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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.



iv

TABLE OF CONTENTS

[. INTRODUCTIOM..cocovcosanncsssscscsccsananssssssssssnsssssacsnancns

II. PHENOMENOLOGICAL CONSIDERATIONS....ccvverrrenrannnsnnssnnnncsnas

I1.1 MCUELING OF PLENUM GAS BLOWDOWN IN R8......cvvvvvnnns

[1.2 EXPERIMENTAL RESULTS ON CLAD RELOCATION OYNAMICS............

I1.3 CLADDING FAILURE CRITERIA....ocvvnvnnnnnnnnnnes sesmsssscssee

. EOC=4 LOF SUMMARY.....ccvovvsossansnnsssesnssssssssnssssssssssone

Lo
Ll
.

IV, CONCLUSIONS...cccoocsssscsscsscnnassnsnsososasnsssossassnsosssens

Appendix A: Modifications to the SAS30 Boiling Module to Account
for Release of Plenum Gas intd a So0iling Regfom..........

Appendix 3: Two-Fluid Mode' Analyses of Plenum
FISSION GE8 ROVEEDR: sccccssssctsnssosassrassvrcosneshoves

SAS3D Modification to TREAT R-Series
CORTnt WYEPINIICE . covvivosovanncscnssssonncasasssnsonans

o

Appendix

Appendix D: Calculation of Pienum 3lowdown Coupled
with Pressure-Driven Fuel Motion.......cvvvvvvvnnncncnnnes

Appendix £: Modified Treatment of Partial Clad 3lockages
fn the SAS3D Boiling Model.....cccovvvsersvassvescccncsne

T A MY R S SI H SD A SR e R

10

24

30

wn
~4

70

77

79



LIST OF FIGURES

F1gure Title Page
1 BBt PIoNUl DI : casrsisconine snvivsneserns shapanns 12
2 R8 Coolant low Rates, Flooded Friction
F‘ctor 1" CLAuS.‘...l.I..O IIIIIIIIIIIIIII LR B B 1‘
3 R8 Coolant Flow Rates, Nominal Single rhase
Friction Factor in CLAZAS.......... ok R B SRS ERCS 58 15
4 Coolant Pressure Profile at the Jnset
6f C1od PORIMB. o, .oscrisnsansa vx Mo T L A A 18
5 VYapor mass Flux at the Unset
OF CT08 TTIOM. s o vasssnvnnsisncs s senwone FEEHSPN PP St 19
) Coolant Pressure Profile After a
RE-GALPY EVERBecccorrncrinssssssassssscosasstsssesanssans 20
7 R8 Clad Motion, Flocded Friction
FEESOE 10 LR . . o nincs e ow av 5 & o B Bcben pias iomm e hb AR F8 5 21
3 R8 Clad Motion, Nominal Single Phase
EPISCIDN FREEIE 10 CREERE . c 50 marios a6ainadebwinesy dses s 22
9 RS Inlet Flow-rate Comparison....cccveesenncssesssscscscnns 26
10 Sketch of the Voiding Pattern in the Reactor
COPE 20 200 O OF EIBE Liscsicrnssnssnoniimesrhevonerass st 44
81 Rupture Site Pressure History
GO T O s 5 56 £o00 50 45 55 ks 8 50055 A8 DTSR SEERASH E 8 Wi B 53
32 TWOFLU Predicted Channel Pressure
DESLrIbNtION NSO ciivscssasvsvrcssnasoorssoraivrstses 61
33 TWOFLYU Predicted Fission Gas
DISEPIDREION M BROPY ccosasniarussseananrnuenensaeynesnes 62
34 Lower Scdium Slug Interface
e R Ot N e e e g S e e 65
8¢ PLUTO2 Predicted Channel Pressure
DISErIDNRION MESNOPY cscrssarsesrssssssnavosvseroavasess 56
36 PLUTO2 Predicted Fission Gas
and Sodium Vapor Mass HISLOrY....ccvvvnnnnnnsnnnnns R 68
01 Assumed Simplified Geometry of the

Pin SCub and Plenul REGION....ccovsvesscosssrcsvccasrace 73



Core Regiun (36 inch) Material Worth at

of Events in the R8 Test...

Timing of Cladding Events in P3A Experiment..

Heating Rates for SAS3D Best Estimate LOF Case...

tvent sequence

vent seauence ¢

comparison of times Detween initiation

-

- 4 { . < £ 4 .
the initiation of fu motion in

ases

times detween initiation

metion in Cases

Work-enerzies

fiel to a




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



-5

1

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.



-23-

SVIVI) uj 403204 uoy1d4ay aseyy 2(6ujs Pujwon ‘uojyoy PRL) B4 g 4nby 4

(09S) BUI|

0°¢d v 2¢ 8'1¢ AN YA 9°0¢ 0°0¢ V6l

_ _ _ _ _ 0
02
-
ov X
W
09 o
w
e
08 9
o
001 3
— ey ~| ozi
LR T SR R (W T obl




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



NORMALIZED FLOW RATE

Legend
0.65 & RS FM—4
0.50 - X SASBD

-0.10

-0.25

-0.40- T pas T 1
13 14 15 16 17

TIME, sec

Figure 9. R5 Inlet Flow-rate Comparison

-92.



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



o3

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



-32-

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-p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>