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ABSTRACT

Analysis methodologies of core disruptive accidents (CDAs) are

reviewed. The role of CDAs in the overall safety' evaluation of fast

reactors has not always been well defined nor universally agreed

upon. However, they have become a traditional issue in LMR safety,

design, and licensing. This study is for the understanding of fast

reactor behavior under CDA conditions to establish the consequences

of such conditions and to provide a basis for evaluating consequence

limiting design features for the KALIMER development. The methods

used to analyze CDAs from initiating event to complete core

disruption are described. Two examples of CDA analyses for CRBRP

and ALMR are given and R&Ds needed for better understanding of

CDA phenomena are proposed.
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I. Introduction

Improved safety of the next generation nuclear plants can be achieved

through the design which reduces the risk of a significant accidental

release of radioactive materials. By the time when a number of

liquid-metal cooled fast reactors (LMRs) are to be introduced into

electrical grids, they will certainly have to fulfill more stringent safety

requirements in order to be accepted by the public.

In spite of the well-established safety level of nuclear power plants,

analysis of severe accidents needs to be performed due to the

defense-in-depth principle.1 Especially, after the Three Mile Island

(TMI) accident in 1979 and the Chernobyl accident in 1986, there has

been an increased efforts for the plant transient and severe accident

analyses.

The defense-in-depth concept represents a well balanced approach and

is a fundamental principle in the design, operation and maintenance of

nuclear installations. It ensures that a severe core damage is

extremely unlikely to occur during the plant lifetime and, should it

occur, it would be extremely unlikely to yield any major hazard to

public health.

The safety approach for liquid-metal cooled fast reactors is expressed

normally in terms of three levels of safety. The first level concerns

the intrinsic features of the design of the nuclear plant and the

quality, redundancy, inspectability, and fail-safe features of the reactor

and plant components. The plant is designed and constructed to be

unquestionably safe in normal operation and to have a maximum

margin for abnormal events and component malfunctions. Analyses
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and tests are used to identify the malfunctions or faults that could

affect safety.

The second level of safety considers such conceivable incidents as

loss-of-flow, reactivity insertions, failure of safety systems, etc. which

are assumed to occur despite the care taken toward their prevention

in design, construction, and operation. Protection systems are employed

to minimize or prevent core damage despite such a failure. Safety

margins and redundancy are incorporated in the design of the

protection systems to guarantee their adequacy and reliability.

At the third level of safety, protection systems are postulated to fail

simultaneously with the occurrence of the accident. Investigations are

conducted to evaluate and understand the consequences of such

hypothetical situations, and design margins to mitigate these

consequences are provided as appropriate.

The core disruptive accident (CDA) analysis has place at the third

level of safety. CDAs have a very low probability of occurrence for a

well-designed reactor. These accidents are thus usually called

Hypothetical Core Disruptive Accidents (HCDAs). Strictly speaking,

CDAs were not considered as design basis accidents, however, the

design of some LMRs was strongly influenced by these accidents. In

these cases, reactor design was very much determined by rather

hypothetical events and it became questionable whether the safety

related design was really well balanced with respect to the entire

spectrum of possible incidents and accidents and also with respect to

the construction cost of the plant.

The CDA is considered to be an extremely low probability event. The
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safety study is concerned not only with the CDA initiation but with

possible subsequent events. In this context, two main tasks of fast

reactor designers are (1) to reduce the probability of a major accident

to as low a level as practical [prevention] and (2) to provide features

to mitigate the effects of CDAs [mitigation].
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II. LMR Characteristics for CDA analysis

When the public health and safety are considered for nuclear reactors,

it is only with respect to core disruptive accidents (CDAs) that

liquid-metal cooled fast reactors (LMRs) differ significantly from light

water reactors (LWRs). This is not because that LMRs are more

dangerous than LWRs, but this is because the accidents that require

analysis are quite different in character. Table 1 summarizes the main

differences between LWRs and LMRs from the safety viewpoint.

Table 1. Safety Characteristics of LWR and LMR

Core Geometry

Pressure in primary
system
Chemical reaction
potential

Loss of coolant

Inherent heat removal
capacity

Radiological inventories
Fission products
Plutonium

Nuclear properties
£(pcm)
yl(sec)

LWR

Arranged in most
reactive configuration

High (about 15 MPa)

None

Reactivity loss

Low

Equivalent
Medium

600-700
10"5

LMR

Not arranged in most
reactive configuration

None (at 1 atm)

High (Na-air, Na-water)

Reactivity gain

High

Equivalent
High

300-400
10"7
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Four main characteristics of large commercial LMR cores, which

influence the severe accident analysis, are as follows :

- Core geometry not in its most reactive configuration

- High fuel reactivity worth

- Positive sodium void worth

- Large margins to coolant boiling.

