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SUMMARY

An important goal of the US DOE reactor developmgmbgram is to
conceptualize advanced safety design features ftenaonstration Sodium Fast
Reactor (SFR). The treatment of severe accidemsaf the key safety issues in
the design approach for advanced SFR systemsn#dsssary to develop an in-
depth understanding of the risk of severe accidientthe SFR so that appropriate
risk management measures can be implemented edHg design process.

This report presents the results of a review of SRR features and phenomena
that directly influence the sequence of eventsmdua postulated severe accident.
The report identifies the safety features usedropgsed for various SFR designs
in the US and worldwide for the prevention and/atigation of Core Disruptive
Accidents (CDA). The report provides an overviefatloe current SFR safety
approaches and the role of severe accidents. Mutderstanding of these
design features and safety approaches is nece$sarfuture collaborations
between the US and its international partners gsopghe GEN IV program.

The report also reviews the basis for an integrataigty approach to severe
accidents for the SFR that reflects the safetygieknowledge gained in the US
during the Advanced Liquid Metal Reactor (ALMR) atdegral Fast Reactor
(IFR) programs. This approach relies on inherezdactor and plant safety
performance characteristics to provide additioaééty margins. The goal of this
approach is to prevent development of severe attidenditions, even in the
event of initiators with safety system failures \poeisly recognized to lead
directly to reactor damage.






Severe Accident Approach — Final Report
Evaluation of Design Measures for Severe Accideavénhtion and Consequence Mitigation

By

A. M. Tentner

1. INTRODUCTION

An important goal of the US DOE Gen IV programasievelop a demonstration Sodium Fast
Reactor (SFR). The treatment of severe accidemisaf the key issues of R&D plans for the
advanced reactor systems in general, and for SipRriicular. Despite the lack of an
unambiguous definition of the safety approach @aplie for severe accidents, there is an
emerging consensus on the need for their consideriat the design. In the aftermath of the
Three-Mile-Island accident, it was the judgementhef NRC staff in 1985 that extremely
unlikely severe accidents constituted the majdertasthe public associated with potential
radioactive releases from nuclear power plants.Ul& Nuclear Regulatory Commission's
Statement on Severe Reactor Accidents Regardingd-Designs and Existing Plants [1-1]
states that the Commission expects the new plarashieve a higher standard of severe accident
safety performance than prior designs. Thus inigartant to develop an in-depth understanding
of the risk of severe accidents for the SFR propasethat appropriate risk management can be
undertaken early in the design process.

The evaluation of severe accidents has played poriamt role in the safety analysis of SFRs.
The U.S. SFR program actively studied the potestiaharios and consequences of Hypothetical
Core Disruptive Accidents (HCDA) for SFRs with oitlel during the Clinch River Breeder
Reactor (CRBR) program in the 70s and 80s. Theskest included both experimental studies
and the development and validation of mechanistioputer codes that can calculate in detail
the sequence of events that determines the outobmpostulated accident initiator. Later, the
focus of the US SFR safety R&D activities shiftedhe prevention of severe accident
consequences through passive safety features of GHRRing metal fuel.

A significant amount of experience in the desigd aafety analysis of SFRs using oxide fuel
has been developed in both Japan and France dhergst few decades. Extensive experience
in the design and safety analysis of SFRs usingeoand metal fuel has been also accumulated
in the US. A key objective of the metal-fueled S#delopment program has been to design
reactors that can inherently avoid damage durirsgybated unprotected accidents such as
inadvertent reactivity insertion or loss of coolf#lotv without reactor scram.

The goal of this report is to provide a reviewlod SFR features and phenomena that influence
directly the sequence of events during a postuls¢edre accident, to review the safety features
used or proposed for various SFR designs in thatiSwvorldwide for the prevention and/or
mitigation of CDAs, and provide an overview of th@rent SFR safety approach and the role of
severe accidents in Japan, France, and the US.



2. BACKGROUND

2.1 The Role of CDA in Design and Licensing

The role of the CDA in SFR safety evaluation hasahays been well defined and the
suggested CDA role in the licensing process hagecifrom: a) very little consideration of the
CDA consequences based on low probability of oena®, supported by demonstrated adequate
reliability of plant components, shutdown systearg] heat-removal systems to b) treatment of
CDA as design-basis accidents (DBA) in the classitse.

In light of the extensive safety evaluation of SERaducted in the US, Japan, France, and other
countries over more than 30 years, the above twooaphes to licensing have been recognized
to represent extreme solutions, and a more balamgeaach, outlined in Ref. [2-1], appears to
have been accepted by the designers and regul@tossapproach includes the following
elements:

1) The probability of the initiators leading totpnotial core meltdown should be made
sufficiently small (<10 per reactor-year) so that CDAs do not have tmbkidled in the
conservative safety approach taken in the licengingess for DBAs

2) A further reduction in risk can be accompliioy performing best-estimate analyses
that demonstrate the low probability (Z1per reactor-year) of a postulated core disruptive
accident leading to substantial energetics thatidvoliallenge the integrity of the primary
system. Thus the combined probability of such estézg@vents would be <Fper reactor-year.

3) The design should be driven by functional regmients based on mechanistic analyses
such that any weak links identified should be uggdhto provide an overall optimum system in
terms of potential energy release and absorptighisenergy, rather than using arbitrary CDA
energetics.

4) The objective should be to demonstrate, orb#ses of best-estimate analysis, the long
term capability to contain the fuel debris followia postulated core-meltdown accident. As
noted in [2-1], there is substantial evidence thaén in the absence an engineered fuel retention
system of any kind, the inherent response of thetoe structures and mitigating features,
including containment-atmosphere venting and clpaystems, would keep the radioactive
release within tolerable limits.

The U.S. Nuclear Regulatory Commission's Policyedtent on Severe Accidents [2-11] states
that the Commission expects new plants to achiduglher standard of severe accident safety
performance than prior designs. The focus on sea@iglent issues in the Policy Statement was
prompted by the NRC staff's judgment that accidehthis class, which are beyond the
substantial coverage of design basis events, totesthe major risk to the public associated with
nuclear power plant accidents. A fundamental objeaif the Commission's severe accident
policy is that the Commission intends to take edlsonable steps to reduce the chances of
occurrence of a severe accident involving substhdémage to the reactor core and to mitigate
the consequences of such an accident should one. dtee Commission recognizes the need for
striking a balance between accident preventioncamdequence mitigation. It is clear that core-
melt accident evaluations and containment failwaduations should continue to be performed
for all future plant designs. The Commission alsmognizes the importance of such potential
contributors to severe accident risk as human padace and sabotage. The issues of both



insider and outsider sabotage threats will be oflyednalyzed and, to the extent applicable, will
be emphasized as special considerations in thgrdasd in the operating procedures developed
for new plants. A balanced focus will be paid te tiregative impact of human performance on
severe accident risk as well as its potentiallyitpascontribution to halting or limiting the
consequences of severe accident progression. Diesigimes should be emphasized that reduce
the risk of early containment failure, thus prowglimore time for the positive contributions of
operator performance in curtailing severe accidensequences. Also, design features should be
given special attention that serve to decreasedlkeof human error in the sequence of events
leading to the initiation or aggravation of corgeation.

The US NRC perspective on the research needediVanaed reactor licensing is outlined in [2-
12]. The SFRs are fundamentally different from LWRsd existing regulatory tools (codes,
data) are not directly applicable to SFR desigh& development of new tools needed for SFR
evaluation is constrained by reduced research hsidglee regulators must decide: a) what are
the key safety and risk issues for the designpol) to assure that all issues have been identified,
and c) which issues require additional experimeadd. The applicant testing programs may not
answer all the questions, and remaining questisuoally include scaling questions, inability to
simulate all the components, and beyond desigrs Ipgsformance. In the past the regulators
have conducted independent research to addressdbestions, and this practice is expected to
continue in the SFR licensing. The regulators nilt have the same amount of data for the
evaluation of the SFR as is available for LWRs, &m&lunlikely that they will have the
opportunity to develop their own analysis toolsiie to support the applications. As a result,
the regulators will depend on applicants as inpd, and conservatism will be needed on issues
where uncertainties exist. The NRC supports amnatenal cooperative research as the only
practical way to proceed in identifying the needagabilities and tools [2-12].

2.2 Reactivity Feedback in Fast Reactors and Inhere  nt Safety Design

Fast neutron reactors are sensitive to changgsearatng conditions which affect the reactivity
of the reactor and therefore the power, includiathiemperature and geometry. The response
of the reactor to such changes in operating canditiespecially in off-normal or accident
conditions, determines the level of risk that thaator would represent. For example, in the case
of the failure of one or more safety-grade systeambined with the failure to scram the reactor,
the inherent change in the reactivity of the relaata the magnitude and timing of the resulting
changes in net core reactivity will determine wieetbr not reactor power and thus reactor
temperatures will be kept within acceptable limilisis essential to understand the basis for the
changes in reactor power in response to multi@etnaty feedbacks, as this can be used to
guide development of fast reactors that would Feugerior safety characteristics and lower
levels of risk. In the discussion below we divitle teactivity feedbacks into two broad
categories:

a) Reactivity feedbacks due to changes in the ¢eatpre of the core materials which
lead to reversible changes in density and neutnqormperties, but do not result in phase changes,
e.g. sodium boiling or fuel melting;

b) Reactivity feedbacks due to large changesarteémperature of the core materials,
which result in phase change of one or more ottre materials and irreversible changes in the
core geometry.



2.2.1 Reactivity Feedbacks in an SFR in the Absence  of Material Phase Changes

The change in reactivity from an equilibrium stétea sodium-cooled fast reactor is determined
by the following balance of core reactivity, shogiall of the major reactivity feedback
mechanisms in the absence of material phase changes

Ap(t) = apoppler { IN [T Favg(t) / Travg(0)] }/ Bet
+ 0Na [ TNa,avg(t) - TNa,avg(O) ]
+ Oaxial Exp. [ TCIad,avg(t) —TCIad,avg(O) ]
+ dRadial Exp. { [ Tin(t) =Tin(0) ]
+ XMC/XAC [ ( Tout(t) = Tout(0) ) = ( Tin(t) — Tin(0) ) 1}
+ 0control Rod { @L.cro [ Tcro(t) — Tern(0) |
— bLvhp [ Tynp(t) — Tvne(0) ] — bLvep [ Tver(t) — Tver(0) 1}

+ Apext. (1)
where:
Ap(t) = change in reactor core reactivity
Opoppler = Doppler coefficient, T«ddT
Travg = average fuel temperature in the core, K
Bet = beta-effective (delayed neutron fraction)
ONa = sodium density coefficient, $/K
Tha,avg = average sodium coolant temperature in the ¢ore,
OlAxial Exp. = fuel axial expansion coefficient, $/K
Tclad,avg = average cladding temperature in the core, K
OlRadial Exp. = core radial expansion coefficient, $/K
Tin = core inlet coolant temperature, K
XMC/XAC = grid plate to core midplane distance idgplate to above-core load plane
distance, m
Tout = core outlet coolant temperature, K
OlControl Rod = control rod driveline expansion coefficient, $/m
a = thermal expansion coefficient of the contaal driveline, 1/K
Lcro = length of control rod driveline in contact witie hot pool, m
Tcrp = control rod driveline temperature, K
B = thermal expansion coefficient of the reactessel wall, 1/K
Lvhp = length of reactor vessel wall in contact whike hot pool, m
Tynp = reactor vessel wall temperature in the hot pegion, K
Lvcp = length of reactor vessel wall in contact whike told pool, m
Tvep = reactor vessel wall temperature in the cold pegion, K
Apext. = externally applied means to change reactity,
Notes:

1. Fuel axial expansion or contraction is assutodgk controlled by the expansion or
contraction of the cladding.



2. Fuel assemblies are assumed to remain straitfhtadial core expansion (no bending or
bowing).

It is important to note that while this expressisniseful to show the grouping of the reactivity
feedback coefficients and their sensitivities toaas operating conditions, it should be
cautioned that this equation only applies at anlibgum state, and does not provide any
information about the transient response of thetogaluring upset conditions and cannot
provide any insight as to the expected maximum p@md temperatures that may occur. That
information can only be obtained from detailed gs@$ considering the heat transfer, coolant
flow, structural temperatures, and by using timpehelent kinetics calculations to determine the
transient power level.

As the equation shows, starting from an equilibretate, the reactivity change of the reactor is
determined by a large number of factors (coeffitsgralmost all of which are driven by
temperatures in the reactor core, either direatindirectly such as through thermal expansion
effects. The sign of each coefficient depends bather the feedback tends to increase
reactivity with an increase in temperature, powét,, in which case the sign is positive, or if the
feedback tends to decrease reactivity, in whicle tlas sign is negative.

To make the dependence of reactivity on core oppgrabnditions clearer, it is useful to rewrite
the core reactivity balance equation as followd 32-where it is assumed that the changes in
power and reactivity occur simultaneously:

Ap(t) = [P()-1] A + [P(t)/F(1)-1] B + 8Tin(t) C + Apex. 2)
where
Ap(t) = change in reactivity
P(t) = normalized reactor power
F(t) = normalized reactor flow
A = 0(DopplerATF(o)
B = [aDoppler+ ONa F Oaxial Exp. T 2 (XMC/XAC) ORadial Exp.
+ 2 dcontrol Rod( @lcrp — bLynp ) ] AT¢(0)/2
C = Opoppler T ONa T Oaxial Exp. T ORadial Exp.

+ dcontrol Rod (@lcrp — bLyp —bLycp)
ATHO) = Te.avd0) — Tna,avd0)
ATC(O) = Tout(o) - Tin(O)
3Tin(t) = Tin(t) —Tin(0)
Apex. = externally applied means to change reactigity,

Notes:

1. This expression shows that the change in regcis determined by the changes in power,
power-to-flow ratio, and the core inlet temperat@eng with any externally applied reactivity.
This partially explains why the standard severedset initiators for a sodium-cooled fast
reactor are the unprotected (unscrammed) loswf-fULOF), loss-of-heat-sink (ULOHS), and
transient overpower (UTOP, control rod withdrawal).



2. This expression also shows why it is the graafpeactivity feedback coefficients (A, B, and
C) that are important for determining transienpmsse, not any individual component.

By introducing the normalized core power and ctow/fi.e., power and flow at any time as
compared to the power and flow at normal steadystperating conditions, it can be seen that
the change in core reactivity is dependent on ktaage in only four operating conditions:

reactor power

the ratio of reactor power to the coolant flow tigh the reactor core
the coolant temperature entering the core

any change in reactivity caused by external means

PwpNPE

This observation has resulted in the establishrokthiree general classes of reactor accidents for
fast reactors:

1. loss of forced coolant flow, i.e., change in thioraf reactor power and coolant flow
2. loss of normal heat removal paths, i.e., chandkarcoolant inlet temperature
3. inadvertent movement of reactor control rods, egternal means to change reactivity

Reactor power only changes as a result of the @saimgcore reactivity, and as such is not an
independent variable in this expression. For offamal conditions or accidents where the reactor
protection systems are activated and successtiiyrsthe reactor in response to the developing
changes in core operating conditions such as afdesced coolant flow, the change in core
reactivity is determined by the reduction in caaativity caused by the insertion of the control
rods. However, for lower-probability accidents whéhe reactor protection systems fail to
activate, the change in core reactivity and thus power is determined by the reactivity
feedback generated as a result of the changingteongeratures, as shown in equation 2. It
should be recognized that these changes in reyotvill arise only from mechanisms that do not
require any active system to function, i.e., they/the result of physical phenomena that occur as
an inherent property of the materials involved.isTiecomes the basis for the concept of
“inherent safety” for sodium-cooled fast react@goncept that was developed and
demonstrated as part of the DOE ALMR program inli&0s and early 1990s that has the
potential to reduce the risk of severe accidenfashreactors.

A very important observation from equation 2 isttm@st of the reactivity feedback components
do not function independently but in groups, adéators ‘B’ and ‘C’. The Doppler feedback is
the only feedback component that contributes tbaage in core reactivity as a result of a
change in reactor power only (factor ‘A’), butstimportant to remember that reactor power at
any given time is not an independent variable is ¢lguation, being a function of the temporal
change in reactivity prior to that time.

There is a large group of reactivity feedback congmis that contributes to the change in core
reactivity as a result of a change in the poweltdgwa-ratio in the reactor, factor ‘B’, including
Doppler, density of the sodium coolant, axial exgyan of the fuel, radial expansion of the core,
and axial expansion of the control rod drive medcdras. It is important to realize that the
category of “power-to-flow” ratio includes casegBas an increase in power without changing



the flow, a decrease in flow without changing tlogvpr, etc. Note that a case where power
changes but flow also changes in proportion woutdipce no reactivity feedback from this
grouping of reactivity feedback components. Suchse would cause fuel temperature to rise,
but that is accounted for by the first term in égpra2. Note that if the assumption of having
axial fuel expansion controlled by the cladding penature is removed, then any increase in
power would also cause the fuel to expand, aneétieuld be an additional term in the
expression for factor ‘A’. A similar group is alsesponsible for changing core reactivity in
response to a change in the core coolant inleteeatyre, factor ‘C’.

Doppler

The Doppler reactivity effect is primarily due teetbroadening of the fuel neutron absorption
resonances in response to an increase in thesiuglarature, which in turn leads a reduction in
the neutron flux and thus a negative reactivitydfsek. During a postulated severe accident an
increase in reactor power will cause an increaskedriuel temperature which, through the
Doppler negative reactivity feedback will tend éaluce the core reactivity and limit the power
increase.

Sodium Density

A decrease in the sodium density will decreasentimber of scattering collisions the fast
neutrons undergo in the core and thus increasash@eutron flux and the core reactivity.
However, a decrease in the sodium density canadll®e more neutrons to leave the core,
leading to decrease of the core reactivity. Thaeectivity effect of a sodium density decrease
depends on the core dimensions and the core locatiere the density change occurs. In the
central regions of the core the net reactivity @fff a sodium density decrease is to increase the
core reactivity, while near the core peripherynleéreactivity effect of a sodium density
decrease can become negative. In large SFR caegtheactivity feedback due to sodium
density decrease remains positive over much ofdhe. The sodium density decreases in
response to increases in the sodium temperatunegdoostulated severe accidents. As long as
the sodium remains in liquid phase the density gharare relatively small and the associated
positive reactivity feedback is easily compensdgthe other negative reactivity feedbacks
discussed in this section. Sodium boiling, if itorcs, can lead to larger and more rapid density
changes which are discussed in Section 2.2.2 below.

Axial Fuel Expansion

The axial expansion of the fuel pins leads to aicédn in the fuel density in the active core
region, and thus has a negative reactivity eflecgieneral, the fuel pin axial expansion can be
caused by an increase in the fuel and claddingeeatyres. As both these temperatures increase
during a postulated severe accident, the axialdypansion provides an inherent safety
mechanism. The magnitude of the negative reactigiggback due to axial fuel expansion
depends on the interaction between the fuel andl#ugling. While for oxide fuel this

interaction is mainly caused by the contact foregvieen the fuel and cladding, in the case of
metallic fuel the fuel can interact chemically wilte cladding to form a metallurgical ‘bond’.

Both of these effects become more pronounced aehigurnup and may require a minimum



burnup to be present. If there is little interaatietween the fuel and the cladding, the fuel can
expand freely in the axial direction and the akigl expansion is determined by the fuel
temperatures. If the fuel has expanded radiallydw@r, as occurs with increased irradiation, the
fuel interaction with the cladding can be significaand the axial fuel expansion is determined
by balancing the axial forces that act on fuel eladding. The time response of the axial fuel
expansion reactivity feedback during a transiest alepends on the conductivity of the fuel.
Because the metal fuel has a higher conductivay the oxide fuel, the negative axial expansion
reactivity feedback will tend to respond fasteridgra transient in a metal fueled core than in an
oxide fueled core.

Radial Core Expansion

The reactivity feedback due to the radial expansiotime reactor core is typically one of the
largest reactivity feedback components due to émsitivity of fast reactor cores to geometry
changes caused by changes in the core materiaétatapes. This reactivity feedback can be
either positive or negative, depending on desidaildefor horizontal positioning the reactor core
assemblies. To explain the details of this reagtifdedback mechanism, it is essential to
examine the core assembly structure and the meanled in the design to ensure appropriate
core geometry during operation. The impact of thre cestraint system design on the radial core
expansion reactivity feedback is discussed furith&ection 3.1.4.

Control Rod Mechanism Expansion

The reactivity feedback due to the control rod naei$m axial expansion is another reactivity
feedback component caused by the core structuraefep changes in response to material
temperature changes. Because the control rod misah@washed by the coolant that leaves
the core, an increase in the temperature of theisolkaving the core will cause the control rod
mechanism to expand and insert the rod furtherthiacore, providing a negative reactivity
feedback. However, the magnitude of this feedbésik @epends on the way the control rod
drives are supported in the reactor vessel. Thaatnpf the control rod mechanism design on the
control rod expansion reactivity feedback is diseasfurther in Section 3.1.5. There is also a
relation between the control rod mechanism exparsinal the axial fuel expansion discussed
above. As the fuel expands upward, this effectiwalyses an insertion of the control rod, and
this effect can dominate the base axial fuel expansoefficient if the control rod worth is large.

2.2.2 Reactivity Feedbacks in an SFR if Material Ph  ase Changes Occur

This section discusses the reactivity changesaaephase change in one or more of the
materials present in an SFR core. These eventesaoeiated with very low probability events,
which would require the simultaneous occurrenceevkral adverse conditions. The materials
present in an SFR core include liquid sodium, faet] cladding. Under normal operating
conditions and all design basis accident condittbessodium is in liquid state, while the fuel
and cladding are in solid state. The most impontaactivity feedbacks due to material phase
changes are those associated with the sodium @aitid fuel melting and relocation.



2.2.2.1 Reactivity Feedback due to Sodium Boiling

An important reactivity feedback mechanism is #ectivity change that would be introduced as
a result of coolant boiling, or ‘voiding’, wheregtlsodium coolant temperature becomes high
enough to boil and the liquid sodium is displacgagbdium vapor. This reactivity feedback
should only be encountered as a result of extres@bgre accident conditions, if ever. Such
accidents would have a very low probability of atence. Given the compact nature of a fast
reactor core, the effect of the presence of sodiarthe neutron flux, and the much lower
density of sodium vapor as compared to liquid swodithe reactivity effect of replacing the

liquid sodium with sodium vapor can be very large the order of 6-8$ of reactivity for the
entire reactor core. The onset of sodium boilihig,occurs, will tend to increase the core
reactivity and power until the occurrence of fualimg and dispersal, discussed below, which
tends to reverse this trend by introducing a sulbisteamount of negative reactivity. Because
various fuel assemblies are exposed to differemep@nd flow conditions, the timing of boiling
onset, if it occurs, will be different in varioussemblies. In more heterogeneous cores the time
delay between boiling initiation in various powerftow ratio assemblies will be higher,

allowing more time for the negative fuel relocatreactivity in high power-to flow assemblies

to reduce the reactivity and power before boiliag start in the lower power-to-flow fuel
assemblies. It is important to remember that eveteusuch conditions, the other reactivity
feedback mechanisms are still functioning, and plagle in determining the response of reactor
to the transient conditions. Sodium boiling leaalsetduced heat transfer from the fuel pins to the
coolant, and the reactivity and power increaseaatam with sodium boiling usually would lead
to cladding and fuel melting and relocation, raeglin irreversible core geometry changes. A
more detailed examination of the sodium void wampact on SFR safety and performance is
presented Section 3.1.6.

2.2.2.2 Reactivity Feedback due to Cladding Melting and Relocation

The decrease of the amount of cladding materiddercentral core regions due to cladding
melting and relocation will lead to an increas¢hia fast neutron flux and a positive reactivity
feedback. However, the reactivity effect due taldiag relocation is substantially smaller than
the reactivity feedback due to fuel melting an@cation. As the cladding relocation tends to
occur after the onset of the fuel relocation, esdlgan metal fuel cores, the cladding relocation
feedback is generally dominated by the negativerkativity feedback discussed below. If the
cladding melting and relocation is initiated shpliefore the fuel pin failure and fuel relocation,
as could be the case in some scenarios in oxidedues, the positive reactivity feedback due to
cladding relocation will combine with the sodiumadiog feedback and all the other negative
feedbacks described in section 2.2.1 to deternhiee€dre conditions at the time of fuel pin
failure.

2.2.2.3 Reactivity Feedback due to Fuel Melting and Relocation

The melting and relocation of the fuel has a compléect on the core reactivity, which has
been studied extensively in the US and abroad ssareh organizations involved in the SFR
safety analysis. The fuel is the source of fastno@s needed to maintain the chain reaction, and
the removal of fuel from the central core regiofi wave a strong negative reactivity effect,



while moving fuel from the core periphery towartle tore center will introduce positive
reactivity. The complexity of the fuel relocatiomeldback is due to the fact that the molten fuel
can relocate both inside the fuel pin cladding ant$ide, in the coolant channel. The timing of
these two relocation phenomena, and the locatidheofladding failure which couples them by
providing the path for the in-pin fuel to enter dwlant channel, combine under different
accident scenarios to lead to a complex fuel rélocaeactivity feedback described below.

