only a

b ]

hundred milliseconds is significantly shorter than the PLUTO2 prediction of

“wiSsiw
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about 400 msec. However, the SAS3D prediction is conservative because it
Teads to a more limited downward clad motfon than a calculation with a more
extensive vapor flow reversal. The main reason for the shorter lasting flow
reversal is probably the lack of heat flow from dried-out clad in the SAS3D
model. Moreover, it may be that the small condensation coefficient applied to
the converted gas in SAS3D 1s still causing significant condensation and loss
of gas mass over longer times.

An attempt was also made to investigate the effect of intra-subassemdly

incoherencies in the clad faflure. This was done by fnje.ting the plenum gas

into the channel at about one quarter of the inftia) injection rate of the
previous case. This injection lasted for 1200 msec compared to 550 msec in
the previous case but led to the same tota) gas injection. The same inlet
pressure history was used as in the previous case. The time period of
negative or Tow vapor flows in the active core region lasted for more than 1
sec which is more than twice the value of the previous case. Apparently
keeping the pressure in the gas injection node above the inlet pressure for 2
longer time has more impact than having a higher initial pressure which crops
below the inlet pressure more rapidly. This indicates that the assumption of
releasing the plenum gas from all pins simultanecusly is also conservative

with regard to the potential upward molten of the cladding.
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Appendix C
SAS3D Modifications Required to Analyze
TREAT R-Series Coolant Hydraulics

On the R8 test, a flow orifice was put in the coolant inlet pipe upstream
from the test section to simulate the pressure drop of the inlet orifice in
FFTF subassemblies. This orifice is normally modelled with an inlet orifice
coefficient in SAS3D. [In SAS3D calculations for R8, the gas release following
pin rupture leads to voiding of the whole test section and expulsion of the
lower 1iquid slug from the bottom of the subassembly. When the lower liquid
slug is below the subassembly inlet, SAS3D does not account for orifice or
friction pressure drops in computing the motion of the liquid. The motion is
based only on fnertia, as driven by the difference between the inlet plenum
pressure and the bubble pressure above the 1iquid slug. In the R8 test, the
fnlet orifice was located far enough upstrear that the gas will never void
through the orifice, so the orifice pressure drop should always be accounted
for, even if SAS3D predicts expulsion of the lower 1iquid slug from the bottom
of the subassembly.

For use in the R8 analysis, a special version of subroutine TSC2 was
produced. In this routine, the inlet orifice pressure drop is accounted frr
in the equation for the motion of the lower liquid slug, even after the liguid
siug has blown out the bottom of the subassembly. The load module for this
modified routine fs stored in data set C112.B22404.SAS3DMIS. LPAD(TSC2R8) on
the ANL computer system. The modifications, in UPDAT format, used to produce

this routine from the SAS30D version 1.0 source are listed in tabl: Cl.



Table Cl
TSC2 Modification for R8 Calculations
100100

*IBM
*NOLIST
*ORIGIN 2
*REWIND 2
*SUBS T5C2.192 T75C2.1%4
o SLUG BLOWN OUT B0TTOM, INCLUDE ORIFICE FOR R8

XIOR1(K)=XK01

XI0R2(K)=xK02

SGN=1.000

IF (G1(X).LT.0.000) SGN-SGN
AAO(K)=SGN*0.500*(XIOR1 (K +XIOR2(K))*G1(X)**2+PDCM*(PTP1(K)-P8BTL(K
1))

BBO(K)=SGN*X I0R2(K)*G1(K)

DGO(K)==DELT*AAD(K)/(XLL(K)+BBO(K)*DELT)

*F INI :
*END
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Appendix D
Calculation of Plenum Gas Blowdown

Coupled with Pressure-Driven Fuel Motion

A simple finite-difference code was written to calculate plenum blowdown,
coupled with downward motion of the fuel and (optional) upward motion of the
pienum. The escape of gas from the plenum region is calculated from the
relation given by Chawla et. al. for isothermal flow38. It can be shown from

eqs. 25 and A.6 of that reference that the rate of pressure change is given Dy

-
-
. —

b (Ry2 A [1-2 P2
b v (F-Tn8 '

where P is the plenum pressure, R is the gas constant, T {s the Kelvin
temperature, Ag fs the flow area of the gap, V {s the plenum volume, 8 is the

ratio of the channel pressure to the plenum pressure, and F is given Dy

F= 2o /0
g/ g (2)

Here & fs the length of the flow path, f; is the friction factor (taken to be
constant, at 0.01, after Chawla), and Dg fs the hydraulic diameter (0g =
.0284).

