
The Role of Fission Product in Whole Core Accidents - Research in the
USA, by L.W. Dietrich and J.F. Jackson, United States of America.

1.0 Introduction

1.1 Fast Reactor Safety Approach

Safety of nuclear reactors has been a central concern of the nuclear

energy industry from the very beginning. This concern, and the resultant excel-

lence of design, fabrication, and operation, aided by extensive engineered

safety features, has given nuclear energy its superior record of protection

of the environment and of the public health and safety. With respect to the

fast reactor, it was recognized early in the program that there exists a

theoretical possiblity of a core compaction leading to significant energy

release. Early analysis of this problem was performed by Bethe and Tait,1'1

who employed a number of conservative assumptions in attempting to bound the

energy release. As reactors have grown in size, the suitability of such bound-

ing calculations has diminished, and research into hypothetical accident anal-

ysis has emphasized a more mechanistic approach. In the USA, much effort has

been directed towards modeling and computer code development aimed at follow-

ing the course of an accident from its initiation to its ultimate conclusion

with a stable, permanently subcritical, coolable core geometry, along with

considerations of post-accident heat removal and radiological consequence

assessment. Throughout this effort, the potential role of fission products

has been recognized and account taken of the effects of fission products in

determining accident progression.

It is important to recognize that reactor safety is a very diverse

topic, requiring consideration of a number of factors. While the major ques-

tions of public risk appear to be related to the hypothetical core disruptive

accident (HCDA), it is necessary that the probability of having such an acci-

dent be extremely low in order that acceptable public risk be demonstrated.

Such a demonstration requires sound engineering design and implementation,

with high standards of reliability, inspectability, maintainability, and

operation, along with the requisite quality control and assurance. The cur-

rent approach, typified by that taken by the Clinch River Breeder Reactor

(CRBR) Project, is balanced, consisting of a reliability program to prevent

malfunctions or accidents, backup systems to accomodate malfunctions or acci-

dents, and systems to cope with the consequences of CDAs. In connection with

the CRBR, the Nuclear Regulatory Commission (NRC) has established that "the

probability of core melt and disruptive accidents can and must be reduced to

a sufficiently low level to justify their exclusion from the design basis

accident spectrum."1'2 (a goal probability of 3 0 per reactor-year for dose

exceeding current guidelines has been established.1'2) Thus, CDA accomo-

dation is approached on the basis of reasonable conservatism in evaluation

and mitigation.

The ERDA fast reactor safety research program is presently directed

towards establishment of four "lines of assurance," as originally suggested

by Hannum, Griffith, and Millunzi.1'3 The four lines of assurance. (LOA) are:

LOA 1 - Prevent core disruptive accidents

LOA 2 - Limit core damage

LOA 3 - Control CDA progression

LOA 4 - Attenuate radiological consequences

The considerations of fission product effects germane to the present paper

are primarily of concern in evaluation of LOA 2 and LOA 3. Since fission

products have the potential for dispersing fuel from the core region and

thereby producing reactor shutdown, knowledge of their effects can contribute
_2

to demonstrating that there is a low probability (10 ) of a CDA initiator

producing whole-core involvement. Similarly, knowledge of fission product

effects can contribute to demonstrating that there is a low probability of a

whole-core disruptive accident leading to sufficient energy release to challenge

the containment capability.

1.2 Hypothetical Whole-core Accidents

Evaluation of the safety of a fast reactor system must be based on

some reasonably small-sized set of potential accidents or accident initiators.

The two events which have received by far the most attention as potential

HCDA initiators in the USA are loss of coolant flow to the core with failure

to scram (LOF) and transient overpower with failure to scram (TOP). The for-

mer event is initiated by a loss of pumping power, say due to loss of offslte

electrical power, while the latter is initiated by an uncontrolled reactivity

addition, the rate and magnitude of which is treated as a parameter and the

source of which is not usually specified in detail. Both initiators are also

studied within the design basis accident envelope, assuming at least minimal

action of the plant protective system. It is failure of the plant protective

system to scram as intended that produces a situation of potential core dis-

ruption. In neither case do such events as molten-fuel-coolant interactions
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enter into the accident initiation in a specifically quantified way. The

principal concern with MFCl's has been in connection with evaluation of acci-

dent energetics.

Studies of the U)F accident for FFTF, CRBR, and for larger systems

indicate that whole core involvement may follow from the LOF initiator, with

the likelihood of whole core Involvement being greater for systems having

large sodium void worth, i.e. larger reactors. On the other hand, a TOP

accident may very well be terminated with only limited core damage. With

respect to the accident energetics, it appears that the most likely outcome

is that these initiators will produce near zero energy release. Disassembly

during the initiating phase of the LOF accident will probably be mild, al-

though a strongly positive sodium-void coefficient might produce an energetic

event. Mild initial disassembly leaves open the question of recriticality,

although energetic recriticality is thought to be precluded by inherent dis-

persive mechanisms. In the TOP accident, energetic initial disassembly could

be produced by mid-plane failures of cladding with FCI-drlven sodium voiding

and molten fuel motion towards the breach. However, such pin failures are

not thought to obtain. Rather, failures above the midplane producing nega-

tive reactivity from fuel motion are expected. Should an energetic disas-

sembly obtain in either case, the working fluid will be fuel vapor, not sodi-

um vapor, due to slow heat transfer from fuel to coolant.

Three other accident initiators are also considered: loss of decay

heat removal, postulated piping leaks and breaks, and fuel failure propaga-

tion. Clearly, if all decay heat removal capability is lost, the core will

eventually melt. Thus, the theoretical possibility of a recriticality exists

due to sodium boiling and removal from the core, cladding melting and removal

from the core, and fuel compaction. However, at decay heat levels, a high

degree of Incoherence would probably exist, leading to limited reactivity

ramps. This sequence has not been examined in detail for LMFBRs.

Postulated piping leaks and breaks have been examined to determine

whether core damage is likely to result from abrupt loss of inlet plenum

pressure with scram. Clearly, there is sufficient stored energy to melt

cladding if cooling is completely removed and not promptly restored. The

issues in this case revolve around the effectiveness of claddlng-to-coolant

and fuel-to-cladding heat transfer during the period of voiding, and the

extent to which liquid sodium can re-enter the voided region as inlet plenum

pressure increases.

Fuel failure propagation has been a matter of concern for many

years. We now believe that rapid pln-to-pin propagation of fuel failure is

precluded. This result is of very great importance, because essentially the K7

only high probability initiating event which could lead to involvement of a

significant fraction of the core in a short time has been shown to be benign.

Slow pin-to-pin propagation has not been ruled out, nor has subassembly-to-

subassembly propagation in the absence of scram or if pump trip accompanys

scram. In these cases, the problem Is one of ensuring that appropriate

instrumentation Is available to detect conditions leading to slow pin-to-pin

propagation before subassembly involvement can occur.

It has also been found that only major inlet blockages can produce

gubassembly overheating and that such blockages can be and are precluded by

design. Smaller in-core blockage can cause concern over slow propagation and

appropriate detection methods.

In the context of the present paper, the accidents of the greatest

interest are the 1.0F and TOP both with failure to scram. While some fission

product effects may be realized in other accidents, these are almost certainly

bounded In magnitude and in importance by those in the LOF and TOP cases.

Thus, the succeeding discussion will focus on the LOF and TOP accidents and

the role of fission products In the accident phenomenology and the ultimate

outcome.