As the power increases during a postulated seweidemnt, the inside of the fuel pin begins to
melt leading to the formation of an internal cavitis cavity is filled with a mixture of molten
fuel and fission gas, and expands continuously) bedially and axially, due to fuel melting.
While the formation of the molten fuel cavity caccar in both metal and oxide fuel pins, the
location and fuel melting progression are differéne to the thermo-physical properties of these
fuels. In metal fuel pins, with a higher thermahdactivity, the axial temperature profile peaks
near the top of the active core, and the molteityéends to develop near the top of the pin.
Thus in metal fuel cores it is likely that the nesitcavity will reach the top of the fuel column
prior to the occurrence of cladding failure. Thesx@lso occur in oxide cores, where the molten
fuel cavity tends to develop closer to the core-plahe, when subjected to slow ramp TOPs. If
no blanket pellets are present, the pressurizetemalel in the cavity can relocate rapidly to the
lower pressure upper plenum, introducing a subisiaarhount of negative reactivity and causing
an associated power decrease. Thus, if claddihgdabccurs after the initiation of the in-pin
molten fuel relocation, it is likely to happen ater reactivity and power levels, an important
safety advantage during the early stages of mélielrrelocation. If, on the other hand, the
cladding failure occurs prior to the onset of in-filel relocation, it will lead to a rapid cavity
depressurization and thus prevent a later fuetiejem the space above the fuel column. In both
cases, the initial cladding failure location playsimportant role in determining the reactivity
feedback due to the early post-failure fuel relmcatAfter the occurrence of cladding failure the
fuel reactivity feedback is the net result of thepin and ex-pin fuel relocation events. The early
post-failure fuel relocation is dominated by thpidaacceleration of the in-pin molten fuel
towards the failure location. If the failure loaatiis near the core mid-plane, the in-pin molten
fuel is relocated towards the higher reactivityioegand can lead to a temporary net positive
fuel reactivity feedback. If the initial claddingilure is located further above the core midplane
the initial in-pin fuel motion tend to move at leasme of the fuel towards regions of lower
reactivity and the net fuel reactivity feedback doi¢he early fuel relocation can become
negative. A significant safety advantage of theatetel cores is that the physical properties of
the metal fuel, in particular the high thermal cociivity, lead to an initial cladding failure
located above the core midplane for a wide rangmsfulated severe accident situations. The
molten fuel ejected into the coolant channel isegalty relocated towards the lower reactivity
regions of the core by the pressure gradient amsl phovides a negative reactivity feedback.
Shortly after the cladding failure, once enoughtemfuel has been ejected into the coolant
channel and has been accelerated towards the eophgry, the negative reactivity feedback
due to the coolant channel fuel dispersal beguotninate, and the net fuel relocation reactivity
feedback becomes strongly negative.
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2.3 Potential CDA initiators and Accident Paths

To ensure reactor safety, the design of SFRs itBhdas relied on a defense-in-depth approach,
including: 1) reliability of normal operations, gjotective features that limit the consequences
of potential malfunctions, and 3) additional maggiar protection against unforeseen and
unexpected circumstances. For severe accidentaghi®ach has led to four lines of assurance
against the consequences of a reactor malfunction:

1. Prevention of accidents

2. Limitation of core damage

3. Containment of accidents inside the primaryesys
4. Attenuation of radiological products release

2.3.1 Prevention of Severe Accidents

The prevention of accidents that can lead to fusting can be achieved to a large extent
through high reliability and quality assurance domponents, plant-protection and shut-down
heat-removal systems, and incorporation of desgtufes that promote safety. The SFR has
unique advantages in terms of inherent safety, asdhe liquid metal cooling for natural
circulation heat removal, and in the case of mfeseled reactors an inherent negative reactivity
feedback due to the pre-failure in-pin fuel relomat Inherent safety features can also be added
through a judicious design which promotes negaeaetivity feedbacks during abnormal
situations. Such inherent safety features whick tkvantage of the core geometry changes due
to abnormal temperature changes are describedciro8&.1 of this report. This approach was
shown to lead to SFR designs that prevent core gammadouble fault accident sequences that
could lead to CDAs in previous SFR designs (e.gBRRMONJU, SPHENIX), thus reducing

the probability of a severe accident that can tmsgnificant impact on the public to a very low
level. Although some still believe that the finstd of assurance can be made sufficiently secure
so that no further consideration of CDAs is necgsshe general consensus today is that a more
balanced approach is needed for SFRs which aléadies consequence limiting features in
addition to accident prevention features. The obldhe consequence-limiting features is to
protect the public against the effect of an acditkeyond the capacity of the normal protective
systems, as discussed below in Section 2.2.2nhtesd that some of the severe accident analyses
discussed in this report neglect the role of de=ignherent safety mechanisms such as negative
reactivity feedbacks due to the core restraintesgsiesign or the control rod driveline design.

2.3.2 Limitation of Core Damage

It has long been recognized in the study of postdi&€ore Disruptive Accidents (CDA) that an
important characteristic of the Sodium cooled Restctors (SFR) is that the intact SFR core is
not in its most reactive configuration. This caubesSFRs to react differently from the Light
Water Reactors (LWR) to the relocation of core make or dimensional changes that may occur
during a postulated CDA. While it is theoreticgtlgssible that postulated core geometry
changes due to material relocation could lead donpt-critical reactivity excursions, as first
discussed by Bethe and Tait as early as 1956 [@u@herous physical processes come into play
that limit the material relocation that could ledadsuch postulated geometries and thus provide
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inherent safety barriers that can prevent or migigmergetic reactivity excursions. No attempt
was made in the Bethe and Tait analysis to esktaphysically possible initial conditions: the
analysis assumed a completely molten core in iggn@l geometry slumping under the
acceleration of gravity. The recognition that thieiteary assumption of coherent core collapse
used in Bethe and Tait analysis leads to resuditsate much too conservative has led to the
development of a mechanistic approach to the aisaty<CDAs. Instead of using postulated core
geometry changes to evaluate the accident outcienechanistic approach postulates an
initiating event and attempts to analyze mecharalyi the subsequent accident sequence in
order to determine the physically possible coreemi@trelocation and geometry changes. The
mechanistic approach relies on the use of complexputer codes that describe the physical
phenomena relevant for CDAs. These codes mustlmated through analyses of separate-
effects experiments as well as integrated expetisn@morder to ensure that the mechanistic
analysis yields a conservative description of tbBAGequence of events. The results of the
mechanistic analysis are used to determine thediependent energy release during the
accident, and are used to evaluate the post-a¢duakdrcoolability and radiological
consequences. A simplified accident path struadueeto potential CDA initiators is illustrated
in Figure 1 [2-1].
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Figure 1 Simplified Path Structure of CDA Initiascand the Lines of Assurance [2-1]
2.3.2.1 Accident Paths That Can Lead to CDA and Early Fuel Relocation

Classes of possible initial conditions that canl leafuel melting and relocation have been
identified as follows:

1) Events leading to a reactivity insertion aate high enough so that the reactor plant
protection system would be unable to respond efiity. These events include:

a) Gas-bubble intake

b) Failure of core support structure
c) Failure of core restraint system
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2) Malfunctions within the design basis af tieactor plant protection system combined
with the failure of the plant protection systeme$h malfunctions are usually divided into:

a) Loss of flow
b) Transient overpower
c¢) Fuel-failure propagation

3) Malfunctions leading to the interruption of heamoval capability even after
shutdown, such as:

a) Severe pipe break
b) Loss of heat sink.

It is usually accepted [2-1] that the first clagsnitiating events can be effectively precluded by
design, and therefore only the second and thigkeknare discussed below.

2.3.2.2 Loss of Flow (LOF)

A postulated LOF accident with failure to scramamoxide-fueled SFR will lead to coolant
boiling and associated core voiding. The detaileiding pattern and subsequent accident
sequence are largely dependent on the reactoastzdesign. For small oxide-fueled reactors
such as the Fast Flux Test Facility (FFTF) andrimeliate size reactors such as CRBR the
reactivity effects associated with coolant voidarg not sufficient to result in prompt-burst
conditions at the time of fuel pin failure [2-342- Since little cladding melting and relocatien i
expected, the post-pin-failure power changes aterméned by the reactivity changes due to fuel
relocation. Because the cladding failures in a 1t@#l to occur near the core center in high void
worth oxide-fueled reactors, the early fuel relamatends to introduce positive reactivity due to
the in-pin molten fuel relocation toward the faduocation. This early effect is followed by a
significant negative reactivity insertion due te finel dispersal driven by fission gas and sodium
vapor pressures. In a small oxide-fueled reactarerthe pin failure occurs at reactivity levels
well below prompt critical the post-failure readtywremains below prompt critical during the
early fuel relocation events and then decreaseglyague to axial fuel dispersal, leading to a
gradual core meltdown. In the case of the CRBR,dwan, the magnitude of the positive
sodium-void worth associated with the fissile fregjion is such that the fuel pin failure can
occur at reactivity levels closer to prompt critj@nd subsequent early fuel relocation effects
can lead to a temporary prompt critical conditionl @associated power increase. Extensive
mechanistic analyses performed with the SAS4A dwie shown that the duration and power
level of such events is limited by the axial fusdprsal in the coolant channels which rapidly
introduces large amounts of negative reactivitye pbtential problems associated with positive
sodium-void worth are enhanced in a large reactm@ra/the maximum positive sodium-void
reactivity may be 8-10 dollars if other negativaatevity mechanisms are not present. In this
case the fuel pin failure can occur at a high pdesel with the reactor near prompt critical due
to sodium voiding alone, with a substantial fracted the core still not voided. Following pin
failures in voided and non-voided channels, thetreiy addition due the early fuel relocation
and accelerated sodium voiding can lead to promigitad conditions and an associated rapid
power increase. This power increase is limitedthed reversed by the negative reactivity
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introduced by the axial fuel dispersal in the cablehannels. Freezing of the molten fuel and
cladding mixture can occur as it reaches the cadetions of the fuel assembly and, depending
on the geometry of the fuel assembly and the thegshysical characteristics of the fuel and
cladding, can lead to channel plugging. The coatdannel plugging can prevent the fuel escape
from the core and potentially lead to the subas$emall melting, which marks the beginning

of the transition phase. The selection of subasked@signs that ensure that the axial escape
path for the molten fuel is maintained during thiéating phase of the accident can avoid the
occurrence of the transition phase and providecament mitigation approach that is discussed
later in this report in Section 3.2.

In metal-fueled reactors the above LOF scenatiiafisenced by the thermo-physical properties
of the metal fuel. The lower melting point and htgermal conductivity of the metal fuel favors
the formation of molten fuel region that extendshi® top of the fuel pin and allows the onset of
in-pin fuel relocation prior to the cladding faiurThis early negative reactivity insertion plays
an important role in reducing the reactivity andvpo at the time of cladding failure, as shown in
the LOF analyses described in [2-5] which studiedpad flow coast-down that would occur in
the case of all pump seizure. For reactors witherate to high void worth reactivity the
relatively coherent voiding of the core can drikie teactivity near prompt critical, but Doppler
and the fuel axial expansion feedbacks will prexkatreactivity from reaching prompt critical.
The high overpower that develops causes the fullingend the onset of rapid in-pin fuel
relocation prior to cladding melting. The negatieactivity feedback associated with the pre-
failure in-pin fuel relocation will reduce the ré&ay below critical, bringing the power back to
near nominal or at most a few times nominal levBé&cause of the pre-failure in-pin fuel

motion, the short-lived positive reactivity feedkdbat occurs during the early phase of post-
failure fuel relocation before the fuel dispersatbmes dominant will not drive the reactor
prompt critical. In addition, because the poweelas relatively low when cladding failure
occurs, there will be more temporal incoherenctneffailures than might otherwise be the case.

It is noted that a combination of reactor desigatdess and inherent negative reactivity
feedbacks affect the reactivity and power levekhattime of fuel pin failure during a postulated
LOF with failure to scram and thus the expectedgetecs of the LOF initiating phase. These
design features which include limited sodium-vadativity, radial core expansion, control rod
driveline expansion, etc, and their specific effgfcthe accident sequence are discussed later in
this report.

2.3.2.3 Transient Over-Power (TOP)

Analyses of low-ramp-rate TOP transients considéve#FTF and CRBR [2-6] show that the
accident terminates due to the upward transpduedfin the coolant channel following the
occurrence of pin failure in limited number of sebamblies. The analyses were performed for
reactivity insertion rates up to 0.1 $/s, whiclfiasr times the design maximum control rod
withdrawal rate. The results indicated claddindufas occurring near the top of the core and
dispersal of the fuel ejected from the fuel pintlg flowing sodium. Due to the failure location,
both the in-pin and ex-pin fuel motion introduceyative reactivity, and the net fuel reactivity
contribution is negative immediately after the de failure, leading to neutronic shutdown.
Once failure occurs in one or more assemblies, dowersion from the disrupted channels and
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the decrease in reactivity combine to cause a dseref the fuel temperature in the intact
subassemblies. In this scenario, the intact subdsdsss can be cooled in place. At higher
reactivity insertion rates the fuel pin failure &ion would tend to move downwards toward the
core centerline, causing the early fuel relocatmmtroduce less negative reactivity or even to
have a net positive reactivity contribution, leaggin a temporary power increase followed by
fuel dispersal in the coolant channel and a ragadttivity and power decrease. If, however, fuel
plugging and blockages should develop in conjunctwith fuel sweep-out under certain
conditions, this could lead to flow starvation dadje scale meltdown similar to the postulated
LOF accident (path 2 in Fig. 1).

In metal fueled reactors the in-pin fuel relocatamcurs before the cladding failure and
introduces enough negative reactivity to preveatitiitial positive reactivity due to early post-
failure fuel relocation from driving the reactoopmpt critical. TOP analyses performed with
SASA4A show that even at the extreme reactivityrimme rate of 10 $/s the accident
consequences are relatively benign. Although s ¢éixireme case there is significant core
damage, the energy release is limited and there ismmediate threat to the reactor vessel.

2.3.2.4 Fuel Failure Propagation

Extensive work has been conducted over severabldsda study the local faults within a fuel
assembly and their potential for propagating thhmug the assembly. This research has not
revealed any sequence of events which could ressitbassembly disruption prior to detection
and shutdown of the reactor. This conclusion appbeoxide as well as metal fueled reactors [2-
7, 2-8].

For oxide fuel, if there is a failure of the cladgj the oxide fuel can then contact the liquid
sodium coolant. Oxide fuel chemically interactshaodium, forming degradation products.
Experiments using fuel pins designed to have adohgdfailure have shown that these
degradation products form on the outside of théguearound the failure location. While in
principle, it would be possible for the depositgtow to a size that would start to significantly
impede coolant flow, which could lead to overhegiwh the fuel pins in the vicinity of the initial
failure, experiments have also shown that the degpgow slowly, providing ample time for
detection of the fuel pin failure by the delayedtnen detectors in the primary system. As a
result, reactor shutdown and removal of the assemith the failed fuel pin can be easily
accommodated, limiting the damage to the initial fun failure. For metal fuel, the sequence of
events is different. Since the metal fuel doescheimically interact with the liquid sodium, the
only consequence of a cladding failure is that sofitle fission products are able to escape into
the primary sodium coolant. Experiments using fule$ designed to have a cladding failure
have shown that this condition can be toleratedfindely without causing any further
consequences other than activation of the sodiwtant There is ample time to accomplish
reactor shutdown and removal of the affected fasémbly in this case as well.

In order to examine the potential for whole coreese accidents it has become customary to

consider the consequences associated with a pestitdal instantaneous inlet blockage of one
fuel assembly at power as is believed to have oeddor at least one assembly in Fermi-1. In
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this case, if the reactor is at operating powex cibmplete loss of coolant flow in that assembly
would result in failure of the fuel pins and fueéiting.

For an oxide-fueled reactor the inlet blockage kjyiteads to sodium boiling, followed by dry-
out of the fuel pin. Cladding melting follows ifew seconds and the cladding relocation is
influence by sodium vapor streaming, with both lstieeining and flooding being possible. The
penetration of the molten cladding material inte kbwer as well as upper blanket regions
represents a source for potential blockage formatitd complete upper and lower blockages
may occur several seconds after the initiationlad celocation. Fuel melting occurs a few
seconds following clad relocation and the early foetion may be downward as well as
upward, depending on the amount of sodium streaamagextent of cladding blockage. In time,
a boiling fuel-steel mixture largely confined teethctive fuel zone will evolve, with a fuel crust
layer protecting the hexcan walls. If the fuel-bta&xture remains confined to the active fuel
zone by the axial blockages the fuel crust on thecan walls will eventually re-melt, allowing
melt-through of the assembly wall and further pgadeon to the neighboring assemblies.

In a metal-fueled reactor sodium boiling and pip-dut is followed by fuel melting and pin
failure, while the cladding is still intact. This likely to be the case since the rate of eutectic
formation upon exceeding the eutectic temperatréhe metal fuel-clad alloy is relatively slow
compared to the time scale for fuel melting. Intcast to the oxide fuel case, development of
blockages that could prevent fuel dispersal isaxpiected for the metallic fuel case. The
cladding is still intact at the time the fuel dispa begins and the absence of the upper blanket
region would allow the fuel dispersal directly inttee upper fission gas plenum region, which
has a low heat capacity and thus a limited capggltdilead to fuel freezing. Because the time for
fuel ejection into the upper plenum is short coredawith the time for eutectic penetration of the
hexcan wall the propagation to the adjacent hexcanse ruled out.

However, in the aftermath of the Fermi-1 accidét reactor assemblies are designed with
multiple inlets to prevent such an occurrence. Gioed with online monitoring and cleaning of
the sodium coolant to avoid any buildup of impestithese measures have made the inlet
blockage event not credible to occur, as ther@isachanistic sequence that would result in a
total blockage of the assembly inlet. If one cdass that a partial inlet blockage may be
possible, this occurrence would be detected aastiw Fermi-1, either due to increased coolant
temperature exiting this assembly if thermocoupkespresent, or due to the delayed neutron
signal in the event that the resulting fuel ovetimggeventually causes one or more pins to fail.
In this case there would be ample time for reasbhatdown and removal of the affected
assembly, since with multiple inlets, the extenthaf blockage would only cause a small
reduction in coolant flow, depending on the numifanlets used.

2.3.2.5 Loss of Heat Sink

In contrast to the TOP and LOF accidents whererhadting and relocation can begin within
tens of seconds following the accident initiatibthe accident initiators are rapid enough, the
sequence of events in a degraded decay heat retnawsient develops over a period extending
from several hours to several days. If the auxil@Ecay heat removal system functions as
designed, fuel melting will not occur. Howevertht reactor vessel decay heat removal system
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function is also substantially degraded, gradudtingeof the core will eventually occur after
boil-off of the sodium. Early power excursions precluded in this case since the reactor is
highly subcritical, and the possibility of energetecondary re-criticality events caused by fuel
relocation and compaction are the main concern.

2.3.3 Containment of Accidents inside the Primary S ystem
2.3.3.1 Extended Fuel Motion: Freezing and Plugging

The axial fuel relocation in the coolant channaisay from the core region, during a severe
accident is the main negative reactivity contrilout@at reduces the reactivity and power levels.
The extended fuel relocation from the core regmthe lower and upper plenum is strongly
influence by freezing of the molten cladding anel filnat can lead to plugging of the coolant
channels and obstruct the axial fuel relocationotJpladding failure in an unprotected LOF
transient, for example, molten fuel released neaucbre mid-plane will disperse bi-axially
through the coolant channels toward the core enus blockage formation, if it occurs, delays
the axial fuel dispersal, allowing more time foe tmolten fuel to heat and ablate the hexcan
walls, which eventually can be breached, allowlmgfuel to enter the inter-assembly space and
eventually some of the neighboring subassemblies.blockage formation during the extended
fuel relocation is dependent on both the fuel tstpé the core design, especially the length and
diameter of the coolant channels above and belevedhe and the heat capacity of the materials
present in these regions.

For oxide fuel, the coolant channels are likelyp&o'voided', i.e., there is no liquid sodium in the
core, but sodium vapor would be streaming upwardkee coolant channels. The oxide fuel,

with a melting temperature approximately 1500 Cvatihat of steel, typically has been found to
melt and entrain a layer of cladding as the fragges, forming a slug of molten cladding
traveling ahead of the molten fuel. Fuel pin clagdithin the core region may be hot enough to
preclude re-freezing, but in the cooler regionsvatend below the core re-freezing of the molten
fuel-cladding mixture can occur. Plugging then oaaur by re-freezing this molten cladding to
form a blockage farther along the channel, upwamoavnwards. This would delay further fuel
motion until the blockages had been remelted.

In contrast, the metallic fuel has a melting terapgne below that of steel. In addition, as metal
fuel is overheated it tends to form an alloy wik steel cladding that has an even lower melting
point, below the boiling point of the sodium codlarhe process of alloy formation begins while
the fuel is still inside the pin cladding and maytnue at a reduced rate while the molten fuel is
moving in the coolant channel. At the time of fpal failure, the coolant channel may still
contain liquid sodium, depending on the specifiodibons of the accident initiator. The fuel
relocation in a metal-fueled reactor usually bedpefore cladding melting, and the fuel is not
expected to become hot enough to melt and entrgicladding material near the flow front.

The alloying interaction process between the fael steel continues at a reduced rate as the
molten fuel/steel alloy that leaves the fuel pinve®along the coolant channels. At the low
temperatures near the flow front, the contact teatpees also would be below rapid eutectic
dissolution temperatures. The blockage formatiothis case, if it occurs, would be caused by
the re-freezing of the fuel/steel mixture and w#él determined by the temperature of the
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structures outside of the core region. Due to ¢kl melting temperature of the molten
fuel/steel alloy the blockage formation is lesgljkto occur in the metal-fuel case, and complete
blockage formation may be avoided altogether, déipgnon the length and diameter of the
coolant channels above and below the core anddhaiedapacity of the materials present in these
regions, as described below.

For upward fuel motion, the upper part of the addes will also be at an elevated temperature,
favoring extended fuel relocation and limited friegz Initial TOP experiments in the TREAT
reactor with fuel pins that had an upper plenungtlerof approximately 25 cm, indicate that the
temperatures above the core are high enough ttupeetarge blockage formation, and that fuel
motion would continue up and out of the assembfgcavely removing fuel from the core,
especially if there is fission gas present in thed/6teel alloy. For fuel pins with a considerably
longer gas plenum, larger blockages could fornméupper region of the assembly, delaying
further fuel motion.

For downward fuel motion, it is more likely thaetle will be blockage formation in the region
below the core due to the much lower temperaturéisat region, which would delay the axial
fuel dispersal in that direction. However, analyskan Advanced Liquid Metal Reactor
(ALMR) design with a metel-fueled core concludedttthe complete fuel penetration of a
shorter lower-shielding region, with a length opegximately 50 cm, is highly likely if the
coolant channel geometry below the core is basdtiefarger diameter typical for IFR metal-
fuel designs. These results indicate that in a lfieéded SFR a shorter lower-shield region with
larger diameter coolant channels could provideftative path for the fuel escape from the
core, possibly preventing or limiting the molterlfpenetration of the assembly wall and the
radial propagation of the disrupted fuel regioth® neighboring fuel assemblies.

2.3.3.2 Particulate Debris Bed Formation and Coolability

There are two limiting scenarios that describentfodten core debris flow downward toward the
lower plenum during a LOF event. If the structuedolv the core has large diameter coolant
channels, freezing and plugging would not subsaéintobstruct the downward flow and the
molten core material could flow rapidly from therepreaching the lower core structures in a
short time after cladding failure. If the lower eatructure, however, has very small diameter
channels with a substantial heat capacity theraohe debris could freeze and plug the channels.

For the case with large diameter channels ancittolant channels in the core have been
voided, the melt can descend rapidly into the sodilled areas below the core, driven by
fission gas pressure and, in oxide fuelled reactte®| vapor pressure. The result of the melt-
sodium contact is dependent the vigor of this adrdad on the temperature of the molten core
materials at the time of contact with liquid sodiumthe case of oxide fuel, which has a much
higher temperature than the sodium boiling poh, melt-sodium contact is expected to lead to
solidification and fragmentation with very smallrpieles. In the case of metal fuel, which melts
below the boiling point of sodium, the melt-sodigontact may result in incomplete
fragmentation or fragmentation with very small paels. Such fragmentation may improve the
lateral spreading once the materials have movednare open areas, but the melt will still have
a high rate of decay-heat generation.
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coolant channels, the melt will probably emergerfithe assembly by melt-through of the duct
wall. In that case the flow will continue withingfspaces between the ducts, with the fuel melt
displacing sodium as it flows downward and may évalfy melt through another neighboring
duct wall. Considering the difficult downward pdtin the melt and the low temperatures in the
regions below the core, it will take a relativetyg time for the fuel to reach the core support
plate and the decay heat level will be consider&ier at that time. The melt will enter the
sodium gradually, leading to complete fragmentatuath larger particles, but the degree of
lateral spreading may be small. The melt will contaonsiderably more steel than in the
previous case.

Once the core materials have moved down and abedbottom of the assemblies, a debris bed
would form in the inlet plenum. The debris bed etdlity calculations require assumptions

about the debris spread, bed porosity, and padizéeand sphericity. Experiments performed at
ANL with metal fuel and sodium [2-9] showed therf@tion of high porosity debris beds (0.76-
0.95), but the porosity of oxide fuel beds is cdasably lower. The heat generated in the porous
bed is removed by conduction, convection withoulitg, and eventually coolant boiling if the
first two heat transfer mechanisms are not suffiicie cool the debris.

Another scenario to be considered is the possiltitéit the melt entering the sodium will not
fragment or will fragment but not quench. This wibtgsult in the accumulation of a molten
pool in the inlet plenum on the core support streetlt is also possible that a particulate bed
could form initially and later form a molten podlhe study of the coolability of the molten pool
requires tracking the time evolution of the crustiation at the pool interfaces with the core
support structure at the bottom and the liquid wmdat the top. These calculations must also
include the reduction of the plate thickness duméiting, as melt-through or failure of the
lower plate in the inlet plenum would cause thetrieetelocate to the bottom of the reactor
vessel or to the core-catcher if the reactor ispgmpd with one.