Liquid-metal cooled fast reactors can be sensitive to dimensional

changes of core materials because their intact core is not in the most

reactive configuration. In consequence, it is possible that any

rearrangement of core geometry can lead to reactivity gain

(prompt-critical excursion) and to hydrodynamic disassembly of the

reactor. This recriticality issue is unique to fast reactors. This

possibility provided the underlying concern for the majority of the

severe accident safety studies done for the early fast reactor systems.

According to results of the studies, an inherent force (pressure) during

fuel meltdown disperse the fuel leading to a reactivity loss rather than

a reactivity gain. Nevertheless, the potential for core compaction exists

and the attendant reactivity gain associated with such an event

provides a fundamental departure in behavior relative to the LWR

system.

Furthermore, the fast reactor is very small with 10 times of the

volumic heat rating and 3 times of fuel power density than those of a

thermal reactor. It means that the fast reactor core has higher

enriched fuel than in thr LWR system. This charateristic is not

desirable for the safety if a deformation of the core geometry would

occur. Therefore, several measures have to be taken to eliminate the

occurrence of serious distortions that would have an adverse influence



upon the operation and safety of the reactor during its envisaged

lifetime.

The sodium coolant has a moderating effect which contributes to

degrade neutron energy spectrum. If there is a loss of sodium in the

core, the neutron spectral hardening occurs and contributions of

different isotopes to neutron balance are modified. Principally, fission

reactions of even-number isotopes increase and parasite captures

decrease. The loss of capture capacity of sodium itself adds to this

effect. The sum of these effects brings a positive reactivity (central

component). By the way, the sodium takes an important volume

fraction in the core. The loss of sodium makes the core more

transparent to neutrons and increases neutron leakage from the core

resulting in a reactivity loss (leakage component). For a conventional

large LMR core, loss of sodium, particularly from the central region of

the core, is a possible mechanism for rapid reactivity insertion. It is

important to examine this possibility in relation to passage of a large

volume of gas through the core and in the event of an accident

resulting in general boiling of sodium. Moreover, an energetic

fuel-coolant interaction should be considered even if a core melt-down

occurs without an energetic excursion. The assessment of CDAs

(recriticality and fuel-coolant interaction issues) has been a major

consideration in LMR safety analysis and development.

The principal disadvantage of LWRs is that the water coolant needs

to be pressurized in order to obtain reasonable coolant temperatures.

Therefore, any breach in the primary system directly leads to coolant

blowdown. This concern is absent in an LMR system since the

sodium is highly subcooled (about 350°C) at normal operating

conditions. The maximum system pressure is high enough to insure
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proper coolant flow through the core. A breach in the primary system

of an LMR would not result in coolant boiling.

- 7 -



in . CDA Analysis Methodologies

The ability to analyze and predict the progress of a CDA has been a

major objective of safety R&D since it was recognized by Bethe and

Tait that the basic characteristics of LMR's represented a potential

for energetic severe accident. The CDA analysis allows us to identify

which phenomena and design features are responsible for mitigating or

aggravating the consequences of an accident.

Considerable progress has been made in improving the understanding

of the mechanisms and dynamics of postulated accidents in fast

reactors and of the margins of safety in design. An important

objective of the safety study is to provide continuing improvement in

the quantitative evaluations of safety margins. Safety analysis and

reactor design have been strengthened by more precise measurements,

improved knowledge, and increased experimental data, etc. The

progress in relation to analysis of the CDA has been made. Improved

understanding of the relevant phenomena, that is, coolant dynamics,

fuel dynamics, molten fuel-coolant interactions, etc. and advances in

analytical techniques have considerably reduced the uncertainties

involved in the accident analysis. As a consequence, the work-energy

release potentially associated with those hypothesized accidents has

been greatly reduced.

Early studies of CDAs ignored many of the intrinsic feedback

characteristics of an LMR core and assumed that ultimate neutronic

shutdown could only come about by the development of fuel vapor

pressure, which would physically disassemble the core. Hence, they

were focused on energetic excursions due to core compaction. These



analyses which were with the most pessimistic assumptions did not

consider physically possible initial conditions. The results of this type

of analyses were too much conservative. Therefore, a new approach,

called mechanistic approach,2' 3 is employed. In this approach, more

realistic accident paths are allowed.

The role of mechanistic accident analysis in fast reactor safety is (1)

to determine that the likely paths lead to early termination or

non-energetic core disruption, (2) to define the reactor design changes

that must be made to insure that initiators lead to non-energetic core

disruption, and (3) to define the time scales and phenomena of interest

and establish the validating of the application of the general behavior

principles in a given accident situation. This mechanistic analysis

cannot predict the complete evolution of a postulated CDA from

initiation to termination. There is considerable complexity in the

underlying physical processes that have not yet been modeled

appropriately. Nevertheless, these uncertainties can be handled

adequately through the careful analysis of the phenomena.