2.0 Accident Analysis Methods

Analysis of hypothetical whole core accidents in the USA has shown that

the accident scenario may generally be broken down into three phases: the

initiating phase characterized by generally intact geometry, a transition

phase characterized by deteriorating subassembly geometry, and a disassembly

phase. The relationship Is Illustrated in Fig. 2.I.2'1 Not all phases are

necessarily encountered for each accident initiator or set of conditions. In

fact, an objective of considerable Importance in the US fast reactor safety

research program Is to establish the range of accident initiator and reactor

system design variables for which hypothetical accidents can be terminated

with limited core damage (LOA 2). The analysis methods used In investigation

of the extent of core damage fall generally into the initiating phase. If the

analysis shows that termination with limited core damage cannot be attained,

one has then to deal with either a disassembly transient directly from the

initiating phase or a transition phase, which may also lead eventually to

disassembly. In either case, the research objective is to demonstrate by

analysis and experiment that the energy release (accident energetics) is of a

magnitude that can be accomodated by the primary vessel or other containment

structures. Analysis of the transition phase Involves consideration of large
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Fig. 2.1 Accident Analysis Path Structure

quantities of molten fuel in a deteriorating geometry defined by melting fuel

pins and subassembly boundaries. Compaction of the molten fuel could lead to

a disassembly transient. Such a occurrence is believed to be precluded by

inherent dispersive mechanisms, but this belief remains to be proven. Whether

the path to disassembly is directly from the initiating phase or through a

transition phase, the disassembly analysis involves consideration of material

motion and reactivity feedback with sufficiently high pressures and temperatures

that the core materials can be represented by hydrodynamic, rather than mech-

anical, equations.

A question of considerable interest is the extent to which possible

dispersal mechanisms such as fission gas expansion and vaporization of the

more volatile fission products and expansion of that vapor can act in advance

of fuel dispersal due to its own vapor pressure. If the action of other

dispersal mechanisms is sufficiently rapid, one has a mechanism for greatly

mitigating the energy release predicted for the disassembly. Regardless of

whether a disassembly transient is predicted or not, one must eventually deal

with structural consequences, post-accident heat removal, and radiological

consequences. The analysis methods used in these latter areas are somewhat

decoupled from those used in the other areas and are beyond the scope of the

present paper.

2.1 Initiating-phase Analysis

Analysis of the initiating phase of an accident is well developed

and computer methods are in widespread use. It is useful to consider three

types of codes in this connection: whole-core accident analysis codes, the

phenomenology codes which supplement or are part of the accident analysis

codes, and the more specialized materials behavior codes which implement more

detailed modeling of basic material response to transients.

2.1.1 Whole-core Accident Analysis Codes

The best known and widely used of the accident analysis codes

in the USA is SAS3A.2"2 It has been used for analysis of the hypothetical

loss-of-flow accident in FFTF,2"3 and for both the LOF and TOP accidents in

CRBR.2'1* Another widely known and used code is MELT-IIIA,2'5 which was used

principally for analysis of the TOP without scram accident in FFTF.2*3 Both

code systems provide routines for fuel characterization after steady-state

irradiation, steady-state and transient heat transfer, and space-Independent

reactor kinetics. In addition, SAS3A includes models for sodium boiling and

voiding, molten cladding relocation, (CLAZAS),2'6 and fuel motion (SLUMPY)2'7

which are essential for LOF accident analysis. A model for fuel pin failure

and fuel motion (SAS/FCI)2'8 is included for TOP accident cases. This model

has also been applied in LOF accident analysis to low power-to-flow ratio

subassemblles which are partially voided or unvolded when a power excursion is

initiated by voiding or material motion in high power-to-flow ratio subassemb-

lies (the so-called LOF-driven TOP), even though the modeling may not represent

appropriate physics. MELT-IIIA includes detailed modeling of intra pin fuel

motion following failure in a TOP accident (HOTPIM).2'9 Pin failure calcula-

tions are done using an empirical correlation based on results of transient

experiments in TREAT.2"10 Post-failure fuel motion is treated parametrically,

although more mechanistic methods are under development.

2.1.2 Accident Phenomenology Methods

Certain key areas of accident phenomenology of importance In

the initiating phase are treated in detailed stand-alone codes or modules of

the SAS or MELT systems. Of particular interest in the present considerations

are those areas in which fission gas plays a potentially Important role,



Including prediction of time, location, and nature of cladding failure, fuel

motion within a pin having a cladding breach, fuel-coolant interaction and

subsequent fuel motion in intact channels, and fuel motion in disrupted sub-

assemblies during a LOF accident.

Time, location, and nature of cladding failure (TLF) has long been

an active area of investigation. Mechanistic prediction of TLF involves

detailed thermal-mechanical modeling of fuel and cladding, including consider-

ation of elastic and non-elastic deformation and dilatation, cracking, melt-

ing, fission gas release, and internal fuel motion. Several programs are

active in the US aimed at an integrated treatment of this problem. Codes

developed In these activities include BEHAVE-SST2"Jl, PECT 2' 1 2, DSTRESS,2'12

and FPIN.2"1' The latter two of these codes are the most recent, and have

provision to Include mechanistic models of fission gas effects, although

neither is implemented at this time. Unfortunately, it appears that these

detailed treatments are too demanding of computer time and storage to be

implemented directly in accident analysis codes, so simplified treatments have

received considerable attention. A recent such method was proposed by Scott

and Mast,2"'11 involving a multi-zone model of the fuel. However, the methods

most widely used in accident analysis are SAS/FCI2'8 and the MELT failure

correlation.2'1°

Failure calculations in SAS/FCI are based on the concept of a

pressurized molten zone and strengthless solid fuel. Cladding loads are com-

puted on the basis that the central molten zone pressure is transmitted to the

cladding by cracked fuel which cannot sustain any hoop stress. The internal

pressure is computed assuming that the molten zone contains fission gas which

is treated according to a prescription In which user-supplied fractions of

available gas in any fuel node are released at the fuel solidus and linearly

as the heat of fusion is added. A third fraction of the gas may be assumed

lost to the pin plenum. Gas is assumed to be in equilibrium with the molten

fuel and is treated as a perfect gas. Cladding failure is based on a usor-

supplied ultimate strength - temperature relationship and a thin-wall cladding

treatment. Other non-mechanistic failure criteria may be specified. A similar

treatment of cladding loads and failure is used in the HOPE code,2'15 nithough

the failure criterion may be different (i.e. cladding strain, rather than

stress).

The concept of an empirical correlation for fuel pin failure

in TOP without scram transients has been utilized in connection with the MELT

code. Several versions of a correlation have been proposed, with modifications

to fit the expanding data base. The original attempt was based on fuel enthalpy,

fuel microstructure, and cladding temperature,2"1^ but suffered from a lack of

a rate dependence. A "damage parameter" was proposed next by Scott and Baars,2'17

and most recently, the "failure potential" has been proposed as an extension.2'1"

This latest correlation is based on 12 TREAT tests simulating 50c/sec and

3$/sec TOP accidents in the FTR. It is notable that it is based solely on

parameters describing the transient thermal history (with a decaying memory

effect), the degree of restructuring during steady-state irradiation, and the

cladding properties. The quantity of fission gas present is not a variable.

This apparent lack of dependence on fission gas quantity is consistent with

results obtained with the BEHAVE-SST code for some of the same tests which

suggest that fission gas loading mechanisms are not required to predict clad-

ding failure.2'11

Fuel motion following cladding failure in TOP and LOF-driven

TOP situations has an important impact on reactivity feedback and accident

energetics. Fission gas has an important bearing on the rates of fuel motion,

as it is fission gas which is primarily responsible for pressurizing the

molten fuel. Present modeling in this area Is implemented in SAS/FCI,2'8

HOTPIM,2'9 HOPE, 2' 1 5 PLUTO,2'18 and EPIC.2'19' 2' 2 0 From the point of view of

internal fuel motion, the principal differences between the codes is in the

description of the hydrodynamics of the fuel-fission gas mixture. SAS/FCI and

HOPE utilize a single pressure model, with uniform removal of fuel from the

molten zone. Both HOTPIM and PLUTO solve the compressible flow problem for

the mixture, using different techniques. A common assumption is that the

fuel-fission gas mixture Is homogeneous, with fuel and gas In equilibrium.

The impact of this assumption is that gas introduced into the mixture is

instantaneously fully effective in pressurizing the mixture, even though the

gas may be contained in small intragranular bubbles prior to fuel melting. In

some situations (LOF-driven TOP), this instantaneous availability of gas

contributes to unrealistic fuel motion rates and to high autocatalytic ramp

rates. Thus, the rate at which gas pressure can become effective is of great

interest in analysis of pre-disassembly fuel behavior as well as In disassembly

transients.