2.3.3.3 Vessel Failure Mechanisms

Three potential vessel failure mechanisms have loksmified: a) pressure loading due to an
energetic power excursion, b) melting due to dioecttact with high temperature molten
fuel/steel mixture, and c) creep rupture at elay&enperature over an extended period of time.

a. Pressure Loading

Initiating phase transient analyses and/or phenofogital considerations for both oxide-fueled
and metal-fueled reactor concepts [2-1, 2-5] indi¢hat the CDAs considered do not produce
energetic severe accident sequences that challeag®ntainment during this phase. The
initiating phase encompasses the sequence of eetsccur after the accident initiation, while
the fuel assembly walls retain their integrity amdy intra-assembly material relocation occurs.
For such a loading to develop, it is necessaryett the fuel and/or sodium coolant to a level
such that rapid vaporization occurs, producingsuess sufficiently high (hundreds of
atmospheres) to cause a rapid expansion of the aagomovement of the liquid sodium above
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the core and/or the remaining structures in theeuppre region towards the top of the reactor
vessel. The impact on the top of the reactor wbakk to be large enough to break the reactor
vessel. However, the development of fuel vapat,atcurs, leads to rapid fuel dispersal and
rapidly decreases the reactivity and power of gaetor. In addition, the heat capacity ratio of
the coolant and structures to the fuel is suchtttetuel will quench following such a power
excursion without raising the non-fuel material$emperatures where their vapor pressures
become significant. Concerning the potential fatism vaporization and sodium explosions due
to direct contact with the fuel it is noted thats®events require spontaneous nucleation on
contact. The contact temperature for the oxide-fmel sodium system is well below the
spontaneous nucleation for liquid sodium [2-1], &melsame applies for the metal-fuel systems,
where the fuel melting temperature is consider&iher, ruling out the potential for sodium
vapor explosions.

Recognition of the dispersive nature of the fuetiooimmediately or soon after the cladding
failure and the absence of energetic fuel-coolatetractions during the early stages of the
accident shifts the emphasis to the Post Initiatingransition Phase. The Transition Phase is
characterized by inter-assembly material relocadioth begins when the integrity of the fuel
assembly walls is lost, Power excursions duringlitaasition Phase might result if the fuel
relocation were to add positive reactivity, eitivecore or ex-core. As discussed above,
fuel/steel freezing and channel plugging can tedpaating fuel and raise the possibility of re-
criticality and a power excursion. For oxide fuehppears likely that once the Transition Phase
started, the accident will progress until mostlbofthe assemblies are melted, and the accident
will only terminate with a power excursion thatgksses the fuel or by removing fuel from the
molten pool by draining into the lower parts of toge and beyond. The Transition Phase may
be averted altogether by providing a path for tlodtem fuel to escape to the inlet plenum and
beyond prior to the breaching of the fuel assemaifs. The concept of Controlled Material
Relocation, which involves changes in the desigtheffuel assembly, is being considered by
some SFR designers with the intention of provigaths for molten fuel to exit the core region
prior to breaching of the assembly walls that caudntually lead to the formation of a molten
pool. This concept, intended to ensure the axillfelocation to the upper and lower plenum, is
described in Section 3.

For metallic fuel, experimental results show thaigpession to a Transition Phase characterized
by inter-assembly material relocation may not oahue to the more favorable fuel dispersal
characteristics in the coolant channels of intatiggeometry. Recriticalities may be avoided
entirely and the accident terminated by early tligpersal that permanently removes fuel from
the core region. Several TOP experiments in TREAJeldemonstrated the metal fuel upward
relocation with only limited fuel freezing and paftblockage formation [2-15]. For a LOF,
scoping analyses indicated that in a metal-fuedadtor the blockage formation below the core
and thus the obstruction of the downward fuel rafion can be avoided by designing the coolant
channels below the core with a larger hydraulicraiter.

Once fuel reaches the lower plenum, where a laggién of the fuel is expected to relocate
eventually in a LOF scenario, it is necessary wues that no re-criticality occurs and the debris
bed remains coolable. The radial spreading ofuleédebris and the debris-bed characteristics
are important factors in determining the poterftalre-criticality. Neutronic analyses indicate
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that the subcritical reactivity can be maintainedreif the full core relocates to the inlet plenum,
provided that there is sufficient horizontal spliegdf the molten and solid relocated core
materials.

b. Melting Due to Direct Contact

Direct contact of core fuel or fuel/cladding mix@uwith the reactor vessel steel walls can result
in liquefaction of the steel if the fuel tempera&tis high enough. The normal melting point of
the steel is around 1700 K. In an oxide-fueled taabe fuel melting temperature is around
3000 K, considerably higher that the steel meltergperature. In a metal fueled reactor the fuel
melting temperature is around 1400 K, lower thandteel melting temperature, but chemical
interactions between fuel and the steel comporaettikely to lower the effective melting
temperature of the steel. The rapid eutectic patietr temperature is approximately 1400 K.
Melt-through of the reactor vessel might occuriiedt contact with fuel was established and the
vessel cooling was insufficient to maintain thedlowall temperature below the effective melting
temperature. If the core materials are coolabtbéninlet plenum, either as a particulate bed or a
molten pool, then direct contact between the coetdnd the reactor vessel will be precluded
and core materials can be contained in the inEtyph in a coolable state. It is noted that the
ALMR reactor provides a backup core support plateetain molten core material that would
penetrate the lower core support plate that folradlbor of the inlet plenum. The ability of the
inlet plenum and backup support plate to contagnréhocated core materials in a coolable
configuration is an important safety issue that masntioned in the PRISM PSER Final Report
[2-14], and should be evaluated more closely inristudies. The addition of an in-vessel core-
catcher that would play a similar role is a CDAIgation feature that is further discussed in
Section 3 of this report.

c. Creep Rupture at Elevated Temperature

Creep rupture of the reactor vessel subject tcagdeMtemperatures for extended periods of time
is the third candidate mechanism for vessel failArecoping analysis for a metal-fueled ALMR
estimated the static tensile stress for accideadat two locations, neglecting transient thermal
stresses. The two locations considered were theelesll exposed to the hottest sodium (near
the top just below the head), and the lower coppstt plate. The analysis indicated that at the
normal sodium boiling temperature the creep ruptiome at the top of the vessel would be
greater than 10 years. However, the lower suppat¢ pvas found to fail due to creep after about
100 hours if the fuel/steel mixture is at 1071 € teunain intact indefinitely at the fuel/steel
mixture has the temperature 721 C. These resulisate that the creep rupture failure of the
primary system structures must be considered a®ptre overall in-vessel retention analysis.

2.3.4 Radiological Consequences
The end product of the CDA consequence assessmantdstimate of the radioactivity release
outside the containment building and the associexpadsure to the public. The analysis of

radiological consequences involves several phasdsding the source-term evaluation,
secondary-containment evaluation, radioactivitpsgeort and release, and atmospheric dispersal.
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The source-term evaluation, which specifies thentjtyeof radioactive material released from
the primary reactor system, represents the greamesttainty of these phases.

In the absence of hydrodynamic disassembly ofeéhetor and/or energetic fuel-coolant
interactions, the occurrence of a benign core h@hn including fuel melting and
fragmentation and debris-bed formation on availahbiéaces must be considered in the
evaluation of the source term. If there are enaigfaces that remain coolable by conduction,
convection, or sodium boiling within the beds, tmkthe relocated fuel/steel mixture, the core
materials will remain cooled indefinitely withinglreactor vessel resulting in an essentially
negligible source term for radioactive releaséhtogecondary containment.

The processes associated with a melt-through afdheematerial out of the reactor vessel must
also be considered. These include the chemicalioeaaf the sodium with concrete and the
resultant release of water vapor from the concthtegeneration of hydrogen as a result of the
sodium-water or sodium-concrete reactions, andntieeaction of molten fuel with concrete. The
principal concern with respect to off-site radiatad consequences is the integrity of the
containment envelope due to possible buildup @il pressure, temperature, or explosive
gases. Studies have indicated that in the absdrazeengineered out-of-vessel core catcher, fuel
in contact with concrete will cause concrete mgltaimd limited penetration, due to the mixing of
the molten fuel with concrete and resulting dilatend heat flux decrease. There is substantial
evidence that the inherent response of the reatractures and mitigating features, such as
containment atmosphere venting and cleanup systeowdd keep the radioactivity release
within tolerable limits. System concepts involviognfinement combined with a filtered system
may offer a far more efficient protection than gressure-tight containment [2-10].

Containment building temperature and pressureigatssare determined primarily by the
chemical reactions of the sodium expelled fromrdaetor system and by the decay heat of
released fuel and its chemical interactions withtamment materials. The release of the
resultant noble gases and aerosols depends orithng with the containment atmosphere and
the leakage paths present. The halogens and soédsibject to removal mechanisms within the
containment, primarily dependent on aerosol medsarierosol agglomeration, settling, and
plateout can remove particulate radioactivity vdatlemoval time constant of the order of hours.
Removal of aerosols in the leak paths can alsogkignificant role in reducing the release of
radioactivity from the containment building.

The atmospheric dispersal of radioactivity aftéease from containment and the corresponding

potential exposure to individuals are calculatec¢twyventional methods used in LWR safety
analysis.
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3. DESIGN MEASURES FOR SEVERE ACCIDENT PREVENTION AND
MITIGATION

This section describes specific design featured unsthe past and proposed for the future, with
the goal of preventing the occurrence of irreveesdmre geometry or structural changes due to
an initiating event that could otherwise lead ©ORA, or, in the case that a CDA would occur,
mitigating its consequences.

3.1 Prevention of Irreversible Core Geometry or Str  uctural Changes
3.1.1 Self-Sctuated Shutdown Devices (SASS)
3.1.1.1 SASS using Magnetic or Fuse Devices [3-13]

In order to achieve high reliability of the Plambiction System (PPS), two separate shutdown
systems have in general been included in the des$igh and overseas SFRs. If the primary
system fails, a very low probability event, the@®stary system would shut down the plant if
necessary. In general, the set-points for the tiotuaf the secondary system are somewhat
higher than those of the primary system, so theas#tondary system will not be actuated if the
primary system functions correctly. To further reduhe probability of the shutdown system in
SFRs, a third self-actuated shutdown system (SA&S)heen studied extensively in the US and
other countries [3-15, 3-16]. The SASS would hasteaion set-points higher than both the
primary and secondary system, and would normaltyoeactivated if either the primary or
secondary system functions correctly. It shouldehténe following main characteristics: a)
outside dimensions identical to those of a normal &ssembly, and fully contained within these
dimensions, b) insertable into the core in any ehagibassembly location, and easily
replaceable, c) capable of introducing negativetrety with very high reliability by either
removing fuel from, or adding neutron poison to déleéive core region, d) actuated inherently by
either coolant temperature or power level, e) cipabpreventing core disruption for all
anticipated low probability initiating faults by stting down the reactor prior to loss of coolable
core geometry (the system is not required to prefush damage under all circumstances), f)
insensitive to core deformation and seismic evey)tbaving a small impact on core
performance as regards both neutronics and thdmgakulics, h) having a system lifetime
equal to or longer than that of the core, i) testéloth ex-core and in-core and re-settable.

In any SASS the following essential functions cardistinguished: 1) the sensing function, 2)
triggering logic function, and 3) lock-release otuation function. For the sensing-triggering
function, devices based on three different priresphere identified in [3-13] as being promising:
1) melting-point-operated devices, including fusBderromagnetic Curie-point-operated
devices, and 3) thermal-expansion-operated devices.

Conventional fuse-type devices have the meritrop$e designs. They have, however, two
important disadvantages, namely: 1) the fuse ig@lg=d in the process of its actuation,
precluding the possibility of testing the deviceda) in order to obtain a short time response,
the fuse device has to be operated close to itsnggloint, which limits the force that can be
applied without incurring excessive creep. The nposinising device is the Curie-point-
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operated device which has been described in [3-1%] and is further discussed below. This
device is also the basis of the SASS adopted fuankse SFR described later in Section 4.
Thermal expansion devices were examined but warsidered the least promising, and little
effort was spent on their development.

Table 1 provides an overview of some important SAS8Sgn options, and the choices selected
in [3-13] are indicated by asterisks. These choiwer® used to define the SASS characteristics
and examine the interaction between the SASS artét reactor system. The conceptual
design analyzed, shown in Figure 2, had the folhgwnain characteristics:

a) The absorber material in pin bundle configurat®held above the core, partially within the
upper blanket;

b) The absorber is held by a ferromagnetic Curietpaperated device, which combines the
sensing, triggering, and lock-release functions;

¢) The heating of the ferromagnetic yoke for protecagainst LOF accidents is provided by
two peripheral rows of fuel pins which heat up soeium;

d) The heating of the ferromagnetic yoke for protecagainst TOP accidents is provided by
fissile material located in close contact with jiodke.

The physics evaluation of the SASS was performeid reispect to the CRBR plant and included
the determination of the optimum absorber enricitraed position, and an assessment of the
impact on core parameters. The calculations werfenmeed for first and equilibrium CRBR
cores. It was found that the overall worth of a SASsembly increases with the enrichment of
the Boron (B-10) used, but the worth increase be&somarginal at about 75% B-10 enrichment.
With this enrichment, the highest worth positioasthe CRBR inner core were located in the
5th fuel ring, with worth 3.37 dollars. The centflak positions of the 5th ring are most desirable
since they have a high reactivity and minimum iatéon with existing control rod assemblies.

The replacement of two CRBR inner core fuel assmslily SASS assemblies results in two
basic reactor parameter changes: a) the firseiseimoval of a small amount of fuel from a high
worth region, b) the second is the placement aftstmntial amount of absorber material in the
upper axial blanket. Removing a small amount ohhigrth fuel reduces the excess reactivity
which in turn shortens the operating cycle leng@thio SASS assemblies would reduce the
normal cycle length by 20 days. This can be comgexsby a small increase in the core
enrichment of 1.5%, which would keep the initiatleylength the same. This in turn would
lower the reactor breeding ratio by 2.8%. The aoldiof SASS control poison in the axial
blanket degrades the neutron economy and deprées#ax. Two SASS assemblies positioned
at central flats of the 5th ring result in a 5.58duction in axial blanket breeding and a 0.6%
reduction in overall reactor breeding.

Accident analyses using the SAS3A code were caoigd3-17] to evaluate the performance of

a SASS for an LMFBR based on the CRBR design. Fours the insertion of negative

reactivity was initiated 0.5 sec after reachinggbepoint and was assumed to be linear, at a rate
of -8 $/s up to a value of -4.0 $. From the anayserformed it was concluded that core damage
can be averted by using a SASS for the postulatedients.
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Table 1 Primary Design Characteristics of SASS
(tentatively-preferred options marked by asterisks)

Characteriscics

i

Concept Type

e e S

Design Options

(1) Combine Sensing, triggering, and lock-release funec-
tions*, or (2) combine sensing and triggering functions,
keep separate lock-relesse function

Senmsor—-trigger type

{1} Melting-point-operated device, (2} ferromegnetic
Curie—point-operated device¥ or (3) thermal-expansion-
operated device

Insertion force

(1} Gravity#*, (2) spring, (3) poneumatic, (&) hydraulic, or
{5) explosive

Beactivity conmtrol

(1) Abgorber ilnsertien®, or (2} fuel removal

Form of reactivity
control material

(1) So0lid block with perforations, (2) FRod bundle®, (3)

Type of reactivity
control material

articulated (chain) configuratiom*, {4) balls, or (5)
liquid

{1} Fuel, (2} boron carbide®., (3} tantalum, or (4) euro-

prium oxide
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3.1.1.2 SASS using Hydraulically Supported Absorber Balls [3-14]

A SASS which relies on hydraulically supported abso balls has been studied at the Atomics
International (Al) division of Rockwell Corp. Thagystem, referred to as Inherent Shutdown
System (ISS) is both completely independent andrdevfrom the regular safety rod systems,
and thus provides the core protection even in xtiemely unlikely event of a common-mode
failure of the rod-type systems. A number of colenahsmall tantalum balls (~0.25 in.
diameter) are held above the active core regiothéyeactor coolant flow. These columns
automatically fall into the core and shut the readbwn if the coolant flow of the reactor is lost
during a LOF event. A thermally-actuated valve witbach ISS assembly interrupts the flow
and causes the system to shut down the reactorgdarTOP event.

The reference ISS concept consists of small tamtdlalls which are hydraulically raised by the
reactor's coolant and stacked above the activeiosige a hexagonal assembly housing. The
sodium pumps are slowly ramped to the reactoddléw rate to achieve complete stacking.
Once complete stacking is achieved the reactor fiawbe reduced as a flow as low as 40%
nominal without any balls falling back into theigetcore. A Curie-point temperature-operated
magnetic device containing a fissile material teigp located below the core. In the event of a
TOP one portion of the magnetic device will ovethaad release a plug that closes the coolant
orifice causing the balls to fall into the coresghematic of an LMFBR with an ISS is shown in
Figure 3, and the ISS subassembly is illustratdeigare 4.

The main components of the ISS are the absorbksrdrad the flow shutoff valve. The length of
the absorber ball column section is twice the lerudtthe active core. The absorber balls are
usually stacked above the active core to a heigileto the length of the active core, and when
released into the active core they completelytfilheight. The absorber balls are prevented from
going out at the top of the assembly by a gratedbiatains coolant passages with a diameter
smaller than the absorber ball diameter. A singlate at the bottom prevents the balls from
dropping below the active core. A cylindrical tubaised in the center of the ISS subassembly
allowing part of the coolant to bypass the colurhalsorber balls. This central bypass tube
contains perforations along the upper section sparding to the length of the absorber column.
The length of this perforated section determinesditopout characteristics of the system in
response to a decrease of the coolant flow rate.absorber balls used in the reference design
are made of tantalum since it has the highest teosthe common neutron absorber materials
and would have a shorter drop time. Their sizeJ2) is a trade-off between the drop time of
the ball column and the sodium flow rate requiretkevitate the balls.

The other main component of the ISS is the flowtstivalve which consists of a thermally-
actuated plug that is pushed upward by spring wheremperature of a section of the device is
raised above the Curie point of its material, shgtoff the coolant flow through the ISS
subassembly and causing the absorber ball colurfatl iato the active core. By placing a fissile
material in one part of the magnetic circuit theperature of that section increases rapidly when
the neutron flux increases during a TOP event.

The ISS was designed with a control worth of 1%addy, and a total of 5to 7 ISS
subassemblies was found to be needed to meetabiiviy control requirements for the CRBR-
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type reactor considered. Analyses of both LOF a@é& Events with failure of the normal reactor
scram indicated that the ISS can adequately shwih dioe reactor and protect the public during
these events. The ISS subassembly is very simpléasno connection with the top shield.
Therefore, during a seismic event, no parts ottherol mechanism need to move through the
top shield area, or between that area and theeactike, in order to scram the reactor. Even if the
core is severely distorted and the normal cont/dércannot enter the core, the absorber balls
would still drop into the active core since theg gery small and can move through extremely
distorted channels.

Since the ISS subassemblies can operate with #otorepower varied from 40% to 100%, no
penalty is associated with the normal plant openatif 7 ISS subassemblies are added to a large
LMFBR, the fissile inventory of the reactor wouldve to be increased by 0.18%. The sodium
flow rate through each of these assemblies is awauthirds of the flow rate of a normal fuel
assembly. Since the sodium is not significantlytb@as it passes through the ISS assembly, the
sodium outlet temperature from the core would heekesed by about 3 F by the addition of 7
ISS assemblies.

The ability to maintain some of the reactor compus@nd repair them may be affected by the
use of this system since some corrosion produats the tantalum absorber balls will be
transported through the primary system by the cd@ad deposited at various places. Since the
tantalum will be partially transmuted to radioaetiVantalum 182, this material will be carried
around the primary loop and cause it to become atm@eradioactive. Calculations have
indicated that if pure tantalum is used, its caomesate could cause the IHX to become too
radioactive for hands-on maintenance. However téichexperimental data indicates that a
tantalum alloy, T111, which is 90% tantalum, 8%gsten, and 2% hafnium, would have
substantially lower corrosion rates. An alternativay be to use absorber balls that are vapor
deposited with chromium, which would lead to vettyd radioactivity transferred to the primary
loop.

Major uncertainties associated with this systenuthe: ball jamming possibilities, absorber ball
self welding, absorber ball corrosion rates, anéliable flow shutoff valve design. Another key
uncertainty of this device is the actual absorhseeition rate during realistic flow coast-down
rates when the reactor pumps are tripped. A numbadditional water, sodium, and irradiation
experiments are recommended in [3-14] to furthedysthe characteristics of this system.
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3.1.2 GEMS [3-1, 3-2]

The concept of the Gas Expansion Module (GEM) dewas introduced to increase the margin
to boiling in the core by introducing negative rddty, and thus help lower the power level in
the core, if the main coolant pumps malfunctiostop. The negative reactivity introduced by
GEMS is used to overcome the positive Doppler rei#gin the case of an unprotected LOF in
oxide-fueled cores. Lower operational fuel tempaes in metal fueled cores yield a smaller
positive Doppler feedback in an LOF, so the GEMasneeded. The GEM is essentially an
empty assembly duct at the periphery of the cdtedfwith an inert gas, sealed at the top and
open at the bottom, which is connected to the bayle-pressure inlet coolant plenum. Sodium
voiding at the periphery of the core causes a mnegetactivity feedback due to the decreased
neutron reflection and resulting increased neulgakage from the core. When the pumps are
operating, sodium is pumped into the GEM at thédmot and the trapped gas is compressed into
a region which is above the active core. Sodium thexupies the portion of the GEM adjacent
to the fueled region of the core. If the pressarthe core inlet plenum drops, as would occur
during a flow coastdown, the gas region expandsngeaxd into the core region and increases
the voiding in that region. Since the GEM assensldiee placed at the periphery of the core,
typically in the first row of reflectors, this effeadds negative reactivity and contributes to
inherent reduction of the core power thus increagie margin to coolant boiling. Since the
reactivity worth of the GEM assembly depends onctienge in neutron leakage, this device is
dependent upon core size, with generally lower Givth per assembly as the core size
increases.

In order to demonstrate the effectiveness of th&lG&estinghouse Hanford Company (WHC)
carried out a series of tests at the Fast Flux Fasility Reactor (FFTF) in the 1980s. This was a
series of unprotected loss of flow tests (LOF/W®8n power levels up to 50% (200MWh). It
was part of the Inherent Safety Test (IST) progeafiFTF. There was also a pump start test to
demonstrate that the reactivity transient is befogran inadvertent pump start-up event. A
number of GEM devices were built and six were labitko the reactor, equally spaced
azimuthally at the core periphery. After prelimipsests for feasibility, the LOF/WOS series
was carried out. The first set of tests was withwfcoast-down to primary pump pony motor
flow level and then the tests were repeated widstdown to natural circulation level. Tests
were run from fractions of full power up to 50% pawThe maximum coolant core outlet
temperature for the two series was < 950F. The teste limited by temperature limits which
prevented further tests starting at initial powerager than 50% of nominal full power. The
results show the margins that can be achieved.e¢gulest modeling of these tests, which
included the reactivity feedback from the resparfsthie GEM devices along with the other
reactivity feedback phenomena such as radial ograresion and control rod driveline
expansion, was used to provide initial validationdomputer codes such as SASSYS/SAS4A
[3-36].

GEMs were also proposed in the GE PRISM design,gidahe DOE advanced liquid-metal
reactor (ALMR) project, for use if an oxide fuelreovas used. During the interactions with the
NRC, issues were raised about the possibility diragito the overall risk by the introduction of
GEMs and the qualification of the GEMs. Inadvertgatrt-up of a primary pump from near
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critical conditions could result in positive reaty insertion, and leakage of the GEM gas with
migration of the gas bubbles into central regioinhe core could add to the overall risk.

3.1.3 Natural Circulation Decay Heat Removal

Both pool-type and loop-type SFRs will require rehuedundant auxiliary cooling systems
(ACS) or decay heat removal systems (DHRS) to remtecay heat generated in the core and
transferred to the primary sodium coolant duringgiree shutdown and emergency conditions
when the primary heat removal system has faildoe ACS must be designed with enough heat
removal capability and redundancy to ensure tha@ficanticipated transient event, such as a loss
of flow (LOF) or loss of heat sink (LOHS), eitheitlwor without scram, system temperatures
would remain low enough so that a significant matgicore damage due to overheating the fuel
or cladding would exist. Depending on the evdrg,dore may still be expected to remain in an
operable condition with no fuel deformation or rmgjtand no cladding failures.

The capacity of the ACS is a design choice, antddejpend on other aspects of the reactor
system design and the anticipated transientsttiaall be expected to accommodate. The ABTR
Preconceptual Design Report [3-27] states as oite bése requirements that “...the design
shall have a passive means of negative reactivéigrtion and decay heat removal sufficient to
place the reactor system in a safe stable stasptmified anticipated transient without scram
(ATWS) events without significant damage to theecor reactor system structure.” The term
‘passive’ means a system that does not requiretannal action, i.e., a system which would be
‘active’, to have the system function. What quasifas “significant damage” is not defined,
although it is likely that it is expected to mehattassembly and fuel pin geometry was still
maintained, so that there is no permanent damathe teeactor. This would allow for some fuel
damage or deformation, such as would occur fortmeged fuel pins, and would render the core
inoperable until all of the damaged fuel was repthc

In order for the reactor to survive an ATWS eveithaout cladding damage, the ACS would be
required to be designed and function with adegbeéd removal from the primary coolant and
subsequent primary coolant natural circulationdigiothe core. As the core and primary
coolant continued to increase in temperature duhegransient, sufficient inherent negative
reactivity feedback effects would be required totstown the reactor. The heat removal,
natural circulation, and reactivity feedback mustshfficient to maintain the reactor core
temperatures below the failure limits of the clawgliand the primary coolant below the local
and bulk boiling temperatures.