As shown in Figure 1, it is possible to categorize the assessment

steps CDA for a reactor system as follows :

• Initiating phase accidemt analysis

- Identification of potential initiators of importance

- Parametric analysis of initiating phase accident

• Transition phase analysis

• Disassembly analysis for those parametric cases which

lead to energetic disassembles

• Damage evaluation

• Evaluation of post-accident heat removal
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• Analysis of radiological consequences

The CDA analysis approaches of each phase can be summarized as

follows.

Accident Initiation
(Intact Subassemblies)

Disassem bly
(Whole Core Hydrodynamics Analysis)

Damage Evaluation
(Work Energy and System Response)

Post-Accident Heat Removal
(Debris Disposition and Coolability)

Fig. 1. Traditional Approach to Mechanistic HCDA Analysis
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Initiating phase accident analysis

The main objective of initiating phase accident analysis is to identify

initiators which will be the most important contributors to risk and

which will provide an envelope for possible consequences. In this step,

calculations of core neutronics and thermal behavior up to the point of

loss-of-subassembly geometry are performed. Initial state of the core

is established first, and then transient calculations are performed to

analyse responses of the primary system to the transient, and to

follow time-dependent behaviors of the fuel pin, sodium boiling, clad

melting and motion, and fuel motion, etc.

Since the primary sodium in an LMR operates at low (nearly

atmospheric) pressure, system design can preclude a complete loss of

coolant and core uncovering as the initiator of a whole core melting.

The only accident initiators that can possibly lead to whole core melt

are (1) transients combined with failure to scram, (2) loss of decay

heat removal, (3) core wide failure propagation, such as initiated by

local flow blockages, and (4) rapid and large reactivity insertions

exceeding the limits which the protective systems are designed for.

All of the potential initiators have been shown to be unlikely, and two

may be ruled out as initiators. The two accidents that were not ruled

out but further discussed were the local failure and the failure to

scram in conjunction with another more likely event.

Analysis to date, combined with experiments on fuel-coolant

interaction, transient destruction of fuel, and explosive testing of the

fuel assembly wrappers, seems to indicate that propagation cannot
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occur following a local failure and therefore this case can be

eliminated as a potential initiator for CDAs.

Proper design can virtually eliminate all of these possibilities; but

melt-downs initiated by at least one of these mechanisms are usually

considered in licensing evaluations. In general, the two transients that

have received the most attention are the loss-of-flow and the

transient overpower accidents. The unprotected loss-of-flow event

results from a sudden loss of power to the primary coolant pumps,

causing the coolant flow to coast down at a rate controlled by the

rotational inertia of the pump and motor. Several seconds are available

to accomplish effective reactor shutdown prior to reaching coolant

boiling conditions. However, the analyses for this event are based on

the assumption that all such protection systems are inoperable. The

subsequent consequences of coolant boiling, cladding melting, and fuel

melting are anayzed on this basis. A transient overpower event refers

to an off-normal condition in which a reactivity insertion occurs.

Given the assumption of a reactivity insertion, combined with the

hypothesis of complete failure of the plant protection systems, the fuel,

cladding and coolant heat up, Doppler feedback and core expansion

mitigate the power rise, the hottest fuel pins eventually rupture,

molten fuel is ejected into the coolant channel, and the integrated

result of this material movement is either to augment the accident or

to effect a rapid reactivity shutdown. The actual accident path

depends strongly on several factors, including the magnitude of the

reactivity insertion ramp rate, the amount of total reactivity inserted,

the magnitude of the reactivity feedback mechanisms, etc. Figures 2

and 3 show the possible paths in ULOF (unprotected loss-of-flow)

and UTOP (unprotected transient overpower) accidents in mechanistic

accident analysis.
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Accident Initiation
(Intact Assemblies)

In-Place
Cooling

Early Termination

Transition Phase

Core Disruption
Phase

Mechanical
Disassembly

Fuel
Boil-out

Damage Evaluation and Post-Accident Heat Removal

Fig. 2. Potential Accident Sequence Paths for the ULOF
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Central Failure

Sweep
out

Rug In
Radial
Center

Sweep
out

Plug In
Radial
Center

Total
Plug

Radial Propagation
to Complete Rug

Total
Rug

Early Termination

Transition Phase Core Disruption
Phase

Limited Rn
Failures

Whole
Core

Fuel
Boil-out

Mechanical
Disassembly

Damage Evaluation and Post-Accident Heat Removal

Fig. 3. Potential Accident Sequence Paths for the UTOP
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The scram failure case is analyzed as a direct result of licensing

practice. It would be preferable to spend the technical effort in

assessing reliability of the scram system. A sodium fire is also used

to evaluate containment design in many plants. It was shown that the

effect of sodium fire need not be restrictive to the design. With a

suitable design which covers the sodium areas with inert gases, the

possibility of sodium fire can be reduced drastically.