Fission-gas-driven dispersal of fuel following disruption of

intact fuel pins in high power-to-flow subassemblles In a LOF accident is

presently treated using the SAS/SLUMPY module.2'7 In this formulation, fuel

is considered to be disrupted upon satisfaction of some prescribed criterion

(melt fraction, temperature, progression of solidus Isotherm to unrestructured

fuel). The transition is instantaneous. The fuel from each disrupted axial

node is treated as a constituent of a fuel-fission gas-vnpor mixture. Fuel is
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treated as a dispersed phase, exchanging momentum and energy with a continuous

gas-vapor phase. The quantity of gas in the compressible zone is determined

from a user-supplied fraction of the steady-state gas content considered to be

available at disruption, plus gas released from disrupted fuel according to

specified time constants for molten and solid fuel. Some gas may also be lost

to the pin plenum. The undisrupted top. portion of the fuel pin is allowed to

move axially under gravity and shear forces. Viscous shear between liquid

fuel and undisrupted fuel is also considered. Reactivity feedback from fuel

notion is extremely important in determination of the course of an unprotected

LOF accident in CRBR. Prompt, vigorous, early fuel dispersal in the first

subassemblies to void will produce an energetically benign Initiating phase

leading to a transition phase. If early fuel dispersal is not sufficient, an

LOF-driven TOP situation will result, with the potential for an energetic

disassembly directly from the Initiating phase.

2.1.3 Material Behavior Methods

Underlying the accident phenomenology models and codes just

discussed are material behavior models which describe, on a microscopic scale,

the response of fuel and fission products to transient heating. In the present

connection, the relevent models are implemented in the FRAS and POROUS codes,

which deal with intragranular and intergranular bubbles, and gas redistribution

in connected porosity, respectively. Results based on FRAS calculations are

used in some accident analysis directly.

The FRAS code2'21'2'22'2'23 implements modeling of migration

and coalescence of bubbles by surface diffusion In solid fuel. Calculations

of space-independent distributions of bubble size vs. number density are

carried out for prescribed conditions of temperature, temperature gradient,

pressure, and gas concentration. Both random migration and biased migration

up the temperature gradient are considered. The initial condition is a random

distribution of monatomic bubbles. A mean bubble velocity is determined at

each time step, and used to calculate the rate at which bubbles encounter a

grain boundary. Spherical grains are assumed. Gas release from grains to

grain boundaries is calculated based on the fraction of the volume of a sphere

traveling at the mean bubble velocity which intersects the surface of an

identical stationary sphere during a time step. Intragranular swelling is

computed by summing the volume of bubbles within the grain at any time. It is

assumed that the product bubble resulting from a coalescense event achieves

its equilibrium size (surface-area limited) instantaneously.

While the FRAS code is small and fast as computer codes go,

the gas release and swelling calculation must be done for many pins and many

nodes per pin in an accident analysis. Thus, a strong incentive exists to /

produce simple, approximate methods of gas behavior analysis. Two such methods

have been produced. The first, called FRASPAR,2"2>* is a single equation,

which relates the gas release rate to temperature gradient, temperature, and

accumulated release. Swelling is not included. Coefficients in the equation

depend upon the initial concentration. Results are valid for only one pressure,

one grain size, and a limited range of initial gas concentrations. Closed

form integration can be performed to allow simple hand calculations. The

FRASPAR approach is based on the assumption that all of the history effects in

gas release rate can be represented by the accumulated release to a given

time. A set of coefficients has been found for use in GCFR work,2"21* at

high ambient pressure, but satisfactory expressions could not be. found for

varying grain size or to extend the range of concentrations. The FRASPAR gas

release approach is available as an option in the SAS code.

The second approximate method, called PFRAS,2'23 is somewhat

more elaborate than FRASPAR. This approach is based on analysis of coalescense

in terms of a dimensionless time. Two parameters, one representing swelling

and the other representing gas release, are tabulated based on FRAS results.

Two-dimensional Interpolation Is used In the PFRAS algorithm. Fuel grain size

is Included as an explicit transient variable, so the formulation is useful

for coupled fuel pin mechanical calculations. Only biased migration is explic-

itly considered In PFRAS, although random migration Is Implicit in the values

of parameters obtained from FRAS.

Recently, attention has been focused on modifications to the

assumption that equilibration of the product bubble resulting from coalescense

is immediate. Recent experimental observations2'26' 2'27 in fuel subjected to

transient heating suggest that the equilibrium assumption leads to overpredictlon

of bubble size and fuel swelling in many cases. A rate effect on fuel swelling

is suggested by test results. Analyses of effects of non-equlllbrium bubble

sizes have been proposed by several authors.2'28' 2*29' 2-30. 2-31 None of

these methods Is currently beyond the developmental stages. An extension to the

FRAS code, called FRAS 2, incorporates modeling of non-equilibrium bubbles

based on vacancy diffusion, and also deals with grain boundary

bubbles, In an attempt to quantify their sizes, coalescense and migration

behavior. This work is in its very early stages.

Another code, called POROUS,2'32 has been developed to deal

with behavior of fission gas in connected porosity. Gas redistribution within

solid fuel is treated using straight-forward application of the theory of flow

in a porous medium (Darcy's Law). A space- and time-dependent gas source is



obtained from PFRAS calculations, assuming that gas is released directly into

connected porosity. Several different boundary conditions can be applied.

Applications of the code are largely parametric in nature due to uncertainties

in the extent to which porosity is connected and appropriate permeability

values. Results have been obtained on the effect of helium gas on fuel pin

failure in GCFR overpower transients.2'33

2.2 Transition phase Methods

The existence of an accident scenario leading to a transition phase,

and the conclusion that this is the most likely outcome of a hypothetical CDA

Is a relatively recent development. The role of fission products in the

transition phase considerations has received relatively little attention. In

general, it would appear that most of the volatile fission products would be

lost from the core region during development of the transition phase. If one

postulates that the fission products are retained, either by retention in a

froth of molten fuel or behind blockages of once-molten cladding, significant

pressures can be estimated, which might delay boil-up phenomena.z"3I* However,

mechanistic treatment of transition phase does not yet include such effects.

2.3 Disassembly Methods

Techniques for analyzing disassembly excursions are relatively well

developed. As noted earlier, such calculations have been performed since the

inception of fast reactor safety analysis. An adequate treatment of the disas-

sembly process is considerably simpler than that required for the earlier, and

less energetic, stages of an accident. This is mainly because the rapid heating

and pressurization resulting from prompt critical excursions allow the disrupting

core to be modeled as a homogeneous fluid. This greatly simplifies the analysis

of the core material motion.

A number of disassembly models have been developed and applied In the

United States. 2-35> 2"36' 2"37' 2'38' 2'39 These models essentially represent

an evolutionary Improvement of the original Bethe-Tait approach. ' The VENUS

code ' 7 was the first model to provide a direct numerical calculation of the

two-dimensional (r-z) material motion hydrodynamics equations. This allowed a

more accurate calculation of the disassembly motion in cylindrical cores. It

also provided an explicit calculation of the changing fuel smear densities

and thereby allowed the use of more detailed density-dependent equations-of-

state (EOS).

An improved version of VENUS, called VENUS-II,2'" is currently in

wide use in the United States. It was employed in disassembly studies for

both the FFTF and CRBR reactors. The one-dimensional PAD code2'39 is also

being used for parametric studies.

The VENUS-II code couples a Lagrangian numerical solution of the two-

dimensional hydrodynamics equations to a point-kinetics neutronics calculation.

The material motion reactivity feedback is determined with a perturbation tech-

nique that considers fixed reactivity worth gradients that deform with the

material. A space-dependent treatment of the Doppler feedback effect is also

included.

In the basic version of the code, heat transfer from the fuel Is

ignored. Nonfuel constituents In a given Lagrangian computational cell are

treated as inert, but compressible, materials. When a mesh cell has vapor

space available, the cell pressure is taken to be the equilibrium vapor pressure

associated with the fuel. If all the vapor space in a mesh cell disappears,

as can happen from thermal expansion or cell compression, then a single-phase

pressure Is used. The single phase pressure is dominated by the most compres-

sible material in the cell, which is typically sodium.