Reactivity feedback from fuel Doppler, coolant dgnsaxial expansion, radial expansion, and
control rod driveline expansion would be considaredetermining the overall inherent
reactivity effect at the given reactor conditiohe net reactivity change from the combination
of the individual effects is not expected to bgéaj3-27] and must therefore be well understood
and defendable. Allowing for coolant local or bbliling would cause voiding in the core
region and the addition of potentially significamhounts of positive reactivity (>$1.00), which
have unacceptable consequences. Negative reépetidition for metallic fuel extrusion,
allowing for more neutron leakage, could be a sigat driver for using metallic fuels. Other
passive features such as GEMS or SASS would neeel évaluated from a nuclear safety
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related equipment basis point of view. The robt these types of additional features would
play in evaluating the transient behavior and c¢rediaccident progression would need to be
further investigated.

3.1.3.1 Direct Reactor Auxiliary Cooling System (DRACS)

The Direct Reactor Auxiliary Cooling System (DRAG&)s patented in 1982 by Westinghouse
Electric Corporation [3-31]. The DRACS is simpljiguid metal to liquid metal heat exchanger
placed in the cold plenum downcomer portion ofjaitl metal fast reactor. An air cooled to
liquid metal secondary heat exchanger, locateddritsf the reactor vessel, removes the heat to
the environment via an exhaust stack. By locatiegprimary heat exchanger in the cold
plenum, the heat exchanger acts to maintain tleeglehum temperature lower than the core and
hot outlet plenum coolant temperature. The lowerderature, higher density coolant in the cold
plenum establishes a pressure head for naturallairen flow through the reactor core.

Although forced flow can be designed into the DRASIant and air coolant flow paths, a
more passive approach is to incorporate naturatexiion flow for both flow paths.
Electromagnetically latched flow dampers limit tieflow through the secondary heat
exchanger during normal operating conditions, limgitheat loss through the DRACS, but
allowing for natural circulation flow to be maint@&d during normal reactor operations, ensuring
the availability of the system when needed. A laissower or scram would de-energize the
flow damper latches to allow for full operating cltions to be established. A manual actuation
of the flow damper can also be incorporated ineodésign.

DRACS can be used in both pool-type and loop-tigned metal reactors. Four DRACS are
proposed in the pool-type ABTR concept [3-27] vitihree being required for adequate heat
removal capability and one spare for redundandye Japan sodium fast reactor (JSFR) loop-
type concept [3-28, 3-29] proposes to use one DRAGSBtwo primary reactor auxiliary cooling
systems (PRACS), one in each leg of the dual-lmowept. The PRACS units are very similar
to the DRACS. The difference is that the PRACSda®Egned to fit within the upper plenum of
the intermediate heat exchanger (IHX). Naturaiwation flow is established though the cold
leg inlet piping to the inlet plenum of the reactore. The DRACS operation is similar to that
described above, with natural convection flow depel within the reactor vessel. A similar
concept was used in the EBR-II reactor, which idethitwo shutdown heat removal loops, with
the sodium/sodium heat exchanger placed in theisogdpol, as illustrated in Figure 5. Other
SFR concepts [3-30] include DRACS units in theisige for backup decay heat removal, when
the primary heat removal system is inoperable.

The positive aspects of the DRACS are that, siniselocated within the primary coolant and

can be made passive, it is both efficient at remgwieat and reliable and it can be scaled and
used in parallel with other units. The DRACS cardesigned with essentially no moving parts
and natural flow convection through all flow pathEhe negative aspects are that: a) additional
penetrations must be made through the primary Ldsste primary heat exchangers must be
accommodated at the appropriate locations witherrélactor vessel, and c) the power losses due
to continuous passive operation are larger thasiplesalternatives described in below in

Section 3.1.3.2.
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The Advanced Burner Test Reactor (ABTR) heat rerhowacept is shown in Figure 6. Four
DRACS are proposed in the ABTR concept [3-27]. Wifitree of the four operating, 0.5% of the
total reactor power can be removed from the princagiant. The ABTR concept uses NaK as
the secondary coolant, which has a melting temperatf -13C versus 98C for Na. Using

NaK ensures that that the DRACS coolant will ndidsiy at nominal atmospheric conditions.
The pressure in the NaK flow path is higher thaNa primary coolant to ensure that a leak in
the primary heat exchanger will not allow primaoptant into the DRACS. Each of the four
DRACS units is rated to 0.625 MW or 0.25% of thik power rating of the ABTR (250 MW).

At normal operating conditions, the units run at ~dPtheir full cooling capacity (~6 kW each).
This allows for the natural circulation flow to bstablished in the NaK secondary coolant and in
the air tertiary coolant, with the system readyifomediate full operating conditions while
limiting heat losses from the system.
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Accident analyses using the SAS4A/SASSYS-1 commdde have predicted that the DRACS
units are capable of removing sufficient heat ghelh the LOF event with scram and without
scram will not result in any fuel or cladding dareag the core.
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The JSFR heat removal concept is shown in Figur&s/stated previously, the JSFR concept
uses one DRACS and two PRACS. The systems worikasiynto the ABTR concept with the
major difference being that Na is used as the eatestead of NaK. Accident analysis results
predict that the heat removal of the DRACS and PRASCsufficient to prevent fuel or cladding
damage for both protected (where the scram sysparates) and unprotected (scram system
fails to operate) anticipated transient conditioRsr the unprotected conditions, the additional
SASS feature decouples the control rods allowiegntho be inserted into the core and shut
down the reactor.

In conclusion, the DRACS concept appears to bdastcand reliable approach for auxiliary
cooling of the SFR in both the pool-type and logpet configuration. Since the concept uses
tube and shell type heat exchangers and natucallaiion, the approach is scalable to larger
systems. Multiple units can be employed for redunay and the passive nature of the concept
allows for high reliability. Accident analysis hslsown that for ATWS events, the heat removal,
combined with the natural circulation though theecand negative reactivity feedback, can
effectively prevent accident progression to conmage.
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3.1.3.2 Reactor Vessel Decay Heat Removal System (RVDHRS) [3-3, 3-4]

The reactor vessel decay heat removal system (RV@HERa system which removes heat
passively from the reactor containment (guard) edsg the natural convection of air flowing up
past the outside of the vessel. ALMR designs «tilithe RVDHRS as the safety-grade system
for removing residual heat from the reactor ca@ere heat is conducted through the reactor
vessel wall from the sodium coolant and transfea@@dss the argon gas gap between the reactor
vessel and the containment vessel to the reactwaicmnent vessel. This heat is passively
removed by the air flow around the outside of thietainment vessel with natural convection of
the heated air to the ultimate heat sink whiclhédtmosphere above the below-grade silo. To
complete the passive air flow loop, cooler air frihra atmosphere is concurrently drawn
downward to the bottom of the silo, where it iswent inward and upward to flow around the
outer surface of the containment vessel. The RVDIi#RBerefore completely passive and
always in operation.

In the case of the ALMR design, the design predingishowed that the RVDHRS is able to keep
the reactor vessel temperatures below the ASMEi&@ebevel C limits for the RVDHRS
design-basis event. This event involves a react@ns with only RVDHRS cooling. The
RVDHRS handles the design basis event and brirggsetictor to hot standby but in
considerably longer time than 36 hours. The tenipeza are above the ASME Service Level B
limit so the potential for damage to internal comguats during these events was noted by the
NRC, but the design duty cycle anticipated only sneh postulated event during the 60 year life
of the plant .The temperatures are also elevatétkisilo, so in the view of the NRC, the
materials utilized in the silo will require substiahjustification. Blockage of the RVDHRS
passages was postulated as the most crediblesfailode of the RVDHRS.
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To resolve the postulated issues and to confirndéseggn performance of the RVDHRS concept,
Argonne National Laboratory (ANL) carried out aissrof RVDHRS tests in the Natural
Convection Shutdown Heat Removal Test Facility (NpWwhen the ALMR program was
terminated The NSTF is a large-scale test fadidibated on the ANL site. The facility was
originally developed to provide confirmatory datet the ALMR RVDHRS design. The NSTF
has a full-scale vertical segment of the air-siithe ALMR RVDHRS system, with electrical
heaters in the lower part to simulate heating ftbenreactor vessel. The principal components of
the facility are the structural module, electriates, instrumentation, insulation, and a
computerized data acquisition and control systéigure 8 is a schematic overview. The key
features of the structural module are an inletisech heated zone that mocks up the exterior of
the reactor guard vessel and the collector (duatl) fsurrounding the guard vessel) of the
RVDHRS, and an unheated stack or chimney. Alligest with the exception of the inlet
section, are thermally insulated to minimize pdiasieat losses to the environment.

The objectives of the RVDHRS tests at NSTF werassess: (I) the air-side thermal-hydraulic
performance of the system; (Il) its performancearrdkgraded system operation (partial to
complete blockage of the system inlet); and itsquarance under different wind conditions
including high wind gusts. The Phase | tests weréopmed with smooth and finned wall
surfaces in the rectangular heated test sectiotatahof 71 tests (runs) were performed with the
smooth configuration, and 41 tests with the finoedfiguration. The data from the 71 tests for
the smooth wall surfaces were used to develop attassfer correlation of the Dittus-Boelter
type. Due to ALMR program termination, the Phasests were not carried out, but some
blocked air inlet experiments were performed. Aprafgram termination, it appeared that the
RVDHRS system could be a viable approach for an ACS
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3.1.4 Core Restraint System Design for Negative Po  wer/Flow Coefficient
Reactivity Feedback

The radial expansion of the core is caused bydtmrtemperature distributions present in the
core, both within each assembly and from assensbgsembly. Changes in the core
temperatures cause changes in the dimensions obtkestructures, which lead to changes in the
radial core dimensions and an associated reactegiyback. The mechanism that underlies the
radial expansion is the behavior of a fuel subabbein the presence of temperature differences
between the six sides of the assembly hexcan. Afnelsubassembly will be nominally straight
when inserted in the reactor. As power is increagetdsubassembly will experience both axial
and radial temperature gradients through the aay®n. The radial and axial temperature
gradients arise from the corresponding variationgsawer generation, both between
subassemblies and within any given subassemblyseltaenperature gradients will cause a
deflection of the subassembly from the verticatause each hexcan wall will potentially have a
different axial temperature distribution and consagly each wall could have a different length.
The tendency of some hexcan walls to have a greatgth than the opposite wall results in
creating stresses within the hexcan walls and dafie of the subassembly from vertical. The
direction of the subassembly deflection dependherirection of the net radial temperature
gradient considering all six walls of the hexcaithvan unrestrained subassembly deflecting
from the vertical towards the regions of lower temgtures. The net radial temperature gradient
is zero in the lower region of the fuel subassemidgigre no power (heat) is being generated,
increases approximately linearly through the ceggan due to the power generation, and is
assumed to then remain approximately constant&imgper region of the assembly, retaining the
temperature differences between each wall of tikedrethat exist at the top of the core region,
again since no power is generated in that regionddify the hexcan wall temperatures. Any
changes in reactor power will cause the radialandl temperature gradients to change in
proportion to the reactor power, and will thus témahcrease the radial deflection of the fuel
subassemblies, especially in the upper regionseo$tibassembly.

The radial deflection of the fuel subassemblieslmmaaffected by the core restraint system,
depending on how the core restraint system is dedig The goal of the core restraint system is
to provide a confined geometric boundary for theeubassemblies to limit or eliminate
reactivity fluctuations associated with radial ssdembly movement during operation and to
facilitate loading and refueling by assisting irspioning the assemblies. The design of the core
restraint system will also determine how it intésaeith the core assemblies to define the core
geometry during operation and is essential in dateng the reactivity feedback that will be
generated from the changing radial dimension ottre as a result of changes in power or core
temperatures, including conditions that occur dyoff-normal or accident events. For
simplicity, the core restraint system can be vigeal as a ring, or multiple rings, which surround
the core at one or more elevations, and which lingtradial expansion of the core
subassemblies at those elevations. The driverkbtareflector, shield, and control
subassemblies may have ‘load pads’ (i.e., thicketiens of the hexcan duct) at the elevations of
the restraint rings and at other elevations asetwatkpending on the design of the core restraint
system.
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The core restraint system must be designed tatieilinsertion and removal of the
subassemblies by having sufficient net clearantedsn the core subassembly load pads and
the restraint ring(s), which is maintained at itahdby conditions used for refueling operations.
The clearances at hot standby are made large enowgisure that the subassemblies can be
removed and inserted within the limit of force alkxl by the design of the subassembly and the
refueling machine, even in the presence of irraahagffects which permanently deform the
subassemblies, reducing or eliminating the interdiegrances at hot standby and making them
more difficult to remove from the core during rding. The clearances should also be chosen to
be small enough so that the subassemblies wilbleeta bend in response of the radial
temperature gradients, as described above, uatil#arances are closed, the subassemblies are
tightly held, and as a result the core geometfixesl and not subject to random variations, i.e.,
core geometry is ‘well-defined’. If the core resitt system is properly designed, as power is
increased beyond the point where all the availelelarances have been closed, which typically
occurs at about 75-85% of nominal full power, tobassembly begins to take a different shape,
providing a reliable increase in average core dtama response to increases in core
temperature, which decreases core reactivity,ishategative reactivity feedback. Such changes
in the core geometry and the associated reactieityeases were shown in analyses of the FFTF
reactor and verified by the experimental data. dlhiéty of a SFR to incorporate a core restraint
system design that introduces a negative reactiwégiback in response to power-to-flow ratios
or temperatures above nominal was also shown togwgentially significant contributor in
achieving a safe inherent reactor response to eatcabnditions, resulting in benign termination
of such postulated unprotected accidents.

In general, the number and location of the subalskelmad pads and core restraint rings is a
design option and has varied from one design tméx¢, as did the number of core restraints. As
described, certain arrangements will result in aenfavorable reactivity feedback due to radial
core expansion, enhancing the ‘'inherent safetyachexistics of the reactor.

3.1.5 Control Rod Driveline Design for Negative Rea  ctivity Feedback

The control rod drivelines connect the control doives located outside of the reactor with the
control rods in the reactor core. The control dosles are typically located above the reactor
vessel, either on the reactor vessel closure paradtype plant or on the reactor vessel head for
a loop-type plant. In both cases, the drivelinesiaside the reactor vessel, and pass through the
outlet sodium plenum directly above the subassesblAs a consequence, the drivelines are
heated by the sodium leaving the core. At steaaly£onditions, the drivelines are heated to
the nominal temperature of the outlet plenum, widetermines their length. The control rod
drives position the control rods in the core by mgwhe control rod drivelines, so that a given
control rod position in the core will be associatégth a length of the control rod driveline and
the position of the control rod drive itself. lfet temperature of the sodium exiting the core
subassemblies changes, the temperature of theotoodrdriveline will also change, which will
in turn change the length of the control rod diive] and as a result the position of the control
rod in the core and the reactor core reactivithiug, an increase in the outlet plenum sodium
temperature will effectively insert the control sofdirther into the core to provide a negative
reactivity feedback. Since an increase in sodiemmpierature will occur in many accident
situations, the thermal expansion of the contrdldavelines has the potential to be a significant
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contributor to the negative reactivity feedback teaneeded to allow the reactor to inherently
respond to such accidents leading to a benign textion. There is also a relation between the
control rod mechanism expansion and the axialdyphnsion discussed above, as noted earlier
in Section 2.2.1. As the fuel expands upward duedreased fuel and cladding temperatures,
this effectively causes an insertion of the contool adding negative reactivity.

However, if the control rod drives are supportedlmvessel head, while the core is supported
by the vessel walls, the relative position of tbateol rod drives and the reactor core is
determined by the reactor vessel itself, and tlaiihg of the reactor vessel walls will also
change the relative position of the core and conts. For example, if the reactor vessel
temperature increases, the core will be loweredydwan the control rods, which is equivalent
to withdrawing the control rods from the core, avilll lead to a positive reactivity addition. As

a result, the net reactivity effect of the inhenervement of the control rod drive line by the
entire reactor vessel and control rod drive systeresponse to temperature changes is
determined by the sum of these two reactivity congmts. The design of the control rod
driveline provides an opportunity to increase negateactivity feedback in response to core
temperature changes. In all cases, though, itp®itant to note that the heating of the control
rod driveline can occur very rapidly, as in thelgatages of an accident, while the heating of the
reactor vessel occurs over an extended time. Tdetivey feedback from relative motion
between the control rods and the core is often 8ebe significantly negative shortly after the
initiation of an accident, providing substantiagjagve reactivity feedback to reduce core power,
but eventually can become less negative, or evghtlsi positive at times well after the initiation
of the accident if there is a large increase intémeperature of the reactor vessel. Conditions in
the reactor are changing very slowly by that time.

3.1.6 The Impact of Sodium ‘Void’ Worth

As discussed in an earlier section, the effecteactor core reactivity due to sodium boiling,
which would replace the liquid sodium coolant wstidium vapor (‘voiding’) can be very large
depending on the reactor design. For a compaatitranically-efficient’, fast reactor core,
where the ratio of the surface area of the envetdee active core to the volume of the active
core is relatively small, the total sodium void #ocan be as high as 6-8% of positive reactivity,
and can be a function of design choices such atypleeof fuel (oxide, metal, carbide, nitride).
The void worth varies considerably with locatiortie core, from significantly positive near the
center, to much lower values or even negative wadiehe top and bottom of the core.

The possibility of large-scale voiding as a res@ikéxtremely unlikely or unforeseen events, e.g.
multiple ruptures of inlet coolant pipes, cannoebéirely dismissed. Such voiding has the
potential to introduce substantial positive reatti$4-$6) in current SFR designs and could
present an obstacle to their licensing becausieopotential for severe reactor damage and of
the resulting risk to the public. For this reastiere remains a strong incentive to minimize the
reactivity that can be added if sodium boilingngiated, and thus to minimize the consequences
of voiding in the extremely unlikely event thabitcurs [3-32]. Since the sodium void worth is
affected by the design of the reactor core, a latgaber of studies [3-33, 3-34] have evaluated
the sodium void worth characteristics of differegsctor concepts using different core
geometries and compositions to reduce the sodiudhreactivity. For core geometries that have
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a larger surface area of the envelope of the active relative to the core volume, the sodium
void worth can be lower, or even negative. Thitymscally accomplished by shortening the
height of the active fuel region of the core whilereasing the diameter so that the core volume
is the same. The difficulty with measures to regdtihe sodium void worth is that they also affect
other aspects of fast reactor performance. A oeadth a lower sodium void worth typically

has:

1. alarger change in reactivity during an irradiatoycle, leading to the need for more
control rods, possibly of higher individual readtwvorth;

2. ashorter irradiation time between refueling, legdo a lower capacity factor;

3. aphysically-larger reactor for the same power ggian.

The design changes for reduced void worth tenckt@lize the overall reactor safety
performance. For example, the larger reactivityngeaincreases reliance on reactivity control,
and a short core increases the sensitivity to obndd motion. These trends are unfavorable to
safety performance in several classes of accidsat$, as TOPs and seismic events.

The question is one of determining whether a reaxioe with a positive sodium void worth,

even as high as 6-8%, represents a significargréifice in safety performance from a reactor
core with a much smaller or negative sodium voidtioIn making such an evaluation, it is
important to remember that the sodium void reaistiig only one component of overall

reactivity feedback, and it is the total reactivisgdback that will determine accident progression
and consequences. In the PRISM PSER Final repdd]2he NRC staff has concluded that the
consequences of events that could lead to coregaasa result of the positive void coefficient
should be analyzed, and the results of these ambensidered in the context of the overall risk
of each reactor design.

The reason that the sodium void worth is a sigaificsafety concern is that once sodium boiling
is initiated, as may occur only in very low proldapiaccidents, the increase in core reactivity
due to sodium voiding will result in a rapid incsean reactor core power. At the same time the
fuel is no longer adequately cooled since sodiupové much less effective at removing heat
than liquid sodium and, in such accidents as thatacted LOF, the coolant flow rate
decreases. Depending on the detailed evolutidheohccident sequence, the fuel pin will tend
to overheat leading to fuel and cladding meltind eelocation. Because the fuel relocation in the
coolant channels, following cladding failure, isngeally dispersive introducing large amount of
negative reactivity, the importance of fuel relacatreactivity effects tends to quickly overcome
the importance of the sodium voiding effects. Hogreduring a very short period following the
cladding failure (a few milliseconds) the in-pirefuelocation effects are of comparable
magnitude with and may even dominate the negatiaetivity effect of the still accelerating
dispersive fuel motion in the coolant channelh# tladding failure is located near the core
center line, the in-pin fuel relocation may intradyositive reactivity, with the net result being
that for a very short period following the claddifagjure the net fuel reactivity contribution
decreases very slowly or is slightly positive. Ténesactivity effects are discussed in more detail
in the subsequent sections of this report. Howdherrate of insertion of sodium void reactivity
plays an important role in determining the net tiedg and power level at which the fuel

melting and relocation is initiated, which in tudatermines the amount of energy produced
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before the negative fuel reactivity will shut dotine reactor. If the sodium voiding reactivity is
such that the fuel pin failure occurs when the eeeetivity is near one, the very early fuel
positive reactivity contribution, combined with tbentinued sodium voiding, can lead to a short
lived power excursion which is terminated by thgatese reactivity due to the fuel dispersal in
the coolant channels, which quickly becomes dontiran the other hand, if the pin failure
occurs at a reactivity level which is well belovoppt critical the initial fuel relocation

reactivity contribution and continued sodium voglare not sufficient to increase the reactivity
above prompt critical before the negative reagtidiie to fuel dispersal in the fuel channels
becomes dominant, and a power excursion does ©at.oc

The amount of sodium voiding reactivity that mayifiteoduced during an accident if sodium
boiling were to occur depends on both the spaidtion and extent of the boiling and on its
timing. First, the sodium void worth has a stropgtgal dependence in the reactor core. The
central region of the core typically has a highifes sodium void worth, while the outer
regions have a negative sodium void worth, evermafoore that has an overall significantly
positive sodium void worth. This spatial variationsodium void worth is extremely important
in understanding the impact of sodium voiding ocident progression. Second, by definition,
sodium voiding during an accident will occur fivghere the local sodium temperature reaches
the local sodium boiling point. Since the boilipgint is a function of pressure, the sodium
boiling point is lowest at the top of the core dmghest at the bottom of the core even under
static conditions. When full coolant flow is stiVailable, the pressure drop across the core
increases this difference in boiling point betwéantop and the bottom of the core. Third, due
to the coolant flow upwards through the core, t@iem temperature increases as the sodium
moves from the bottom of the core to the top ofdtwee, with the result that the highest sodium
temperature is at the top of the core under noomadlitions. All of these contribute to a
predisposition for coolant boiling to begin at @an the top of the core, depending on the
accident conditions.

Details of the accident sequence must also be @eaniFirst, we consider the accidents where
coolant flow is maintained, such as the unprote@®@®& where there is an uncontrolled
withdrawal of a control rod and a failure to scramd the unprotected LOHS where the reactor
is isolated from the balance-of-plant and thee figilure to scram. As core temperatures
increase in response to such events, if the coblahhg point is exceeded, it will occur first at
or near the top of the core, where the sodium waitth is lower, except possibly in the case of
very high reactivity addition where the power irase is much faster than the time required for
the sodium coolant to move through the core. lusthbe noted that accidents such as the
unprotected TOP and LOHS do not result in sucloasrconsequences if the reactor is designed
to make best use of the favorable reactivity feekba More serious accidents are typically
required to cause sodium boiling, such as the unaibed withdrawal of all control rods from

the core with a failure to scram, or loss of alhtlemoval capability from the reactor, including
all backup auxiliary and decay heat removal systevith failure to scram.

The differences between subassemblies must alsortsdered. Not all subassemblies have the
same power, flow rate, and temperatures due toatige of relative power and flow that occur

in a fast reactor core. Higher coolant flow rat@iovided for subassemblies that have higher
power, with the goal of keeping the core fuel aladiding temperatures within limits while
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producing the highest amount of power. This tyiyagsults in a range of power-to-flow ratio
for driver fuel subassemblies, and also for inteamal radial blanket subassemblies if they are
used. The effect of this range is that there desvasubassemblies that will have the highest
temperatures at nominal steady-state conditiorgsyalhexperience the fastest rise in
temperature during an accident. The result iswhen sodium boiling first occurs, it only
occurs in a few assemblies, not the entire reaxige. The initial sodium voiding reactivity
feedback is that generated only by these few adsesnbnd is only a small fraction of the
sodium void worth for the entire core.

At this point, it becomes necessary to examinatiogdent progression following such limited
sodium boiling. This can be affected by a numbetesign choices, including the type of fuel
(oxide, metal, nitride, carbide, etc.), since sadhoiling inevitably will lead to some amount of
fuel melting, cladding failure and fuel relocatigks noted above, the fuel relocation quickly
becomes dispersive and introduces large amoumtsgattive reactivity, dominating the sodium
voiding reactivity effects. However, depending ba tladding failure location, as described in
sections below, the early fuel motion may introdangy small amounts of negative reactivity or
may even introduce a limited amount of positivectedty. In the case of unprotected accident
where the coolant flow is maintained, the pin fagllocation tends to be located in the upper part
of the pin, above the core mid-plane, leading teanty negative reactivity contribution due to
fuel relocation. For a reactor design where thédnd cladding properties favor continued
longer term dispersive fuel relocation and the timerval between boiling initiation in the
highest power-to-flow ratio assemblies and the geatp of assemblies approaching boiling is
long enough to allow the fuel relocation reactitilybecome strongly negative, boiling in the
remaining assemblies may be reduced or inhibited; limiting the amount of sodium void
worth introduced and leading to a benign shutdown.