A large number of codes have been developed for analyzing the

initiating phase of these types of accidents. The SAS (Safety Analysis

System) codes of ANL are the most representative. These codes

provide a state-of-the-art understanding of both loss-of-flow and

overpower transient CDAs. The most recent version of the SAS codes

is SAS4A.

Another example of whole-core initiating accident analysis codes is

MELT series codes. MELT-IHA is the most recent version, which

includes improved models for primary-loop hydraulics, fuel dynamics,

and fuel-coolant interaction.

Transition phase analysis

After the initiating phase of an accident, there are two possible paths.

The one is early termination with the core largely intact and coolable.

The other is gradual meltdown with no large energy release but

uncoolable. In the latter case, it is possible that large quantity of core

materials could melt into a pool of molten core debris and eventually

boil. This is called slow boiling process in the transition phase. And

analysis must be continued until a stable coolable configuration is
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obtained. The principal question in this phase is whether the core will

boil until a permanently cooled sub-critical configuration could be

established or whether criticality conditions could be reached again.

Significant progress has been made to model the transition phase. The

FUMO-T code has been developed to model the hydrodynamics of a

boiling pool in 1-D geometry, and the TRANSIT code has been

developed to study the incoherencies of the progression of an uncooled

core into the transition phase. The most challenging attempt to model

a core that loses its original geometry is in the SIMMER code.

Although the SIMMER code is described in this section on transition

phase, it is also useful for disassembly phase analysis. The recent

version of the SIMMER code is SEVIMER-II which allows to treat

variety of disrupted geometries of interest in 2-D kinetics models.

Disassembly analysis

The disassembly phase begins when a prompt-critical excursion is

induced. The rapid heating and vaporization of the fuel produce high

pressures that disassemble the core inducing a negative reactivity and

therefore end the power burst. The calculation of energy generation

during disassembly, originally based on the Bethe and Tait study, has

long been as the basic guide to containment design for LMRs.

In their analysis, the geometry for the core disassembly was treated

as a spherical, and the two most important assumptions taken were

as follows. (1) The distributions of reactivity worth and of power

were assumed independent of time, i.e., they ignored the fact that, as

time progresses and the core began to disassemble, the core materials

move from their original location. The reactivity changes were
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calculated by first order perturbation theory. (2) In the hydrodynamic

equations describing the force balance and the equations of state, the

density was assumed to be constant. Hence, the pressure which

causes disassembly, was assumed to be independent of the expansion

required to terminate the excursion and was calculated from the

energy content and the density that existed at the beginning of the

excursion.

This analytical approach was used around the world for many years

to establish a conservative upper bound for LMR containment

requirements.

A number of improvements of the Bethe and Tait analysis have been

made including Doppler feedback, the equation-of-state used to

estimate the pressures, more accurate neutronic calculations, and

two-dimensional calculation capability.

The VENUS-II code is currently one of the most advanced in the

series of disassembly codes evolved from the original Bethe-Tait

approach. As described in the transition phase section, the SIMMER-II

code can provide two dimensional kinetics for use during disassembly

phase.

Damage evaluation

Mechanical damage to the primary system might result from a

two-phase expansion of either fuel or sodium. Fuel expansion could

directly cause mechanical deformation of the primary system

structures. Heat might be transferred from fuel to sodium in a molten

fuel-coolant interaction (MFCI) and the resulting sodium vaporization
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and expansion could lead to mechanical damage.4' 5

During disassembly, the generated heat changes its form of energy

that can cause damage to primary structures. This work energy

conversion should be evaluated to examine potential damage to

systems during the excursion. Hicks and Menzies pointed out that the

maximum work potential could result when the heat transfer to the

sodium is sufficiently rapid.

Recent studies show that the heat transfer from oxide fuels to sodium

can not occur on a time scale short enough to significantly increase

the work potential above that obtained by the expanding fuel vapor.

The current practice to evaluate the work-energy potential is to use

the pressure-volume curve determined by the expanding fuel vapor.

Once the pressure source term has been established, the response of

the system can be analyzed. For this calculation, the basic

conservation equations of mass, momentum and energy, together with

the equations of state of the reactor materials are solved. And the

response of the structures to the pressure source term is calculated.

Early calculations of fuel expansion and 2-D coolant hydrodynamics

were performed with the REXCO and ICECO codes. The advanced

version of the REXCO code is REXCO-HEP, and the MICE and the

ICEPEL codes are the extension of the ICECO code. And also, the

SIMMER-II code can be used to calculate mechanical damage

potential. The SOCOOL codes were developed to evaluate the potential

work energy resulting from a molten fuel-coolant interaction following

a sodium in-core disassembly.
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Post-accident heat removal

One of the key questions that must be addressed in studying CDAs is

post-accident heat removal. At the end of a hypothetical core

meltdown accident, large parts of the core will be damaged and

remain molten and core debris will be found at different locations

within the reactor vessel. Sufficient amounts of sodium will still be in

the reactor vessel to provide long-term cooling of the core debris as

well as of the molten and undamaged parts of the core. Heat transfer

will still be possible through the normal decay heat or the emergency

decay heat removal systems. Extensive R&D efforts6 were and are

still going on to prove that the molten fuel can safely be cooled

within the reactor vessel over long periods of time. The objectives of

these R&D efforts are to analyze the long-term decay heat removal

from the fuel following a CDA and to show how the fuel comes to

rest in various parts of the system where it can be permanently

cooled.