The above EOS treatment Is depicted In Figure 2.2. The pressure

functions are based on corresponding states calculations reported by Menzies.2' <t0

The lower smooth curve is the fuel vapor pressure, while the steep solid lines

are the fuel single-phase pressures for various fuel smear densities. The

dashed lines show examples of the actual single-phase pressures that result

when the compressibility of the nonfuel constituents is accounted for. This

EOS has recently been Improved In several aspects including a more accurate

treatment of the phase-transition energies, but this new.version has yet to
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be released for general use. Another Important addition has been the inclusion

of a new fission product pressure model that is discussed in section 3.3.1.

Considerable confidence in the accuracy of disassembly models can

be inferred from comparisons to available experimental data. Although no

data on 124FBR disassembly events are available, several energetic prompt-cri-

tical excursion tests have been performed on other reactor types. Several

comparisons have been reported2"ltlt 2"'t2> 2-l(3 Mith the agreement between

the calculated and measured fission energy releases falling within the

range from a few percent up to about a factor of two. It should be noted,

however, that none of the disassembly experiments involved significantly

irradiated fuel, and therefore fission product effects.

3.0 Fission Product Effects in Whole-Core Accidents

As suggested in the preceeding discussion, the effects of fission prod-

ucts in whole-core accidents may be many and varied. Under some circumstances,

the action of fission products combined with other phenomena may be such that

a whole-core accident initiator would lead to only limited core damage. Such

a possibility would be early failure of high-power fuel at a high axial loca-

tion in a TOP transient, with subsequent rapid fuel ejection and sweepout

leading to reactor shutdown prior to widespread pin failures. However, if

core damage cannot be limited, fission product effects provide potential

mechanisms for limitation of the accident energetics. That is, the accident

sequence can be shown to have an energetically-benign initiating phase, lead-

ing to a transition phase. Finally, even if core disassembly conditions are

reached, fission products offer a potential mechanism for mitigation of the

energy release.

We shall first discuss some considerations of the initiating phases of

CDAs, followed by a review of some experimental data on initiating phase

behavior. Next, considerations of core disassembly will be addressed, with

discussions of both analytical and experimental aspects.

3.1 Inltlating-phase Considerations

Two particular areas in which fission-product (primarily gas)

effects are seen to be important in whole-core-disruptive accident analysis

are early fuel disruption and dispersal and fuel pin cladding failure and

subsequent fuel motion. The former area is of most importance in high power-

to-flow subassemblies which experience cladding melting before fuel melting in

a LOF accident. The latter area is of importance in lower-power subassemblies

in the LOF accident, as well as core wide in the TOP accident.

3.1.1 Early Fuel Disruption and Dispersal f

Early fuel dispersal - a dispersive motion of the fuel in the

first subassemblies in which conditions permitting fuel motion are realized -

appears to be of particular Importance In situations in which moderate rates

of sodium void reactivity addition are realized. In such cases, early fuel

dispersal can result in an energetically benign initiating phase, leading to

meltdown into a transition phase. Recent estimates for the CRBR indicate that

a fuel velocity away from the core midplane of V100 cm/sec beginning promptly

upon initiation of melting of unrestructured fuel is required. A negative

fuel motion ramp rate of the order of -5 to -10 $/sec is generally sufficient.3'1

If reactivity feedback from early fuel dispersal is Insuffi-

cient, reactor power will continue to rise as voiding proceeds, leading to the

potential for fuel pin failures in unvoided subassemblies. Such failures are

potentially autocatalytic. Understanding of the dynamics of early fuel disper-

sal is necessary to identify rates of reactivity addition which can be over-

come so that appropriate design measures can be taken. (It should be noted

that, if the void reactivity addition rate Is small or negative, such as is

the case in the FTR, early fuel dispersal IB not necessary to achieve a non-

energetic initiating phase.) Analysis of fuel disruption and dispersal is a

very complex undertaking, involving considerations of the quantity and distri-

bution of fission-gases and volatile fission products at transient initiation,

redistribution of gases and vapors during a transient prior to fuel pin

disruption, the mechanical response of fuel and cladding to pressure gradients

and external forces, Including mode, and timing of fuel pin disruption, and

energy and momentum interchange between gases, vapors, and fuel following

disruption.

It is useful to postulate a set of requirements for early

fuel dispersal. These appear to be:

1) Pressure gradients relative to the region into which fuel must

move must be available to disrupt fuel as suitable conditions

obtain. These pressure gradients must arise from sources

internal to the fuel pin, such as fission and fill gases in

the central void and porosity due to steady-state irradiation,

fission gas retained in grains or released to grain boundaries

or porosity during the transient, and fission product vapors

from volatile species.



2) The pressure sources must not be dissipated In non-dispersive

fuel motion. Large scale swelling may dissipate the dispersive

potential of the lntergranular gas. Equilibration of intragranular

gas bubbles would minimize the immediate dispersive potential

from this source.

3) In order to continue the dispersal process after pin disruption,

dispersive forces must be maintained. Thus, excessive net gas

separation from the fuel during the early stages of dispersal

must not occur, unless other dispersive forces such as sodium

vapor streaming can become effective.

In order to properly model the fuel dispersal process, which

basically depends upon energy and momentum interchange between fuel, fission

gas, and other vapor species in the disrupted fuel zone, one must first under-

stand the disruption process. This process may be characterized in terms of

behavior of solid and molten fuel. Present test results suggest that there

are several possible behavior modes. Four modes appear for solid fuel:

1) pellet column buckling, 2) large-scale swelling at elevated temperature,

3) fragmentation into small particles due to grain boundary separations,

transgranular fractures, or microeracking, and 4) breakup into macroscopic

"chunks" due to internal pressure from melting fuel. Melting and molten fuel

may foam or froth, producing volume expansion, or it may drain under gravity

forces. After disruption, the molten fuel may also disperse into drops under

certain conditions although no direct evidence of this behavior is available.

Large-scale swelling of solid irradiated fuel would be

favored by high fuel temperatures, long times at temperature, and lack of

mechanical constraint. Swelling can come about through the action of both

intra- and intergranular gas bubbles. The rate of swelling depends on the

rate at which gas bubbles coalesce due to random or biased migration, the rate

at which bubbles grow towards equilibrium size after coalescense, and the rate

at which the fuel can deform to accomodate pressures in porosity. These rates

tend to increase markedly as temperatures approach the melting point. The

requirements for lack of mechanical constraint implies a uniform high tempera-

ture in the fuel or extensive cracking of cold fuel.

If sufficient bubble coalescense and/or unbalanced pressure

due to non-equilibrium bubbles is attained, a breakup into particles by trans-

granular fracture or grain disruption may occur. Breakup of solid fuel into

small particles due to grain boundary separation would be favored by rapid gas

release from grains to grain boundaries producing high pressure gradients in

connected porosity, and by high pressures In grain boundary bubbles. Relatively

high fuel density and low permeability to gas flow are favorable conditions.

The time-temperature relationship must be such that massive swelling is not

produced. This so-called "dust-cloud" disruption may occur in unrestructured

fuel after significant melting of other fuel.

Breakup into chunks of a solid fuel shell surrounding a

molten core would be expected in cases in which steep radial gradients exist.

As fuel melting starts, an internal pressure will be generated which will tend

to move solid fuel radially. If radial cracks exist linking the molten core

with the ambient, molten fuel can be ejected through the cracks to partially

relieve the pressure. However, if no cracks exist or cracks are plugged by

once-molten fuel, pressure can build up and eventually rupture the solid

shell, with radial motion of solid and molten fuel.