A different situation exists for accidents wherelemt flow is lost, such as in an unprotected
LOF where there is a loss of offsite power thayscally used to run the coolant pumps along
with a failure to scram the reactor. In this casea result of the flow coastdown, core
temperatures increase and reactor power automgtieduces as a result of the reactivity
feedback. Itis possible to have sodium boilinthé power reduction is not rapid enough with
respect to the flow coastdown, which is the redbahsome reactor designs have extended flow
coastdown mechanisms such as increased pump ioetiaelectronically controlling the

pumps to best use the available inertia and avamitbat boiling for this accident initiator. For
modern designs, more severe accident initiatinglitioms are required to lead to coolant
boiling, such as instantaneous failure of all & toolant pumps with no coastdown and failure
to scram the reactor, as might occur in an extrgtaete earthquake for example. With the very
rapid reduction in flow rate, the axial coolant fmrature profile through the core begins to
change rapidly, with the result that sodium boilmgy begin much below the top of the core
region. In this case, although only a few assessbdill boil at first, the reactivity addition may
be larger than for cases where boiling beginsetdp of the assembly, partly because the
boiling begins in a region of higher sodium voidritg and partly because there is little flow
remaining to prevent the boiling region from exteigdrapidly downward to the core midplane
and below.
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Similar to the unprotected TOP and LOHS, there bellsubsequent fuel and cladding melting,
fuel pin failure, and fuel and cladding relocatidine dispersive fuel relocation in the coolant
channels that introduces large amount of negaéigetivity soon becomes dominant, but the
early fuel reactivity contribution depends on tlk@hfailure location and may be slightly
positive for a short time in the case of midplaaiéufes. If the fuel properties and reactor design
favor continued longer term dispersive fuel relarathe core heterogeneity may allow enough
time for the fuel dispersal to become dominantilead assemblies and reduce the reactivity
and power level before the occurrence of externsidBum boiling in other fuel assemblies. The
further progression of the accident will dependlmaxial pin failure locations and on the core
reactivity level at the time of failure, which deykon the choice of fuel type and other design
details.

Thus, to answer the question on the safety sigmifie of the sodium void worth, it is necessary
to perform detailed transient analyses of reaasponse for the extremely severe accidents of
very low probability that may result in sodium vimid and subsequent fuel relocation. Itis
essential to have accurate models for the phenothahanay occur in such events, and there has
been significant effort in the past to simulatehsaonditions and to obtain the experimental data
needed to support development of such models,sasided below in Section 5.

Typical sequences of events for an unprotected a€¥kdent have been outlined for both oxide-
fueled and metal-fueled cores in Section 2. Iretteping the reactor model, it is important to
include all of the features that directly affeat tiholten fuel relocation, such as the presence of
axial blankets and/or other structures that campte fuel freezing and blockage formation, and
special fuel assembly features designed to faielitae axial fuel relocation such as the FAIDUS
concept discussed in Section 3.2.2 below.

The safety significance of the sodium void wortlpeleds on the reactor design and design
choices. With proper design and suitable choités possible to relegate the significance of the
sodium void worth to accidents of extremely lowlpability, below those typically considered
for reactor licensing and possibly relevant onlydtiecting the generation of a potential source
term for the containment.

3.2 Mitigation of Accident Consequences After the Onset of
Irreversible Core Geometry Changes

3.2.1 In-Pin Fuel Relocation Prior to Cladding Fail  ure in Transients without Scram

The in-pin molten fuel relocation, which rapidlytimduces negative reactivity during very low
probability accidents that are progressing towaigsificant core damage, can play an important
role in mitigating the accident consequences whendurs prior to cladding failure and fuel
ejection into the coolant channel. The sequen@veits is outlined below [3-21].

During both the LOF and TOP postulated accidehtspismatch between energy generated in
the fuel pin and the energy removed by the coalantlead to overheating of the fuel pin.

During the early period, limited fuel relocationcoes due to the axial expansion of the fuel pin,
which introduces limited negative reactivity. A taccident proceeds, the inside of the fuel pin
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begins to melt at the centerline of the pin atx@aldocation where fuel temperatures are highest,
leading to the formation of an internal cavity Bewn in Figure 9. This cavity is filled with a
mixture of molten fuel and fission gas and growstowously, both radially and axially, due to
continued fuel melting. The fuel-gas mixture in thelten cavity is pressurized due to the
presence of fission gas released from the fuelrmréasing temperatures and can move under
the influence of local pressure gradients. Durhig period fuel relocation occurs due to both
axial expansion of the solid fuel pin and the in-pydrodynamic relocation of the molten fuel.
As long as the cavity maintains a bottled-up canfigion the hydrodynamic fuel relocation is
due only to the compressibility of the molten faal fission gas mixture. This fuel relocation is
limited and tends to introduce an amount of negateactivity comparable in magnitude to the
negative reactivity introduced by the axial expan2f the solid fuel. As the cavity walls
continue to melt there is a competition between éffects illustrated in Figure 10:

a. The axial extension of the cavity, which canseatlne cavity to reach the top of the fuel pin.
When this happens, the pressurized molten fudiarcavity is connected to the lower pressure
in the upper pin plenum and can relocate suddédyling to a large insertion of negative
reactivity;

b. The radial expansion of the cavity and cladgiregssurization and melting which can cause
cladding failure. When cladding failure occurs, iitmeer cavity is connected to the coolant
channel which is at a significantly lower pressane the molten fuel inside the pin cavity is
accelerated rapidly toward the cladding failureatoan. This initial in-pin fuel relocation can
have either a negative or a positive reactivitytabation, depending on the location and extent
of the failure and on the axial failure propagatidhe molten fuel is ejected into the coolant
channel where it is dispersed axially. This axielfdispersal leads to a large insertion of
negative reactivity and quickly becomes the domimeactivity effect. If the continued fuel
dispersal is not stopped at a later time by fuegZing and channel blockage formation, the
associated negative reactivity insertion leadsetatronic shutdown of the reactor.

It is noted that during a brief time after claddfiagure the reactivity effect due to in-pin fuel
relocation, which may introduce positive reactivityhe failure location is near the core
centerline, can dominate the reactivity effect ttuthe fuel dispersal in the coolant channel. This
can lead to a net positive reactivity insertion ttuéuel relocation if the failure location is near
the core centerline. If the cladding failure ocowteen the reactor is near prompt critical, as tend
to be the case in some rapid unprotected LOF evir@post-failure fuel relocation can lead to a
short prompt critical power burst, which is termtgtaby the rapid fuel dispersal in the coolant
channel. If the in-pin fuel relocation is initiatpdor to cladding failure, however, it acts as a
"fuse” introducing rapidly a significant amountreggative reactivity. Even if the cladding

failure occurs later, the reactivity is significanibelow prompt-critical at the time of the failure
and the early post-failure fuel relocation limitegctivity effect is not sufficient to lead to a
critical condition and the associated power burst.
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Figure 10 Molten Fuel Relocation Modes

In metal-fueled cores, due to the metal fuel highductivity, the molten region that develops
inside the fuel pin during postulated severe actgléends to be biased towards the upper part of
the fuel pin much more than the corresponding mateevity in oxide fuel pins. This is due to

the higher thermal conductivity of the metal fughich causes the temperature in the metal fuel
pin to more closely follow the axial coolant temgatere profile while the temperature in the

oxide fuel pin more closely follows the axial poverape, which peaks at or near the core
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midplane. This favors the possibility that duringmy severe accident sequences the molten fuel
region will extend to the top of the fuel columnagprto cladding failure, leading to the onset of
rapid in-pin fuel relocation that acts as a setfding accident mitigation feature [3-22]. This
phenomenon is less likely to occur in oxide fualesp where the molten fuel region is generally
closer to the core mid-plane and cladding failergds to occur before the onset of rapid in-pin
fuel relocation. Research has been conducted faaeahe extent in-pin molten fuel relocation
within annular oxide-fuel pins [3-23]. Experimepisrformed with annular fuel pins have shown
that the effectiveness of in-pin fuel motion maylingted by fuel freezing in the colder regions

of the fuel pin leading to blockage of the interalahnnel, and the potential early escape of the
fission gas which, for regular fuel pins, is retdrin the molten cavity.

In addition to the fuel type, the amount of fuettiban relocate upwards from the molten cavity
depends of the fuel pin design. Thus, in a fuahelet with an upper blanket and dimples that
limit the blanket movement, the amount of fuel ggddrom the molten fuel cavity in the driver
fuel could be small, with the in-pin fuel relocatibmited by the upper blanket material. In a fuel
pin without an upper blanket the early rapid in-pial relocation is un-constrained and
controlled by the pressure difference between tbkem cavity and plenum. The fuel pins used
in transmutation reactor designs will not have lasiankets, thus facilitating the rapid in-pin

fuel relocation and the associated negative reacteedback.

3.2.2 Modified Fuel Assembly Design for Enhanced Fu el Relocation

The concept of a modified fuel assembly for enhdriael relocation has been developed at
JAEA in conjunction with oxide-fueled cores, ane thiscussion in this section is focused on
analyses and results obtained for such cores. Bixteanalyses of the Initiated Phase events in
oxide-fueled cores have shown that the potenti@tggndeposition during this phase is limited
due to the dispersive nature of the fuel motiomsaiter the fuel cladding failure and the
absence of energetic fuel-coolant interactions YH@dwever, in the later stages of the Initiating
Phase, which is characterized by intact fuel asgemdills and a lack of inter-assembly fuel
relocation, the dispersal of the fuel can be redwrel even stopped due to the molten fuel
and/or cladding freezing and channel blockage ftionan the colder regions of the assembly.
The difficulty of accident termination in the Irating Phase is due to the high heat capacity
provided by the upper and lower axial blanket ragjavhich can result in temporary freezing of
the molten cladding and/or fuel and blockage foramatThis has shifted the emphasis from
Initiating Phase energetics to concerns relatéddgotential energetic re-criticality events in
the Transition Phase, which include the subassediblyption, onset of inter-assembly material
relocation, pool formation, and fuel escape tolthneer and upper plenum. In a best-estimate
scenario for an oxide-fueled core [3-17], wheretemfuel and cladding re-freezing occurred in
the colder regions of the assembly, the resultottfibg up of the fuel in the active core region
gave rise to rapid radial attack of the subasseinékgan walls, formation of liquid fuel pools
and potential energetic re-criticality events. Heeident terminated in the Transition Phase due
primarily to the downward fuel relocation throudife tControl Rod Guide Tubes (CRGT)
following melt-through of the hexcan walls, as slitated in Figure 11a. It is noted that although
the core may include fuel pins without blanketslu@ng the potential for fuel freezing and
blockage formation, the potential for terminatinugls an accident prior to the Transition Phase
will have to be evaluated for the specific desigoppsed.
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Figure 11 Post-Accident Material Relocation with RM

The results of these severe accident assessmdats ofactor designs using oxide fuel have led
JSFR designers to propose design changes offeongdled Material Relocation (CMR) [3-18,
3-19] with the goal of achieving an early benigoident termination in the Initiating Phase,
avoiding the potential of the bottled-up core scEn& DA termination in the Initiating Phase
means that the subassembly hexcan wall have notbdyeached and the absence of inter-
assembly material relocation, and eliminates themg@l for significant fuel pool formation and
associated concerns related to energetic "sloslpiog!'re-criticality events. Furthermore, by
introducing CMR it becomes possible to enhanceptitential for inherent in-vessel debris
coolability. Several CMR approaches have beeneatythcluding: a) Fuel Assembly Inner
Duct System (FAIDUS) concept, and b) Limited BlanRemoval Concept, which are described
below.

One version of the FAIDUS concept is illustratedrigure 11b. In contrast to the traditional
subassembly design, the CRGTs are placed insiddritrey subassemblies. Each driver
subassembly contains an inner duct (with or wittoauntrol rods), resulting in driver fuel
assemblies with less fuel than traditional drivexlfassemblies. The balance of the beneficial
and detrimental effects of such a significant cleaimgthe fuel subassembly must be considered
in the reactor core design. The principal succassrion for accident termination in the

Initiating Phase is the early failure of the thinmmer duct wall followed by downward fuel
relocation in the extended Inner Duct, allowingl fiseescape from the core and relocate below
the active core region. This fuel relocation introds substantial negative reactivity and causes a
rapid reduction in core power and temperature ethyepreventing the failure of the outer
subassembly hexcan wall. Thus, it is necessarthonner Duct to fail first, before the outer
subassembly hexcan wall would be breached, andswffitient time provided for the

downward molten fuel relocation to reduce the poleeel and avoid the hexcan wall breaching.
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The complex physical phenomena that compete tardete the effectiveness of the CMR and
the accident sequence must be well understoodxtemgive experimental program, the EAGLE
project, has been undertaken in Japan to confiencaipability of the fuel removal using the
FAIDUS concept.

The Limited Blanket Removal (LBR) concept, illusaa in Figure 11c, relies on the removal of
the axial blanket regions from a small fractiortté fuel pins in each subassembly, which
reduces the heat capacity of the pins in that regia thus facilitates extended fuel relocation.
The analysis presented in [3-17] estimates thabvahof the upper and lower axial blanket fuel
in the 37 centrally located fuel pins within thdagssembly will ensure the extended fuel
relocation that provides sufficient negative reattifeedback to lower reactor power and
prevent significant radial fuel attack on the seasbly hexcan structure, thereby assuring the
termination of the Initiating Phase without TrammsitPhase initiation.

Post-accident material distributions in connectioth the Subassembly Inner Duct and Limited
Blanket Removal concepts differ primarily in terofghe potential extended fuel dispersal to the
upper sodium plenum. The following Post-Accidenttéfieal Relocation (PAMR) distributions
are suggested in [3-17] following a LOF event:

- Formation of a complete temporary blockage anltdwer axial blanket, but leaving the
37-pin region without blanket pellets open in tH#R_case, results in ~15% downward fuel
removal based on a 1 m active core. This applié®tio concepts.

- A similar fuel fraction (~15%) will move into thgper axial blanket resulting in
freezing in the fuel pin region still containingetblanket material. In the case of the LBR
concept the region containing the 37 pins withdabket pellets will remain open

- Due to the fuel crust formation on still intdetxcan walls following the fuel pin
disruption about 20-30% of the fissile materiallwéimain in the active core region. This
scenario is applicable to both concepts.

- The rest of the fissile material (~45%) will begkrsed upward by fission gas and steel
vaporization through the 37-empty-pin region in L8R case, or relocated downward following
the failure of the subassembly inner duct walhi@ EAIDUS case. Some of the fuel dispersed
upward will be plated out as fuel crust as it ttavhrough the upper core region (~10%) with
about 35% of the fuel entering the upper sodiumyme. In the absence of reflux cooling, about
50% of the active fuel is expected to relocate &ty to the lower sodium plenum in the case
of the FAIDUS concept.

The analyses described above apply only to oxide fiExperimental results for metal fuel have
demonstrated a different behavior. Due to the tloepimysical properties of the metal fuel and
the formation of relatively low melting point allewvith cladding material during the accident
sequence, the dispersal of fuel-containing matenmtoolant channels is enhanced, and the
tendency of forming blockages is reduced. Foratar using metal fuel, the CMR approaches
described above may not be necessary, althoughtamtes about fuel relocation with metal
fuel still exist, and similar approaches may neeld considered, depending on the outcome of
further experiments.
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3.2.3 Core Catchers

Core catchers have been studied for both advandésland SFRs. The name refers to devices
intended to “catch” reactor debris in the everd @bre meltdown as may occur in the case of a
severe accident, containing and cooling the maltee materials. Several in-vessel and ex-
vessel core catcher concepts proposed in thetliterare reviewed in [3-20]. Some of the key
approaches associated with these concepts include:

* A geometry to contain relocated corium (i.e. the mixture of oxide fuel and core structural

materials) that enhances cooling and freezing by lower plenum coolant. Many designs “catch”
relocated corium in a structure that can contaosh@ol the corium (through fins and narrow gap
cooling).

* High-temperature materials to reduce corium decay power density. Some designs use materials
that form a lower temperature eutectic with urandioxide in the corium and dilutes the decay
heat power density in relocated materials.

» Materials to chemically absorb fission products and associated decay heat. Some designs use a
glass material that catches and absorbs heat &lmoating corium until it becomes a molten
mass containing dissolved uranium and fission petsdu

 Multiple structures to reduce corium decay heat and retain corium materials. Some multiple
structure designs incorporate a sacrificial laysve a container that can structurally support the
cooled corium. As the corium forms a eutectic vifitd sacrificial layer, the power density of the
corium material is lowered (reducing the heat ltathe underlying container).

It is noted that these designs pertain to the efudéed reactors. Scoping analyses with metal
fuel have also been performed, but due to therdiffienature of the fuel relocation and the
ultimate distribution of core materials followingteemely severe accidents, the need for core
catchers in reactors that use metal fuel has regt bstablished at this time.

3.2.3.1 In-Vessel Core Catcher

If the molten fuel/steel mixture relocated from ttege cannot be contained in a coolable
configuration in the lower plenum, it could evertyanake its way to the lower head of the
reactor vessel, potentially causing it to fail doenelting or creep (if the molten fuel/steel
mixture is not coolable in this location), and ese the molten core material outside the primary
system. The role of the in-vessel core catchar ensure that the relocated core material does
not come into direct contact with the reactor vedsd is retained in a sub-critical, coolable
configuration inside the reactor vessel. This esckdrsafety margin has the potential to improve
the plant economics due to reduced regulatory reqénts, and increase public acceptance due
to reduced plant risk.

A core-catcher concept must meet several challefig®sist resist, for instance, high thermal
loads, elevated temperatures (estimated at up t00°€5, and mechanical loads. The concept
should be able to operate under passive conditindshould provide enough surfaces to ensure
that the core material can retained in a sub-alfitmoolable configuration. It must also cope with
unexpected events, since the description of the degradation and relocation to the lower
regions of the reactor vessel is still subjecteshémy uncertainties. Last but not least, the
implementation cost should be as low as possibleuki-layered in-vessel core catcher
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considered for the JSFR is illustrated in FigureA2ore catcher with neutron absorbers,
illustrated in Figure 13, is being considered iarkre. The efficiency of the core catcher depends
on multiple phenomena, all of which must be analyzecluding: a) debris bed formation and
cooling, b) melt pool formation frozen crust formoatat the lower boundary fuel/plate interface)
and upper boundary (fuel/sodium interface), c) emtion heat transfer in the molten pool and
heat transfer to the frozen crust, d) neutronics@wer generation in the debris bed and/or
molten pool, e) external cooling of the lower hefuanechanical behavior of the vessel.

The design goals of the in-vessel design catclotudie [3-20]:

» The core catcher shall prevent re-criticality@lbcated material

* The core catcher shall fit within the reactorseds

» The core catcher shall reduce the decay heatmaevesity of relocating corium

» The core catcher shall contain relocated matésiaé, structurally, thermal shock resistance)

» The core catcher shall be as inexpensive aslgessi

» The core catcher shall facilitate long-term cbdity using passive means

* Interactions between core catcher materials alwtated debris shall not result in exothermic
reactions or generation of combustible gases

» The core catcher shall not present a seismicrtlaza

» The core catcher shall be stable for the lifetoh#he reactor

» The core catcher shall be easily installed anchtaimed

» The core catcher shall not adversely affect mergmerformance or coolant circulation
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Figure 12 Schematic View of JSFR with Multi-Layei@dbris Tray
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Figure 13 Core Catcher with Neutron Absorbers

3.2.3.2 Ex-Vessel Core Catcher

Ex-Vessel Core Catchers are designed to mitigat@tbident consequences by containing and
cooling the core melt that would leave the reacessel in case of a hypothetical CDA leading
to vessel melt-through. The role of an ex-vesset-catcher is to prevent the foundation erosion
and to stabilize and control the corium within toatainment. The objective is to preserve the
integrity of the containment as the main barriefiggion product release to the environment.
The conditions existing shortly after a postuldtatiire of the reactor vessel are highly
uncertain. It is possible that a stream of delaligniy onto the reactor cell floor may locally fail
the steel liner. This would expose the concrethtmical attack by core debris and sodium. The
expected chemical reactions are exothermic, gangradth gases and aerosols and consuming
primary system sodium. Calculations indicate thatdonductive heat transfer into the concrete
wall of the reactor cell is not sufficient to preweontinuous sodium boiling [3-24]. Complete
sodium boil-off from the reactor cell would occuitlin approximately 100 hours, and may take
only 28 hours in the case of complete liner faillfee core debris is expected to spread into a
thin layer at the bottom of the reactor cell. Nogteation into the concrete structure would be
expected if a particle layer forms. A molten layelt cause limited melting attack. The transient
containment response after reactor vessel failasébleen studied in detail. The areas of main
interest include concrete dehydration, concretraations with molten fuel, steel, and sodium
[3-25], containment pressure and temperature tiisteriies, and radiological consequences.
Parametric studies have revealed a high sensitwitiye amount of water present at the accident
site. This water is contained in the concrete stimes in the form of free water, adsorbed water,
interlayer water, and bound water. Interactionthereactor cell could be minimized by
insulating the concrete structure with a layereffactory oxides such as A&);, which would

also reduce the water release into the reactofaikdlving liner failure.

Much of the current research is focused on advaneddr reactors, with the Corium Spreading
and Coolability (CSC) project [3-26] as an examjblee two generic processes studied by the
CSC project include: a) spreading of the coriumarndrious conditions, and b) cooling of the
melt. The cooling of the molten corium using direetter contact, studied for advanced LWRs,
is not applicable to SFR ex-vessel core-catcharseghere would not be any cooling water in
this region, but liquid or gaseous sodium instésmvever, the information on corium spreading
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and freezing and the analytical tools developethisyproject will be valuable in the evaluation
of SFR ex-vessel corium behavior.

3.2.4 Inerted Head Cavity Isolation Domes  [3-2, 3-5]

The capability to seal the reactor head compartmeastone of the design fallback features
which was considered and evaluated during the RFEg&latory review. For additional safety
margin it was thought that this fallback desigrntdea could be implemented for the purpose of
imposing an additional barrier to the release ofwsm and fission products from the reactor to
the containment building should the need for artemfdl barrier be identified .The evaluation
was based on assessments of HCDA energetics, meaheonsequences of sodium impact and
predicted head lift, corresponding sodium expuléfom the reactor and offsite radiological
consequences for a range of sodium and radioisoedpase assumptions. There is the potential
for inerting this sealed cavity to mitigate the gibgdity of sodium combustion. The FFTF project
conclusion was that the sealed compartment heattwaot provide a substantial increase in
containment performance under HCDA conditions botild have serious adverse effect on real
operational safety. No further technology developtweork was therefore done on this concept.

Subsequently, ALMR introduced the concept of a amment boundary consisting of a
containment vessel surrounding the reactor vesselarted to a low-leakage pressure retaining
containment dome above the reactor vessel heas pftwides a low-pressure/low volume
controlled leakage barrier around the primary sysfehe containment dome is fitted with ports
to allow maintenance access. Refueling and the vahamd replacement of small equipment
could be carried out. During normal operation,dksign provided for the use of mechanically
secured seal plugs to seal the access ports. Rrafyrdesign assessments were performed
which showed that the design should withstand tfeets of extreme events. A large primary
breach with release of fission products to the @iomient dome accompanied by a sodium fire,
which would continue until all the containment vole oxygen is consumed, would have margin
for containment pressure and temperature condiaodsthe releases are within the Protective
Action Guideline limits.

With the termination of the ALMR project no furtheork was done beyond the preliminary
design assessments.

3.2.5 Filtered/Vented Containment; Leak Detection  and Fire Suppression
Systems [3-6, 3-7 through 3-12]

There has been considerable design, constructidoperational experience with LMR
containment systems, both international and USitlhas been concentrated on low-leakage/
pressure retaining containments. The focus habewmt on the high leakage filtered/vented
containment concept. As such, the safety desigasfor the containment design have included
the criteria that the containment system shoultisténd the pressure and temperature resulting
from the consequences of the maximum postulatedisol@akage. However, there exists a
considerable body of work on the consequencesyairizedesign-basis events which involved
hypothetical core disruptive accidents for fasttees using oxide fuel. In this extreme limit,
analyses results can be found that show the neeeifiding to prevent excessive pressurization
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of the containment after meeting the NRC requirdmearan initial period of containment

integrity with low leakage. Recommendations wereentr filtering, cavity cooling and

sacrificial beds. Some of the venting/filtering cepts were incorporated into designs. There is a
database on phenomenon such as sodium-concret&ciida, decomposition of concrete,
generation of hydrogen, aerosol production, poall#zing and containment over pressurization,
and mitigating systems such as containment ventggepsystems, containment cleanup, re-
combiner, and re-venting.

Given that a sodium leak has occurred in conneatitina CDA that eventually resulted in
vessel failure, then mitigation of the consequemndesich a leak is governed by the early
detection of that leak and the prompt applicatibthe fire suppression systems. This section
focuses on the detection and mitigation of liquodism metal leaks into a gas (inert or air)
environment external to guard piping and vessédis. detection and mitigation of liquid sodium
metal leaks into water is a separate subject andtidiscussed here.

Technology measures for the detection of sodiuntacddeaks into a gas atmosphere encompass
a variety of sensor and instrumentation dependpunuhe size of the leak. Small leaks (below
100 gm/hr) are detected through the use of sodenwsal detectors and radiation monitors. The
category of aerosol detectors includes sodium aiun detectors and plugging filter aerosol
detectors. The detection time ranges from 10 htmut®0 hours. Chemical analysis for
atmosphere monitoring in selected cells can alsaskd. Continuity detector of the contact
(spark-plug) and cable types, which depend upandigodium causing electrical shorts between
electrodes, do not work reliably in this range.n@uuity detectors, radiation monitors, and
aerosol detectors can all be used to detect laades1(20 kg/min to 100 kg/min). Large leaks
would also result in measurable changes in ceiqunes and temperatures in minutes.
Temperature and pressure sensors can used to theseeinge of leaks. Depending upon the
particular sodium system which is leaking, changeke system sodium level process
instrumentation can be also be used. Intermetiates (20 kg/min to 100 gm/hr), as can be
expected, are detected by a combination of the unesi$or large leak and small leak detection.
In an air atmosphere, smoke detectors can alstillzed.