The first thing that needs to be done is to define the heat generation

sources and then to focus on the principal geometric locations where

heat transfer and cooling occur. The relocation of core materials and

the required measures are of course dependent on the reactor design.

The principal heat source in a damaged sub-critical core is decay heat

from fission products. Fission products have been categorized in

various ways for convenience. In general, one divides them into four

groups : noble gases, halogens, volatile solids, and non-volatile solids.

The fission product decay heat level as a fraction of operating power

in LMR fuel is similar to that of LWR fuel. However, the LMR decay

heat density is substantially higher due to the higher operating power

- 19 -



density.

An assessment of the present status of investigations for current

LMR design concepts shows that the core debris should be retained

coolable within the reactor vessel. The tendency for the safety design

of future large sized LMRs is to make optimal use of internal vessel

structures and place in-vessel molten core fuel retention devices at

the bottom of the reactor vessel. Earlier, ex-vessel retention systems

were also considered. However, a lot of additional R&D for a number

of new problems had to be solved. One of the main problems

encountered was the fact that the core catcher, when loaded with

molten fuel and hot sodium, would generate high aerosol rates in the

inner containment. The preferred solution for future commercial size

LMRs is therefore the in-vessel core retention and cooling of core

debris.

New technologies have been developed to analyze several of the heat

transfer modes expected to be important in post-accident heat

removal. Predicting the heat removal rates from internally heated

debris beds and molten pools are two of the most important technical

problems.

Computer codes such as ORIGEN, CINDER, and RIBD are available to

calculate detailed inventories of all fission product isotopes from the

various fuel isotopes. Theoretical models for the prediction of pressure

increase of the containment atmosphere are incorporated in the codes

CACECO and CONTAIN.
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Radiological consequences

The last task in CDA analysis is to estimate the radioactivity release

and the corresponding potential exposure to the public. A typical

analysis of radiological consequences consists of four phases :

- source term

- containment performance

- radioactivity transport and release

- atmospheric dispersal

The source term is defined as that quantity of radioactive materials

released from the primary reactor system in a form capable of being

spread through the atmosphere. Simulation experiments have shown

quantitative evidence of processes which would tend to cause retention

of radioactive materials, except noble gases, within the sodium system.

The COMRADEX code can be used to estimate the source term.

Containment temperature and pressure transients are determined

primarily by the chemical reaction of sodium expelled from the reactor

system together with decay heat of released radioactive materials.

Individual design-dependent calculations are made to estimate sodium

release from the reactor.

The state-of-the-art experimental information and theoretical models

on sodium fires, aerosol behavior within containment, sodium-concrete

interactions and heat transfer through containment cells are combined

and modeled in computer codes such as CACECO, COMRADEX, or

CONTAIN.
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The release of noble gases from containment is calculated on the

basis of complete mixing of the gases with the containment

atmosphere and leakage at the same rate. The halogens and solids are

subject to removal mechanisms within the containment, primarily

dependent on aerosol mechanics. The computer code HAA-3 is used

for quantitative analysis of aerosol concentrations.

The atmospheric dispersal of radioactivity after release from

containment and the corresponding potential exposure are calculated by

conventional methods in LWR siting and safety analyses. Once the

contaminated atmosphere leaks through or is exhausted from the outer

containment, local meteorological data are used to establish the

dispersion characteristics of the airborne radioactivity in the same way

as for thermal reactors. The COMRADEX code can also perform this

calculation. The CRAC code, originally developed for use in the

WASH-1400 Reactor Safety Study, is often used for this purpose.

Features of both the COMRADEX and CRAC codes have been

incorporated into the CRACOME computational system.
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IV. Licensing Requirements Regarding CDA

The ultimate objective of the safety evaluation is to show that the

system is indeed safe and to obtain licenses to build and to operate

the plant. CD As have a major role in LMR licensing procedures.7

The suggested roles for CDAs in the licensing process have ranged in

the past from (1) very little consideration of CDA consequences and

mitigation based on low probability of occurrence demonstrating

adequate reliability in plant components, shutdown, and heat removal

system to (2) treatment of CDAs as design-basis accidents in the

classic sense. The above two approaches to licensing appear clearly to

represent extreme and unrealistic solutions at this time.