Recent test data, principally from TREAT test L5,3'2 suggest

that molten (above solldus) fuel can undergo a foaming or frothing action

caused by expanding gas bubbles. Frothing appears to have been the mechanism

responsible for the observed dispersive axial fuel motion. Frothing can be

caused by gas in connected porosity or by gas in intra- and intergranular

bubbles. Some volume expansion will result from the decrease of surface

tension on melting, and from heating of the gas within bubbles. However, the

major volume expansion by frothing requires bubble coalescence, producing

larger bubbles with reduced surface tension restraint. At some point, the gas

volume will be sufficient that motion is not required to cause further coales-

cense, and "breakaway" frothing will result. Naturally, mechanical and iner-

tial restraint and the fluid mechanics of the expanding system will interact

with the frothing mechanism to determine the net fuel motion. If the gas

evolution rate in molten fuel is not sufficient to maintain the foamy condi-

tion, draining of the liquid fuel would be expected. Such behavior has been

observed experimentally.

Breakup of both solid and molten fuel into small particles is

modeled in current accident analysis codes. When this model (SLUMPY) is used

with a nominal set of assumptions with respect to gas availability, fuel

particle size, and disruption criterion, sufficient reactivity feedback is

predicted to ensure a non-energetic initiating phase. However, available

experimental data do not adequately represent the appropriate CRBR thermal

histories, and produce results which do not clearly support vigorous fuel

dispersal.

Application of the fission gas behavior models in the FRAS

code allows a comparison of the potential for fuel dispersal due to Intra-



granular gases between reactor cases and the available experiments. Four

cases have been examined: two calculated voiding-driven power transients in

the CRBR, corresponding to two different representations of the reactor In

SAS input, and two thermal histories calculated for TREAT experiments L5 and

Fl. Test L5 was a loop simulation of a loss-of-flow accident with irradiated

fuel and a power excursion after sodium boiling. Test Fl was a dry capsule

test using irradiated fuel run at constant power. In all cases, the calculations

are one-dimensional, examining the axial location of maximum temperature. The

temperature histories in unrestructured fuel are shown in Fig. 3.1, and radial

temperature distributions at the time of initial melting are shown in Fig. 3.2.

Results of the FRAS calculations

are given in Table I. The predicted

gas release fraction is relatively

low In each case, suggesting that

intragranular gas should play an

important role in fuel disruption and

dispersal. Equilibrium fuel swelling

is predicted to be large in all cases,

although there is a factor of three

spread between extreme values. The

calculated value is an upper limit

based on instantaneous equilibration,

and is an index to the amount of bubble

coalescence to be expected. That is, the

higher the swelling values, the more '

coalescences taking place and the larger

the quantity of gas per bubble. The

mean bubble radius in the final distri-

bution Is indicated, from which the

Fig. 3.1 Thermal Histories in Unre-
structured Fuel for Various
Transient Cases.
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final equilibrium pressure can be estimated.,

Taken at face value, these results

suggest that large-scale swelling would

tend to occur and dissipate the disper-

sive potential. However, consideration

of bubble non-equilibrium suggests that

large-scale swelling should not be expec-

ted in all cases. The value t* in

Table I is the elapsed time available

between achievement of a mean bubble

radius of lOOnm and fuel melting, and is the time available for equilibration of

bubbles. The value T(t*) indicates the temperature at which 100 nm mean bubble

size is attained. Finally, the fractional relaxation of bubble radius is •

indicated as an index to the extent of equilibration of the product bubble

resulting from coalescence of two 100 nm bubbles at the time t*.

Table I. FRAS Analysis of DispersaJ. Potential

Case
Grain Release Swelling, R, t* T(t*) Relax
Dia.,um Fraction % nm sec °C Frac.

CR/N

CR/A

Fl

L5

10

10

8

10

.201

.237

.228

.195

187

246

122

95

273

380

211

159

.11

.49

.88

.09

2380

2280

2640

2450

.09

.29

.88

.07

Quantitative interpretation of these results in terms of

dispersive forces is not yet possible. However, a reasonable postulate is

that a combination of large equilibrium swelling and small relaxation of

bubbles would produce a dispersive system. The large swelling reflects many

bubble coalescences while the small relaxation fraction indicates that most of

the coalesced bubbles are out of equilibrium, and thus represent a potential

dispersive force. On this basis, it appears that both of the reactor cases,

labeled CR/N and CR/A, and the L5 experiment have greater dispersal potential

that the Fl experiment. In general, experimental results are consistent with

this postulate.

The preceeding discussion focused on behavior of intra-

granular gas bubbles, and effects of these bubbles in causing large-scale

swelling or unbalanced forces within grains due to tinequilibrated bubbles.

However intragranular bubbles probably will not cause grain boundary separa-

tion, nor will they promote breakup into chunks. Such phenomena are more

likely to be the result of intergranular gases and the forces resulting from

their presence.

Evaluation of the effect of intergranular gases has been

carried out for the same cases using the POROUS code. The results are quite

sensitive to assumptions of the permeability of the fuel, for which adequate

data are not available for the situation under consideration. Parametric

calculations show that the faster transients tend to produce higher porosity



pressurization, which would tend to suggest a greater tendency towards brittle

behavior. More detailed analysis of the behavior of grain boundary bubbles

and characterization of interconnected porosity are needed to understand the

contribution of intergranular gas to fuel disruption.

Another area in which more work Is needed is the interaction

of fission gas bubbles with melting and molten fuel. In general, melting fuel

will contain gas in connected porosity, as well as in inter- and intragranular

bubbles. Understanding the dynamics of the gas bubbles and the rate at which

they can expand, migrate, and coalesce seems to be the key to modeling foaming

and frothing processes, as well as to predicting fuel motion in cases with

cladding constraint (see below). Overall understanding of fission product

behavior on a microscopic scale, the manifestations of fission product effects

in a macroscopic thermal-mechanical model of solid fuel, and behavior of

molten fuel containing gas are required to fully characterize the process of

pin disruption.

3.1.2 Fuel Pin Failure and Post-failure Fuel Motion

The potential effects of fission gas on fuel pin failure and

post-failure motion have long been recognized. Not only can fission gas (and

possibly fission product vapors) contribute substantially to the cladding

loading, but the fission gas also provides the pressure source driving molten

fuel motion after cladding failure. Fuel pin failure and post-failure motion

are issues in evaluation of both TOP and LOF-drlven TOP situations. In both

cases, the impact of fission gas effects on accident energetics may be signifi-

cant.

For the transient overpower case, the principal factor deter-

mining the initiating phase scenario appears to be the location of cladding

failure. In general, mechanistic models of cladding loading, such as the

SAS/FCI burst pressure model or models based on mechanical loading, will lead

to prediction of cladding failure above the core mldplane. The extent to which

failure occurs above the midplane will depend on the transient heating rate.

However, so long as the failure location is such that fuel motion plus FCI-

induced sodium voiding produce net negative reactivity, the reactor will be

shut down with limited core damage probable. One analysis of a CRBR EOEC core

showed that failure occurring at 15 cm (6") above the midplane In a 3$/sec

ramp transient would produce disassembly, that a forced midplane failure In a

IOC/sec ramp transient would produce disassembly, but that a midplane failure

could be sustained In a 60c step transient without disassembly.^*' If fuel

motion is such that it is increasing reactivity, then higher gas pressure

would produce higher ramp rates and vice versa. The effectiveness of higher

FUEL MELT RADIUS, em

0.1 0.2

fuel ejection rates in producing more rapid shutdown may be influenced by jr

effects of ejection rate on the sweepout process, which is not strongly depen-

dent on fission gas. The key areas requiring additional work in the context

of the TOP accident are location of failure and sweepout.

Pin failure and post-failure motion consideration are more

complex in the LOF-driven TOP situation. Response of fuel in voided, partially

voided, and unvoided channels must be addressed. In the .former case, if the

cladding is close to melting, it should provide little constraint to fuel

motion. Behavior similar to that in channels in which cladding had melted

would be expected. Partially voided and unvoided subasseroblles are more

complex. Figure 3.3 shows the axial distribution of melt radius and cladding

temperature for a partially-voided

channel in CRBR.3'1 Note that the

cladding temperature profile peaks

near the sodium-void interface, as

does the melt radius. In this case,

failure near the interface would be

expected, with fuel motion into the

voided region driven by sodium vapor.

If particularly conservative assump-

tions, such as a melt-fraction based

failure criterion are used, failure

would be predicted in the unvoided

region near the midplane.