Upon detection of a leak there are operator pragsdwhich call for manually initiated quick-
draining of the affected system depending upon tes@mditions but there other design measure
which suppress the consequences resulting frorohiical activity of sodium in the presence
of air, water or concrete. These measures cantbgarized as passive or active depending upon
the need for operator action. Basic to all dessgtivé compartmentalization of the areas with
sodium systems into cells. These cells are heangrete structures lined with steel plate. In this
way, the partitioning of the floor area limits thgreading of spilled sodium and the concrete is
protected from interactions with the liquid sodiufhe cells with the radioactive primary
sodium system have an inert gas atmosphere wigledh-radioactive secondary sodium
systems are in cells with an air atmosphere. Thegoy system cells therefore have an added
level of assurance against sodium combustion icdlse of primary coolant leaks. In addition to
these design measures, the sodium fire protecysters also includes catch pan systems and
fire extinguishers. Portable sodium carbonatedknguishers have been proposed. Designs
have also included secondary sodium inert atmospblanketing systems.
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The catch pan system is designed to mitigate theempences of a sodium spill in an air-filled
cell. It consists of steel catch pans and steeldippression decks. The catch pan consists of
carbon steel plate assemblies which cover thdloell and extend vertically up the wall to a
height of ~feet above the maximum sodium levehm d¢atch pan to prevent liquid flow over the
edge of the pan. The fire suppression deck is gaflgran airtight cover for the catch pan. Drain
pipes are welded to the deck and extend downwaadptmint approximately %2 inch above the
catch pan plate. Liquid metal spillage drains fritv@ deck into the catch plan and as the drain
pipe is partially filled, the effective burning $ace is reduced to the cross section of the drain
pipe. When the pipes are blocked with combusti@apcts, air is prevented from reaching the
liquid metal surface.

All this technology is commercial-off-the-shelf (TS), readily available and has been
implemented in a number of plants which were hilitttere is an R&D base of sodium
combustion experiments. There is also operatingm/empce as a number of sodium spill
incidents have occurred. The failure of the thegunaple well tube on the intermediate sodium
transport loop at the Monju reactor in Japan idbabdy the event which has been most widely-
reported and evaluated. It provided a full scad¢ o€ the sodium leak detection and fire
suppression technology. The failure of the welktulbhile the reactor was being brought up to
40% power for a plant trip test, led to sodium lagkinto the Sodium Heat Transport System
(SHTS) Loop C piping room and consequently,disu fire incident. The sodium high
temperature alarm, a smoke detector alarm andiaraddak detector alarm all activated
pointing to a sodium leak in the piping room of SHIoop C. The presence of smoke was
confirmed when the piping door room was opened,thaglant was taken into shut down mode
with initiation of draining of loop C. A semicircat mound (~300kg) of sodium compounds was
found on the steel floor liner but no damage waseoked except to a ventilation duct and an
access walkway. Post—incident examination estimi&ickhe liner thickness had been reduced
by 0.5 mm to 1.5mm. The concrete wall was dehydrktgeally but the structural strength was
not affected. Sodium compounds were found oveettige floor of the steam generator room
connected to the piping room. It was recognizethieyinvestigating working groups and task
forces after the incident that there were defidesma operator timely response in diagnosing
and monitoring the event. These were attributedefeciencies in the operator procedures but the
follow-on Monju improvement program also includethencements to the sodium leak
detection and fire detection systems. Improvementitigation measures also included the
ventilation system. A nitrogen gas injection systgas to be introduced in order to extinguish
sodium fires more rapidly and thermal insulatiorsw@be added to the concrete walls for
protection.
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4. REVIEW OF APPROACHES TO SFR SEVERE ACCIDENTS

This section provides an overview of the approatb&R severe accidents in Japan, France,
and the USA. Both Japan and France have focuse&dattention on the oxide-fuelled SFR as
the primary target for a future commercial fastten The US, after studying the oxide-fuelled
SFR for many years, has focused the research effidtie metal-fueled SFR as a promising
target in the search for an inherently safe feesttig.

4.1 Review of the Japanese SFR Safety Approach - JS FR

Japan Atomic Energy Agency (JAEA) initiated the $tbiity Study (FS) on commercial Fast
Reactor (FR) Cycle Systems in 1999. The goal optiogect, which includes the participation of
all concerned parties in Japan, is to establisBdip the fast reactor cycle technology that
enables the fast reactor system to become a fptumary energy source with highly competitive
characteristics [4-1].

A large-scale sodium-cooled fast reactor named JSBAium-cooled FR (JSFR) has been
developed through the FS that achieves all theldpweent targets. JSFR is a sodium-cooled,
MOX fueled fast reactor, with advanced loop typsige that evolves from Japanese fast reactor
technologies and experience. It is envisioned t@ l#&SFR available for deployment by the year
2015.

4.1.1 Safety Targets and Design Principles

The sodium-cooled fast reactor (SFR) with oxidd fsideing developed in the Fast Reactor
Cycle Technology Development (FACT) Project by pajeese team that includes Japan Atomic
Energy Agency (JAEA) and Japan Atomic Power ComddAyC), aiming at its
commercialization by 2050. The conventional saégigroach to the severe accident issue is: 1)
to minimize the occurrence probability of CDA byliaing, for example, an additional passive
self-actuated reactor shutdown system and 2) esaghe mechanical energy release due to
hypothetical CDA events and confirm the intactrefsthe reactor vessel and containment. In
addition to these efforts JAEA and JAPC have putshe development of a recriticality-free
core concept, with the aim of eliminating the recallity event issue during postulated CDAs for
oxide-fueled fast reactors.

The Japanese SFR safety targets were set aimwgrlat wide acceptance. The SFR design
must ensure:

(1) A comparable or superior safety level to tHatame-generation LWRS.
(2) A risk much lower than the risks encounteredaily activities, without taking into account
the need for offsite emergency responses

These targets are consistent with the safety-iklgoals or user requirements in the Generation

IV project and the International Project on Innav@tNuclear Reactors and Fuel Cycles
(INPRO/IAEA).
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The safety design principle is Defense-in-deptith the following defense levels:

1. Prevention of abnormal occurrences
2. Control abnormal operations

3. Control accidents

4. Manage severe accidents

5. Offsite emergency response

While levels 2 and 3 above refer to Design BasisrEy (DBE), the severe accidents referred to
in level 4 are not DBEs but are considered Desixperision Conditions (DEC). A deterministic
approach for both DBEs and DECs is taken into aotcfor the system design, although
appropriate design margins are provided by adomtimgervative design evaluations for DBEs
and by using best estimate design evaluations EC$ The deterministic approach according to
the Defense in Depth is adopted to specify sai@tgtions, such as reactor shutdown system
(RSS) and decay heat removal system (DHRS) forgotean of core damage. The defense-in-
depth approach for JSFR [4-2] is illustrated in. Hig, while a schematic view of JSFR is shown
in Fig. 15.

The defense levels 2 and 3 (DBE) rely on two indelpat Reactivity Shutdowns Systems
(RSS), the primary RSS and the secondary RSS. EbaybHeat Removal System (DHRS) for
these events includes redundant systems with masperation, such as the current design with
one Direct Reactor Cooling System (DRACS) and twmBry Reactor Auxiliary Cooling
Systems (PRACYS), illustrated in Figure 16. An eartiesign with one DRACS and two
Intermediate Reactor Auxiliary Cooling Systems (IR®) is illustrated in Figure 17. An
evaluation of the two DHRS has shown that the syst¢h one DRACS and two PRACS
provides an improved stability of the sodium natanaculation [4-1]. Additional safety features
of the JSFR primary cooling system include a raastssel without pipe penetrations and
double wall pipe design.

(1) Prevention of (2) Control abnormal operations  (4) Manage severe accidents

abnormal occurrences (3) Control accidents "
e, e
—_— e

I For DEE Far DEC For DEC
+#Rational design
margin Unreliability | 10-2/d  10~/d 10°5/d 10t 102/ d 10-1~10-3/d
‘Reactivi Primary RSS Contalnment
*New { —— SASS
technology Controf (5elf Actiuated Recriticality free core
{new material, Backup RSS | Shutdown System) In-vesse| core dediis
e RSS * )| | o
isolation etc) .
Redundant B IVR againat typical
S— Averaent Coalant retention D, (LILOF)
¢ Preventive nm:ar passive ;gperatlon b ol
maintenance and guard pipes Containmert bukding
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Figure 14 Safety Assurance Strategy for JSFR [4-2]
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The defense-in-depth strategy is complementedriskanformed approach, with the goal of an
estimated large offsite release frequency lowen tt@ /site-year. Other risk related goals
include: a) core damage frequency (CDF) less tigfreactor-year (/reactor-year), and b)
unreliability of containment capability sufficiegtsmall under representative Core Disruptive
Accident (CDA) conditions. A preliminary PSA basa existing reliability data base (including
data from JOYO, MONJU, EBR-II, FFTF, and Japaned#Ris) resulted in CDF << 10/ry: a)
ATWS: 108 /ry to 3x10° /ry, b) LORL: 4x1C° /ry, and c) PLOHS: 2x1®/ry

4.1.2 The Role of Severe Accidents
The prevention and mitigation of Severe Accidest®es on several elements:

1. An additional passive self-actuated shutdovatesy (SASS)
2. Conditions for the elimination of severe reticallity:

- The sodium void worth is less than 6 dollars.

- The core height is less than or around 1m.

- Enhanced molten fuel discharge from the cogere
3. Long term cooling of fuel debris (IVR)

The prevention of re-criticality is a central issnoghe consideration of severe accidents. The fast
reactor core is not in its maximum reactivity getmypelhe minimum critical mass is less than
several hundred kg, or fuel in several sub-asse@slf8A) (MOX, Pu-fissile 15%, sphere, no
reflector). During a severe accident that leadsi@bmelting in several SAs providing an early
molten fuel escape from the core can avoid reeality and a severe power burst. This target
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scenario provides the motivation for modified SAides that enhance the early molten fuel
escape from the core.

The JSFR design includes a self-actuated shutdgstarm (SASS), illustrated in Figure 18,
which relies on a passive de-latch mechanism ungithe magnetic properties change of the
sensing alloy at the Curie-point temperature. Toralmnation of two independent RSSs and
SASS (2 strong + 1 weak) is sufficient to redueaedhcurrence frequency of ATWS to very
small value (around 10ry). However:
- Rapid accident progression of ATWS could resuttanly large release (Cliff-edge
effect).
- PSA for advanced reactors has less operating iexppes available: 11,000RY for
LWRs, but only 300RY for SFRs.
- Many Gen-IV plants will be constructed and be ueedong term period in various
societies.
- The re-criticality issue is an important issudast reactor safety and regulatory and
public concern is rather high.

Therefore, JAEA considers that the re-criticalggue should be resolved, and thus it should be
considered in design to avoid a large mechanicaiggrrelease, but the cost should be
minimized. Improvement of counter measures is d&den order to minimize the impact on
core performance and fabrication cost.

4.1.2.1 Controlled Material Relocation Concept

An important counter measure against re-criticatitthe JSFR is a fuel assembly designed to
facilitate the early molten fuel escape from theegalso referred to as Controlled Material
Relocation (CMR) which was described in SectioN&ious CDA analyses have shown that re-
criticality events can be avoided if about 20% @8a3of the initial core fuel inventory is
discharged from the active core region. This partiepends on the fissile enrichment of the
fuel. In a smaller core with higher fissile enriotamt fuel discharge of ~30% of initial inventory

is necessary to reach a deep sub-critical conduhile 20% is enough for a larger core with
lower fissile enrichment. This has led to the fagtembly concept with an internal duct structure
for controlled fuel relocation as illustrated copttaally in Figure 19.

A sequence of FA designs have evolved to reducartpact on core performance and
fabrication cost. The initial FAIDUS (Fuel Assembljth Inner Duct System) design had a
centrally located channel for fuel escape as shawigure 20a [4-8]. The internal central duct
has an orifice at the top, and thus is filled vatdium flowing very slowly under normal
operating conditions. If an accident such as UL©@&uos sodium in the pin bundle region will
boil off, fuel will melt and the internal duct wallill be melted through, opening a path for the
molten fuel to relocate. The molten fuel will bescharged through the duct to the inlet plenum
by the gravity force, the sodium vapor pressureseduby the fuel-coolant interaction and fission
gas plenum released from the molten fuel. Thediggharge capability of the initial FAIDUS
was investigated using the SIMMER-III code [4-9h€eTanalysis indicated that more than 60%
of the initial fuel mass in the FSA is dischargeahi the core region within 3 seconds mainly
due to gravity, sodium vapor pressure, and fisgampressure. The fuel discharge through the

61



Control rod

I
Latched | De-latched
Figure 18 Self-Actuated Shutdown System [4-2]

[

Inner duct and slits which Double-walled and/or
can melt in case of ATWS thickened hexcan tube to

- to enhance the axial prevent subassembly-to-
relocation of molten subassembly melting
materials propagation
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Inner duct

Figure 20 FAIDUS Concepts: A) Original FAIDUS anjl Bodified FAIDUS

inner duct in FAIDUS has been confirmed by a serfesxperiments performed as part of the
EAGLE project [4-10]. This concept has a disadvgettom the viewpoint of core performance,
because the fuel mass in the FAIDUS subassemblyanientral fuel relocation channel is about
10% less than that of a normal design FSA. In amdia special grid-type spacer is needed and
the fabrication of the FSA with the internal dutttee center of the assembly is more difficult.

These disadvantages have been addressed in teata@ference design, the Modified-
FAIDUS, which is shown in Figures 20b. A more detirepresentation of the M-FAIDUS
fuels assembly is shown in Figure 21. The ModifigdlDUS uses a corner channel for fuel
escape, with the fuel expected to relocate upwiarttse upper plenum. The fuel loss is smaller
than in the original FAIDUS design because thessestion of the duct could be reduced, due
to the shorter length of the duct, while maintagnihe same ratio length/diameter. In the
Modified-FAIDUS conventional wire-spacer can bedjsend the fabrication of the assembly is
easier. An important aspect of the Modified-FAIDU&sign, that requires evaluation, is the
efficiency of the upward fuel motion against grgvito evaluate the performance of the
Modified-FAIDUS design a typical ULOF accident irB&R was analyzed using the SIMMER-
lIl code. The results indicated that most of thdterofuel is discharged upward via internal duct
in a high power FSA. The total discharged fueltitacexceeds 20% of the initial inventory,
which implies the elimination of the possibility afre-criticality event. The demonstration of
upward fuel discharge has been included in thergkseries of the EAGLE experiments,
EAGLE-2. The current R&D effort studies the useadlim CRGT (Control Rod Guide Tube) to
provide the paths for molten fuel escape. This @@ would allow a normal fuel SA
fabrication and require no fuel loss. The effecthaf early fuel relocation due to the use of a
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FAIDUS design is illustrated in Figure 22 [4-11]hah shows that the early fuel relocation
prevents the formation of the large molten fuellppdhe active core region, and leads directly
to the Post-Accident Heat Removal phase, elimigadimy potential energetic events.

The Post Accident Heat Removal (PAHR) for JISFResighed to prevent the debris bed from
reaching the limit conditions for a coolable deltrésl:
» Critical thickness : >30cm
* Cooling limit (bed dry out condition with porosify5)
— 10 cm for bed formation just after shutdown
— 15 cm for bed formation 1000 second after shutdown

The basic idea that underlies the PAHR design Bdaden the fuel debris bed as much as
possible inside the reactor vessel:

» Upward relocation and in-place cooling inside tbhesawill help to reduce the amount of
the molten fuel which might reach the bottom of tbactor vessel (RV). For the fuel
relocating upward, the intermediate isolation p(&igure 23) can retain a debris bed
with up to 40% of the core fuel within the limitrditions.

* For the downward relocating fuel, the core supptiticture and the multi-layered debris
tray (Figure 23) can retain 100% of the fuel witthie limit conditions. The core support
structure is designed to protect against directenduel jet attack, while multi-layered
debris tray at the bottom of the RV is designeddloris retention the debris bed height
limits of cooling and sub-critical state.
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4.1.3 Core Disruptive Accident Analysis

CDAs are not DBA but BDBE. They are assessedaritensing and the assessment must be
conducted with "realistic” (best estimate) analgsides. Selected BDBEs, including ULOF,
UTOP, LOPI, and Local Fault are evaluated in otderonfirm the safety margin, or no cliff-
edge effects. ULOF was recognized as an enveloperefdamage effects and the whole ULOF
scenario and consequences were evaluated for DMBRuU, and JSFR. A ULOF analysis was
completed for JSFR with modified FAIDUS assembj#41]. The initiating phase was
calculated with the SAS4A code and showed limitezl melting just after the initial power
transient due to fuel pin failure. Continuationtloé SAS4A calculations for another 3 s showed
a gradual increase of the fuel melting with a reéy small sub-criticality. The core conditions
at this time were then used as initial conditiamstiie SIMMER Il calculations. The fuel
relocation after the failure of the inner tube wafculated using the SIMMER code. After the
failure of the inner duct, the fuel escape wasairilsy the pressure difference between the core
and upper sodium plenum. The modified-FAIDUS exqueB0 % of molten materials in core.
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The fuel escape behavior in several typical sulerabties with various power levels was
integrated to estimate the whole core behavior.rékelts support the feasibility of the
avoidance of severe re-criticality by fuel escajpenfthe core in the early phase of CDA.

The fuel relocation results from SAS4A and SIMMERCcalations were used to evaluate the
longer term post-accident heat removal (PAHR)hkse calculations, which considered the
decay heat just after shutdown, 40% of the fuel weated on the intermediate isolation plate
and 60% remained inside the core. The PAHR sinariaised 3D fluid dynamics inside the RV
and 1D net-work flow for the primary circuit withRBACS x 1 and PRACS x2. The outermost
row of the core, radial blanket and radial shielet@vavailable for cooling paths, while the rest of
the core region was assumed to be totally blockkd.results indicated that the decay heat
balanced the removed heat around 30 minutes hftestart of the transient event and the
maximum temperature of the debris support struaemeained below 700°C. Thus, the structure
integrity could be preserved.

4.1.4 Summary

CDAs are evaluated in the category of Beyond DeBigge Events (BDBE) or Design Extension
Conditions (DEC). ATWS/ULOF is one of the major cems for the severe accident
consideration. Both CDA prevention and mitigatieatlures are included in the JSFR design:

- Prevention: SASS
- Mitigation: Elimination of severe re-criticali§MR and IVR

R & D works under way for the development, enharer@mand evaluation of these CDA
prevention and mitigation capabilities. The SFRiglesrs in Japan indicate that severe core
damage can be ruled out from the design and adadanagement considerations by achieving
sufficiently low occurrence probability.

Improvement of the M-FAIDUS fuel assembly is comesall essential to reducing the design
impact. The current R&D target is the Slim CRGTigeswhich will be analytically and
experimentally studied in detail. A SIMMER-IIl/IVotlaboration is considered desirable by
JAEA for this purpose.

4.2 Review of the French (AREVA/CEA) SFR Safety App roach

The European Fast Reactor (EFR) project, whichla@sched in 1988, provides the basis for
the development of commercial fast reactors. Tha gbthis project is to develop a design that
takes advantage of the experience gained fromrdastors in France (PHENIX,
SUPERPHENIX) as well as around the world [4-7]. BKR includes advanced features that
have been shown by extensive R&D to yield benéfiterms of safety, reliability, and economy.
4.2.1 Safety Approach

The European Sodium Fast Reactor is based on aypmmbesign illustrated in Figure 24.
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Figure 24 Schematic View of the European Sodiunt Raactor

The EFR safety approach is based on risk miningmati includes:
- Comprehensive and balanced safety concept bessing the favorable features of
LMFBR
- Avoiding weak points and cliff edge effects Inretbeyond design basis area
- Prevention of accidents and minimization of tleeinsequences if they occur
- ALARP principle

CDA might occur in case of:
- Failure of the shutdown function
- Failure of the decay heat removal (DHR) function
- "Exotic" initiators: e.g., fast structural faikior insertion of large gas amount into the
core

Improvement of CDA prevention requires improvemaithe shutdown and heat removal
functions.

Improvement of the shutdown function is obtainedatdging a third shutdown system, which
operates both passively and actively in case aupeted failure of the two basic shutdown
systems. The two basic shutdown systems are desfignefficient operation in case of serious
imbalances between produced and removed power:

- Failure of primary pumps

- Loss of main heat sink
- Withdrawal of absorbers
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The objective of the third shutdown system is tegate unprotected transients such as ULOF,
ULOHS, and UTOP outside the realm of technical imaigon.

Improvement of the DHR function is obtained throwgimplementary DHR measures, including
the implementation of a debris tray for long teetention and coolability of molten core
materials.

4.2.2 The Role of Severe Accidents

For Superphenix, a 1200 MWe liquid-metal reactatqiype, the design-basis accident was a
loss of electric power with the very conservatigsuamption of a simultaneous failure of the
reactor shutdown system. The accident was charaeteby an extended pump coastdown,
eventually followed by sodium boiling which wouldgiger a power excursion and subsequent
core disruption. To mitigate the consequencesisfdtenario, significant construction
improvements were needed, including the ensuriagtility of the main vessel and the cover
slab to withstand the mechanical energy releasedglthis scenario, the installation inside the
main vessel, below the core, of a core catcherltamd retaining the molten core debris, and a
dome over the cover slab to retain any leaks dbeative materials. Through its consequences,
this accident scenario envelops many less-seveeafa accident situations, which therefore
did not require special consideration. For the taagarojects that were studied afterward, the
occurrence probability of this postulated extrero@dent, already very low for Superphenix,
was further decreased through improvements ineliahility of the shutdown systems. The
study of the whole-core disruptive accidents cargoh but only in the framework of residual
risk analyses.

The post-EFR generation of European commercial LREBdesigned with consideration of
CDAs. After improvement of safety functions, no CBéenario is credible. The frequency of a
combination of CDA initiators with postulated faikuof the first and second shutdown systems
and the third shutdown level is significantly bela@’ per year. CDAs are considered Beyond
Design Conditions. CDA analyses, traditionally lthea ULOF, are performed to assure that
there are no cliff-edge effects. They also proagpreciation of the relative importance of core
characteristics in order to obtain a good balamteséen design and beyond design
requirements.

Reasonable containment measures are provideddanitigation of radiological releases in
beyond design conditions. They include:

- Improvement of the primary containment for iraged resistance against mechanical
energy release from CDA

- Implementation of a debris tray for long terrtergion and coolability of molten core

- Definition of beyond design basis plant stat@sdemonstrating the effectiveness of
secondary containment

4.2.3 Core Disruptive Accident Analysis

CDA analyses are performed to identify the corgattaristics which minimize the
consequences of CDAs. The LMFBR characteristios teahe consideration of the ULOF
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scenario for assessing the core behavior. The amkisfor the initiating phase analysis include
SAS4A, FRAX, and PHYSURAC. For the analysis of ttamsition phase, research activities are
focused on the development of the SIMMER code.

4.2.4 Summary

In France, CDAs are evaluated in the category gbBd Design Basis Events (BDBE) or
Design Extension Conditions (DEC). ATWS/ULOF is arieghe major concerns for the severe
accident consideration. Both CDA prevention andgation features are included in the EFR
design:

- Prevention: A third shutdown system, both padgiand actively activated
- Mitigation: Enhanced in-vessel coolability amdention

R & D work is under way for the development, enteament, and evaluation of these CDA
prevention and mitigation capabilities. The posital the French SFR designers is that severe
core damage can be ruled out from the design arideat management considerations by
achieving sufficiently low occurrence probability.

4.3 Review of the US SFR Safety Approach - IFR

Inherent safety was a primary goal in the develagroéthe Integral Fast Reactor (IFR) [4-12]

in the US. The IFR metallic fuel design is an adexhconcept developed as a result of
experience with metallic fuels in EBR-II [4-13] anther reactors. The IFR design has
demonstrated the potential for design featuresitigate the accident consequences and in some
cases to render them benign.

4.3.1 Safety Approach

In the IFR concept, a pool-type primary systemragesment is combined with an advanced
metallic fuel design and an on-site fuel-cycle liaci The pool-type primary system together

with the low-pressure, liquid-metal coolant, praglbstantial margins to coolant boiling and
fuel melting during both normal and off-normal etserAll the primary system sodium is
contained within the reactor vessel, along withdbee, the primary pumps, and the intermediate
heat exchangers. Natural circulation cooling offthed is assured for both normal shutdown heat
removal and for abnormal events. There is no eatqriping for the primary coolant system,
eliminating pipe break accidents as a source ofaobdoss. Intrinsic protection against accidents
caused by pipe rupture is therefore provided byptha-type primary system. In addition, the
high heat capacity of the pool concept provideg ltome margins for corrective action in the
event of a heat-sink loss. In the IFR fuel destgnftiel is cast as a uranium-plutonium-
zirconium alloy. The physical properties of the IFRtallic fuel are compared with the
corresponding properties of a typical oxide fueTable 2. The metallic fuel is denser than the
oxide, with a thermal conductivity higher by an erdf magnitude, and a lower specific heat.
The thermal expansion coefficient of metallic fisshigher than oxide, and the melting point is
much lower. Since the U-Pu-Zr alloy is chemicalyrpatible with sodium, the fuel rod is
submerged in liquid sodium inside the cladding. Bhed-gap sodium, together with the high
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Table 2 Oxide and Metallic Fuel Thermo-Physical @hegeristics [4-12]

Nominal Composition Ue20% PuQ U-15% Pu-10% Zr
Density, g/cc 10.6 15.8
Thermal Conductivity, W/cmi€ 0.023 0.22
Specific Heat, J/§c 0.38 0.20
Thermal Expansion Coefficient,°T 1.2x10° 2.0x10°
Melting Point,°C 2750 1160

Fuel Pin Thermal Time Constant, sec. ~3 ~0.3

thermal conductivity of the metal, give the metafliel pin an order-of-magnitude faster thermal
response time compared to the oxide fuel whichahasver conductivity and is gas-bonded. The
high thermal conductivity of the bond-gap sodiunvédes the fuel surface temperature of the
metallic fuel when compared to the oxide fuel. didiion, due to its higher thermal

conductivity, metallic fuel exhibits relatively stheadial temperature gradients. Metallic fuel
therefore operates at much lower temperaturesdkae fuel, and the amount of energy stored
in the fuel under normal operating conditions gueed correspondingly.