The following overall approach as to the role of CDAs in licensing

and design of LMRs is therefore suggested : (1) the probabilities of

initiators leading to core meltdown should and can be made

sufficiently low (objective is less than 10'6/reactor-year) so that CDAs

do not have to be included within the conservatively oriented safety

approach taken in the licensing process for DBAs, (2) a further

significant and independent reduction in risk should and can be

accomplished from best-estimate analysis demonstrating the

unlikelihood (objective is less'"than 10~2) of a postulated core meltdown

leading to substantial energetics that would challenge the energy

absorption capability provided by the primary system design, i.e., the

absence of energetic hydrodynamic disassembly (energetic

prompt-critical excursions) and/or energetic fuel-coolant interactions

(vapor explosion), (3) the principal basis for the design should be set

by functional requirements where any weak links in the resulting
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design should be upgraded to give an overall consistent system with

an optimum energy absorption capability, and not by arbitrary CDA

energetics, and (4) on the basis of best-estimate analysis, the

objective should be to demonstrate long-term containment capability of

the fuel debris following a postulated core meltdown accident.
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V. CDA Analyses for CRBRP and ALMR

V.I CRBRP

Q

In the CDA analysis for the CRBRP, the mechanistic approach was

used. Computer codes used were SAS3D (SAS4A to a limited extent)

and SMMER-n.

The initiator studied was an LOF. The basis of this choice was (1)

the LOF accident phenomenology spans the range of energetically

significant CDA behavior, (2) within the LOF sequences the previous

review effort identified specific and significant areas of concern, and

(3) exploratory examination of all other CDAs indicated an

energetically benign behavior compared to that projected for the LOF.

Furthermore, this emphasis was to reflect the relative complexity of

the LOF sequence compared to that of the TOP and LOHS accidents.

1) LOF

During the progression of the accident, when the relocation of the

appropriate quantity of drive fuel occurs in a forceful manner, it is

called "energetic termination" or hydrodynamic "disassembly." When

this relocation is benign, it is called "mild termination" or simply

"dispersal." The overall objective was to> determine the relative

likelihood of these two termination paths as a function of the damage

potential of the energetic ones.

Energetic behavior is the consequence of rapid reactivity insertion. For

the CRBR design, such reactivity increase only results from sizable
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and compactive fuel motions. When such fuel motions occur in the

process of disruption, it is called "initiating phase energetics." When

such motions occur due to compaction from highly but temporarily

dispersed fuel states, it is called "recriticalities." These two energetic

phenomena fundamentally differ both in recriticality-yielding

mechanisms and in resulting damage potential.

The levels of energetics required to produce significant structural

damage in the CRBR were evaluated taking into account an "inner

containment" (See Fig. 4) formed by the CB (Core Barrel) / UIS

(Upper Internal Structure) / CSS (Core Support Structure) envelope.

The structural analyses indicated that a level of energetics in the

range of 1,130 MJ (isentropic expansion to 1 atm) would be required

to breach this inner containment.

At still higher levels, upward displacement of the UIS and

longer-term expansion against the sodium pool occurs. For the CRBR

core, this is the only sequence that could provide the opportunity for

large-scale, fuel-coolant interactions. Experimental evidence indicates

that this interaction would not yield pressure increase, and that the

energy conversion process would be controlled by two-phase choking

and minimal fuel/coolant heat transfer. The evaluation indicated that

approximately 2,550 MJ would be required to produce a slug-impact

kinetic energy close to the vessel-head design capability of 75 MJ.

The 1,130 and 2,550 MJ energetic levels correspond approximately to

100 and 200 $/sec disassemblies, respectively.
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Initiating phase energetics

A number of SAS3D calculations were performed. With the lower

coolant void reactivity of the CRBR core, the LOF-and-TOP accident

is ruled out.

Plenum fission-gas-induced compaction has been proposed as another

mechanism for initiating phase energetics. The reactivity insertion rate

from this fuel compaction process is approximately 50 $/sec which

represents a tolerable level of energetics.

But at the time of this energetic event, only one-half of the core

would be voided and the resulting high overpower could induce an

LOF-and-TOP event in the other half. Such a combination of

energetic events was judged as highly undesirable. Therefore steps

should be taken to limit the action of these pressures during the

initiating phase of the LOF.

Recriticalitv energetics

The general behavior of the post-initiation period was examined both

in terms of a SEVIMER-II integral system calculation as well as in

terms of generic ad hoc evaluations of relevant physical processes.

The integral calculation was a continuation of one of the SAS3D

analysis. The results depict a generally active sequence, with regular

power bursts corresponding to fuel reassembly motions. Merging of

the S/A-scale pools (annular pool) and destruction of the internal

blanket barriers (whole-core pool) occur successively within only a

few seconds. Upon attainment of a large two dimensional, the power
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oscillations amplify because of increasingly severe sloshing pool

motions. However, homogenization of the internal blanket regions

develops slowly; hence, radially focused sloshes are inhibited, and the

system's total available reactivity is well below that of a

homogeneous pool, and the associated power bursts are nonenergetic.