If modeling developed for the TOP

accident is applied to the LOF-drlven

TOP with failure forced to be at the

site of maximum melt fraction, a very

pessimistic autocatalytlc fuel motion

and sodium voiding situation will be

predicted. Instantaneous availability of fission gas from melting fuel to

move fuel will produce maximum energy release, because the molten fuel pres-

sure will be maximized. Introduction of a delay in fission gas availability

will produce slower fuel motion and lower energy release. However, a compet-

ing effect is present. Because of the high cladding temperatures over a

relatively long length of cladding and the very rapid time scale of the tran-

sient, one would expect that cladding failure would not remain localized, but

would spread due to crack propagation or coalescense of multiple localized

failures. This spread of failure would be promoted by high internal pin pressures.

7-
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Fig. 3.3 Cladding Temperature and
Melt Radius Profiles for
Possible LOF-driven TOP
Conditions.



In fact, It appears that the extent (length) of failure Is

the key aspect of the LOF-driven TOP phenomenology. If failure occurs over a

sufficiently long portion of the pin that fuel motion is predominantly radial

rather than axial, then mixing of fuel and sodium should result In removal of

the two materials together, lather than compactlve fuel motion with sodium

voiding. Figure 3.4 Illustrates the point. Experimental data are badly

needed in this area, but the conditions will provide a real challenge to the

experimenter.

The preceedlng discussion of fuel motion in LOF-driven TOP

leads one to the conclusion that a Key research area is the behavior of melt-

ing and molten fuel containing significant quantities of fission gas when

melting takes place at very high rates (power levels of several tens of times

nominal, or more). The key question is to what extent is fission gas availa-

ble to pressurize the fuel pin cladding and drive fuel motion, given that the

gas is initially In small inter- or intragranular bubbles or connected pores,

and that the time scale of interest in milliseconds. A corollary question is

the extent to which solid fuel might fragment when cladding failure removes

radial restraint.

3.1.3 Summary

The preceeding paragraphs have attempted to describe in brief

the effects of fission products (mostly gas) on the initiating phase of an

HCDA, as such effects are presently perceived. An area of major importance is

fission-gas-drlven fuel disruption and dispersal in voided subassemblies

during an unprotected loss-of-flow. If such disruption and dispersal can

proceed in a timely and vigorous manner, the initiating phase of the accident

will be non-energetic. This result is especially important for reactors

having moderate sodium void worth. Key research areas in this connection are

characterization of the mode of disruption of the fuel, with key variables

being fuel description and thermal history. Understanding of intra- and

intergranular gas behavior, gas redistribution in porosity, and mechanical

effects of gas on solid fuel Is required. In addition, gas effects on molten

fuel behavior must be considered.

A second area of major Importance is effects of fission

products on fuel pin failure and post-failure motion in TOP and LOF-driven

TOP. Key research areas in TOP accident phenomenology include effects of

gases on cladding loading, such that the location of failure can be determined

with high confidence, and contributions of fission gas to fuel sweepout. Key

areas in LOF-driven TOP appear to be the extent of cladding failure and the

dynamics of fission gas pressurlzation of molten fuel. In many respects, the
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In all mlcrostructural regions for both pre- and post-test samples, and

2) that Intragranular bubble precipitation and growth are favored for tran-

sients having lower heating rates for a given transient duration. The first

result is ascribed to the presence of large grain boundary bubbles which were

evident on fractographs of the samples. The second result emphasizes the

importance of the transient history in analysis of fission-gas release and

swelling. Comparisons of FRAS calculations with DEH test results illustrates

the need to modify FRAS to include effects of bubble nonequilibrlum. Bubble

sizes are greatly overpredicted in many cases although satisfactory agreement

is obtained in many others.

Three additional tests have been reported by Bandyopadhyay,''7

providing further data on the effects of transient thermal history on behavior

of fission gas and its effects on the fuel. The calculated temperature distri-

butions for the three tests are shown in Fig. 3.5. As indicated, test 1-27 was

a long-time (27 sec.) isothermal anneal, with a surface temperature of about

1800 C. Gross swelling (diameter increase) of the fuel stacks did not occur.

Some relocation of molten fuel was observed. This result is generally similar
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3.5 Calculated Temperature Distributions in Fuel Sample During
Three DEH Tests.

which suggests that the contribution of intragranular-bubble-induced swelling

to the observed diameter increase was small. Since the outer surface temper-

ature was lower in 1-27 (^1730°C) than in 1-28 (^2100°C), the difference may

reflect better external restraint.3"7 Test 1-29 was a significantly faster

transient than was 1-28, and produced slightly higher final temperatures. No

detectable diameter increase occurred during this test. Some dispersal of

material through a breach in the quartz simulant cladding occurred in test

1-29, but not in 1-28. It is suggested that the observed diameter increase

reflects deformation of the solid fuel by pressure in the molten fuel. Compar-

ison with a fresh fuel sample subjected to essentially the same transient

verifies that fission-gas is responsible for much of the observed deformation.

Comparison of the microstructures produced in tests 1-28

and 1-29 reveals a substantial difference. In 1-28, the "slow" transient, the

unrestructured region of the specimen exhibited a highly porous structure,

with both inter- and intragranular porosity amounting to about 35% total. On

the other hand, 1-29, the "fast" transient, produced much less detectable

porosity (^20%). No detectable (>75 nm) intragranular bubbles were produced.

Significant grain boundary separation was observed. Figure 3.6 shows the

comparison of microstructures in the unrestructured region.
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to previous DEH test results. Test 1-28, which produced higher surface temper-

atures and more melting than did 1-27, resulted in a diameter increase of

about 33%. Both tests produced intragranular bubble sizes of about 300 nm,
Fig. 3.6 Micrograph of the Unrestructured Region of the Fuel Sample After

(a) DE11 Test 1-28, (b) DEH Test 1-29.
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Information on the spatial distribution of fission-gas re-

lease was obtained by Stahl and Patrician3'10 from the H3 test. They found

that the fission gas released from the pin during the transient came primarily

from the outer, iinrestructured fuel region. This measurement was made by

laser sampling techniques. The result is given in Fig. 3.9. Transmission

electron microscopy of the sam-

ples from the same pin indicated

a substantial increase in intra-

granular bubble density comparing

a transient tested pin with one

not transient tested. The in-

crease in bubble density was not

limited to equiaxed and unre-

structured fuel, but extended

into columnar grains as well.

However, the difference was most

pronounced in the high-gas-

retention regions.

Of the in-pile loss-of-flow

simulations, only tests L3, L4,

L5, and Fl, used irradiated fuel.

Tests L3 and L4 were conducted
Fig. 3.9 Change in Fission Gas Distribu-

^j A - T • in a t constant power level, approxl-
tion due to Test H3. r ' 'r

inately equal to nominal reactor

power.3'11 The fuel in these tests did not exhibit the characteristic behavior

of fresh fuel - buckling of the pellet column and draining of molten fuel. In

the L3 and LA tests, radial fuel motion at the time of fuel "breakup" was

followed by a quiescent period in which no axial motion occurred except for

one or two short, sharp, eructations. In L4, the eructation was preceded by

apparent melting as some fuel flowed to the bottom of the test section from

the center of the cluster. Similar rundown of molten fuel has been observed

in DEH experiments. This overall behavior Is not supportive of a dust-cloud

breakup hypothesis. Instead, the test data tends to support fuel swelling

followed by melting and draining of molten fuel, possibly inside the fuel pins.

Test L5 was a loop simulation of an FTR loss-of-flow accident

incorporating a power excursion.3'2 Three pins, with about .9m long fuel

columns, irradiated to i<8% burnup in the GETR, were used. The power transient .

was initiated after beginning of sodium boiling, but over 0.5 seconds before

predicted cladding melting. Fuel melting is calculated about 1.22 seconds

into the burst, at a power level of 4.3 times the initial value. Maximum

power achieved is about 6 times the Initial value. The power rise was acco.

plished in 1.6 seconds. The average reactor period between burst Initiation

and beginning of fuel melting was about 840 ms. The hodoscope data indicated

that no significant fuel motion occurred prior to scram. After scram, during

a period of low and rapidly decreasing power, the hodoscope indicates that a

mild fuel dispersal occurred, with fuel moving out of the region of peak power.