The geometry is depicted in Fig. D1, which shows the plenum region
overlapping the blanket fuel a distance ¢, (initially, ¢ = 14 inches, or 35.56

cm). The inftial volume of the plenum Vi, {s taken to be 21.09 cm®, and the

mass of the plenum structure mp) is estimated at 85.5g. The fuel mass m¢ 'S
assumed to be half the mass of the active fuel in the pin, added to the mass
of the blanket fuel, for = total of 155 g.
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Fuel motion is calculated as a result of the forces due to gravity,

(3)

and due to the excess of the plenum pressure P over the channel pressure P.,,

where r is the fuel-pellet radius, taken tc be 0.254 cm.

The acceleration of the fuel is calculated from the total force,

where v} is the velocity at the beginning of the time step.

The downward displacement is obtained by calculating the displacement

increment in the time step, using the mean velocity for the time step;
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A parallel calculation s carried out for the upper pin structure, with
the difference that the gas pressure and gravity act in opposite directions.
Upper movement of the pin structure is limited to an ardbitrary (input) value,
s0 that the effect of restraint can be considered.

Tr.. - enum pressure is recalculated for each time step, to reflect the
reduction due to the escape of plenum gas, and the reduction due to the
fncrease in plenum volume due to the relative motion of the pin structure and
the fuel. Initially, the calculated value of 8 may be smaller than the
critical value for choked flow, calculated to be 0.13516 for this prodblem.
When this situation does occur, the critical value is used for 8.

The extant %o which the upper pin structure can move upward is not clear,

but subassemdly schematics from CRBR PSAR39 suggest that a large fraction of

the pins can move a considerable distance. Given the fact that the wire wraps
can unravel, and the fact that any motion would likely start from the
subassembly center and progress outward, it would appear that significant
upward motion of the pin structure could take place. [f this motion fis
unimpeded, the finite-difference calculations indicate that the plenum
pressure will be released in 0.027s.

It should be noted that the function multiplying P on the right-hand side
of equation 1 varies slowly during the blowdown;, 8 is small, while the
parameter F is about 25. As a result, the pressure decay {s about
exponential, of the form

\

Poap -t/
. exp | )
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The time “constant” is defined from equation 1 as

172 2 \1/2] -1
RT ag (1-
- |(®)" % ()

This blowdown time is the time required for the pressure to fall to l/e of its
initial value. Even though t is not constant, its value is usefui in
estimating the blowdown rate. The initial value of t for the present
calculations, at 1200k, fs about 0.25s. This value is based on a constant gap
width of 0.0143 cm and a flow length of 35.56 cm.



Appendix E
Modified Treatment of Partfal Clad
Blockages in the SAS3D Bofling Model

After the formation of partial bdlockages in the coolant channel, due to
the motion of molten clad, the coolant boiling model sometimes tends to
calculate negative pressures in the middle of a blockage. These negative
pressures, in addition to being unphysical, cause the program to become
numerically unstable and terminate. The problem is due to an acceleration
term in the momentum equation for the vapor. For the current CRER and RE
cases, this acceleration term was modified to give a solution that is
physically more meaningful and numerically more stable.

In SAS3D the momentum equation for sodium vapor contains an acceleration

term of the form

d (——2')0

a 2
If the flow area changes due to the motion of molten clad, then the code uses
a term of the form

g (A,

raz 7 '
where G is the mass flux in the vapor, p is the vaper deqsity, A is the
coolant flow area, and z fs the axial posftion. In case of a large vapor flow
through a local partial blockage fnvoiving a large area change, this term
contributes little or nothing to the over-all pressure drop across the

blockage, since the pressure loss on one side of the blockage fs largely



cancelled by pressure recovery on the other side; but in the middle of the
blockage this term tends to drive the pressure negative. In such cases, a
rapid drop in the pressure in the blockage leads the code to cut back the
coolant time step to very small values n an attempt to obtafin an accurate and
stable solution; but the tendency toward negative pressures often causes the
code to go unstable and terminate. Therefore, the code was modified so that
the acceleration term is eliminated at any node interval where the coolant

flow area is less than 56% of the nominal value, or at any time when the

coolant time step is cut to less than 3x10-5 seconds. Pressure drop through

the blockage is always accounted for by the friction term, which can get large

if the flow area is small.
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Enclosure 5

This enclosure contains the response to item 8 of enclosure
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