This delay is sufficient to allow removal of the fuel required for

termination prior to the formation of a homogeneous whole-core pool.

The mild termination potential was evaluated in terms of

separate-effects calculations that model in great detail the flow path,

the flow constituents, and thermal interactions including freezing and

plugging phenomena. Adequate fuel removal is estimated to assure

permanent neutronic termination prior to the formation of a

homogeneous whole-core pool.

Gravity-driven recriticalities were examined for amplification potential.

Even if the complete core-wide coherence is assumed, maximum ramp

rates are limited by instability-controlled reassemblies to less than

100$/sec. Therefore, no physically reasonable threat to the vessel head

structures can be seen from these first two stages of disruption.

For the whole core homogeneous pool, high reactivity insertions rates

were produced by a radially focused sloshing action. But in those

cases, single-phase disassemblies dominated and negligible energetics

resulted. However, there is also a range of conditions over which

substantial energy releases can be calculated. This is particularly so

when two-phase regions exist. The calculation did enter the whole

core pool phase and it did indicate radial sloshing and amplification.

However, due to the system's nonhomogeneity power distribution

resulted, hence, radial focusing was absent and non-energetic behavior
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was observed. Before homogenization of the internal blanket material

occurred, permanent termination of neutronic activity by fuel removal

was indicated.

2) TOP (Transient Overpower Accident)

To consider a TOP accident, a reactivity insertion rate of 10-12

cents/sec was taken as a conservative upper limit. The behavior in

this accident is controlled by the competition between pin-internal fuel

motion and pin-external dispersal (sweepout).

This accident was simulated with the PLUTO2/SAS4A computer

codes adjusted by experimental data from the L8 TREAT TOP test.

The calculated sweepout was seen to cancel successfully pin-internal

fuel motion reactivity and a small amount of sodium voiding reactivity

and to produce shutdown.

Thus, even under the most limiting conditions, no energetic behavior

could be found for TOPs of up to 10-12 cents/sec. For TOPs with

higher ramp rates, energetic behavior cannot be precluded. However,

such events are of sufficiently low probability that they can be

excluded from consideration.

3) LOHS (Loss-Of-Heat Sink Accident)

The LOHS circumstances originate from core disruption at very low

power and in the absence of sodium coolant. In this kind of accident,

disruption would not occur until many hours into the accident,

indicating significant margins for recovery.
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Just after the beginning of the accident, the system remains

subcritical, but continues to heat slowly until fuel settling occurs

which results finally in criticality. Criticality accelerates the melting

rate. Therefore a free-fall compaction occurs producing a moderate

reactivity insertion rate of 60$/sec. Such an event would disperse the

core into the vessel and provide permanent neutronic termination. But

a smaller recriticality (10-20 $/sec) is considered more likely under

these circumstances and would be insufficient to provide termination.

A whole-core pool could be produced and the resulting dilution is

adequate to render the system permanently subcritical.

To consider the most severe recriticality, the 200 $/sec was

considered for the transient. In this transient, an upper-bound U1S

kinetics energy of approximately 5MJ was estimated by the

SIMMER-n code. Such a missile is of little mechanical consequence

to the reactor vessel head.

V.2 ALMR

1) CDA Analysis

The original ALMR design was referred to as the Power Reactor

Innovative Small Module (PRISM). A safety information document

was submitted to the NRC for this design in 1986-1987. In 1990, GE

submitted amendments to address the concerns identified. The most

significant adjustment was the addition of a containment dome above

the reactor-vessel head-access area A major milestone was completed

in October 1993 with the release of a Draft Preliminary Safety

Evaluation Report (PSER).9 The objectives of the licensability review

in the PSER were (1) to identify criteria by which the ALMR should
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be judged, (2) to evaluate the ALMR design against those criteria and

to identify any licensability issues, and (3) to evaluate the ALMR

development program and to identify areas requiring additional

analysis and development.

GE took a sodium fire (sodium pool is in direct contact with the

containment atmosphere) as a scenario for the containment evaluation.

The analysis was done by using the CONTAIN and SMART codes.

The CONTAIN code predicts conditions within the containment dome

and the quantities of the various isotopes released from the

containment, and the SMART code estimates the radiological

consequences of the releases predicted by CONTAIN.

A modified Bethe-Tait core disassembly model was developed and

used to compare the CDA potential with the 500MJ assumption (GE)

for the maximum energy imparted into the coolant system in the

PRISM CDA capability analysis.

The modified Bethe-Tait core disassembly model was applied over a

range of reactivity insertion from $10/sec to $2,000/sec, to determine

maximum peak pressures, temperatures, energies during postulated

CDAs.