Post-test examination of the L5 test section provides evi-

dence of several different modes of fuel pin disruption. Some chunks are

found having a portion of the original pellet outline near the ends of the

active region. Considerable swelling (up to 100 volume percent) occurred in

fragments prior to melting. This swelling Is thought to have occurred after

breakup in chunks. Some disruption of grains by large swelling of intra-

granular bubbles is seen, as well as additional swelling of the intergranular

porosity.3<12 The remains of the central 0.4 m of fuel is a low density

region of once-molten frothy fuel. The material Is frozen into a porous

sponge condition. This fact, combined with the hodoscope data, Indicates that

the fuel was mildly dispersed by fission gas pressure after fuel melting and

formation of a molten froth. This region is shown In Fig. 3.10.

In summary, presently available information on the L5 test

suggests an initial disruption prior to any melting. Fuel subsequently

melted and frothed to produce a mild fuel dispersal. The bulk of the dis-

persal apparently occurred after reactor scram under roughly isothermal con-

ditions. Solid-state swelling occurred, but whether it occurred during the

test or in the subsequent cooldown is not known.

Results of test Fl provide

information on the dispersal mech-

anisms available and operative in a

Low burnup (̂ 2.35%) high-power

(12 kw/ft peak), short (.34 m), pin

when heated at a rate corresponding

to nominal 100% reactor power. A

nuclear-heated hot wall was included

to minimize nonprototypic freezing

and sticking of moving fuel on the

test region boundary, and to mini-

mize the radial temperature gradient

in the fuel after cladding melting.

A minimum temperature gradient is

Fig. 3.10 Remains of Test L5 Fuel
In the Central Region of
the Test Bundle.



n-isensiry to properly simulate FTR (but not CRBR) flow coastdown conditions,

for which simulation the test was designed. During Fl, cladding melted well

before fuel melting. At a transient time of 11.0 sec, the fuel solidus tem-

perature was attained at the innermost unrestructured fuel, and essentially

simultaneously at other locations interior to this boundary at the tnidplane.

By 12.2 sec, the liquidus has been attained at this same location, and in

essentially all the other fuel at this plane as well, according to best esti-

mate calculations. Hodoscope data have been interpreted to indicate that fuel

motion did not begin until 13.1 ± .1 seconds - about 0.9 seconds after liqui-

dus temperatures were attained at the midplane. Prior to reactor scram, a

gradual decrease in count rate is indicated over the top half of the fuel

column, with gains generally in the lower half. The total loss indicated over

the interval 13.04 sec to 14.04 sec is roughly 30-40% of the count-rate attri-

butable to fuel. Roughly the same loss occurs after scram, with losses in

this interval reaching farther into the bottom half of the fuel column.

Post-test examination results indicate extensive swelling of

the fuel prior to gross motion. The upper-most pellets in the column which

were in a transition zone between melted and unmelted fuel show clear evidence

of swelling of solid fuel, with swelling becoming more pronounced in fuel

which exceeded the solidus. These pellets are shown in Fig. 3.11. Remains of

frothy molten fuel are also found. There is some suggestion that the molten

fuel began to run down before it froze. A section taken near the top of the

remains of slumped fuel indicates complete melting and essentially complete

separation of gas bubbles from the fuel.

In summary, it appears that the Fl fuel pin underwent massive

swelling while still in the solid state or as it melted. This swelling filled

all of the available volume in the test region. This was followed by a slow

collapse of fuel column, probably with molten fuel draining down the core of a

swollen fuel mass having a solid shell. The fact that a froth-driven disper-

sal did not occur Indicates that the fission gas escaped from the molten fuel

at least as rapidly as large fission-gas bubbles were being produced. It is

important to recognize that the Fl test results do not indicate a free-fall

gravity-driven collapse of the fuel column any more than they indicate a dis-

persal. Under high power conditions, such as in the CRBR LOF scenario, the

fuel melting rate and thus the gas production rate would be about ten times

faster than in this test. Thus the ratio of gas production rate to gas

release rate would be an order of magnitude higher and fuel dispersal might

occur. It is interesting to note that In this test, chunk breakup did not

occur.
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Fig. 3.11 Remains of the Top Pellets in the Fl Fuel Sample.

A series of experiments referred to as Froth tests will be conduc-

ted in the Annular Core Pulse Reactor (ACPR) at Sandia Laboratory this fall.3*13

These tests are designed to provide information on: (1) the mode of disrup-

tion of fuel in a loss-of-flow accident; (2) the timing of fuel disruption or

the temperature at which it occurs; and (3) the rate of fuel dispersal due to

flsslon-gas or the rate of fuel slumping. All of these phenomena are believed

to be controlled by the microphysics of fission-gas in the fuel. In the first

area under investigation, the mode of fuel disruption, questions have been

raised by recent TREAT tests as to the validity of the "dust-cloud breakup"

model which is currently in use in the SAS accident analysis code. The Froth

tests are intended to address this question by direct visual observation of the

fuel disruption. The timing of fuel disruption and the rate of fission-gas

driven dispersal of fuel were Important questions in CRBR licensing because

early and vigorous dispersal of fuel led to a nonenergetic accident sequence.

In addition, this data should provide a basic test of existing fission-gas

modeling.



The Froth test series consists of nine tests on fuel irradiated in EBR-

II. Three tests each will be conducted on fuel which has been irradiated at

power levels of approximately 6, 9, and 12 kW/ft to a burnup of about 5 per-

cent. The test fuel will be single pellets, about 1/4 inch high, cut from

the irradiated fuel pins. The fuel will not be removed from its cladding. The

cladding will be melted off the fuel during the test. Since this fuel is

highly enriched, which causes a deep flux depression in the pellet, the fuel

will be heated by triple pulsing of the reactor with 1 to 2 seconds between

pulses in order to achieve an uninverted temperature profile at fuel melting.

The tests will be photographed at about 1000 frames per second with a camera

at the top of the ACPR water pool.

3.3 Core Disassembly Considerations

It has been recognized for sometime3'1'" 3-is. 3-16 tIlat £i s s^ o n

product pressures can sharply reduce the fission energy release during a

disassembly excursion, provided the pressurizations become effective on the

time scale of the excursion. This is because the equilibrium fission product

pressures are typically much greater than the fuel vapor pressures. This is

especially true during the early (low temperature) stages of disassembly.

Including these higher pressures accelerates the disassembly process and

therefore increases the energy generation.

It is also clear however, that the specific spatial distribution

and form in which fission products are retained can have a significant impact

on how they will pressurize during a disassembly excursion. For example, sur-

face tension effects could retard the expansion of tiny bubbles of fission gas.

Effective pressurization, in the sense of being able to move fuel, would not

develop until enough coalescence had occurred to allow substantial bubble

growth. The time scale for processes of this type may significantly delay the

pressurization of noble gases retained in this form. Calculations that Include

delay considerations have shown that time delays as short as 1 msec will dra-

matically reduce the influence of the fission products during a 100 S/sec

excursion.3*l7

An example of how the spatial retention distribution can be Important

is the migration of cesium. It Is known that cesium tends to migrate down

temperature gradients to the outer radial surfaces and axial ends of the fuel

pins.9"15 Cesium on the outer surface of the pins could evaporate before

melting occurs. Thus, its pressurization behavior could differ sharply from

those fission products retained in the interior of the fuel. Further, fuel

restructuring tends to produce considerable axial dependence in the retention

of fission gases, since the retention is much greater in the colder regions 0£

near the axial ends of the fuel pins.

In summary, it appears there are two key areas of consideration In

accounting for fission product pressures during disassembly. These are:

1) What is the spatial distribution and physical form of the retained

fission products at the inception of disassembly? (Note that this

must account for the influence of early accident stages.)

2) How do the retained fission products effectively pressurize under

prompt burst conditions?