4.3.2 The Role of Severe Accidents

The prevention of core disruption in unprotectee. @ivithout scram) overpower and under-
cooling accidents relies on diverse and redundamans and shutdown systems to ensure that
accidents that may have the potential to causeusedamage to the reactor core are of
extremely low probability, and on the provisiortiire design for inherent, passive mechanisms
which respond to the accident conditions and actstore between the reactor energy
production and the system cooling energy removatedisruption refers to any irreversible re-
arrangement of the reactor core. To assure ais@tfrg response to accident conditions,
specific features are included in the system desigthe unprotected loss-of-flow and

overpower accidents, the upset condition leads io@ease in the coolant temperature rise
through the core. Negative reactivity feedbackseklely this coolant temperature increase can be
effective in limiting accident consequences. Twolsmechanisms are provided by: a) radial
core expansion driven by subassembly duct bendidgahove-core load pad thermal expansion,
and b) differential thermal expansion of contral drives and the core support structure, leading
to a net insertion of the control rods.

During an unprotected LOF event, radial core exjganand control rod drive elongation

provide the overall negative reactivity feedbackotwer the reactor power. Other reactivity
effects that must be considered are the fuel Dogpéziback which introduces a positive
feedback as the power decreases, the positiverdatdasity feedback due to the coolant
temperature increase, and the positive fuel defesiyback due to the fuel temperature decrease.
Due to the low operating temperature of metal ftredre is less positive reactivity feedback
created as the reactor power is reduced as comfuatied oxide fuel case.
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In an unprotected TOP event, fuel overheating k@l to a prompt negative Doppler reactivity
feedback. With continued fuel heating, the fuelpenature in the interior of the pin reaches a
level at which the fuel strength is reduced anchaadly melts. This is especially relevant for
the metallic fuel, which loses strength and mditemperatures lower than those for the steel
cladding. If unreleased fission gas bubbles aregmt they can pressurize the low strength or
molten fuel, which can then be extruded upwardslpeing a strong negative reactivity
feedback. Researchers investigating the oxidelfelevior [4-13] have concluded that for
annular oxide fuel pins, significant fuel relocatiwvould occur in high ramp rate (greater than 3
$/s) TOPs. For lower ramp rates typical of unprt@d OP accidents internal fuel relocation
was found to be inhibited by freezing and pluggim¢he colder upper pin regions. For solid
oxide fuel pins the in-pin fuel relocation will al®e prevented until the molten fuel cavity
reaches the top of the fuel pin. These constraiatsot apply in the case of metal fuel pins, since
the axial temperature profile peaks at the toefdore, causing the molten cavity to reach the
top of the fuel pin at an early time in the TORMgi@nt and the relocating molten fuel to
encounter hot temperature conditions. Thereforefgiture in-pin fuel motion can occur in
metal fuel pins even at lower overpower ramp rassociated with uncontrolled rod withdrawal,
providing a significant negative reactivity feedkaleat can mitigate the TOP consequences.

The main thrust in the US ALMR program in the 199@s to develop a modular reactor plant
concept, PRISM (Power Reactor - Inherently Safe Medllustrated in Figure 25, which can be
built up, in modular fashion, to larger plant rgtnin an earlier design, each power block is
comprised of three 471-MWth reactor modules coretetd a single 465-MWe turbine-
generator [4-16, 4-17]. More recently the PRISMhplaas been up-rated to improve economics
and reduce excessive conservatism [4-15]. Eacharepoduces 1000 MWt, with two reactors
combined into a power block that supplies steamsmgle turbine-generator. The PRISM
reactor system design takes advantage of passiveherent mechanisms to accommodate
postulated unprotected accidents that could paténtead to CDAs otherwise. Notable
examples of the plant's innovative characteristickide:

a) The use of ternary metal fuel

b) Inherent reactor shutdown and stabilizationH®yrmal and reactivity response
characteristics of the reactor, even under extremngikely accident conditions

c) Passive decay heat removal systems

d) Reactor seismic isolation

e) Containment consisting of a guard vessel ardb@deactor vessel and a reactor
enclosure with seal-welded penetrations

f) Elimination of power-dependent auxiliary cooliagstems.
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Figure 25 PRISM Reactor Module [4-18]

High shutdown heat removal reliability in PRISMaiscomplished by a combination of the
normal heat removal path through the IntermediaatHransport System and an inherent air
natural circulation heat removal system referreds®VACS (Reactor Vessel Auxiliary
Cooling System). The RVACS is designed to proviagtdown heat removal for all conditions
associated with loss of heat removal through threnabheat transport system. A typical RVACS
configuration is shown in Figure 26. The naturalfl@w is maintained at all operating
conditions even at normal operating power. At tiemisconditions, with higher sodium and
vessel wall temperatures, the heat removal rateases rapidly, approximately with the third
power of the vessel temperature.

The PRISM reactor is equipped with six GEM asseestiistributed symmetrically around the
core as shown in Figure 27.The GEMS consist ofllawgressure tube that is capped at the top
and filled with Helium. Sodium coolant is allowenlénter at the bottom and fill the pressure
tube when the coolant pumps are operating. The GEM' designed to lower the power level in
the core if the main coolant EM pumps malfunctiostop. In this event, the helium pressure
will cause the sodium level in the pins to drop #ngs allow more neutrons to leak out of the
core. Since the neutron flux of this core is veegstive, the lower number of neutrons causes
the reactivity and power level to drop. The GEMSewetained for the oxide backup core, and
are likely to be removed from the PRISM designmetal fuel core is pursued, as noted earlier
in Section 3.1.2.
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The PRISM design described in the PSER Final RgRett] includes an Ultimate Shutdown
System (USS) assembly, illustrated in Figure 2&u&hthe control rods fail to insert into the
core, this central assembly can shut down the seésingle-handedly". This assembly is in the
center of the core and consists of a hollow assgtabke with a thin membrane covering the top
of the assembly. Connected to the top of the asigetoite is a wedge shaped plunger and
container filled with thousands of boron-carbidetnen-absorber balls. When activated, the
plunger breaks through the membrane seal and atleavigoron balls to fall into the active core
region. This sudden negative reactivity insertioargntees that the core will achieve shutdown.
The more recent USS design was modified to use sega absorber materials instead of the of
the boron balls.

Before After
Activation Activation

Figure 28 Ultimate Shutdown System Assembly
4.3.3 Unprotected Accident Analysis

The SAS4A code system, coupled with the SASSYS §bdel], was used to analyze the reactor
behavior during postulated unprotected accidentbdth oxide-fueled reactors such as CRBR
and for the metal-fueled reactors represented ®yRR concept, and other reactor design
concepts based on the IFR. The results of thedgsasgorovide an assessment of the outcomes
of various accident sequences and provide guidamdature experimental needs and
computational model development. SAS4A allows tloeleting of reactivity feedbacks and
phenomena of specific interest for both oxide-fdekactors and metal-fueled reactors in
analyses of postulated unprotected accident segaeibe SAS4A code includes models
describing the radial core expansion and the cbrdatbdrive expansion that occur during an
unprotected accident and the associated negatetiviey feedbacks. The SAS4A oxide-fuel
version of SAS3A has detailed models that desaiée-fuel phenomena during irradiation and
during postulated unprotected accident conditiorduding the fuel pin mechanics model
DEFORM and the material relocation models PLUTO@ BEVITATE. The SAS4A metal-fuel
version has been extended to include models tisatithe the specific phenomena associated
with the metal fuel pins, including the additiontbé pre-failure in-pin fuel relocation model
PINACLE, and significant model additions in the BEHRM fuel pin mechanics model and in the
LEVITATE post-failure material relocation model. @ models are described in more detail in
Section 5.1.1 below.
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4.3.4 Summary

The US approach to SFR severe accidents has fooustd prevention of core disruption and
mitigation of consequences of unprotected overp@medrunder-cooling accidents. The
prevention of core disruption is achieved through provision in the design for diverse and
redundant shutdown systems, complemented by thefuskerent, passive mechanisms which
respond to the accident conditions and act to restomaintain the balance between the reactor
energy production and the system cooling energyvain This approach can be used for both
oxide and metal fueled designs, although it is wred easier to achieve benign termination of
severe unprotected accidents with the use of rieta[4-19]. The core disruption prevention
features include the radial core expansion, comt@idriveline expansion, and the use of the
metal fuel which has a low operating temperatueatéires that help mitigate the consequences
of core disruptive accidents include the low metiemperature of the metal fuel and its
compatibility with sodium, the pre-failure in-pindl relocation due to metal fuel characteristics,
and a conventional containment.
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5. EVALUATION OF THE IMPACT OF DESIGN MEASURES ON
SEVERE ACCIDENT PREVENTION AND MITIGATION

The evaluation of severe accidents has playedraipemt role in the safety analysis of SFRs.
During the licensing evaluations of FFTF and CRB&esive experimental and analytical work
was performed in the US to evaluate the phenonsmwident path, and consequences of
postulated accident initiators that could leaddeedisruptive accidents. During the US CRBR
project in the 70s and 80s, US researchers plajeadarole in the study of severe accidents for
SFRs with oxide fuel pins. The research includedii@ and out-of-pile experiments for the
study of severe accidents phenomena as well astanseve code development effort for the
guantitative evaluation of the postulated seveogdant consequences. Specialized modules of
the SAS4A code were developed to describe the rmahtelocation during UTOP events
(PLUTO) and ULOF transients (LEVITATE). These maskibllowed SAS4A to perform
detailed whole core analyses of the initiating ghaispostulated severe accident such as ULOF,
UTOP, and LOF driven TOP. Through internationakeagnents, SAS4A was shared with
research organizations in Japan, France, Germady,JK and became the worldwide standard
for the study of the initiating phase of postulasegtere accidents in oxide fueled SFRs.

With the re-focusing of the US SFR program on tleainfuel SFR during the 1980's and 1990's,
the US experimental and analytical activities ediaib severe accidents shifted to metal fuel
phenomenology. Existing modules of SAS4A such aB@EM were modified to allow the
modeling of metal fuel pins, and a new module wagetbped to describe the pre-clad-failure in-
pin fuel relocation (PINACLE). A series of metakfiexperiments was performed to study the
severe accident phenomena typical for metal fuBsS&nd these experiments were analyzed
with the SAS4A-M (metal fuel) code.

In the meantime, the development and validatiotn@fSAS4A oxide fuel code was continued

by an active collaboration involving Japan, Germdmance, UK, and the EU. The US
researchers continued to participate in some offrteting of this group and provided technical
advice as needed. The SAS4A code continues todzbaddively in Japan, France, and Germany
for the study of the initiating phase of postulaB#R severe accidents. In France the codes used
for the initiating phase analysis also include FRAXRd PHYSURAC. The SAS4A code,

including the LOF material relocation module LEVITE, was used for the ULOF analyses
performed for severe accident analyses duringaHieensing of the Monju reactor in Japan.

Current research activities in Japan and Franc®aused on the development of the SIMMER-
Il and SIMMER-1V codes for the analysis of theris#tion phase for oxide-fueled reactors. The
integrated analysis of the CDA sequence of evardiscentral goal in both Japan and France,
with the events ranging from normal operation ®itfitiating phase intra-subassembly material
relocation described by the SAS4A code, and theexent events starting with the Transition
Phase modeled by the SIMMER code. As describedb@l&ection 5.2, the initial conditions
for the SIMMER in analyses performed in Japan ao@igded by previous SAS4A analyses. The
change from one code to the other occurs at the dinthe failure of the inner tube, when radial
molten fuel relocation can become significant. Tthesinterfacing between SIMMER and
SAS4A becomes an important area of the severeecahalysis where US researchers can
provide valuable expertise. Multi-dimensional (Zzabd 3-D) material relocation that occurs
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within a fuel assembly prior to the breaching &f #ssembly wall can aslo play an important
role in determining the timing of and physical ddions present at the initiation of inter-
assembly material relocation. In the US a studyrandel development of the multi-dimensional
material relocation in fuel assemblies was initladering the US New Production Reactor
(NPR) project, when the development of a 2-D versibthe LEVITATE code (DIANA) was
undertaken.

5.1 Major Codes for Evaluation of CDA Energetics

This section reviews the features and capabildfés/o major codes used in the US, Japan,
France, and other countries for the evaluation@A@nergetics: a) the SAS4A code used for
the analysis of the initiating phase events, anthé&SIMMER-I1l code used for the analysis of
the transition phase events.

5.1.1 The SAS4A Code System

The SAS system of accident analysis codes, develiopthe US at Argonne National
Laboratory (ANL), has played an important rolehe aissessment of energetics potential for
postulated SFR severe accidents. The SAS4A codensyS-1], the latest generation of this
code system, models the events talking place iIMBRR core during the initiating phase of
postulated accidents such as TOP and LOF. Develogedly for the analysis of oxide-fuel
SFRs, the code models have been later expanddduothe simulation of postulated accident
sequences in metal-fueled SFRs. The reactor caugbdivided into channels, each channel
containing a number of assemblies. All the fuekaddies in a channel are assumed to behave
identically. The flow within each assembly is assdno be one-dimensional. The end of the
initiating phase treated by SAS4A is thus defingdhe breach of the assembly wall, when two-
dimensional and three-dimensional flow effects leevadjacent subassemblies become
significant and the one-dimensional flow assumpbenomes invalid. SAS4A has a modular
structure, with various modules describing spegfienomena relevant to the SFR accident
scenario. Specific models describe the coolant #od boiling, fuel pin heat transfer, the
mechanical response of the fuel pin, cladding meglénd relocation prior to fuel pin failure, fuel
pin melting and in-pin fuel relocation, and muléphaterial relocation and interaction after the
cladding failure and fuel pin disruption. Varioumbinations of modules are active at any given
time in each channel, depending on the local cadif and providing a highly flexible
framework for the mechanistic modeling of the comxpgbhenomena that occur during a
postulated CDA.

The Loss of Flow (LOF) accident has been studig¢drestvely in the US, Japan, and Europe as
the accident that provides an envelope for the @Drditions in an oxide-fueled reactor and can
lead to the Transition Phase. The SAS4A moduledbsatribes the sequence of events during a
postulated LOF accident, from the initiation oflfo@tion to the end of the Initiating Phase (IP)
is the LEVITATE model [5.2]. LEVITATE is likely tde active in a SAS4A channel at the end
of the IP, when the SIMMERK-III code, describedhe following section, is activated to describe
the Transition Phase (TP) events. Understandingithiarities and differences between the
models used in LEVITATE and SIMMERK-III is thus imp@nt to ensuring a code transition that
preserves the important physical characteristidth@tore at the transition time.
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The LEVITATE code is a multi-phase multi-componerddel that describes the fuel assembly
in a one-dimensional geometry, assuming that alpihs in the subassembly behave coherently.
The moving components include the fuel and cladditgch can exist as solid particles, liquid,
or vapor, the coolant which can exist as liquidod vapor, and the fission gas which can be
either released fission gas or fission gas stidlined in the moving solid fuel. Each of these
components is associated with one of the threecitglields available: liquid velocity, solid
particle velocity, and vapor velocity. A typical METATE configuration is presented in Figure
29. Three basic thermal-hydraulic models are usetbfdescribe the LOF events in each
subassembly: 1) the hydrodynamic model descrithiegraterial relocation inside the fuel pin
cavities, which contain molten fuel and fission,ggsthe hydrodynamic model describing the
material relocation in the coolant channel bounolethe outside cladding surface and the
subassembly hexcan wall, and 3) the stationargtstrel model describing the heat transfer and
melting/freezing processes associated with the $oél pin stubs and the hexcan wall.
LEVITATE describes a wide spectrum of physical preena, including pin-disruption modes,
multiple fuel/steel flow regimes, fuel/steel freggiand plug formation, and a tight coupling with
the sodium slug dynamics [5-3]. LEVITATE has beeitially developed for the analysis of

LOF postulated accidents in oxide-fueled SFRs,lawlbeen successfully validated in the US in
analyses of multiple TREAT experiments [5-2, 5-4]5The oxide-fuel version has been later
validated in analyses of the CABRI experimentsdlgioan international collaboration that
included Japan, France, and Germany, as descrdded in Section 5.2.1. In the US, as the
focus of SFR research shifted to metal-fueled cract EVITATE has been expanded to model
metal-fuel specific phenomena. An important capigtéldded during this phase was the
coupling of LEVITATE with the newly developed prature in-pin fuel relocation module
PINACLE [5-6].
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5.1.1.1 The SA4A Metal Fuel Version

The SAS4A code was initially developed for the gs@l of unprotected hypothetical accidents
in oxide-fueled SFRs. With a change in focus inWlg&towards the metal-fueled SFRs, a new
version of the code has been developed. This sedéscribes the main SAS4A
phenomenological modules affected by the introdwmctif metal fuel pins [5-16]. These modules
include: a) the in-pin molten fuel relocation maalINACLE, b) the cladding failure module
DEFORM-5, and c) the post-failure material relosatmodule LEVITATE.

a) The PINACLE module describes the relocation oftem fuel inside the pin cladding, prior to
cladding failure. As the accident proceeds, themaish between the heat generated in the fuel
and the heat removed by the coolant leads to #ehkat-up and the formation of a molten fuel
cavity. The molten fuel inside the cavity can reliecunder the influence of the pressure
gradients, causing potentially significant negateactivity changes. As long as the cavity
maintains a bottled-up configuration, only limitiee| relocation can occur. However, if the
molten fuel cavity reaches the top of the activa fiolumn, the molten fuel can be ejected in the
space above the active fuel. This situation, itatsd in Figure 30, is typical for metal fuel pins,
where the axial temperature profile peaks neatdpef the active fuel. The amount of fuel
ejected above the active fuel column depends oprisure difference driving the molten fuel
and on the specific pin design. One of the modwlerporated in PINACLE calculates the
breach of the fuel column top, which controls tinset of rapid in-pin fuel relocation. PINACLE
also models the freezing of the in-pin molten fa®kthe power decreases, and the associated
reduction, both axial and radial, of the moltenigaw his allows an accurate modeling of the
decreasing-power part of the transient overpowguesece.
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b) DEFORM-5 is the SAS4A module designed to providemetal fuel pin and monitor the pin
failure margin. It has been coupled with the PINADOModule to provide an integrated model of
the pre-failure pin behavior. Because the clad@rgpnsiderably stronger than the fuel, the
initial model development has concentrated on théding transient response. Because of the
large interconnected porosity that develops witinbp, the pressure in the gas plenum and the
pressure in the fuel pin are assumed to remainl egui® the time when a significant molten
region develops and PINACLE is initiated. After ithéiation of PINACLE the internal pressure
acting on the cladding is calculated by PINACLEeressure equilibration between the molten
fuel cavity and the plenum occurs as a result efithpin fuel relocation modeled by PINACLE.
The cladding plastic strain and failure margin @eeermined using the forces acting on the
cladding and the cladding temperatures. Penetrafitime cladding due to the formation of the
uranium-iron eutectic is also considered. Eutgoticetration of the cladding reduces its load
bearing capabilities. The DEFORM-5 module determitne time of cladding failure and
triggers the initiation of the LEVITATE model.

c) LEVITATE describes the physical processes tleatioin a fuel assembly following the
cladding failure. In the metal-fuel version of SASUEVITATE is initiated at the time of
cladding failure in both voided and unvoided cotlamannels. This is different from the oxide-
fuel analyses, where the early fuel fragmentatiwh r@location for unvoided channels is
described by the PLUTO2 model of SAS4A. The useE)fITATE in unvoided coolant
channels in the analysis of metal fuel behavialus to the metal fuel tendency to foam rather
than fragment when ejected in unvoided coolant calsn and to the need for modeling of early
cladding melting and relocation due to eutecticgteation. LEVITATE is interfaced with the
PINACLE module, and continues the in-pin fuel ratian after the pin failure using the
PINACLE results as initial conditions. The LEVITAT&adding failure model is compatible
with the DEFORM-5 cladding failure model, and LEVATE continues to monitor the cladding
failure axial extension after the initial claddifeglure.

5.1.2 The SIMMER-IIl Code

SIMMERK-III is a general two-dimensional, multi-plgsnulti-component fluid dynamics code
coupled with a space-time energy-dependent netitaosport model, developed for the
mechanistic analysis of the transition phase of G[l,A12]. The code has been initially
developed in the US at Los Alamos National Labasa(bANL), and earlier versions of the
code have played a significant role in the advaregraf the mechanistic simulation of CDAs,
focusing on the transition phase events. Modeimgdtions identified during these early
analyses have led to the development of a new geoercode, SIMMER-III in a joint effort of
Japan Nuclear Cycle Development Institute (JN@ Rrench Commission for Nuclear Energy
(CEA), and the German Research Center KarlsruhK)HA the early stages of the
development effort the UK Atomic Energy Authoritiychin the US LANL also participated in
this effort.

The conceptual framework of SIMMER-III is shownRigures 31 and 32. The SIMMER-III

code models the basic SFR materials: fuel, stedlum, control rod, and fission gas. Some of
these materials can exist in different physicatsa¢.g. the fuel can exist as stationary fuel pin,
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moving liquid fuel, stationary crust refrozen oe gtructure, moving solid particles and vapor.
Thus the material mass distribution is describe@ bgomponent mass distributions in the
current version of the code. Some of these matesi@ponents share the same temperature,
which allows a reduced number of energy consemaguations, currently 16. The mobile
components which include the liquids, vapors, asidiguel particles, are assigned to one of
three velocity fields. Two of these velocity fieldse used for liquids and particles, and one is
used for vapor components, allowing the relativeiomoof different moving components to be
modeled. A fuel pin model is also provided, witle fiel pin pellet represented by several radial
cells.

The fluid dynamics model uses a semi-implicit pchae to solve the inter-cell convection on an
Eulerian staggered mesh. The material convectitneated using an explicit scheme, while the
pressure propagation uses an implicit scheme. fithee-cell mass, momentum, and energy
sources and inter-component transfer terms arendieted separately from the inter-cell
convection, an approach similar to the approach usthe LEVITATE/SAS4A code. The
structure model describes the time-dependent aanafigpn of the fuel pins and subassembly can
walls. Two can walls can be modeled at the left agitt of mesh domain. The presence of a can
wall at the cell boundary prevents radial fuel aaction and provides a surface on which the
molten fuel can freeze and the vapor can conddisebreakup of the structure components is
based on thermal conditions and the wall-thickrdegzendent threshold for mechanical breakup.
The fuel pin model includes the treatment of coidudn the solid fuel represented by several
radial cells with individual temperatures, modedishe molten fuel cavity and the fission gas
plenum.

The space-time-dependent neutron kinetics modeIMMER-IIl is based on an improved
guasi-static method with a diffusion acceleratiechhique where the flux shape is calculated by
a standard Sn neutron transport theory. Sinceltheges in the material number densities and
temperatures play an important role, a cross-seatiodel is included in the code to perform
self-shielding calculations in order to determine &ffective macroscopic cross-sections
whenever the reactivity is updated.

5.2 Evaluation of CDA Scenarios in Japan

The evaluation of the mechanical consequencegostulated core disruptive accident has been
one of the major efforts in the safety analysisxitie-fueled LMFBRSs. The efforts to
accumulate the experimental knowledge and to imptbe computer codes by adding new
models that describe oxide-fuel phenomenology afidat the experimental results have
continued steadily. During the 1970s and 1980s exgverimental knowledge gained from
TREAT, ACRR, CABRI, and SCARABEE test reactors wasd to enhance and validate the
SAS3D and SIMMER-II codes. These codes were usé#lteasafety assessment tools in several
oxide-fueled reactor safety analyses, with SAS3iDdased to analyze the Initiating Phase (IP)
events, and SIMMER-II describing the Transition 8h@rP) events. In the 1990s the existing
and new experimental data from the CABRI and SCAEEBN-pile tests have been used for
the further development and validation of a newegation of mechanistic computer codes,
SAS4A and SIMMER-III, which have further advanced t MFBR safety analysis. The
progression of a postulated unprotected LOF actidethe prototype LMFBR with oxide fuel
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has been evaluated with these codes reflectintatbst experimental and analytical knowledge
on CDAs [5-7]. Using the latest safety researchwkedge based on experimental information in
the context of the advanced accident analysis ctide€DA energetics was assessed to be more
benign than predicted in previous analyses. Therapt new experimental data and the
corresponding code models implemented in the SASAIRASIMMER-III codes for the analysis

of oxide-fueled core accident sequences are odtlxetow.

5.2.1 Initiating Phase Analysis

The initiating phase accident progression is areayaith the SAS4A code. The oxide-fuel
version, originally developed at Argone, was latedified in Japan to reflect the more recent
oxide fuel experimental data obtained in the CAB#RL series. The initiating phase events are
driven initially by the insertion of sodium voida@ivity. Subsequent reactivity changes due to
fuel expansion, fuel and cladding relocation, drelDoppler effect play a role in determining
the total reactivity changes and thus the energeélicing this phase.