Energy release is calculated as the work potential of the adiabatic

expansion of the metal fuel vapor. The 500MJ value corresponds to a

reactivity insertion rate of $185/sec. This value can be used to assess

the margin to reactor vessel failure for the two most severe classes

of transients that have the potential to develop into CDAs (UTOP &

ULOF).
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The UTOP event was predicted to result in an energy release of

190MJ and the ULOF event produced 160MJ, both less than the

500MJ value used by GE. The equivalent reactivity insertion rates for

these events is about $110-$115/sec.

With respect to the fission product release fractions and site boundary

doses, there is far greater uncertainty involved. GE shows projected

doses at the site boundary ranging from 1% to 40% of protective

action guidelines (PAGs). However, these low doses are due to the

relatively small amount of fission products and fuel that escape from

the sodium pool into the containment dome. The data base supporting

those release rates is not complete, so these predicted doses involve a

great deal of engineering judgement and should be used with care.

It appears that the PRISM containment dome could accomodate a

worst-case sodium pool fire, and with fairly large safety margins.

2) R&D needs

The R&D needs are related to the metal fuel development program

and include the fuel axial extrusion process which limits the energy

resulting from the CDA. The behavior & transport of the fission

products from the fuel pins, through the sodium coolant and cover gas

region, into the containment dome, and finally into the environs is also

under investigation as part of the IFR program.
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VI. Current Status and Future Trends in CDA analysis

Table 2 shows a list of several key physical phenomena which require

intensive future R&D efforts.10

Table 2. Key R & D Items for the CDA Analyses

Phase of CDA

Initiating phase

Transition phase

Phase of

core material movement

and mild discharge

Phase of

energetic disassembly

Key R&D Items

- Axial fuel expansion

- Clad material melting, movement, and freezing

- Early fuel dispersal in sodium voided

fuel elements

- Fuel pin failure, failure propagation, and fuel

movement in partly voided fuel elements

- Fuel / steel penetration into axial and radial

structures (blockage formation, remelting)

- Melt-through or mechanical failure of wrapper

walls

- Transient behavior of boiling fuel/steel pools

- Secondary excursions

(space dependent kinetics)

- Steel vapor driven discharge of core material

(contact with sodium)

- Core material expansion and discharge in the

presence of sodium

- Behavior of upper core structures during

energetic discharge of core material
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Major consequence from a large scale containment failure could take

place only in a specific accident sequence initiating from highly

energetic in-vessel core disruption events. An unprotected loss-of-flow

accident has been identified to be one of the most important risk

contributors from the aspect of energetics concerns. In particular,

because of the insufficient experimental data, the recriticality potential

still exists during the core meltdown and molten pool formation

phases.

The main in-vessel mitigation mechanisms are (1) the core fuel

dispersal that leads to neutronic shutdown of the reactor, (2) the

structures that surround the core and restrict the thermal to

mechanical energy conversion, and (3) the reactor vessel that absorbs

the energy released. In- and out-of-pile experimental studies during

the past ten years have significantly contributed to the reduction of

uncertainties in these mechanisms.

Despite of the improved understanding of phenomena during CDAs,

there still remains much work to be done for the analysis capabilities

and for the validation of comprehensive mechanistic analysis models

for complex scenarios of a core disruptive accident (CDA). Some areas

of the CDA physics, especially for the core melt-down and molten

pool formation phase, still does not allow modeling of the phenomena

and evaluation of the corresponding thermal and mechanical loads with

desired accuracy. These uncertainties have been treated by using

conservative assumptions during accident simulation. For future large

commercial LMRs a similar procedure could lead to rather costly

solutions for plant design. Therefore it is highly desirable to develop a

better understanding of the key phenomena and to narrow the gap

between best estimate and conservative analyses. R&D issues which

- 34 -



remain to be resolved must be identified considering such factors as

the reactor core size and its effect on the CDA characteristics, the

reactivity feedback effects, in particular, the sodium void reactivity,

the effects of increased fuel inventory on a recriticality potential,

post-accident heat removal, and the structural margin of the

containment system, etc.

- 35



VII. Conclusions

Over the past two decades LMR safety research programs have

provided significant progress in understanding the CDA phenomena

through the in-pile experiments, out-pile experiments and analytical

tools development. The need for the prevention of accidents and

mitigation of consequences of hypothetical accidents along with the

minimized risk has given rise to a significant impact on the design of

the next generation nuclear reactor plants.

Current LMR plants are designed in such a way that they not only

meet strictly conservative design requirements within a realm of the

design basis events but also, as a result, are in possession of prudent

safety margins to ensure negligible consequences arising from CDAs.

Accordingly, most of the CDA related R&Ds to date have been carried

out to demonstrate sufficient or ample safety margins of a specific

plant that exists. The role of the R&Ds will not remain the same

with the increasing knowledge on the CDA phenomenology, which will

be gained through continuous R&D efforts in the future. The updated

knowledge is to be put not only into the safety margin evaluation but

also into the design consideration in particular to enhance the

mitigation and containment functions of the LMR plant against the

CDAs.
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