3.3.1 Fission Product Models

Fast-reactor disassembly models have traditionally considered

fuel vapor as the primary pressure source producing material motion during a

severe prompt-critical excursion. A simple fission-product pressure model

was developed as part of the VENUS-II disassembly code, however, 2'38 This

Initial model only considered the retention of Xe and Kr. Like most early

models, it was assumed that the fission products were retained uniformly and

that their equilibrium pressures would start to act immediately upon fuel

melting.

Since that time, considerable effort has been devoted to modeling

the retention (or release) and spatial distribution of fission pro-

ducts. 3 - 1 5 , 3 - 1 6 , 3 - 1 8 , 3 - 1 9 Most of this work has been directed toward the

predisassembly stages of accidents where heating rates are much lower than

encountered during a disassembly excursion. These models can provide improved

initial conditions for disassembly calculations, but do not specifically model

fission-gas pressurization under prompt-burst conditions.

Recently, an improved fission product pressure model was imple-

mented into the VENUS-II code.3'20 This model accounts for currently under-

stood phenomena and provides flexibility for future upgrading by inclusion

of the following basic features.

1. A separate treatment of different categories of fission products.

2. Flexibility in specifying the retention of each fission product

category.

3. Flexibility in modeling the pressurization of each fission product

category.

The heart of the model is a specification of the equilibrium

fission product pressure as a function of temperature, fuel smear density

and burnup. The equilibrium pressure is defined as the steady-state pressure

produced by a given mass of irradiated fuel retained in a given volume (thus

specifying the smear density) in thermal equilibrium with its vapor (or with



any noncondensible gases present). A 100% retention of all fission products

was assumed for purposes of calculating the equilibrium pressure. The actual

pressure is then obtained by reducing the equilibrium pressure so as to

account for less than complete retention and possible pressurization rate

effects.

The fission products were broken into three categories: noble

gases, alkali metals, and all other remaining products. Further, the noble

gases were subdivided into three additional categories. The retention and

pressurization treatment of each category can be specified separately. The

retention factors can have axial spatial dependence. Separate temperature

criteria can be specified to initiate pressurization. In addition, separate

delay times and pressurization time functions can be specified.

The noble gases (mainly Xe and Kr) require individual treatment

because they constitute a major fission product pressure source over the

temperature range normally considered in disassembly calculations. Also,

they have pressurization characteristics that differ sharply from the con-

densible species. To allow for different forms of gas retention, and hence

the possilibity of different pressurization characteristics, the noble gases

were further subdivided as mentioned above.

The alkali metals were treated separately because they also con-

stitute an important pressure source at temperatures below about 5000 °K. This

is largely due to cesium (which constitutes about 10.4% of all fission pro-

ducts) and to a lesser extent rubidium (which constitutes about 0.6% of all

fission products). Additionally, their separate treatment is required to

allow modeling of their strong spatial migration tendencies.

The remaining fission products are largely condensible elements,

many of which are predominantly oxidized. The vapor pressure from these

materials start to dominate the noble gas and alkali metal pressures at

temperatures above about 6000 °K.

The equilibrium pressures used for each fission product category

were based on the calculations of Gabelnick and Chasanov.'*21 Their calcu-

lations were performed using equilibrium thermodynamics and employed the best

available thermodynamic data. In their approach, the equilibrium oxidation

states of the fuel and condensed fission product species are determined. The

results depend somewhat on the initial fuel composition, but not strongly.

The calculated data covered a temperature range from 2500 °K to 6000 °K, and

a fuel smear density range from 3g/cm to 7g/cm .

To implement the equilibrium pressures into the model, analytical

fits were made to the data for each of the three fission product categories.

Care was taken to provide expressions that not only fit the data accurately,

but produced reasonable extrapolations should the range of the tabulated

data be exceeded. Examples of the resulting fits are shown in figure 3.12

where the data for the alkali medals are presented.

The resulting fission product pressures are added directly to

the fuel pressures shown in Fig. 2.2.
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3.3.2 Computational Results

A number of studies have been performed to investigate the influence

of fission product pressures on disassembly energetics. A broad range of re-

sults have been reported depending on the excursion severity, Doppler feedback,

burnup, retention, and pressurization treatment. An example of some results

obtained with the VENUS-II model discussed above is given in Table 3.1.

These results are for an FTR core model with 5% burnup and a uniform 10% reten-

tion of all fission products. 3' 1 7 Fission product pressures were activated

upon fuel melting or at some delay time after melting.

It is seen that instantaneous pressurization upon melting reduces

the fission energy deposition by about an order of magnitude for a typical

20 $/sec excursion. The energy reduction for a comparably treated 100

$/sec excursion is only about a factor of two, however, This Is because dis-



assembly feedback has a relatively smaller effect on the fission energy as

excursion severity increases. The results also show that pressurization

delays as small as 1 msec strongly reduce the influence of fission product

pressures in the 100 $/sec case.

Reactivity
Insertion
Rate
($/sec)

20

20

20

20

100

100

100

100

100

Fission Product
Pressurization
Delay Time

(msec)

(no fission products)

0

4

8

(no fission products)

0

0.5

1

2

Relative
Energy
Release

E

0.13 E

0.49 E

0.90 E

E'a

0.54 E1

0.70 E'

0.82 E1

0.99 E'

Relative
Peak
Fuel
Temp

T

0.70 T

0.82 T

0.97 T

T,b

0.80 T'

0.87 T'

0.92 T1

0.99 T'

E' = 1.66 E

T1 = 1.29 T

Table 3.1. The Influence of Fission Products on
Disassembly Calculations in an FTR
Core Model.

Additional calculations were performed to investigate the relative

importance of different fission product categories as well as axial reten-

tion distributions.3'20 It was found that the noble gas pressures accounted

for about 80% of the energy reduction calculated for the 100 $/sec excursion

with instantaneous pressurization. The alkali metals accounted for about

15% of the reduction, with the final 5% being due to the remaining fission

products. An axial retention distribution was considered that concentrated

all three categories of fission products near the ends of the fuel pins, while

retaining the same average retention of 10%. A quadratic distribution function

was used that had a retention of 2% at the core mldplane and 23% at the core

reflector interface. Using this distribution reduced the influence of the

fission products by about 10% below the uniform distribution results for the

100 $/sec excursion.

In general, It appears that considerable work is being done that 34

will allow a fairly accurate specification of the fission product retention

through early accident phases. Disassembly studies, such as the above,

indicate the importance of understanding possible pressurization rate effects

under prompt burst conditions. This latter area is not as well understood,

and will likely require additional experimental data before fission product

effects can be reliably accounted for in disassembly analyses.

3.4 Prompt-Burst EOS Experiments

A series of equation-of-state (EOS) experiments is being conducted by

Argonne National Laboratory in the TREAT reactor. The objective is to observe

the pressurization and fuel motion histories of fuel samples subjected to a

neutronics burst. An attempt is being made to observe the fuel motion via a

neutron hodoscope. Three experiments were recently performed, including two

tests using irradiated fuel. The results are currently being evaluated.3*22

One limitation of these tests is that the heating rates achievable in TREAT

are still considerably lower than those encountered in typical disassembly

excursions.

A series of prompt-burst excursion experiments is also being conducted

in the ACPR reactor at Sandla Laboratories.3*23 It is planned that this effort

will be extended and shifted to the SPR III reactor. 3"2I> This latter reactor

can provide significantly higher heating rates. It is planned that irradiated

fuel samples could be used in some of these tests.

Out-of-pile equation-of-state experiments using extremely rapid heating

pulses are also being performed at Sandia Laboratories.' Thin fuel samples,

initially in the form of a powder, are confined by a graphite container. The

sample is heated by a pulsed electron beam (in ~1 usec) producing a high

temperature mixed phase sample. The vapor pressure Induced expansion of the

graphite container is monitored by a streak camera system. This expansion is

used to infer the vapor pressure of the sample. Optical pyrometer measure-

ments determine the energy absorbed by a graphite dosimeter plate behind the

target. This is used to define the energy state of the sample. Unirradiated

oxide fuel samples have been tested using the above arrangement.' Although

there are currently no plans to perform experiments on irradiated fuel, this

technique is capable of the extremely rapid heating rates needed to examine

pressurization rate effects.
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