5.2.1.1 Initiating Phase Model Enhancements

The reactivity changes that occur during the itingphase are directly related with various
thermo-hydraulic phenomena such as coolant boithmgiransient response of the fuel pin, and
the fuel breakup and relocation. Several model av@ments based on the experimental data
obtained from the CABRI experiments allow a moreusate description of these phenomena
and their combined effects lead to significantiywéo predicted energetics during the LOF
sequence than previously calculated. These new Isiodenodel improvements describe the
following phenomena:

a) The axial fuel expansion of the fuel was netglédn previous LOF analyses
performed in Japan. However, based on the exteegperimental data obtained from the
CABRI tests, this mechanism is now take into actoumaer weak cladding restraint conditions
[5-7]. The fuel stack above the uppermost fuel-diag contact position freely expands axially,
whereas the fuel column below this location is as=dito be completely stuck without
contribution of the axial cladding expansion anthaut partial slip of the constrained fuel. This
model was found to be appropriate in the analysise@CABRI results for LOF-TOP conditions
[5-7], although the simple treatment of the stusd fconditions somewhat underestimates the
single-pin fuel expansion CABRI data;

b) The release of the plenum fission gas intacti@ant channel upon cladding rupture
was often observed in the LOF CABRI tests. The ymermgas pressure can be a driving force for
the fuel stub motion described below and the blomdof plenum fission gas has a favorable
effect in suppressing the stub motion. The plenigsidn gas released in the coolant channel also
contributes to the fuel dispersal and becausedbkaot voiding has already expanded to the
lower end of the fissile region at the time of gfienum gas release the additional void reactivity
is limited;

c) The fission gas released from the molten augted fuel, together with the sodium
vapor, plays an important role in the early fuesipgirsal. A significant experimental data base
has been accumulated on irradiated fuel disruptrater LOF conditions, showing that the
amount of retained fission gas is 40-60% of theidis gas produced during irradiation. These
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experimentally based values have been used inABd & fission gas models in the LOF
sequence analysis;

d) The intact fuel pellets inside the claddingmtba upper and lower core boundaries
may move toward the core midplane after the ocagg®f the fuel pin breakup. This
phenomenon, referred to as "stub motion", is drivgthe plenum gas pressure when the
cladding restraint is lost due to the temperatise in the CABRI tests in which the transient
power pulse was applied before the boiling exteansiathe plenum region, the stub motion of a
few cm was observed at approximately 100 ms dfeptn disruption. On the other hand, the
stub motion did not occur if the power pulse wagligd after the boiling extension to the
plenum region. The modeling of the stub motion waisincluded in the original LEVITATE
model, and understanding the details of the newetsadlill require discussions with the
Japanese developers;

e) The location of the initial fuel pin failurar significantly affect the energetics of the
LOF events. The CABRI tests have indicated thairatktype fuel pin failure occurred when the
fission gas released from the fuel pellets incrédlse fuel pin internal pressure so that the
cladding stress exceeded its temperature depestiength. This temperature-dependent
cladding failure mechanism implies that the pirtui@ always occurs in narrow range of the
axial height that is well above the core mid-plaadagut 65% of the core height. The ejection of
the molten fuel through the cladding rip decredasegressure in the molten fuel cavity and thus
the subsequent axial rip extension is limited. fitezhanistic of the burst-type fuel pin failure,
reflecting the experimental knowledge obtainedchim CABRI experiments, has been
implemented in SAS4A and was used in the LOF acotidealyses;

f) The uncertainties in the reactivity coefficismtere reduced by the consistent
evaluation of critical assembly experiments [58}e resultant uncertainties were 20% for the
void reactivity and 14% for the Doppler coefficient

5.2.1.2 Initiating Phase Analysis Results

Simulations of a postulated LOF accident in theqigpe LMFBR with oxide fuel were
performed in Japan using the enhanced models dedabove for a core model with 34
channels and most probable conditions [4-9]. Ia ttuminal case the stub motion was not taken
into account because it occurs 100 ms after thebfeakup and has no effect on the initial
reactivity and power peak which occurs at 10 marafte breakup. Figure 33 shows the power
and reactivity histories for the nominal case. irftkvidual reactivity components are shown in
Figure 34. The maximum power is Pmax = 26.4 Pnohaind the maximum reactivity is 0.93 $.
Before the boiling onset the total reactivity iggagve as a result of the balance of fuel axial
expansion, coolant density, and Doppler reactiefitgnges. After the boiling onset the coolant
voiding and cladding relocation insert positiveateaty and lead to power increase. This
accelerates the fuel melting and disruption, lequttinfuel dispersal which rapidly decreases the
reactivity. The results of this nominal case intectat the most probable outcome of the
initiating phase is a non-energetic entry intottia@sition phase. A conservative case was also
analyzed, in which several conservative assumptigre added simultaneously to the nominal
case: the void reactivity was increased by 30%n#gative Doppler coefficient was decreased
by 14%, the amount of fission gas which contribtitefiel dispersal was decreased by 50%, the
cladding breakup stress was decreased by 30%rease the coherency of coolant boiling and
the stub motion was taken into account. In the eoradive case the stub motion following the

85



157 ot AR,

1045 _ 123
| & -reactor power [P-:u]|
05} 120 §
s i | g
POt L1158
§ 05F =
E . , "
[ | =3
10} §-15
: [
By [, P eeerin il . ~wfarits bedirdrded .._.h_‘._B
V0 350 100 1530 200 25

Figure 33 Total IP Reactivity and Power History floe Nominal LOF Case

30 : :
2.0 9000, |
] i |
.-:- é‘
1.0
z |
= 0.0
E'l'ﬂ ~o—total X .
(= +- Doppler ha,
20 H 51 fuel density *
- yvoid |
-3.0 H--&-fuel relocation 1
& cladding relocation ]
I, I | () A ve— Sre————————E———— U |
180 190 200 210 220 23.0 2440

time [zec]

Figure 34 Reactivity Components during the IP NahltOF Case

fuel disruption inserted reactivity after the fimiwer peak compensating the reactivity decrease
due to the early fuel dispersal. Thus a second ppeak was due mainly to the void reactivity
and cladding reactivity, which melts the fuel paes and causes rapid fuel dispersal and
reactivity decrease. The maximum fuel temperats@0D0 K and the maximum pressure is 6
atm. No appreciable mechanical energy would bergéee at this enthalpy level. The energy
level calculated in the conservative case is sulistyy lower than in former evaluations, due to
the improvements of the models used in SAS4A, whedlect the knowledge obtained from the
CABRI experiments and the reduction of the uncetyanf the reactivity coefficients.

5.2.2 Transition Phase Analysis

The objective of the Transition Phase (TP) analigsie evaluate the sequence and energetics of
the events that occur as the molten fuel regioraeap radially beyond the fuel subassembly
boundaries and spreads from a subassembly scdlépaoore scale pool. The event
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progression in this phase is dominated by the aszd fuel mobility resulting from the
enlargement of the molten region and the assocthtrdho-hydraulic events that determine the
fuel reactivity changes. Another important phenoameis the escape of the fuel from the core
through the open paths which become accessibletmoblten fuel when the subassembly walls
begin to melt. The TP analysis is performed ushegySIMMER-III code, which was developed
in a common effort by the Japan Nuclear Cycle Dgwelent Institute (JNC), the French
Commission for Nuclear Energy (CEA), and Researeht€r Karlsruhe (FZK).

5.2.2.1 Transition Phase Model Enhancements

The Transition Phase analysis for the reference BRIwith oxide fuel reported in [4-9] was
performed with SIMMERK-III reflecting the improvecdhderstanding of relevant phenomena
gained from experimental studies and improved SINRME models. The more model
improvement and validation efforts relevant fostanalysis include:

a) The progress in understanding the molten fsehge through the Control Rod Guide
Tube (CRGT), which was recognized as one of theidating phenomena in the TP analysis,
was taken into account. The breakup of the straatalls of the CRGT and the radial blanket,
which are adjacent to the molten fuel pool, prosida efficient fuel escape path through these
structures. The experimental results from SCARAB&ER] and CAMEL [5-10] experiments
indicated that the wall melt-through occurred ife& seconds and that the fuel escaped
efficiently through these structures and SIMMERadihalyses have shown similar results;

b) The size of the fuel particles plays an impartale in determining the fuel motion
since it determines the drag force between thegbestand the surrounding fluid. It was shown
that a slow power transient produced fuel partioles fuel pellet size, while a fast power
transient produced finer fuel particles with a deden less than 1.0 mm due to fission gas driven
dispersion.[5-11];

c) The axial blanket region is a direct path alfescape from the core within the fuel
assembly which is available at the beginning offiRe Fuel freezing in the blanket region can
obstruct this fuel escape path and plays an importde in the TP. Experiments that have
simulated the melting and relocation of cladding anbsequent freezing with solid fuel pellets
[5-10] have been analyzed with SIMMER-IIIl. The cadas shown to predict conservatively
short penetration lengths;

d) The boiling behavior of the molten steel anel fmixture plays a key role determining
the TP fuel motion and associated reactivity charagel has been studied in several
experiments. The BF2 experiment in SCARABEE, whartused on a boiling fuel pool under
in-pile nuclear heating was analyzed with the SIMRAE code, showing that the SIMMER-III
models can simulate the fuel boiling behavior reatty well.

5.2.2.2 Transition from SAS4A IP Analysis to SIMMER-III TP Analysis

The initial conditions for the SIMMER-III TP analgsare based on the results of the IP analysis
performed with SAS4A. The data mapping betweerlrecodes is performed by the SAME-II
code developed at INC as an automated interfasolgBecause the core representation and
physical models used in SAS4A and SIMMER-III ar¢ the same, the data mapping can have a
significant effect on the subsequent TP calculatidndescription of the SAME-II code does not
appear to be available in the open literature. didescussions with the Japanese developers of
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the code will be needed in order to understandntipact the transition from the SAS4A analysis
to SIMMER-III analysis may have on the LOF accidenalysis. The timing of the transition
from SAS4A to SIMMER-III is an important decisiom the integrated LOF analysis. The
SAS4A code is designed to treat the one-dimensiomiehkelocation in a fuel assembly before
the melting of the assembly wall, while SIMMER-ieats the two-dimensional fuel relocation
that occurs after the melting of the assembly Wdilis the transition from the SAS4A IP
analysis to the SIMMERK-III TP analysis must ocaustjbefore the first occurrence of an
assembly wall melting. The LOF analysis describefli9] this transition was performed at a
time when the reactor power was P= 0.9 Pnominatlaadeactivity was about -1.0 $. AlImost all
the sodium was expelled from the core and theviiasl mostly disrupted except for the
outermost core regions. Most of the disrupted ¥ still in the active core region and only 4%
of the core fuel had penetrated into the axial kédmegions.

5.2.2.3 Transition Phase Analysis Results

In the nominal case the fuel penetration into thialdblanket and the fuel escape through the
CRGT were both considered. However, it was assuhdhe fuel freezes and forms blockages
in the lower and upper regions of the CRGT wheiekthteel structures exist. The history of the
power and reactivity calculated for the nominalecase shown in Figure 35. In the early stages
of the TP analysis the reactivity increased dugréwity-driven downward fuel relocation
causing the reactor power to increase to P= 2.0niva. The fission gas release due to fuel
melting dispersed the fuel again, causing the nagcand power to decrease. The failure of the
CRGTs occurred between 2.4 s and 3.5 s into thall®Rying the fuel to escape and further
decrease the reactivity and power. At the same timesodium vapor caused by the fuel contact
with the coolant further accelerated the fuel peatemn into the upper blanket. The fuel escape
from the core decreased the reactivity continuoasly the accident terminated without
recriticality. The amount of fuel that left the ecait the end of the calculation was 28% of the
fuel inventory.
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Figure 35 Power and Reactivity Histories for theNd&minal Case
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The geometry used in the SIMMER-III analysis of CRfael removal is illustrated in Figure

36, where a single CRGT with six surrounding fugdassemblies is modeled in two dimensions.
SIMMERK-III predicted that more than 50% of the aetfuel is discharged into a CRGT channel
within a few seconds after the subassembly walt-thebugh.
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Figure 36 Geometry of Simmer-1ll Analysis of CRGUieF Removal

5.2.3 Integrated LOF Analysis Summary

The integrated LOF analysis using the SAS4A coddéhe initiating phase analysis coupled with
the SIMMER-III code used the transition phase asialis a significant step towards a consistent
mechanistic assessment of the CDA energetics. belkdge about CDA phenomenology
gained from tests in the CABRI and SCARABEE reactord from separate effects out-of-pile
experiments was incorporated in the enhanced mofighe SAS4A and SIMMER-III codes.

The LOF analyses using these models indicatednéisent reduction in the postulated CDA
energetics due to the presence of multiple inhgrbysical mechanisms and design features
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which mitigate the consequence of the accidentitfuichl experimental data and corresponding
model improvement and validation will further imgeoour understanding of the CDA
progression.

5.3 Evaluation of CDA Scenarios in France

The study of whole-core disruptive accidents, &téd by a loss of electric power supply and
simultaneous failure of the shutdown system, waslly considered to envelope many smaller
less-severe potential accident situations, whieln thiould not require special consideration. The
concern remained however as to whether other &&s& but more likely initiators, such as
coolant channel blockage in a fuel assembly, cpldgl a more important role in the overall risk
and lead to hazardous core melting scenarios. Beaaiuthe difficulty in defining the size of the
coolant channel blockage, it was decided to comsiteemost severe possible blockage, a Total
Instantaneous Blockage (TIB) at the entrance afb@ssembly at full power. In the study of this
hypothetical accident the control systems are clemed to remain in operation, but because the
flow in the subassembly is assumed to stop instaoiasly the detection systems do not react, at
least for some time, and the accident evolveslapduer. To ensure that this accident will not
be an initiator for a whole-core meltdown, the tising authorities have required a
demonstration that the meltdown of core materialsnet propagate beyond the six neighboring
assemblies.

The analysis of the TIB accident was performedgiie SIMMER-III code [5-13]. The TIB
scenario has been investigated in the SCARABEErarpatal program [5-14], and knowledge
gained from these experiments has been used toenkize SIMMER-1II models used in the
TIB analysis. The SIMMER-III calculation describige faulty subassembly surrounded by six
neighboring subassemblies separated from the fasigmbly by the inter-assembly gap. The
location of the faulty assembly in the core is shawFigure 37. The transient phase is induced
by a TIB that occurs in the selected fuel asserablyominal operating power. The geometry
modeled by SIMMERK-III is illustrated in Figure 38hich shows that the fissile pin bundle with
217 fuel pins is represented by nine concentricoreg The six neighboring subassemblies are
represented in a second concentric pin region.

The steady state conditions are obtained with aNEHR-11l quasi-transient calculation that
increases the power to the nominal level and isviadd by a constant power period. The
SIMMERK-III neutron transport model is activated idgrthe transient phase of the simulation
which describes the TIB events and begins by redutie inlet the sodium inlet flow rate to
zero. The sequence of events calculated by SIMMERdludes: a) sodium boiling and clad
dryout, b) cladding melting and draining, leadingte formation of a steel plug in the colder
subassembly zone above the inlet, c) liquid steel formation above the frozen steel plug, d)
fuel melting and collapsing into the liquid steebh leading to boiling of the steel-fuel mixture,
e) melt-through of the hex-can wall and molten makentering the subassembly gap and
freezing on the surrounding hexagonal wrapperscanding sodium boiling in the first pin
region of the surrounding subassemblies.

During the TIB sequence the material relocatioruges small power variations in the faulty fuel
assembly illustrated in Figure 39: a) a power iaseeat the time of the fuel pin disruption due to
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Figure 39 Power Generated in the Blocked Asseminfind the Postulated TIB Accident

fuel compaction, and b) a power decrease at atiaterdue to the fuel-steel mixture boiling and
then relocation to the neighboring assemblies. &lsesall power variations are associated with
core reactivity changes which parametric studie®snown can be detected with sufficient
margins earlier by a positive variation in corecteaty and/or later by a negative reactivity
variation for any core position of the blocked ssggnbly. Thus, the reactor scram can be
triggered sufficiently early to limit the moltenz®to the blocked assembly and the neighboring
assemblies, taking into account the decay powecaaling after scram.
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5.4 Evaluation of Severe Accident Scenarios in US

The metal-fuel versions of the SAS4A and SASSY Swmgtems are used to analyze the core
behavior under beyond-design-base transient condifior various advanced liquid-metal
reactor designs. The results of theses analyseglpran assessment the outcomes of various
accident sequences. Due to the emphasis on intsafy for LMRs, in addition to diverse and
redundant systems for reactor protection, modelsrdpresent the various reactivity feedback
mechanisms such as the radial core expansion,otoatt drive line expansion, and in-pin fuel
relocation have been included in these codes, aitpthe study of the response of various LMR
designs during postulated unprotected accidents.

In order to quantify the inherent safety marginailble in metallic and oxide-fueled reactors,
unprotected LOF and TOP accidents in two repretieatdS reactor designs have been
analyzed [4-12] using the SASSYS computer codéudiicg consideration of the inherent safety
mechanisms described above. One design was a 1d®ant and the second was a 365
MWe plant. Both plants have a pool-type primarytsyslayout. An oxide-fueled core and a
metal-fuelled core were designed for each plam. #izheterogeneous core layout, with internal
blanket breeder subassemblies arranged withindles was used for both cores. Results from a
study of an unprotected LOF accident in the laggetor design are shown in Figure 40. As the
accident develops, the coolant temperature risessiieg radial core expansion and control rod
drive elongation. No in-pin fuel extrusion was atveel due to the fuel chilling in all cases. The
major positive reactivity feedback is provided hg Doppler effect in the cooling fuel. Because
the temperature drop is smaller in the high conditgimetal fuel, the metallic core experiences
a much milder reactivity and temperature transiafter 1000 s following the accident

initiation, the power level in the metallic coreasigproaching decay heat removal levels and the
coolant temperature has risen less than 100 @eloxide core the power remains significantly

above decay heat removal levels, and the peakmio@iaperature is approaching the boiling
point.
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Analyses of very severe unprotected accidentscthatl lead to core disruption have also been
performed with the SAS4A code, in order to quantify energy deposition during such events.
A SAS4A analysis of the thermal-hydraulic and newitt events that occur in a low void worth
metal fuel core during a very rapid unprotected La@Eident with a flow decay half-time of 0.3

s is described in [5-15]. This LOF was selectedrater to evaluate the consequences of
extremely unlikely accident initiators that woulhd to fuel pin failure and subsequent fuel
relocation. The only mechanistic initiator that ¢aad to such a rapid LOF is, possibly, a severe
earthquake. For slower LOFs, pin failure and fedcation do not occur, as negative reactivity
from other core feedback effects has enough tinbetmteract the positive reactivity introduced
by the early sodium boiling.

As the coolant flow decreases, the fuel and cod&mperatures begin to increase. Eventually,
boiling begins in some of the channels, leadingrtoncrease in reactivity and power. These
events are described by the pre-boiling and boitmglules of SAS4A. At the same time, fuel
melting begins, and in-pin molten fuel relocatioaynoccur prior to cladding failure. These
events are described by the PINACLE model whicéradts closely with the DEFORMD5 pin
mechanics model. DEFORMS5 monitors the cladding taws and predicts the location and
timing of cladding failure. After cladding failur&jel relocation occurs both in the coolant
channel and inside the molten pin cavities. Ramddsruption can occur due to fuel melting
and cladding eutectic penetration. The axial fugpersal is driven by the fission gas pressure
and the pressure of the remaining sodium vapor.pbiséfailure events are described by the
LEVITATE model. All reactivity effects are integest by the SAS4A neutronics module, which
provides the feedback for the reactor power catimuria.

During the accident sequence, various assembligeinore behave differently because of their
exposure to various power and flow conditions. §coant for this, the SAS4A code models the
core as a number of distinct channels. Each chaxamtéains a number of assemblies that are
assumed to be identical. In the LOF calculatiorcdbed a 10-channel core model was used and
all channels are assumed to contain irradiatedviitbl 10 atom % burnup. The results of the
SAS4A calculations are illustrated in Figure 41 jahhshows the normalized power and
reactivity histories. Because of the decrease diuso flow, the fuel and sodium temperatures
increase gradually, leading eventually to sodiuntifigpand fuel melting. The positive reactivity
due to coolant boiling causes a gradual increapewer, which reaches P= 4.4 t=4.1s

when the first fuel pin failure occurs in channéhathe axial failure location at H=0.83.4%

(83% of the core height). The axial failure locatgays an important part in determining the
reactivity contribution due to the early fuel reddion. Although the reactivity effect of the fuel
dispersal in the coolant channel is generally negathe in-pin fuel relocation can have a
negative or positive reactivity effect dependingtioga failure axial location. Because the early
fuel relocation effect is dominated by the in-pirelfrelocation, a failure location near the core
mid-plane can lead to a temporary positive fuettigaly contribution. However, when the axial
failure location is far enough from the core mid@aas is the case in this LOF analysis, the
effect of the fuel relocation is negative from thegginning. Axial failure locations located in the
upper part of the fuel pin are favored in metal fi@es because of the axial fuel temperature
profile.
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Figure 41 Power and Reactivity Histories for a Rdpnprotected LOF

During the first 60 ms after the first pin failuitee positive boiling contribution remains larger
than the fuel negative reactivity contribution arectivity continues to increase, reaching a
maximum value of 0.82 $ and a maximum power P 6. B\fterward, the negative fuel
reactivity addition becomes dominant and the regdgtand power decrease rapidly. Fuel pin
failures occur in channels 2 and 3, in both chamaeH = 0.83 Hcore, causing the fuel
relocation to have a negative reactivity contribntirom the beginning. At 4.3 s when the
calculation was terminated, the net reactivity wiad4 $ and the power P = 0.6 Fhe

continued fuel relocation was introducing negatieactivity at a rate of -9.6 $/s. The results of
this LOF analysis show that even in the extremaljkaly event of a nearly instantaneous LOF
without scram that leads to a CDA in a metal fukgthe inherent safety characteristics of the
metal fuel core ensure a benign initiating phasgisece of events.
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6. CONCLUSIONS

This report presents a review of the role of seaem@dents in the safety analysis of SFRs,
design features developed or considered for theepten and/or mitigation of SFR severe
accidents, and current SFR safety approaches id$hdapan, and France.

Despite substantial differences in the reactor@adt design there are many similarities
between the safety approaches to severe accisded@pan and France. In both cases the CDAs
are considered in the plant design. The goal is\pyove both the prevention and mitigation
functions. The plant design and safety analysisresffare focused on oxide-fueled SFRs.

The central element in the prevention approachasatdition of a third, passively activated,
shutdown system. While the other two redundanttrggcshutdown systems are considered for
Design Basis Events, the third shutdown systeronsidered for severe accidents. When the
third shutdown system is considered, the combimetdability occurrence of CDA initiators and
failure of all three shutdown systems is signifitabelow 10’ per year. Thus the CDAs are
excluded from the Design Basis Events, and areidered in the safety analysis as Design
Extension Conditions (DEC) or Beyond Design Basisris (BDBE).

The mitigation approach is focused on preventingritecality and assuring in-vessel retention
of core materials if a CDA does occur. Both JSFR BRR include a debris tray, designed to
ensure the retention of the relocated core maseti@alprotect the reactor vessel from direct
contact with the molten fuel, and to maintain ardebed that is both sub-critical and coolable.
A feature unique to the JSFR design is the modifietlassembly, M-FAIDUS, designed to
allow an early escape from the core of the moltesh &nd thus prevent a severe power burst
during the transition phase.

CDA analyses, traditionally based on ULOF, areqrentd for JSFR and EFR to assure that
there are no cliff-edge effects and to provide adenstanding of the relative importance of core
characteristics for the design and beyond desiguirements. In Japan these analyses have used
the SAS4A code for the initiating phase and onSH¢MER code for the transition phase. A
modified version SIMMER named PAMR is being develdfor the analysis of long-term post
accident events. In France the codes used fonitigting phase analysis include SAS4A,

FRAX, and PHYSURAC, while SIMMER is used for tharisition phase analysis.

The US approach to SFR severe accidents has fooustd prevention of core disruption in
unprotected overpower and under-cooling accidémtsigh the provision in the design for
diverse and redundant shutdown systems, complethbgtamherent, passive mechanisms which
respond to the accident conditions and act to reskee balance between the reactor energy
production and the coolant system energy remova. glant design and safety analysis efforts
are focused on metal-fueled SFRs. Metal-fueledtoe@®signs provide significant advantages in
the prevention of postulated CDAs and mitigatiorthafir consequences.

To assure a self-limiting response to accident itmm$, specific features are included in the

system design, which respond to the increase isdbkant temperature rise through the core
associated with the unprotected loss-of-flow anerpower accidents. Negative reactivity
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feedbacks keyed to this coolant temperature inereas be effective in limiting accident
consequences. Two such mechanisms are providex) adial core expansion driven by
subassembly duct and above-core load pad thermpahsion, and b) differential thermal
expansion of control rod drives and the core supgtaucture, leading to a net insertion of the
control rods. An additional inherent negative raaist feedback mechanism provided by the
metal fuel pins is the pre-failure in-pin fuel re&tion, which can play an important role in the
mitigation of unprotected severe accidents conserpe

US researchers have developed significant safetignl@dvancements through the Advanced
Liquid Metal Reactor (ALMR) and Integral Fast ReadiiFR) programs. These advancements
constitute a progressive approach to preventigewére accident consequences, even in the
event of accident initiators that would in the paeste been assumed to lead to coolant boiling,
cladding failures, and fuel melting. This appraaskemplified by the EBR-II Shutdown Heat
Removal Test series and the FFTF Inherent SafetlySkgies, utilizes the unique performance
properties of sodium-cooled fast reactors to prewelf protection through fission power
reduction to shutdown and natural coolant circatator shutdown heat removal. This level of
safety performance can be assured through selexftioaterials and arrangement of
components, and furthermore it can be verifiedllysicale testing. Detailed deterministic
analyses using modern simulation techniques canipoyed to address phenomenological
uncertainties and to extend testing and verificatasults to new reactor and plant designs.
Risk-informed probabilistic analyses can be empliageassess the likelihood of accident
sequences that might exceed the enhanced safegynsarovided by the ALMR/IFR safety
design approach. This safety approach focusetieprevention of unprotected accident
consequences through selection of materials amd@ement of components can make a
significant contribution to enhancing the inhersafety characteristics of the Advanced Sodium
Fast Reactor prototype.
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